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Abstract

This thesis highlights the progress made in LPEM and the study of biosamples. The
introduction provides a comprehensive overview of the challenges encountered in investigat-
ing molecular processes and traces the historical evolution of microscopy, leading up to the
development of transmission electron microscopy (TEM), cryogenic electron microscopy
(cryo EM), and LPEM. Two major hurdles in LPEM are outlined and addressed in this

thesis: LC transmissibility, and electron-induced biosample damage.

Low electron transmission in thick silicon nitride (SiNy) LCs reduces the achievable
resolution during imaging. To address this, I developed a technique to fabricate thin
SiN, windows. These windows exhibit reduced bulging, higher transmission, and higher
resolution imaging in the liquid phase than currently available SiNy cells. Implementation
of thin SiN, LCs was demonstrated through imaging of apoferritin, adeno-associated virus
(AAV), pAAV, and vesicles at high resolution. Though future work remains to produce
thin LCs of reproducible liquid thickness, this work demonstrates a breakthrough in the

capabilities of LPEM imaging.

Another principal hurdle in LPEM lies in sample damage inflicted by the electron beam.
The concept of radiolysis and its impact on biosamples is elucidated and demonstrated,
showing the need to mitigate sample damage during imaging. The thesis addresses this
challenge through the evaluation of inpainting techniques, which can be used to perform
reduced-dose imaging. In silico analysis showed that algorithmic inpainting can be used
to inpaint biosample images up to 80% with high accuracy. The analysis also showed that

spiral inpainting does not significantly compromise image quality, indicating its potential



for performing low-dose imaging when spiral distortion is corrected.

Overall, this thesis provides invaluable technical insights into LPEM and the cutting-
edge advancements made in this work. It sets the stage for future research endeavours and

groundbreaking discoveries in the realm of in situ bioimaging.
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Chapter 1

Introduction

On the edge of biochemical research, scientists strive to understand the intricate mech-
anisms by which molecular processes drive life. These processes that create life are still
barely understood, largely due to the fact that biomolecules such as proteins, DNA, and
even larger viruses and cells, are so small that they are difficult to study. For centuries
scientists have developed methods to study molecular processes on large scales. Now the
tools to study single particle dynamics are being pioneered, and are poised to revolutionise

the way we understand living systems.

This chapter aims to provide a brief overview of transmission electron microscopy
(TEM), and how developments in this field have led to the dawn of liquid phase elec-
tron microscopy (LPEM). Then, challenges in LPEM and biomolecule imaging in TEM

will be introduced to provide context to the work I have undertaken for this thesis.



1.1 The evolution of microscopy

The first use of a microscope is often traced to the 1670s when Dutch scientist Antonie
van Leeuwenhoek founded the field of microbiology through his observations of bacteria
at ~300 times magnification.” Centuries later in 1838, Dutch chemist Gerardus Johannes
Mulder and Swedish chemist Jons Jacob Berzelius discovered proteins, long before these
particles would ever be seen with a microscope.” It was not until 1931 that Ernst Ruska
and Max Knoll, two electrical engineers working in Berlin, built the first TEM." At the
time, the second generation TEM built by Ruska had approximately 500 A resolution,
which could still not visualise proteins.” However, the impact electron microscopy would
have on biology and medicine was known even then. Research in TEM is so impactful,
that only 31 years after Ruska received the noble prize for his work, another nobel prize

was awarded to groundbreaking research in cryogenic electron microscopy (cryo EM)."

The first microscopes used light to create images, but resolution in optical microscopy
is limited by the Abbe diffraction limit.” This limit states that the resolution limit (d) of
a light microscope is equal to half of the wavelength (A) of the imaging light. The light
must pass through a numerical aperture, which will produce a cone of light with angle 6,
travelling through a medium of refractive index n. This limit is also described similarly

through the Rayleigh criterion.

A
d=122—— 1.1
2nsin () (11)

The best resolution achievable with light microscopy was then considered to be approx-



imately 200 nm (half the smallest wavelength of visible light),” or 1000X magnification.

Thus the smallest particle that could be seen with optical microscopy was bacterial cells.

However, in 1924 Luis deBroglie discovered that particles can be expressed as waves, open-
ing the door for electron microscopy.” Higher electron accelerating voltages produce smaller
wavelengths, thus conferring higher resolution. Electron microscopy was a fantastic step
for research in biomolecule structures. Unsurprisingly, once electron microscopes were
built, some of the first experiments done by Helmut Ruska (alongside Ernst Ruska), were
the visualisation of viruses (pox viruses, tobacco-mosaic virus, varicella-zoster virus, and

bacteriophages).”

1.2 Transmission electron microscopy

Transmission electron microscopy works by passing an accelerated beam of high-energy
electrons through a sample in a vacuum chamber. Some but not all electrons are scattered
via interactions with the sample. The electrons then hit a detector which records the
electron counts, translating to pixel intensities in an image. The microscope employs a
host of electromagnetic lenses and apertures to focus the electron beam produced by the
source. High-resolution electron microscopy typically occurs above 100 keV accelerating

voltage, thus over approximately half the speed of light.

Electrons scatter as a function of the Coulomb (electrostatic) potential they experience
as they pass atoms in the sample. © There are two types of scattering that occur: elastic
scattering, where electrons appear at high scattering angles, and inelastic scattering, where

electrons appear at low angles (<10 mrad).'” Inelastic, elastic and unscattered electrons



are measured in electron energy loss spectroscopy (EELS), where the unscattered and
elastically scattered electrons produce a zero loss peak, and inelastically scattered electrons
produce a core loss peak. ” Measuring EELS spectra is key in determining the liquid layer

thickness (see setcion 3).

There are also two types of imaging modes in the TEM: conventional transmission
electron microscopy (CTEM), and scannning transmission electron microscopy (STEM).
In CTEM mode, the microscope used a beam spread over the frame area to acquire an
image. In STEM mode the beam is focused to a point (known as a probe), and scanned
across the sample in a raster fashion. STEM detectors are split into 3 categories depending
on their collection angles: bright field (BF) at <10 mrad, annular dark field (ADF) at 10-50
mrad, and high-angle annular dark field (HAADF) at >50mrad.'” Because the HAADF and
ADF detectors are shaped as annular rings, thus EELS spectra can be obtained using the
central transmitted electrons simultaneously. ” BF measures unscattered electrons, where
ADF and HAADF measure scattered electrons.” HAADF signals are collected at high

angles thus measures predominately elastic scattering.

HAADF STEM measures elastic scattering, and is more sensitive to changes in elec-
tron mass, also referred to as Z contrast. ” STEM mode imaging is better at imaging
samples where the difference between the sample and background is high than TEM mode
imaging.'" However, when light (low-mass) samples such as biomolecules are imaged in
water, there is very little Z contrast, thus TEM is typically able to gain higher-resolution

images.

TEM images are created from transmitted electrons, which create a BF image. The loss



of scattered electrons blocked by an aperture can generate an image. ~ However, sufficiently
thin and light samples like biomolecules, produce images through phase contrast.”” The
biomolecule sample imparts a phase shift, which is not visible in the image result, however
with some defocus the phase shift will cause constructive/destructive interference, which

will produce a signal in the image.

1.3 Biological samples in transmission electron mi-

Croscopy

Initially, the major drawback of studying biomolecules with TEM was the need to fix,
dry, and stain samples with heavy metal salts to protect samples from the vacuum in the
microscope, and achieve sufficient contrast for particles to be seen.”” In 1981, vitrification
techniques were being investigated as an alternative way to preserve samples in vacuum
environments, the foundation for cryo EM. " Utilisation of this technique led to the mea-
surement of a 7.5 A structure of the 50S ribosome in 1999.” Prior to the advent of cryo
EM, most protein structures were discovered with x-ray crystallography, but today cryo
EM has become a much more convenient technique for structure determination.” In early
2020, the Electron Microscopy Data Bank (EMDB) gained its 10,000th biological structure

acquired using cryo EM.

Cryo EM has been a key step in furthering our ability to study biological systems
at high resolution, pushing technology from sample preparation to image and structural

analysis to achieving up to 1.25 A resolution (atomic resolution) in 2020.”" However,



concurrent advancements in LPEM, have showed promising results in elucidating structures

of biomolecules as well.

1.4 Liquid phase electron microscopy

Where cryo EM experiments must acquire time series of vitrification procedures to yield
dynamics, LPEM provides real-time dynamics, which can yield tremendous insight into
biological systems.” The dynamics between biomolecules can give insights into a massive
range of systems: cell-to-cell signalling, DNA-protein interactions, drug-receptor interac-

tions, immunological cascades, biomineralisation, and more.

The major hurdle to imaging liquids in a TEM was the ability to shield the liquid
sample from the vacuum environment required for transmission of the high energy elec-
trons without discharging.” In 1942, scientists demonstrated the first successful in situ
microscope experiment in low-pressure gas, protected from the electron microscope vac-
uum by a Lenard window, to image colloidal silver particles.”” In 1944, the first liquid
phase experiment was performed using a closed nitrocellulose cell.”” Many advancements
in nanofabrication technology eventually led to the first demonstration of liquid phase in
situ experiments with silicon nitride (SiNy) liquid cells (LCs) in 2003.”" LPEM has recently
begun to reach high-resolution structural reconstruction of viruses at 3.4 A resolution, on

part with many cryo EM experiments.

In addition, liquid phase experiments have been demonstrated to have lower rates of

sample damage induced by the electron beam, due to the increased rate of diffusion of



radicals.”"" With new developments in LPEM technology, LPEM is poised to become the
new forefront for high-resolution biological imaging, offering both structural and dynamic
information.”” Developments in methods to enclose liquid samples in LCs have been key

in the development of LPEM.

1.5 Liquid cells

LC are used to enclose liquid samples to protect them from the vacuum environment of the
electron microscope. There exist multiple types of LCs: graphene, and amorphous carbon
LCs (in conjunction referred to as carbon-based LCs), SiN, LCs, and a combination of
carbon and SiNy - hybrid cells (all depicted in Figure 1.1). Though all LCs are capable
of enclosing liquid samples for viewing in an electron microscope, there are strengths and

weaknesses to each system.

1.5.1 Carbon-based liquid cells

Carbon-based liquid cells include two types of LCs: graphene and amorphous carbon.
These LCs are assembled rather laboriously, through the assembly of two thin sheets of
material that encapsulate a liquid sample in droplets (Figure 1.1B).”"* The motivation for
using carbon-based materials is that they are very thin and light, thus very transmissive and
able to confer very high-resolution data.”’ Because of the way samples are encapsulated,
pockets of water are created and the samples have to be searched for throughout the film

layers.”" These films are susceptible to the formation of cracks, so the self-sealing pockets



are advantageous in this regard.”” However, cracks in these carbon-based membranes may
not always be apparent, especially in tightly encapsulated samples with little movement,
and the liquid can shift to a gel state as evaporation occurs..”” Additionally, the process
of encapsulating samples in carbon-based LCs involves an evaporation step, " which is
not ideal for experiments on samples where buffer systems or concentrations must be kept

constant.

The first carbon LCs were made of single-layer graphene, which is the most transmissive
material available in LCs.”" In addition, graphene has been shown to confer reduced radi-
olytic damage to samples, which has been attributed to the radical scavenging properties
of this material.”~”” However, graphene LCs are fragile, and hydrophobic, thus they are
susceptible to breaking and dewetting.” Amorphous carbon is a more durable alternative
to graphene LCs .”* and thus has gained popularity in recent years as they are still very

transmissive.

1.5.2 Silicon nitride cells

SiN, liquid cells allow more flexibility in LC design, and reproducibility offered from silicon
fabrication techniques.”” In typical drop-cast LC systems, two chips made of silicon are
fabricated with freestanding SiN, windows, and a spacer placed between the chips (Figure
1.1A). SiNy LCs can be patterned with electrodes, and integrated with liquid flow, and
heating.”" SiN, LCs also have the ability to confer reproducible and uniform liquid layers,
which carbon-based techniques do not." Standard SiN, LCs are also more durable than

carbon-based LCs,”” and it is very apparent when windows break, thus removing the danger
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Figure 1.1: Types of LC systems. Each system shows the general view (left) and
cross-section (right, as depicted by the grey dashed line). Panel A shows a generic silicon
nitride LC, where two silicon chips enclose liquid in an area separated by a spacer, and the
freestanding window is experiencing bulging. Panel B shows a carbon-based cell, where
two thin films encapsulate pockets of liquid. Panel C shows a microwell LC, a type of
silicon nitride cell where the liquid sample fills smaller well structures, enclosing different
liquid thicknesses across different wells. Panel D shows a hybrid cell, where a carbon film
encloses pockets of sample on top of a silicon nitride chip. Illustrations are not to scale,
but general feature dimensions are as indicated.



of forming gels.

Early SiN, LCs were assembled with a free spacer between two chips sealed with resin
or glue.” ™" Ideally the spacer confers an exact thickness of liquid between the two win-
dows.” "’ However, sealant often invades the spacer region, making the size of the spacer
non-reproducible.”” Newer versions of liquid assemblies have employed melted indium spac-
ers, but even these chips have nonuniform spacers and require further epoxy sealing.
Reproducible, uniform spacers are imperative to creating liquid cells that are reliable and

provide reproducible data.

Another downside to this type of sealing is the trapping of air in the liquid cell.
Vaporisation of water in biological samples can negatively impact the buffer systems or
environment the samples are viewed in (see chapter 6). Thus it is imperative to seal cells
without any internal air, which was previously only possible in liquid flow holders (not in

drop-cast systems).

Sealing of liquid cells under atmospheric pressure causes the windows to bulge in the
vacuum pressure in the electron microscope. *~ "’ Bulging of windows creates thick liquid
layers in the centre of the viewing area and limits the high-resolution viewing area to the
window edges. *“ """ The bulging of window membranes is one of the major limitations of
SiN, liquid cells.”” The other limitation has been the thickness of SiN, membranes, which
reduces the transmission of electrons and reduces image quality.”’ Both of these issues work
in combination, if the thickness of SiN, is decreased to improve transmission, the bulging
of the membranes increases, reducing the transmission.” SiN, windows tend to be > 30

nm thick (each), resulting in less transmission and lower resolution in comparison with
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spacers

window

o-ring

Figure 1.2: UelL SiN, liquid cells. Panel A shows the layout for the assembly of the
LC made up of a top and bottom chip, the dashed line indicates the cross-section shown
in panel B. Panel C shows the features and labels for the liquid cells: 4 spacers at each
corner, 1 pillar in the centre, an o-ring around the area of the pillar, and a window in the
centre of the pillar.

carbon-based LCs."*

Advances in standard SiN, LCs made by myself and other members of the Ultrafast
Electron Imaging Lab (UelL), have allowed for minimal bulging and thin windows that yield
homogenous, high-resolution data.' Bulging is minimized by sealing chips together under a
vacuum environment, where evaporation of the sample droplet is prevented by saturating
the chamber and pump (a gas syringe) with water vapour." Chips are sealed with an
internal o-ring, which provides uniform compression, delineated by spacers fabricated into
the edges of the silicon chips (Figure 1.2C). The pillar containing the window (Figure 1.2C)
is raised from the level of the o-ring to provide an area for the overflow of the liquid droplet,
which is around 400 nL in volume." We characterised the bulging of window membranes
30 nm thick, where bulging was found to be negligible with spacers of sizes 550 nm and

630 nm, and minimal (30 nm and 70 nm of bulging) for 100 nm and 180 nm spacers.'
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1.5.3 Microwells

One other type of SiNy-based cells is microwells, which are similar to regular SiN, cells,
except the spacer is determined by the height of the wells (Figure 1.1C). The wells are
filled by placing a droplet on the wells, which are filled through capillary action.”” During
assembly, there is a risk that the liquid overflows the lid spacer region, and microwells
are filled non-uniformly.”” Though bulging is minimised across the area of the microwells,
the SiN, substrate must be sufficiently thick to support the microwell contents, where the

thinnest reported layer is 30 nm." >

1.5.4 Hybrid cells

The final type of LC is hybrid cells, a combination of SiN, and carbon-based cells.” A
SiNy cell is used as the base, and a carbon film (amorphous carbon or graphene) is used
to envelop the sample.”” Hybrid cells suffer from the same vulnerabilities as carbon-based
cells, with some added durability from the SiN, membrane. Hybrid cells also have reduced

transmission, depending on the thickness of the SiNy layer.

LCs play key roles in the success and quality of LPEM experiments, evidenced through
the broad range of cells and techniques researchers have tried to develop. In summary,
robustness, reduced bulging, reproducibility, and electron transmission are the main prop-

erties of LCs that must be considered when performing LPEM.
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1.6 Challenges for LPEM study of biomolecules

LPEM study of biomolecules is of high interest due to the ability to gain dynamic and
structural information.”” The major hurdles in LPEM research have been addressed by
myself and other members of the UelL. SiN, LCs, more robust than carbon-based LCs
have been developed, conferring bulgeless, uniform liquid layers that allow for reproducible
sample imaging." Though this was a huge step in LPEM research, SiN, chips still require 30
nm of SiN, material, reducing transmission compared to carbon-based LCs. In addition, a

broad issue in electron microscopy of biomolecules is sample damage caused during imaging.

Material transmission

Thicker SiNy material in LC membranes results in a loss of transmission and resolution.

Current commercially available thicknesses of LC SiN, membranes are 50 nm each for
microwells and regular chip formats.”"* Recent research has enabled the development of
30 nm SiN, windows, however reducing the thickness further would ideally allow SiNy

LCs to confer the resolution possible with carbon-based LCs.

The use of a freestanding 10 nm SiN, membrane has recently been reported in an
atmospheric-pressure system designed for scanning electron microscopy analysis.”” In this
system, there is no contact between the liquid and SiN, membrane, thus the membrane
bulging does not affect the liquid layer thickness.”” Though this design is innovative, there
is no possibility for transmission through the apparatus, and thus could not be used for
TEM. Another report of 10 nm SiN, LCs used the typical format, but two chips were

bonded together, and filled by capillary action.”” The authors did not discuss window
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bulging in this paper which, as discussed, reduces the effective imaging area in LCs sealed

under atmospheric pressure.

There is a desire for SiN, windows of even smaller thicknesses, down to 5 nm, as this
can further improve the resolution of the samples being imaged. I performed theoretical
calculations to study the relationship between material thickness and transmission (chapter
3), and developed a nanofabrication technique to generate 5 nm SiN, windows (chapter

4). T then characterised these thin window LCs (chapter 5).

Sample irradiation

The other major hurdle in LPEM study of biomolecules is beam-induced sample damage.

There are two types of sample damage caused by electrons.”” Elastic scattering causes
displacement damage primarily in conducting samples such as metals, whereas inelastic
scattering causes ionisation damage (radiolysis) which affects insulating materials, such
as biomolecules.”” The nature of inelastic scattering is that it results in a larger energy

transfer, thus performing more damage to the specimen than elastic scattering.

Radiolysis is the major concern with biomolecule samples, as the rapid deterioration
of samples causes a loss of function and alteration of structure over time.”~"" In addition,
radiolysis causes high-resolution data to be lost first when samples are damaged.” Thus
mitigating dose is imperative to structural measurements. New techniques are in develop-
ment to quantify dose-related damage to biomolecules, as well as ways to reduce damage.

I investigated electron dose and inpainting techniques in silico (chapter 8) on biological

data I acquired using the latest LC technology (chapter 6).
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These challenges represent the next steps in furthering biological research with LPEM.
However, LPEM research of biomolecules will still be limited by the ability to isolate pure
and concentrated samples to view molecules of interest. In addition, it is still unknown
how small volumes of liquid affect the activity of biomolecules.”” Nevertheless, LPEM is
poised to make a massive impact on biomolecule study, and tackling the challenges of

transmission and sample damage aims to take on the main barriers in this field.
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Chapter 2

Methods

In this chapter, the details of all experiments performed are explained.

2.1 Fabrication of thin liquid cell windows

2.1.1 Measurement of etch rates for Al,O3, TiOy, and HfO,

Etch rates shown in Figure 4.3 were determined after cleaning 2x2 cm silicon wafer pieces
with piranha solution, then depositing ~ 20 nm of each material (Al;O3, TiOg, and HfOs)
onto each piece with atomic layer deposition (ALD). Pieces were annealed under the fol-

lowing conditions with 30-second ramp times.

Before etching, the thickness of the films was measured with ellipsometry (three scan

points each). Then an annealed and not annealed piece of each film was exposed to
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Film Temperature (°C) Gas Time (seconds)

ALO; 1100 N, 90
TiO, 500 N, 240
HfO, 600 N, 240

Table 2.1: Annealing conditions for Al,O3, TiO,, and HfO, thin films. The stress
response of Al,O3 to annealing is shown in Figure 4.4, and the effect of annealing on etch
rates for Al,O3, TiO5, and HfO, is shown in Figure 4.3.

each of the etch conditions shown in Table 2.2, corresponding to the labels in Figure 4.3.
The pieces were subsequently rinsed, dried, and their thicknesses were measured again
with ellipsometry. The ellipsometer used was the Woollam M-2000, Model DI, from J.A.
Woollam Co., using the completeEASE software. The rapid thermal processor used for

annealing was the AccuThermo AW 610 from Allwin21 Corp.

Name Chemical Temperature (°C)  Time
BHF(1:10) Buffered hydrogen fluoride, 1:10 dilution 25 10 min
HF (0.5) Hydrogen fluoride, 0.5% 25 10 min
KOH (45%) 45% 70 3 hr
Piranha 2:1 concentrated sulfuric acid : 30% hydrogen peroxide, 2:1 25 15 min
RCA 1 water : 27% ammonium hydroxide : 30% hydrogen peroxide, 5:1:1 70 15 min
RCA 2 water : 27% hydrogen chloride : 30% hydrogen peroxide, 6:1:1 70 15 min

Table 2.2: Etching conditions for Al;O3, TiOy, and HfO, thin films. Etch rate data

for these conditions is shown in Figure 4.3.

2.1.2 Measurement of stress for Al;O3

Interferometry measurements to determine stress were performed on full 4-inch silicon
wafers, where initial measurements were taken after an initial piranha clean, and final

measurements were taken after ALD deposition (described herein), and each subsequent
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anneal. The annealing was performed as stated previously, with the times and temper-
atures indicated in Figure 4.4. The interferometer used was the FLX-2320-R by TOHO
Technology. Thicknesses required to measure the stress were measured with ellipsometry

(with 5-point scans), as described previously.

2.2 Microscopy methods

Microscopy data was obtained at the Canadian Center for Electron Microscopy (CCEM),
using the Spectra Ultra, and Talos 200 TEM microscopes (ThermoFisher Scientific, Waltham,
MA). Both microscopes are equipped with Extreme-Brightness Cold Field Emission Guns.
The Spectra employs a Ceta S CMOS camera, and the Talos uses a Ceta M CMOS camera.
Images shown in this thesis were taken in CTEM mode. EELS spectra were obtained with
Gatan imaging filter (GIF) systems, where the Spectra is equipped with a GIF Continuum
HR camera, and the Talos is equipped with a GIF Continuum S camera. Images were
acquired with the Velox software, and EELS spectra with the Gatan Digital Micrograph

software.

Unless otherwise specified, EELS measurements in the Spectra used a collection semi-
angle of 53.4 mrad and a convergence semi-angle of 28.0 mrad, at 300 keV. Spectra imaging

was performed at 300 keV, and Talos imaging was performed at 200 keV.
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2.3 Characterisation of thin nanofluidic cells

2.3.1 EELS measurement of transmission data

To measure transmission data in dry LC windows (Figure 5.5), the Spectra Ultra TEM
was used to acquire 2D EELS scans. Each EELS scan was averaged across 2600 points of 4
x 4 nm area, with 0.05 eV resolution. Dispersion, magnification, step size, camera length
(480 mm), slit width, entrance aperture size, and detectors were kept constant across each
experiment. The collection semi-angle and convergence semi-angle were kept constant in
the measurements at each acceleration voltage but varied slightly between measurements
at different voltages. In addition, each scan was taken in an area that had not been scanned
previously except to acquire an image, to keep the contribution from carbon contamination

low.

2.3.2 AFM characterisation of thin windows

atomic force microscopy (AFM) was performed in the Quantum-Nano Fabrication and
Characterization Facility (QNFCF) using the Bruker Dimension FastScan (Billerica, MA).
The Bruker ScanAsyst-Air AFM probe was used in ScanAsyst mode. Optical microscopy
was performed on the Olympus Canada model MX-61A in the QNFCF.

19



2.3.3 Liquid cell assemblies for experiments showing liquid layer

thickness

Liquid cell assemblies for 5 nm membranes shown in Figure 5.7 had the configurations

shown in Table 2.3.

Assembly  Top chip version Bottom chip version Window thickness (nm) Spacer target (nm)

A v09 v09 10 200
B v09 v09 10 200
C v07 vO7 10 200
D v07 vO7 10 200

Table 2.3: LC assembly configurations for 5nm membranes shown in Figure
5.7 The chip styles correspond to the versions in Figure 5.8. The spacer targets may not
reflect the liquid layer thicknesses in these assemblies, the true liquid layer thicknesses can
be seen in Figure 5.7.

2.3.4 Liquid cell assembly

Loading of liquid samples into the SiN, LCs was performed as follows. Nanofluidic chips
were first cleaned with Hy/Ne/Ar plasma at 30 Watts for 2 minutes using the Gatan Solarus
Model 950 Advanced Plasma System. First, a large chip is attached with carbon tape to
the holder interior, with a small hole made in the carbon tape to prevent trapping of air
between the tape and the chip. The loading station is prepared with ~0.1 mL of water
in the reservoir, and two screws placed on the drivers. The lid is then fit into the pins
above the screws. An external o-ring is placed centrally in the lid, followed by a small chip,
and an internal o-ring is placed about the central pillar on the small chip. The sample is

dispensed (normally 400 nL) using a micropipette onto the pillar, and the loading station
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is sealed by lowering the piston, inserting the holder, and placing the lid on the assembly.
A metal stopper is placed on the piston stage (to stop the piston from lifting when the

vacuum is formed), and the inlet valve is sealed.

Next, a gas syringe is filled with water such that the syringe is at the zero mark, but
there is no air or bubbles in the line or syringe. The syringe is connected to the inlet valve,
sucked to the 60mL mark, and the value is slowly opened. This evacuation process under
water vapour pressure is performed three times, and the final pressure in the chamber is
the vapour pressure of water (20 Torr)." Finally, the metal stopper is removed and the
piston is slowly released carefully so that the pins align with the holder. The screws are
inserted with the drivers, then the valve is opened and the piston is lowered before the
holder is removed. The carbon tape is removed and the holder is held to the light to ensure
the alignment of the chips is correct (a small light should be visible where the windows of
the two chips overlap). The screws are checked for tightness, and then the holder is ready
to be inserted into the microscope. Further detail of the assembly can be found in Lott

et al..

2.4 LPEM biomolecule imaging

Images showing apoferritin (Figure 6.2), vesicles (Figure 6.4), and salt from bacterial cell
culture media (Figure 6.6) were acquired in the Spectra Ultra TEM. Images showing ferritin
(Figure 6.3), pAAV (Figure 6.5), and adeno-associated virus (AAV) (Figure 6.1), were
acquired with the Talos 200 TEM. Apoferritin (#A3660) was purchased from Millipore
sigma (Burlington, MA). AAV and pAAV (pAAV-CAG-GFP, #37825) were purchased
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from addGene (Watertown, MA), where the virus was #37825-PHPeB (titer > 1 x 103
vg/mL) and the plasmid was #37825-Vdna. nanoXact monodisperse Au nanorods (40 nm
X 15 nm with sodium citrate capping agent at 1 optical density unit) were purchased from

nanoComposix Inc. (San Diego, CA).

The culture of Pelagibacter communis was provided by Professor Stephen Giovannoni
and Dr. Chih-Ping Lee at the Department of Microbiology, Oregon State University.
Cultures were maintained through subculture in artificial seawater media, and storage
conditions described elsewhere.”” Flow cytometry was used to measure cell counts, using
an ImageStream X Mark IT Imaging Flow Cytometer, with excitation at 488nm, in the lab
of Professor Brian Ingalls at the University of Waterloo. Cells were stained with SYBR
Green dye for ~ 50 minutes before quantification, SYBR Green I Nucleic Acid Gel Stain
(#S7563) was purchased from ThermoFisher Scientific (Waltham, MA). Cell density was
monitored every ~ 14 days in order to keep cells in their viable cell density range (1 x 10* -
1x 108 cells/mL). Culture flasks were purchased from Thomas Scientific (Swedesboro, NJ),
Erlenmeyer polycarbonate flasks with duo caps (#1139G29) were used to prevent nutrient

absorption and allow sufficient air exchange with 50 mL of culture.

LC assembly conditions for the images shown in chapter 6 are described in Table 2.4.

Assembly was performed as described herein.
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Sample Top chip version Bottom chip version Window thickness (nm) Spacer target (nm)

apoferritin / vesicles vO7 vOT7 15 200
Pc culture (salt) v07 v09 30 100
PAAV v08 v07 25 50

AAV v09 v09 25 200

Table 2.4: LC assembly configurations for biomolecule data in Figures 6.1 of
AAV, 6.2 of apoferritin, 6.4 of vesicles, 6.5 of plasmid DNA, and 6.6 of salt
crystals. The chip styles correspond to the versions in Figure 5.8. The spacer targets may
not reflect the liquid layer thicknesses in these assemblies, they only reflect the nominal
thickness from fabrication techniques.

2.5 Inpainting

Images taken of biomolecules were converted from EMD to PNG format through the use of
the Napari EMD plugin or using similar code from the independent software I developed.
These images were masked using random or spiral constant linear velocity (CLV) masks
with the software developed for inpainting. These defected images were then inpainted
with the Telea fast marching method”” implemented in the OpenCV"' software package,

and Biharmonic formula inpainting~ implemented in the Scikit-Image’” software package.

Output images were maintained in lossless PNG formats, and the root mean squared
error (RMSE) and pearson correlation coefficient (r) formulas (equations 8.4 and 8.5 in
chapter 8) were used to calculate the difference between the original (unmasked) images,
and the inpainting result images. When spiral masks were compared, the original and
inpainted images were masked such that the circle bounded by the image dimensions was
the only data being compared. The same was also performed for images with random masks
to generate the data where spiral and random mask inpainting results are compared, shown

in Figure 8.5.
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Chapter 3

Theoretical electron transmission

through materials

Modelling the transmission of electrons through different materials is useful to predict im-
age quality gained from LCs. More transmission will result in clearer signals and higher-
quality images.”’ Predicting the relative contributions of water, sample, and window ma-

terial in L.Cs also allows for informed optimisation of LPEM technology development.

The transmission of electrons can be modelled by accounting for inelastic and elastic
scattering processes. Elastically scattered electrons appear at high scattering angles, and
inelastically scattered electrons appear at small scattering angles.'” The amount of electron
scattering is calculated as a function of the angle from the central origin (the collection
angle). These measurements can be used to produce a total scattering cross-section value,

unique to each element.
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Theoretical calculations described elsewhere were used to generate total elastic cross-
section data for selected elements.”” Briefly, the calculations employ the partial-wave ex-
panded Dirac equation to solve the motion of a scattered electron through a static potential
field of the atomic charge density modelled by the Poisson equation.”” I used these total
elastic scattering cross-sections to estimate the transmission of electrons through different

compounds.

3.1 Calculation of transmission

Electron transmission is calculated using theoretically calculated total elastic scattering
cross-section (oy,) data.”” The scattering cross-section is dependent on the material the
electrons traverse, and the scattering cross-sections of compounds can be estimated from
the stoichiometric sum of different elements where the cross-section of individual elements

is known.

The following relation is used to estimate inelastic scattering cross-section oy, data

which occurs at small scattering angles.

Otot = Oinel T Oel (3]-)
180,
Oinel = 7 l (32)
180,
Otot = 7 l + O¢ (33)

Where o4, is the total scattering cross-section, ¢;, is the inelastic scattering cross-
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section, o is the elastic scattering cross-section, and Z is the atomic number of the element.

We then calculate the total mean free path (A;y), using the number densities of each

element in the compound of interest.

Ao 3.4
Y NG, (3-4)
Nap
N = DAP .
i (3.5)

Where Nj is the number density of element j, o4 ; is the total scattering cross-section
of element j, N4 is Avogadro’s number, p is the density of the material, and M is the

molecular weight.

To calculate the Ay, of a compound, it is more convenient to write the problem the

following way, where o, should be weighted by the molecular contribution (here X,Y):

Aug = ! (3.6)
ot Z Ncompound(XO_tot,elementl + YJtot,element? + ) .
For example for SizNy:
1 1
Ator = = 3.7
tot Ngisna(30t0t,5i + 40101,N) NT’\}%(BUtOt,gi + 40101, N) (37)

It is convenient to use formula 3.7 such that there is no confusion about which densities

and molecular weights are appropriate.
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To convert the Ay to % transmission (77), the thickness (f) must be known.

T = e t/her (3.8)

I developed a Python program to perform these calculations for a range of materials
where electron scattering cross-section data is provided. The program interpolates/extrapolates
Ayo¢ values using a logarithmic fit to estimate transmission at any electron acceleration volt-
age, though this estimation will be most accurate below 300 keV (closer to the range of
provided data).”" All the user must provide is material density, a dictionary with the ele-
ments in a compound and their stoichiometric ratio, and optionally the molecular weight.
The option to provide a molecular weight is useful, as electron scattering cross-section data
is missing for some elements, thus the nearest element can be chosen in the dictionary (i.e.

Helium as an upper estimate for Hydrogen).

The software is publicly available at https://github.com/UellL-Waterloo/Electron_

transmission.

3.2 Liquid cell calculations

The path of the electron includes both the window material, the water, and the sample.
The signal from the sample is competing with the loss of transmission by the water and L.C
material, thus is it useful to understand what liquid layer thickness, material thickness, and
material composition are optimal for retrieving a strong signal from the sample. The calcu-

lations above were used to estimate total electron transmission through window materials
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Figure 3.1: Theoretical transmission through LC materials. The transmis-
sion of total (inelastic and elastic) electrons through LC materials graphene, amor-
phous carbon, and SiN, 10 nm, and 60 nm thick (5nm and 30 nm individual win-
dow thickness respectively). Calculations are performed with total scattering data ob-
tained by Riley et al. and fit with an exponential function are shown across nomi-
nal acceleration voltages. This figure can be reproduced using the code available at
https://github.com/UeIL-Waterloo/Electron_transmission

for different liquid cells: graphene, amorphous carbon, and SiN, at different thicknesses
(Figure 3.1). Figure 3.1 shows that the thinner SiN, windows begin to approach the trans-
mission achieved by carbon LCs. This data provides motivation for the development of

thin SiN, windows, with the ultimate goal of achieving higher-resolution images with SiNy

LCs.

Though water is lighter than SiNy, its contribution to scattering is large due to the

thick layers often needed for the hydration of liquid samples. The relative contributions
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of water and different LC materials to loss of transmission can be clearly seen in the A,
values of these compounds, shown in Figure 3.2. At high acceleration voltages, the A;y
of water is three times the A;,; of SiN, at 300 keV." The relationship between A;, and
transmission depend on the thickness, but we can see that the amount of water equivalent to
10 nm SiN, is approximately 39 nm, as shown in Figure 3.3. Thus, when imaging samples
are suspended in thick liquid layers (i.e. 200 nm), the thickness of the LC membrane
contributes little to the overall loss in transmission. However, when the goal is to observe
small structures of viruses and proteins (< 30 nm), the thickness of the window material
is a large determining factor in the resolution gained. Thus thin windows are imperative

to gathering high-resolution structures of viruses and proteins using SiN, LCs.
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Figure 3.2: Theoretical total mean free paths of LC compounds. The A, of
water (estimated by averaging A;,; of He;O and O, also shown), SiN,, and carbon are
shown as a function of nominal acceleration voltage. Calculations were performed with
total scattering data obtained by Riley et al. This figure can be reproduced using the code
available at https://github.com/UeIL-Waterloo/Electron_transmission
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Figure 3.3: Thickness of water equivalent with transmission equivalent to 10
nm SiN,. The plot shows an exponential fit with the equation y = 39.0(1 — ¢ 0-20o-188)
above the calculated data points. Calculations were performed with total scattering data
obtained by Riley et al. This figure can be reproduced using the code available at https:
//github.com/UeIL-Waterloo/Electron_transmission
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Chapter 4

Fabrication of thin liquid cell

windows

Modelling of electron transmission in chapter 3 showed that thin windows of SiNy can
be used to gain higher transmission. The fabrication of thin windows will improve the
resolution of data obtained, especially for biomolecules as they have low contrast. This

chapter outlines the journey of the fabrication of 5 nm thin windows.

4.1 Nanofluidic cell design

Critical parts in the design of LCs include spacer regions, window areas, handling regions,
and the method of enclosure. The LCs designed in the UelL at the University of Waterloo

employ variations of the design shown in Figure 4.1. The spacer and window areas are
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Large chip Small chip  Assembled liquid cell

Top

Side

Figure 4.1: Dimensions of the nanofluidic cell chips and assembly. The top, side,
and isometric views of each chip are shown, with the small chip shown in red. More design
configurations are shown in Figure 5.8.

highlighted in Figure 1.2, where the window is placed on a pillar separate from the spacers
such that the liquid sample will not invade the spacer region. The chip is handled at the
edges, such that any damage done through handling will not deform or contaminate the
spacer or window regions. An o-ring is employed for uniform sealing, placed about the pillar
such that when two chips come together (Figure 4.1), the sample region is hermetically
sealed. Details of fabrication techniques used to fabricate SiN, LCs with generic designs

are shown elsewhere.””

In general, nanofluidic chips are fabricated using photolithography (Appendix A), depo-
sition, and etching techniques, using a silicon wafer substrate. The key steps in this process

involve creating the pocket for the o-ring, the pillar and spacers, and finally, the release of
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the windows. Window release refers to the process by which the bulk silicon substrate is
etched until the SiNy film is reached through the substrate, creating the freestanding film.
The technique used for window release is important to the creation of thin films because
the specificity of the silicon etch process determines if the film will be preserved throughout

this process.

4.2 Window release methods

Window release refers to the action of etching a patterned silicon wafer, in a way that results
in the formation of a freestanding thin film, or window. Potassium hydroxide (KOH) etches
silicon at a rate of approximately 0.35 pm/min at 72°C, thus it takes approximately 24
hours to etch a standard 500pm silicon wafer. Reactive ion etching (RIE) etches silicon
at a rate of approximately 1 pm/min, thus would only take 8.3 hours, but the cost for
machine time is much higher for RIE than the cost for KOH etching. Thus the selectivity

of KOH towards all exposed materials must be accounted for during the etching process.

The process of forming a window is outlined in Figure 4.2A, where the purple layer
makes up the window material. In order to etch a specific area to define the window size,
a mask (black) is patterned using photolithography techniques (see Appendix A). In order
to make the windows thin, a thin layer can be deposited, or a thick layer can be deposited
and later etched to the desired thickness. This depends on the film material chosen, and
what deposition techniques are available for the material. Deposition of the thin film before

window release requires an etch process that does not also target the window material.

34



A l | si wafer

l Lithography

‘ ’ Si wafer
Mask

l Deposition of window film

Window Film
‘ ’ Si wafer
Mask

1 Etch - selective for Si

Freestanding

‘ ' ‘ ’ Window Film

Figure 4.2: Cross sections of wafers showing thin window fabrication processes.
Panel A shows a general scheme for the formation of a window film (purple) on a silicon

B l | si wafer

1 Lithography

‘ ’ Si wafer
Mask

1 Deposition of sacrificial film

Sacrificial Film
‘ F Si wafer
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— —

l Deposition of window film

Freestanding Sacrificial Film

Window Film

Freestanding Sacrificial Film

l Etch - selective for sacrificial film

Freestanding Window Film
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wafer (white box) with a mask (black) defining the window dimensions. The mask is

deposited via lithography techniques, the window film material is deposited on the wafer,
and the silicon wafer is etched in the area defined by the mask. In panel B another general

scheme is shown for the formation of a window film, where a sacrificial film (yellow) is
deposited before the silicon etch, and removed after deposition of the window film.
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If the window release process that also etches the film material is chosen, then a sac-
rificial film (orange) can be employed (Figure 4.2B). Here the sacrificial film is deposited,
the silicon is etched to create a freestanding sacrificial film, and then the window film is
deposited. The second etch releases the window material from the sacrificial film. This
method allows for more flexibility in the choice of etch method based on considerations
of the sacrificial and window films. Any etch method that targets the sacrificial film but
not the window material is appropriate, since the bulk silicon is sufficiently thick that any
etching of the silicon is generally not a concern. Each of these techniques is an appropriate
approach for fabricating thin windows in theory. In practice, epitaxy, the etch reaction
process, and material tensile strength, all contribute to the ability of a material to form a

thin freestanding film.

4.3 Materials exploration

SiN, has been a standard material for LCs developed with nanofabrication methods. How-
ever, other materials may offer higher transmission and conductivity. Different materials
can change the hydrophobicity of LCs, changing the way samples are deposited on the
chip. Other materials can also open doors for the functionalization of window membranes
with different compounds. Thus other thin film materials were explored as candidates for

the fabrication of LC windows.

Al,O3, TiO,, and HfOy materials were available for ALD deposition in the QNFCF,
thus their chemistry was explored to determine the selectivity of different fabrication steps.

HF and buffered HF (BHF') were used as it is known to etch SiNy thus is a technique used
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Figure 4.3: Etch rates of Al;O3, TiO,, and HfO, films in standard nanofabrication
wet process steps. Etch rates were measured in the conditions described on the x-
axis, with full details provided in Table 2.2. All etch rates marked with a "* indicate
measurements where the etch rate is an underestimate because the film was less than 10
nm after the etch was performed (where ellipsometry measurements become less accurate).
Annealing was performed as described in Table 2.1. The pink dotted line across the KOH
etch data indicates the etch rate of SiNy (0.21 nm/hr).

in some feature fabrication steps. KOH was tested as it is used in window release, and
Piranha and RCA1/2 were tested as they are commonly used to clean the wafer before
other process steps. Figure 4.3 shows the results of these etch tests, where etch rates were
determined by measuring film thickness with ellipsometry before and after etching (chapter
2.1). Films were also tested after annealing in a rapid thermal processor (RTP), as this is

known to improve the resistance of materials to etching.”

Focusing on the results of KOH etching, HfO, and Al,O3 after annealing were deemed
good candidates for window material, as their etch rates were negligible and thus could
withstand the silicon bulk etch (any value below the etch rate of SiNy, 0.21nm/hr was

deemed suitable). HfO, was removed as a candidate at this point, because the transmission

37



through HfO, was deemed to be poor due to the high weight of Hafnium. Focusing on

annealed Al;Og, the practicality of forming a freestanding film was analysed.

SiNy is deposited with low-pressure chemical vapour deposition (LPCVD), coating both
sides of a double-side polished wafer, thus providing convenient dual use of SiN, as a mask
base on one side and window on the other side. ALD deposition occurs on one side
which is unfavourable, as placing films flat onto a stage surface for deposition often causes
scratches. Thus if AlyO3 was deposited via ALD on both sides of the wafer, there would
either be damage to the mask or window material. Normally when scratching is an issue,
a photoresist can be used to protect the bottom surface of the wafer, but photoresists
are a major source of contamination, thus this technique cannot be used in deposition or
annealing equipment. In addition, the RTP is only configured to anneal a single surface,

not dual-surface films, and also would introduce scratches to the wafer.

In addition, it has been shown previously that annealing increases the stress of Al,O3
films.” This arises from the shrinking of the films, and an increase in crystallinity of the
Al;Og films.”” To determine how annealing impacts thin Al,O3 layers, stress measurements
were performed using interferometry to give insight into the film properties. Films were
annealed at 900°C and 1000°C for 60, 300, and 600 seconds, in nitrogen gas environments.
Though Al;O3 etching experiments were performed at 1100°C, the rapid thermal processor
cannot be held at 1100°C for an extended time. The results shown in Figure 4.4 show
that there is an initial jump in stress after annealing for 30 s, and extended annealing
yields a decrease in stress after prolonged heating with a limited return after ~ 10 min.
The experiment also showed that there was high non-uniformity in film stress across the

wafers after annealing (seen by the large error bars), which is not advantageous to chip
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Figure 4.4: Stress measurements of thin Al,O3 films. Measurements of Al,O3 films
were taken before and after ALD deposition of 7.5 nm and 10 nm film thicknesses (time
annealed = 0), then after annealing (rapid thermal processing) at 900°C and 1000°C for 60,
300, and 600 seconds, in nitrogen gas. Error bars show the deviation in stress measurements
across the wafer surface. These measurements are outlined in chapter 2.1.

manufacturing. In addition, it appears that thinner material is under more stress and that

thinner material underwent a larger increase in stress and non-uniformity after annealing.

With procedural optimisation in mind, I investigated the use of SiN, as a sacrificial
film for thin not-annealed Al,O3 (Figure 4.2B). This technique provides SiNy as a mask
material, removes the need to anneal the Al;O3 film to withstand etching, and provides a
different base for the growth of the AlyO3 film. Sacrificial thick layers of SiN, were released
from bulk silicon, followed by deposition of Al;O3 and no annealing, then HF was used to

etch the SiN, below the Al,O3 windows. In this technique, the thickness of the Al,O3 and
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SiN, layers are balanced such that etching in HF causes a thin Al,O3 layer should remain.
This experiment was tested on two wafers, with the final result that 60% of the windows
released were intact, and the remaining windows were broken. Such low yield makes AlyO3
a poor candidate for LC windows, but another method was developed during this time to

create thin SiN, windows.

The final method used to produce thin SiN, windows cannot be detailed in this thesis
as it is a proprietary method. Further questions regarding this topic should be addressed
to Professor German Sciaini. The validation of the fabrication of thin, 5 nm, SiN, windows

is detailed in chapter 5.
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Chapter 5

Characterisation of thin nanofluidic

cells

The thickness of SiNy in the nanofluidic cells that constitute LC assemblies is measured
throughout the nanofabrication process via ellipsometry. However, measurements of film
thickness through ellipsometry can cause wafers to be damaged by handling and scratching
on machine stage surfaces. Fewer measurements are taken in the final LC fabrication
process to retain high yields of chips from each wafer. Thus the final window thickness
must be quantified after the chips have been diced and packaged. The window dimensions
are too small for transmission ellipsometry and have no underlying film for regular reflection
ellipsometry. Thus to measure window thickness, transmission can be quantified through

EELS measurements.
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5.1 Thickness determination with EELS

Similar to the calculations performed in chapter 3, a material’s inelastic mean free path
(Ainet) can be estimated and used to determine the thickness of substrates using EELS.” "~

Once the A\, of SiNy is known, equation 5.1 can be used to estimate the thickness of SiN,.

Equation 3.8 is similarly shown as the EELS log-ratio model in equation 5.1.

t I,
= - 1
)\inel " (IO) (5 )

Where t is the thickness of the material, I; is the total area under the EELS spectrum,

and [ is the area under the zero loss peak (ZLP).

The A, of material can be estimated by the Malis equations shown in 5.2-5.4.

106 F E,

)\ine = 52
' Enln(2EB/Ey) >
1+ 5
F=_—12 (5.3)
L+ (577)
B = T.6Z07 (5.4)

Where the effective atomic number (Z.g) can be estimated with the Lens model in

equation 5.5.7"
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Or the )\, of material can be estimated by the Iakoubovskii equations 5.6&5.7.

200F Eg
119-3
)\inel = 1P+£ (5 6)
In 62’;3
1+§Tc
P03
0r =5.5 5.7
i FEy (5.7)
Where F is given in equation 5.3.

When water is present, equation 5.8 can be used to remove the contribution from a

SiN, membrane of known thickness, in order to visualise the water thickness across the
EELS scan.

Liotal o t_w lsiNa
)\total /\w )\SiNm

5.2 EEIS thickness characterisation

EELS was performed on two dry 5 nm windows assembled with no internal o-ring. This

was demonstrated to show that independent of a liquid sample or internal pressure, the

5 nm windows are freestanding with no visible deformations and can withstand electron
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beam doses under regular imaging conditions. This EELS measurement is shown in Figure

5.1 where the t/\ was found to be 0.07.

The convergence angle of this measurement was 53.4 mrad, with acceleration voltage
(Ep) of 300 keV, SiN, density (p) of 3.2 gem? " and a saturation factor (6¢) of 20 mrad.'"

The resulting calculations using each method gave \;,.; of SiN:
Asine = 123.4 (Malis et al.”)
Asine = 167.5 (Iakoubovskii et al.”")
The resulting thicknesses of SiN, are:
tsine = 8.6 nm (Malis et al.”)
tsine = 11.7 nm (Takoubovskii et al.”")

Thus the thickness of the two-chip assembly is taken as an average, 10 nm, with each
window being approximately 5 nm. These chips were found to have no cracks or deforma-
tions and did not degrade over the imaging time. Despite these encouraging results, the
error of EELS thickness measurements is roughly 20%.”" Thus further characterisation was

performed with AFM to confirm these findings.

AFM measurements

To further characterise the thickness of the 5 nm windows, windows were broken on two
chips using a profilometer probe and the partially severed material was measured with
AFM. The AFM measurements yielded very exact measurements of the window material

thickness, shown in Figure 5.2. The data show two selected areas with a difference in height
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Figure 5.1: EELS spectra of a dry 5 nm SiN, liquid cell assembly. Panel A shows
the full EELS spectrum for two 5 nm SiN, windows (V07 nanofluidic cells as shown in
Figure 5.8) sealed without an internal o-ring (10 nm SiNy total). Panel B shows the same
spectrum on an enlarged scale showing the core loss peak.

(between the severed SiNy, window and the silicon chip) of 5 nm. The results confirmed
that thin SiN, LCs were fabricated successfully, thus the next step in characterisation was

to quantify the improved transmission gained in the manufacture of these thin windows.

During this experiment, I discovered that the AFM probe, unlike the profilometry
probe, was able to measure the window area without breaking it. A scan across a 5 nm
SiN, window is shown in Figure 5.3, where panel C shows the deformation of the window
by the probe. The scan images in panels A and B also showed an interesting finding, that
the window was being probed in a way that excited waves that could be measured across
the surface of the window (ScanAsyst mode AFM was used, which functions similarly to
regular tapping AFM). In Figure 5.4, the window is scanned at different angles, showing

that the waves induced by probe tapping are physical, with movement perpendicular to

45



the shortest window dimension. Because the waves disappear when scanned perpendicular
to the shortest window dimension (Figure 5.4A), we cannot attribute the pattern seen to
laser interference. This intriguing result opens the door to a new method for future work

in thin film characterisation.

Transmission measurements

To experimentally investigate the impact of SiNy window thickness on electron transmis-
sion, I performed a series of EELS experiments to show the transmission relative to the
window thickness. These experiments were performed in the absence of liquid, for 5, 10,

17, and 60 nm at 60, 120, and 300 kV.

The data show the area of the ZLP relative to the total area (I;/Iy), which is a measure
of the transmission of inelastic electrons. A higher I,/ value of 1 would indicate that no
electrons interact inelastically with the sample (only a ZLP peak), and 0 would indicate no
transmission. The data show the expected trend that the inelastic transmission decreases as
the substrate becomes thicker. Thus we can assume (equation 3.3) that total transmission
also decreases as the substrate becomes thicker. The experimental data shows that thicker
SiNy (60 nm and 15 nm) is more transmissive than predicted by theoretical calculations but
thinner SiNy (5 nm) is less transmissive than expected. The theoretical and experimental

data have a high agreement with 10 nm SiN, at high acceleration voltages.

The higher-than-expected transmission for 60 nm SiNy is intriguing and leads to the
question if the transmission of thick liquid layers is also better than predicted. Though

this would be a very useful study, there is no current way to estimate liquid layers in LCs
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Figure 5.2: AFM measurements of broken 5 nm LCs. Panels A and B show 3D
maps of the AFM measurements, where the scale provides dimensions. All colour maps
show the height of each point measured. 2D images for the same scans are shown in panels
C and D respectively. Panels E and F show histograms for the height measurements from
the areas shown in the dashed white boxes in panels C and D respectively. The red lines
in panels E and F show the most populated height measurements across the areas with
and without a 5 nm window, where the difference in the two populations shows height
differences of approximately 5 nm.
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Figure 5.3: AFM measurements of intact 5 nm LCs. Panel A shows the height
information for the scan across the window, and panel B shows the peak deflection error
for the same contact measurement. The colour bars show the height information. Panel C
shows an average height profile across the length of the window, showing the deformation
of the 5 nm window caused by the force of the AFM probe.
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Figure 5.4: AFM scans across 5 nm freestanding SiN, windows at different
angles. Panels A-C show the scan as directed in the graphic on the top of the image(s),
where the top images show the height diagram, and the lower image in panel A shows the
phase profile. Scale bars are indicated on each image.
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other than estimation through EELS itself. It is also unknown if elastic electrons would
follow the same trend, and similarly, if equation 3.3 is a valid approximation for thicker

materials.

The key takeaway of this analysis is that 5 nm SiN, windows transmit 89% of electrons
at 200 keV, and 91% at 300 keV, relative to inelastically scattered electrons. Though these
numbers do not reflect total transmission, the data confirms that 5 nm windows allows
more transmission of electrons. Following these results, I investigated the impact that

transmission has on image resolution.

Resolution measurements

The goal of more transmissive window substrates is improved resolution during imaging.
To show that thinner SiN, windows confer higher resolution data I performed the following
experiment. The TEM was aligned as optimally as possible at 300 keV, and then a series
of dry gold nanorod samples with 5, 15, and 60 nm SiN, total were prepared. Each
assembly was loaded into the microscope and images were taken while trying to achieve
the highest resolution possible (more details are outlined in chapter 2.3). Figure 5.6 shows
the highest resolution images obtained with each assembly. The microscope used was the
Spectra Ultra at CCEM, which has a limit of 0.5 A resolution at 300 keV (ThermoFisher
Scientific, Waltham, MA).

This experiment is subject to error, as beam stigmation, nanoparticle density, window
charging, drift, and other factors can all contribute to variation in resolution. Thus this

data should be taken as qualitative, as the best demonstration possible using experimental
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Figure 5.5: Theoretical and experimental transmission of inelastic electrons
through SiN,. Calculations of theoretical transmission of inelastic electrons was per-
formed as described in chapter 3, but the total inelastic scattering cross chapter was used
in place of the total scattering cross-section. The experimental transmissions shown by the
points joined by dashed lines were measured in the Spectra Ultra microscope with EELS
using dry nanofluidic cells (chapter 2.3).
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techniques to show resolution with different substrate thicknesses.

Though the results were not linear, the 5 nm window clearly conferred the best resolu-
tion at 0.62 A, which is close to the performance limit of the microscope. However, the 60
nm window also conferred very high resolution, at 0.78 A. These results exemplify the very
small differences in resolution that we hope to gain from thin windows, which are already
close to the maximum possible resolution. Imaging of biomolecules in chapter 6 showed
high-resolution images despite thick liquid layers with thin SiN, windows. It is apparent
that the goal of improving transmission and resolution in LPEM with thinner windows is

achieved with 5 nm SiN, windows produced in this work.

5.3 Liquid cell characterisation

Though the usefulness of thin window membranes can be seen in increased signal transmis-
sion and improved resolution, the ability for 5 nm windows to withstand water containment
without excessive bulging is key to using thin windows in LPEM. Assembly of two chips
with 5 nm windows with liquid was successfully performed followed by EELS to quantify
the liquid layer thickness. Results for four different successful assemblies are shown in

Figure 5.7.

The EELS spectra clearly show that the liquid layer is much thicker than the expected
~ 200 nm layer as the core loss peak is larger than the ZLP. One of the thinnest regions
measured in sample B gave a t/lambda value of 5.53, putting the liquid layer thickness at

approximately 640 nm. As previously discussed, there is a limit to thickness where imaging
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Figure 5.6: Images and FFTs of gold nanorods on dry 5, 15 and 60 nm SiN,
windows. Panels A, C, and E show the images with their scale bars, and panels B, C, and
D show the corresponding FFTs where the resolution of the outermost signal is indicated.
Image A corresponds to a 5 nm SiN, window with 0.62 A resolution, image B corresponds
to a 15 nm SiN, window with 0.89 A resolution, and image E corresponds to a 60 nm
SiN, window with 0.78 A resolution.
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will provide useful information. With 570 nm of water, the transmission of electrons is
reduced to 5% at 200 keV and 10% at 300 keV (using the average A4, of water in Figure
3.2). Thus the assemblies shown in Figure 5.8 have water layers that are almost too thick

to yield useful images.

Importantly, the spectra shown in Figure 5.8 are very thick even at the very edge of
the window. This finding indicates that bulging was not an issue, thus there was an issue
in the fabrication of the nanofluidic cells that caused the chips to bow in a manner that
resulted in thicker water layers across the pillar area. In the initial experiments with thin
windows, V07 LCs were used (Figure 5.8). The original chip design in Lott et al." (Figure
5.8) was altered in the fabrication of new chips with thin windows. One alteration made
was to make both the top and bottom chip pillars round, due to strange etch rates observed
in the fabrication of the bottom Lott, 2023 chips. Thus it is likely that the large contact
surface area between the top and bottom pillars in VO7 caused the chips to produce thicker
liquid layers than expected. The high contact area is also believed to have caused many of

these LC assemblies to break.

The chips shown in Figure 5.8 labelled V08 and V09 were fabricated with the pillar
contact area issue consideration. Initially, the new V08 and V09 chip assemblies were
breaking, which was discovered to be caused by direct contact between the two pillars
during assembly. This was deduced from optical microscopy of chips after TEM and
disassembly of the chips, the window of the top chips is seen to be deposited onto the
bottom chip (see Figure 5.9). This was likely because the lid of the new loading station was
designed for thinner chips fabricated with 500 pm silicon wafers, the additional compression

likely caused hard contact between the chips, causing top windows to snap onto the bottom
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Large/Bottom chip  Small/Top chip

Figure 5.8: LC chip design versions. The leftmost column displays the bottom (or
large) chips, which are assembled in the holder, while the rightmost column displays the
top (or small) chips in red, which are assembled on the loading station piston. Each version
of chips fabricated is labelled on the left, from Lott, 2023 depicting the chip style used in
Lott et al.." V07 chips were fabricated with 500 um silicon wafers, and all other chips were
fabricated on 525 um silicon wafers. The scale of these designs is not exact.

chips. Once the lid was corrected, the assemblies were successful without breaking, allowing
for the acquisition of more liquid assembly data (Figure 5.7A&B), and some biological
data (see chapter 6). The liquid layers achieved at this point were still very thick (Figure
5.7A&B), thus work that remains includes performing some corrections between the target

and achieved spacer sizes before the LCs are fully functional with thin windows.

Though work still remains to retain the reproducible thin liquid layers achieved in
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Figure 5.9: Two V09 chips after TEM, showing broken windows. Panels A and
B show two different bottom nanofluidic chips after disassembly, where the window from
the top chip (red arrows) is seen to be discharged onto the area of the bottom window.
Some contamination (black dashed arrow) is also present from handling after disassembly.

previous chip versions, the characterisation discussed in this chapter demonstrates the
successful fabrication of 5 nm SiN, windows. I successfully showed that 5 nm SiN, windows
confer higher transmission, comparable to carbon-based LCs. I also showed that 5 nm SiNy
windows yield high-resolution data when used as dry substrates, another possible use of
the technology developed. I further showed that 5 nm SiN, windows can contain thick

liquid layers, though bulging remains to be characterised in thin LCs.
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Chapter 6

LPEM biomolecule imaging

Though the silicon nitride liquid assemblies have until recently yielded thick liquid layers,
I collected promising results showing biomolecules in the liquid phase. To study an array
of biomolecules: viruses, proteins, vesicles, and DNA were all successfully imaged. An
attempt to image live cells was made, and though unsuccessful, yielded some data of

Iinterest.

6.1 Adeno-associated virus

Ground-breaking results from Jonaid et al.”” demonstrated structures of AAV reconstructed
at 3.22 A resolution from 3737 particle images. In this work, particles were imaged at 200
keV, with a DE-12 direct detector camera in approximately 52-105 nm liquid layers, using
the microwell LC format with a total of 60 nm SiN,.”" In order to complement this work,

AAV was imaged with a Ceta M CMOS camera at 200 keV using a total 25 nm SiN, LC
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Figure 6.1: LPEM images of AAV. Panel A shows a lower-magnification view of
multiple AAV particles, and panel B shows a higher magnification image of a single AAV
particle taken from the same liquid cell assembly. Scale bars are indicated in each image.
Assembly data can be found in Table 2.4.

with a target 200 nm spacer. Due to issues in the LC designs at this point (see chapter
5.3), the liquid layer was much thicker than expected. Analysis of EELS spectra obtained
across two liquid window edges gave liquid layer thickness measurements of 602 nm of
water at the window edge and 756 nm at the centre (calculations described in chapter 5.1).
For comparison, AAV was imaged with a ¢/ value of 0.7-1 in Jonaid et al.,”” and the
t/ Moty in Figure 6.1 is 4.1-5.1. The fact that the AAV particles are visible with decent
resolution in Figure 6.1, where transmission is greatly reduced, and images were taken with
a lower quality camera, suggests that once issues with liquid layer thicknesses are resolved,

the LC technology developed in UellL may rival these results.
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6.2 Ferritin and apoferritin

Proteins are the foundation of many biological molecules’ functions and are key to un-
derstanding biological systems. Ferritin is a 474 kDa protein, which is much larger than
the average protein found in prokaryotes (30 kDa) and eukaryotes (40 kDa).”” However,
ferritin has been used abundantly in LPEM research as a standard to demonstrate the
resolution of proteins.”” ™" Ferritin has a heavy iron core, which yields high contrast and

makes observation with TEM easy compared to many smaller, lighter proteins.

Previous research by the UelLL group has demonstrated high contrast of ferritin in LCs
with 60 nm total SiNy taken with 200 keV electrons and a Ceta M CMOS camera (Figure
6.3, courtesy of Tyler Lott and Ariel Petruk). A pre-print article shows images of ferritin
taken with 100 nm SiN, layers using a K2 camera.”” Comparison between the images shows
comparable resolution. In Marchello et al.,"”” a 50-frame video of ferritin yielded over 5000

particle images, used to reconstruct a 4.74 A density map of ferritin.

The next challenge in LPEM protein imaging is to visualise smaller proteins without
metal centres. Apoferritin, which is ferritin without an iron core, is presented as an ideal
candidate for demonstrating the resolution of metal-free proteins. I aquired images of
apoferritin, shown in Figure 6.2. These images were taken at 300 keV with a Ceta S
CMOS camera, with 15 nm total SiN, layers, and VO7 chips with a 200 nm spacer target.
Surprisingly, the resolution of apoferritin in Figure 6.2 shows the protein structure: a core
of ~ 8 nm diameter and a shell of ~ 12 nm diameter.”” Images of ferritin clearly show
more contrast due to the iron core, but the ability to view ~ 12 nm proteins without heavy

elements is exciting for the development of LPEM. Reconstruction of apoferritin images
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is a key area suggested for future work in this area. In addition, the exploration of the

resolution of smaller proteins with LPEM is an area of great interest.

6.3 Vesicles

The apoferritin sample previously described was prepared using a proprietary method,
modified based on published literature. Based on the literature, the method employed is
likely differential centrifugation.”””" The sample is thus not expected to be free of other cel-
lular material.”” During the LPEM experiment for the apoferritin sample, what is strongly
believed to be vesicles, were seen in the sample (Figure 6.4). The samples degraded on the
same timescale as liposomes imaged in previous experiments, and showed a visible mem-
brane bilayer of ~ 5 nm.” Vesicles are abundant in equine spleen, as are multi-vesicular
complexes.”” However, it is also possible that these vesicles are microsomes (vesicle-like par-
ticles formed from disruption of the endoplasmic reticulum) which are often formed during
homogenization of eukaryote cells.”” Where vesicles are typically 20-150 nm (though can
be larger), microsomes are typically 20-200 nm."”" Figure 6.4 shows images of these vesicles,

and their degradation over ~ 2 minutes of imaging.

6.4 Plasmid DNA

Another key biomolecule I analysed is DNA (Figure 6.5). This is the first time DNA
has been observed with LPEM experiments. I chose plasmid DNA as I was interested in

observing the supercoiled structure. Figure 6.5 shows clearly the supercoiled structure of
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Figure 6.2: LPEM images of apoferritin protein from equine spleen sample.
Panels A and C show the lower-magnification view of multiple apoferritin particles. Pan-
els B and C show zoomed-in images of single apoferritin particles from panels A and C
respectively. Scale bars are indicated in each image. Assembly data can be found in Table
2.4.
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Figure 6.3: LPEM images of ferritin protein in liquid. Panel A shows a lower-
magnification view of ferritin particles, and panel B shows a higher-magnification view of
one ferritin particle. The scale bars are indicated in each image. These images are courtesy
of Tyler Lott and Dr. Ariel Petruk.
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200 nm

Figure 6.4: LPEM images of vesicles in equine spleen sample. Panel A is an image
at time = 0, and panel B shows a time series from time 0 to 119 seconds (at select times)
where the vesicles eventually disintegrate from irradiation of the electron beam. The scale
bars are indicated in each image. Assembly data can be found in Table 2.4.
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plasmid DNA, which mimics the coiled structure observed in AFM of a plasmid in liquid,
and dry plasmid.””»"" Analysis of EELS spectra obtained across two liquid window edges
gave t/lambda measurements of 3.6 at the window edge, and 4.1 at the centre of the cell.
This translates to an average of 524 nm of water at the window edge and 602 nm at the
centre (calculations described in chapter 5). The finding that DNA was clearly visible in
such a thick layer, with 25 nm silicon nitride total window, is very promising for future

study of DNA in LPEM.

Though it was clear that the cell contained bulk water, with no visible cracks or aber-
rations in liquid thickness, the DNA showed no motion. A likely explanation for this
behaviour is the charging of the insulating SiN, windows. Bultema et al.”” described a
model where SiN, LCs with no external bias experience positive window charging in the
active viewing area due to secondary electron emission. The positive charge of the window
will attract the negatively charged backbone of the DNA, holding the particles still on the

membrane.

Electrostatic attraction of DNA to the LC window presents an interesting obstacle to
observing DNA dynamics, which may be better observed when viewed in conductive mate-
rial such as carbon-based LCs. With conductive membranes, the area outside the viewing
region experiences a negative charge from secondary electron return flux through radial
current in the conducting windows.~ Thus in a conductive LC, DNA can be suspended
in bulk liquid to undergo some dynamics when not being viewed, and conveniently viewed
attached to the window when illuminated. Plasmid DNA dynamics should be examined
further in a future study, as a suspension in alcohol can give insight into dynamics used in

DNA extraction protocols (alcohol precipitation), and the processes used to perform molec-
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Figure 6.5: LPEM images of pA AV plasmid DNA. Panels A, B and C show different
images from the same liquid cell assembly at different magnifications. The scale bars are
indicated in each image. Assembly data can be found in Table 2.4.

ular cloning. This experiment showing plasmid DNA is the first examination of DNA with
LPEM, and provides a benchmark for the quality of data that can be obtained from DNA

in liquid environments.

6.5 Live cells

Ideally, live cells would be imaged as a final complement to the study of biomolecules. The
bacterium Pelagibacter communis was chosen, as it is the smallest bacteria discovered to
date. The small size of this bacteria would have been ideal for obtaining high-resolution
images of cell ultrastructure using thin liquid layers. The dimensions of these cells are
400-1,300 nm long and 190-280 nm wide.”” Best efforts to visualise this bacteria were un-
successful. Initially, the cell density was determined to be a major barrier, as the cells do
not grow abundant enough to have a decent probability to be viewed within the viewing

area. The concentration of the cells to a pellet using ultracentrifugation was attempted,”
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but no pellet was obtained. Despite this, every effort made to visualise the cultures (con-
centrated or not) resulted in the crashing of salt out of the solution. The salt concentration
of the media required to grow this oceanic bacterium (i.e. seawater salt concentration) was
so high, that any evaporation of the liquid droplet, in the brief time taken to assemble the
liquid cells, resulted in the crashing of salt out of solution and likely plasmolysis, creation,

and death of the bacteria.

The ability to observe other live cultures of bacteria in this system is yet to be ex-
plored further. Another good candidate would be the observation of Magnetospirillum
magneticum, which has been studied with correlative electron and fluorescence microscopy
with LPEM."" Escherichia coli would be another candidate, as it can be grown and pelleted

reproducibly with standard centrifugation.

Though no live cells were seen, the salt crystal from the cell media was seen. The
formation of salt crystals caused small cracks to form in the silicon nitride windows. Similar
to carbon LCs, silicon nitride can be seen to seal pockets of water when broken. In Figure
6.6 the slow evaporation or freezing of water from a liquid pocket made the observation of

salt crystal growth possible.

In summary, even with thick liquid layers, a wide array of biomolecules were visible
at high resolution. I successfully images AAV, apoferritin, vesicles, and plasmid DNA in
the liquid phase using thin SiN, LCs I fabricated. Issues with LC design meant that these
images were not obtained with the target 10 nm total SiN, windows. However, future
improvements to UellL LC technology will be able to realise this and generate even higher

quality images of biomolecules.
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Figure 6.6: LPEM images of salt crystal formation in Pelagibacter communis
sample. Panel A shows a lower-magnification view of a salt crystal formed in a liquid
pocket. Panel B shows a higher-magnification view of the top left corner of the crystal,
and panel C shows a time series of salt crystal growth with the time indicated in the top
left corner. Panel B shows an enlarged image at 42 seconds into the time series. The scale
bars are indicated in each image. Assembly data can be found in Table 2.4.
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Chapter 7

Data analysis tools

Microscopy data is often stored in complex file types, in order to preserve a large amount
of image data and corresponding metadata. Software currently available to view and
manipulate some of these file types is unavailable or inaccessible, outdated, and/or does

not come equipped with tools that are useful to most microscopists.

7.1 Image data and metadata analysis

Images generated during microscopy are commonly very large and difficult to manage, as
they contain a lot of data in the form of high-resolution images and extensive metadata.
Though the storage of metadata directly in the image files is critical in data management,
there is no standard image format used in microscopy, thus there exist many different file
types generated by different software. A popular data type is EMD, generated by the Velox

software used in Thermo Fisher Scientific microscopes.
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Velox acquires TEM and STEM images and videos in the EMD file format. The files
contain metadata corresponding to each video frame, but the Velox software only shows
the metadata of the first frame. Currently, the only way to view EMD files is through
purchasing the Velox license, or use of the openNCEM Python package'” developed by the
National Center for Electron Microscopy (NCEM) at Lawrence Berkeley National Labs.
In addition, the HyperSpy software, commonly used in analysis of EELS data, employs the
NCEM framework to view EMD files."” Velox requires a software license, thus the NCEM
package provides an open-source option for users familiar with Python. Implementation
in HyperSpy allows for further accessibility to users not familiar with Python. However,

neither GUI option allows for the visualisation of EMD metadata for each frame.

In-situ EM focuses on dynamic experiments and requires the flexibility of changing
parameters on the fly - especially in an effort to capture images of elusive samples like
biomolecules. Thus the ability to view metadata across all frames of acquired video is
imperative. I developed a software plugin for Napari, an open-source software suite for
microscope image processing, that allows the visualization and navigation of the EMD
file type including access to the metadata for each individual frame. Development in the
Napari software also provides users with convenient tools to annotate, analyse, and export

data in convenient file formats.

The framework for this plugin was generated with the naperi-cookiecutter plugin, with
functionality as a reader and widget. The reader makes use of the hbpy'" library to read
the file, and custom software was developed to convert ASCII data coded in JSON format
into a metadata library, for each frame. The widget was equipped with event captures to

automatically update the metadata being viewed when new files or frames are selected, to
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remove any possibility of confusing the metadata being observed by the user. The plugin

is published in the Github repository: https://github.com/NickiShaw/napari-EMD.

An example is shown in 7.1, where the defocus is changed in a video of the edge of
a silicon nitride window. The two images show the edge of the silicon nitride window,
where the ’ghost’ features indicate the change in focus, both in the sample and on the
window edge. This demonstrates the successful update of metadata values, which update

automatically when the frame is changed in the software.

ImageJ (also known as Fiji) is another popular image analysis software developed by
the National Institutes of Health (NIH). ImageJ was created in 1997 and provides a larger
library of plugins and tools for image analysis than Napari, which began development
in 2018."" Thus a standalone Python script was developed to convert EMD files into
JPG/PNG images while storing metadata in CSV format. This allows users the flexi-
bility to import image stacks into ImageJ or other image editing software without EMD
compatibility, while still maintaining a record of the metadata for each frame. The code

for this is available at https://github.com/NickiShaw/microscopeFileProcessing.

7.2 EELS data analysis

EELS data can be viewed in the Digital Micrograph software provided by Gatan, though
some analysis options require the purchase of a software license. Digital Micrograph is
able to analyze EELS spectra, but the tools needed for the determination of liquid layer

thickness suffer from errors in the integration, especially if the core loss peak is very large or
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Figure 7.1: Napari-EMD plugin for visualisation of EMD images, videos, and
metadata. Panel A shows frame number 178, where the defocus is 5.92e-06, in panel 2
the frame has changed to number 231 where the defocus is -3.12e-05.
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small relative to the ZLP, which is the case with thick liquid layers or dry thin substrates.
Digital micrograph also does not have the option to separate contributions from different

materials, such as water and silicon nitride in the LC assembly.

The analysis of this data was thus streamlined through the development of a lightweight
Python module. Users have the ability to manipulate data such as remove parts of line
or area spectra that are outside of the viewing area (i.e. crop to the edge of the silicon
chip substrate), as well as perform automatic or semi-automatic calculation of mean free
path values, and thicknesses when transmission occurs through multiple materials. Esti-
mation of the position of the window edge is done by plotting the total electron counts,
and manually choosing a cutoff point. This was the best method determined to truncate
datasets. Another option would have been to search for the silicon plasmon peak pattern
(peaks at multiples of the silicon plasmon energy),”” but these peaks were often obscured

by the water present behind the thin silicon edge.

The three methods used to calculate the area of the ZLP: cutoff, reflect, and gauss are
available for comparison. The cutoff method cuts the spectra between the ZLP and core
loss peaks and computes the ZLP as the area before the cutoff. The reflect method employs
the reflected tail method (the default used in Digital Micrograph), where the area before
the ZLP apex is computed and doubled. The gauss method fits a Gaussian fit to the ZLP
with limits set by the cutoff method unless otherwise specified, and the area is computed
with the analytical solution to the Gaussian equation. With all the above options, the
implementation of Python modules allows more flexibility for data analysis, such as manual
selection of fitting limits, which avoids the fitting issues sometimes experienced in Digital

Micrograph.
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Easy visualisation of EELS data is available in the HyperSpy package.”® Thus, the esti-
mation of liquid layer thickness after the subtraction of LC material was the key motivation
for the development of this software. Code to perform these calculations is also available

at https://github.com/NickiShaw/microscopeFileProcessing.
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Chapter 8

Mitigation of sample damage

Thin SiN, windows are a huge leap for imaging of all samples, especially biosamples.
However, to image biomolecules, another hurdle remains. Electron-induced sample damage
caused through radiolysis causes swift damage to biomolecule samples, limiting our ability
to observe particle dynamics.”" In this chapter, electron dose and techniques to reduce
electron dose are discussed. In addition, my in silico work analysing the effect of reduced-

dose imaging techniques is presented.

8.1 Dose

Two values can be used to quantify the rate of sample damage: critical dose (e~ A~2,
where A is area), and dose rate also called electron flux (e~ A™2s71)."" Dose rate can affect

the critical dose , and multiple factors can affect the localisation, flux, and diffusion of
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radiolytic species.”” For example, LLC material can affect charging differently,’* and liquid

layer thickness, composition, and movement can affect the diffusion of radiolytic species.

Importantly, LPEM has been shown to confer reduced electron damage in comparison
to cryo EM experiments. This has been attributed to higher diffusion of radiolytic species
in liquid phase.”” Where cryo EM experiments have measured critical dose s of 60 e~ A2
for microtubules, LPEM experiments have measured critical dose of 720 e~ A2 for micro-
tubules.”” In LPEM, DNA dynamics have been observed at as little as 110 e~ A7?s™! with

conventional SiN, LCs.

The advantage of thin bulgeless LCs developed in this work is that images have less
noise, thus less dose is required to view detailed structures of biomolecules (chapter 6).
Previously, high-resolution imaging in LPEM required dose rates on the order of 1000
e~ A72s71 or higher."” However, dose rates that I have estimated to be approximately 0.13
or 7.3 e~ A~2571 were sufficient to view vesicles for up to 2 minutes with our updated LPEM
technology (see calculations in chapter C). Reducing the dose during imaging further aims

to increase acquisition times for the study of biomolecules.

8.2 Reducing electron dose

The energy transfer from electrons to the sample is described generally by Bethe’s for-

mula.” In equation 8.1 %‘;E is the rate of energy loss by the beam electrons, v is the

velocity, e is the electric charge, m is the electron mass, IV is the number of atoms per em?

in the sample, Z is the number of electrons per absorbing atom, I is the mean excitation
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potential, and € is the natural log base.

—dE _4nc'NZ, {mvﬂ (6)2} (8.1)

dx mu? oI \2

As discussed in Stenn and Bahr,"” the Bethe formula®™ highlights that the electron
energy imparted on the sample (electron dose) is dependent on the inverse square of electron
velocity, and the thickness and density of the sample (the path length). Thus, low-dose
imaging can be achieved by lowering acceleration voltages to < 100keV. Unfortunately,
lowering the dose of the collimated beam results in increased noise in images. Denoising
techniques can be used to recover noisy images acquired at low doses.” This is done by
representing the noise through analytical expressions such as Gaussian or Poisson noise and
then removing them from the image.”” Alternatively, deep learning models can be used to

remove the noise from images, if a sufficient training dataset is acquired.

Another approach referred to as sparse sampling (or subsampling) can be used to
acquire a sparse representation of the image, which would result in an image with missing
pixels.”” With this technique, inpainting methods can be used to fill in the gaps.”" The

difference in denoising and inpainting techniques is outlined in Figure 8.1.

Similarly to denoising, inpainting can be performed through algorithmic approaches or
deep learning.”” "~ Sparse sampling in STEM mode requires scan control of the microscope,
which requires a scan control unit which is not provided with most microscopes. This
presents a challenge in performing sparse acquisitions, whereas reducing the acceleration
voltage for low-dose imaging and denoising is a more accessible technique. In contrast, it

is easier to implement an inpainting algorithm, since the defect is known (i.e. which pixels
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Figure 8.1: Low dose imaging techniques. Panels A-C show the inpainting process,
and panels D-F show the denoising process. Panels A and D depict a simple representation
of how dose is distributed across the pixels in an image to perform reduced dose imaging.
Panels D and E show the data that would be acquired from A and D respectively, where D
shows sparse bright pixels, and E shows complete but dark/noisy pixels. Panels C and F
show the final image that would ideally be the same as normal higher dose imaging, where
B to C is inpainting, and E to F is denoising.
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are missing), but denoising is harder to implement because assumptions must be made on

the type of noise present.

Sanders and Dwyer,”” showed importantly, that at high doses, inpainting performed
worse than denoising, but at low doses inpainting performed better than denoising. How-
ever, the cutoff defined for low-dose imaging where inpainting becomes preferable to de-
noising was supposedly low, but not defined in terms of dose.”” What this study does
not account for is an implementation in the liquid phase, where the improved diffusion
of radiolytic species can reduce sample damage.”" The implementation of STEM imaging

may offer beneficial dispersion of dose during imaging that could not be achieved with a
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collimated beam. Analysis of the imaging speed, sparse sampling, and reduction of sample

damage in STEM mode is a key area for future study.

8.3 Sparse sampling techniques

Inpainting requires a sparse scan of the image, and sparser signals (random, evenly dis-
tributed signals) are expected to perform better during inpainting.”’ Though it is possible
to configure the scan coils of a microscope to acquire a truly sparse image in STEM mode,
this type of scan (a Bernoulli scan) creates a lot of uncertainty in the beam position.
This uncertainty of the beam position is called beam rise, and research by Kovarik et al.,
showed that sparser scans have higher beam rise. The result of Bernoulli scans is a distorted

image, because the pixels are mapped to incorrect locations.

Sparse scans with more uniform movements of the electron beam have been investigated,
such as line-hopping,”* block-based scans,” and spiral scans.”” Spiral scans are the most
promising technique for reduced dose imaging because they have the added benefit of
conferring uniform dose across the scans, when performed at a constant linear velocity
(CLV scan).”™ Regular raster scans in STEM mode, suffer from uneven distribution of
dose, originating from the fly-back time.”” The fly-back time is normally set to longer
than the scan speed, to account for beam rise when the scan changes direction. Though
some distortions will be present in a CLV scan as the beam changes angular velocity, these
distortions can be easily characterised and removed from images.”” With this in mind,
my implementation of inpainting employed random masks and spiral masks in parallel, to

study the potential effect of Bernoulli and CLV scans on inpainting performance.
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8.4 Inpainting methods

Inpainting can be performed through algorithmic methods,””” dictionary learning,” or
deep learning.”” I focused on algorithmic approaches, as they are simple implementations
of inpainting and are readily available.” " Algorithms rely on the same principles that
artists would use to restore paintings: the surrounding area dictates the features to be
inpainted, and the surrounding texture should be preserved.”” Mathematically, these con-
ditions translate to observation of isophotes (gradient lines, Figure 8.2A), and neighbour-
based decision making.””* The general scheme for inpainting (shown in Figure 8.2) is to
fill the missing region 2 by solving for each point p, using the neighbourhood € of the
known region ®, then advancing the point p until inpainting is complete.”””~ The Telea
fast marching method, and biharmonic function inpainting were selected to perform in-
painting, as they are implemented in robust and peer-reviewed software.””” The weights

of the neighbourhood, and methods used to calculate p values are described elsewhere.”"

To generate mock subsampled images, random and spiral masks were used to remove
pixels from existing TEM images. The spiral mask was generated following the equations
outlined by Sang et al.”” for CLV scans, shown in equations 8.2 and 8.3. Because the
generation of the spirals produced many overlapping points in the mask, the parameters
were adjusted such that the inpainting value reflected the total number of pixels removed
(removing contribution from duplicates). In equations 8.2 and 8.3, x and y are the co-
ordinates of each pixel in 2D space, w is the frequency, and t is time (progression of the
scan). For in silico study, both w and t are arbitrary, because the spiral can be made to

any size and mapped to the size of the image to be masked. The random mask is made
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Figure 8.2: Basic rationale for algorithmic inpainting. Panel A shows a posterized
shaded sphere, where the black arrows highlight isophote lines. Panel B shows an isophote
line in the direction of the white dashed arrow marked VI, where the grey area marked €2
is the area to be inpainted, and the rest of the image ® contains known image information.
The red region marked € is the neighbourhood that will be used to calculate the value filled
at point p, where the direction of inpainting (marked by the black arrow) is perpendicular
to the boundary of the missing region 6¢).

simply through the available (pseudo-)randomization code. Code to generate these masks

is available at https://github.com/UeIL-Waterloo/InpaintingEMdata.

x =/t cos (w\/%) (8.2)
y = Visin (W\/E) (8.3)

8.5 Implementation of inpainting

My work focused on implementing basic algorithmic approaches to inpainting biomolecule
data in silico. This analysis is the first known that addresses the inpainting of LPEM data.

I implemented two algorithms in Python modules to perform inpainting: the Telea,”’""
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and Biharmonic " algorithms. In addition, given that implementation of sparse sampling
would be best performed with spiral scans,” 1 implemented spiral, and random masks,
and compared their relative inpainting performance. Code to perform these calculations is

available at https://github.com/UeIL-Waterloo/InpaintingEMdata.

Ground truth and inpainted images were compared using RMSE calculations, a method
used in previous studies.””"’ In equation 8.4, n is the number of pixels, x; is the ground

truth, and y; is the inpainted result for each pixel, 7.

n

RMSE = % D> (wi—w) (8.4)

i=1

The r was also used to determine the similarity between the images. In equation 8.5
the x; is the ground truth, and y; is the inpainted result for each pixel, i, where y; and z;

are the average pixel values in each image.

P, = Yo (@ — 7;) (v — %) (8.5)
VE = 7S (- 51)?

Inpainted images were found, qualitatively, to have high degrees of similarity (Figure
8.3). Though RMSE and the r do not account for structure, they are useful in determining
the slight differences between inpainted and original images. The higher RMSE values,
and lower r values, indicate the higher the mismatch between two images, and the lower

the performance of the inpainting algorithm.

Figure 8.4 show the RMSE and r values for between original and inpainted images,
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Figure 8.3: Inpainting results for biomolecule images at 80%. Set A shows the
image of vesicles, panel B shows the image of AAV, panel C shows the image of pAAV
(plasmid) and panel D shows the image of apoferritin. Panels on the left show results from
the Telea algorithm, while panels n the right show results from the Biharmonic algorithm.
Panels labelled 'random mask’ show data where random masks were used to artificially
subsample image pixels, and panels labelled ’spiral mask’ show data where spiral masks
were used to artificially subsample image pixels. All images were inpainted at 80% (20%
of the original data).
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where raw data for these inpainting tests is provided in Appendix B. The data show that
the biharmonic algorithm performed inpainting more successfully than the Telea algorithm.
Both algorithms produced the expected trend, where inpainted images become less similar
as the level of masking is increased.”" Notably, the performance of either algorithm depends

largely on the image, with each algorithm exhibiting similar trends across the dataset.

The use of spiral masks was performed to analyse the impact of using a physically
achievable scan, as opposed to random masking which is ideal for inpainting. RMSE data
from spiral and random masks using the biharmonic algorithm were analysed. The random
mask results were cropped to the circular boundary applied to the spiral-masked images
before the RMSE was calculated, to prevent the corner data from impacting the compar-
ison, seen in Figure 8.5. The random masks are expected to achieve better inpainting
results (lower RMSE values) than the spiral scans.”" However, the trend shows that the
spiral scan achieves very similar quality inpainting at 50%. Even at 80% inpainting, the
difference between random and spiral scans has less impact on the quality of the inpainting
than the image used. This is very promising towards the implementation of inpainting to
reduce electron dose. It is estimated from this data, and the images shown in Appendix

B, that 80% sampling with spiral scans is achievable without the loss of key data.
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Figure 8.4: Inpainting quality assessments. Panels A-D show quality assessed with
RMSE calculations and panels E-H show quality assessed with r calculations. Panels A,
C, E, and G show results from the Telea algorithm, while panels B, D, F, and H show
results from the Biharmonic algorithm. Panels A&B, and E&F show data where random
masks were used to artificially subsample image pixels, and panels C&D, and G&H show
data where spiral masks were used to artificially subsample image pixels. Extended data
can be seen in Appendix B.
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Figure 8.5: Inpainting quality assessments comparing spiral and random masks.
Panels A&B show quality assessed with RMSE calculations and panels C&D show quality
assessed with r calculations. Panels A&C show results from the Telea algorithm, while
panels B&D show results from the Biharmonic algorithm. In all plots solid lines with
‘0o’ markers depict data obtained where random masks were used to artificially subsample
image pixels, and dotted lines with 'x’ markers depict data obtained where spiral masks
were used to artificially subsample image pixels. The random masks were masked with the
circular edges seen in the spiral masks for these calculations. The legend is the same for
all graphs, where the raw images can be seen in Appendix B.
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Chapter 9

Conclusions and future outlook

In summary, I have demonstrated the fabrication of 5 nm SiN, windows in improved
LC technology which confers reduced bulging, higher transmission, and higher resolution
imaging in the liquid phase than was previously possible. I verified the thickness of these
thin windows through EELS, and AFM, and characterised the transmission of these win-
dows with EELS, and resolution using CTEM imaging of gold nanorods. Experiments
investigating transmission through 5 nm windows showed transmission comparable with
carbon-based LCs. Dry 5 nm windows also conferred 0.62 A resolution, and thus would
also be suitable as a substrate for dry TEM experiments. I was also able to show that

these 5 nm SiN, windows can successfully contain water in LC assemblies using EELS.

Future work on LC technology includes fabrication of calibrated LCs with correct spacer
sizes. This will hopefully enable the robust and reproducible use of the UelL. L.C technology

that was previously demonstrated with 30 nm SiN, windows.” However, in collaboration
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with other members of the UelL I was able to troubleshoot initial issues in the design of

these LCs.

Future work for LC window development includes testing alternative window materials.
Al; O3 presents an ideal candidate, and in my work, the fabrication of these windows was
performed successfully. However, more research should be done to improve the yield of
Al,O3 windows before it can be used in LCs. In addition, the deposition of thin materials

onto supportive 5 nm SiN, membranes should be investigated.

In this thesis, I demonstrate the use of thin SiNy windows to image biomolecules in
the liquid phase. The biosamples I analysed include apoferritin, AAV, pAAV, and vesicles,
all demonstrated at high resolution. The results showing pAAV are the first demonstra-
tion of DNA imaging in LPEM. The biomolecule data shown here represent exciting new
heights for bioimaging in native environments, using thin windows and advanced loading

technology I helped develop in the UelL.

In addition, I have shown that spiral inpainting does not significantly reduce the perfor-
mance of inpainting up to 80% of images of biomolecules taken in liquid phase experiments.
My analysis also showed that inpainting spiral-masked images has no significant reduction
in quality in comparison to using a random mask. This indicates that spiral imaging can be
used to perform low-dose imaging, as long as the spiral distortion is corrected.”’ The suc-
cess of the algorithmic approaches to inpainting indicates that more complex methods such
as dictionary and deep learning may not be pertinent to pursue. Though, these methods

may be more appropriate if the image sampling is reduced to >20% (<80% inpainting).

The next steps in inpainting analysis would include testing larger datasets, to deter-
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mine what properties give data better performance (i.e. noise, contrast). To analyse more
inpainting algorithms, especially with respect to computational performance. These algo-
rithms are quite time-consuming and implementation of inpainting in LPEM would ideally
be real-time, requiring < 500 ms processing for each frame as a video is acquired. In
addition, the images in this analysis are TEM images, thus would only be comparable to

bright field TEM. Thus inpainting of darkfield images should be investigated.

Throughout my work, I have developed four key pieces of software available to the
scientific community. The first is a program that estimates the electron transmission of
different materials at different acceleration voltages from theoretical electron scattering
data. The second is a plugin for the Napari image analysis software suite that enables
the processing of EMD image data and metadata in a frame-wise manner, which was not
previously accessible. The third enables standalone processing of EMD data independent of
Napari, and enables EELS data analysis, including estimation of thick liquid layers. Finally,
I developed software to perform random and spiral masking of images and inpainting using

algorithmic methods.

In addition to low-dose imaging, phase contrast imaging is emerging as an invaluable
tool for biosample imaging in TEM. Though this technology has yet to reach implemen-
tation in LPEM, preliminary results in cryo EM experiments have shown a massive in-
crease in sample contrast with this technique.”” A phase plate is used to shift the relative
phase between the scattered and unscattered electrons.” With phase plates imaging can
be performed on light samples such as biomolecules without defocus, which causes a loss
of resolution in the images.” I believe that implementation of the UelL loading station

technology and thin SiN, window LCs developed in this work, in conjunction with phase

38



plate imaging, will allow for imaging of biomolecule dynamics in a way never before wit-
nessed. Also, that groundbreaking work in LPEM will revolutionise biomolecule research,

healthcare, and nanotechnology.
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Appendix A

Photolithography

The general scheme for photolithography can be found in Figure A.1. A photoresist is a
thick polymer that is deposited onto a wafer surface by a process called spin-coating.

During spin-coating the wafer is secured to a chuck (normally by vacuum), the photoresist
is poured onto the surface, and the chuck is spun at 1000-4000rpm to spread an even
layer of photoresist across the wafer. The wafer is baked to solidify the photoresist. The
wafer is then exposed to UV light in a specific pattern or using a physical mask. A
positive photoresist is weakened by UV light, and a negative photoresist is strengthened
by UV light.” The wafer is then bathed in a developer chemical which dissolves the exposed

photoresist (positive) or unexposed photoresist (negative). Then the pattern is complete.
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Figure A.1: General scheme for patterning a mask on a wafer via photolithog-
raphy. Panel A shows the first step, where a photoresist is spin-coated onto the wafer.
Panel B shows the second step, where the photoresist is exposed to a laser in a patterned
fashion. Panel C shows the final step of creating the photoresist mask, where the wafer is
exposed to a developing solution, which removes the photoresist pattern. In this example,
a positive photoresist is depicted.

107



Appendix B

Inpainting results

The figures below show the raw outputs for each of the results shown in Figures 8.4 and 8.3.
The percentage of inpainting corresponds to the amount of data removed from the original
image before the inpainting algorithm is run on the masked image. For example, the 80%
inpainted image has 80% of the original pixels within the original area removed. In this
example, the spiral-masked image has 80% of the pixels in the circular region removed,

and the random-masked has 0% of the total pixels removed.
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Figure B.1: Inpainting results for selected image of vesicles. Each test shows the
original image, the masked image, and the inpainting result. The left panel shows data
from the Telea algorithm, and the right panel shows data from the biharmonic algorithm.
Each test was run using a random mask (above) and spiral mask (below) at 20%, 50% and
80% inpainting.
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Figure B.2: Inpainting results for selected image of AAV. Each test shows the
original image, the masked image, and the inpainting result. The left panel shows data
from the Telea algorithm, and the right panel shows data from the biharmonic algorithm.
Each test was run using a random mask (above) and spiral mask (below) at 20%, 50% and
80% inpainting.
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Figure B.3: Inpainting results for selected image of pAAV plasmid. Each test
shows the original image, the masked image, and the inpainting result. The left panel
shows data from the Telea algorithm, and the right panel shows data from the biharmonic
algorithm. Each test was run using a random mask (above) and spiral mask (below) at
20%, 50% and 80% inpainting.
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Figure B.4: Inpainting results for selected image of vesicles. Each test shows the
original image, the masked image, and the inpainting result. The left panel shows data
from the Telea algorithm, and the right panel shows data from the biharmonic algorithm.
Each test was run using a random mask (above) and spiral mask (below) at 20%, 50% and
80% inpainting.
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Figure B.5: Inpainting results for selected image of salt. Each test shows the
original image, the masked image, and the inpainting result. The left panel shows data
from the Telea algorithm, and the right panel shows data from the biharmonic algorithm.
Each test was run using a random mask (above) and spiral mask (below) at 20%, 50% and
80% inpainting.

113



Telea Biharmonic
Original Masked Inpainted Original Masked Inpainted

Random
mask

20%

Spiral
mask

Random
mask

50%

Spiral
mask

Random
mask

80%

Spiral
mask

Figure B.6: Inpainting results for selected image of gold nanoparticles. Each
test shows the original image, the masked image, and the inpainting result. The left panel
shows data from the Telea algorithm, and the right panel shows data from the biharmonic
algorithm. Each test was run using a random mask (above) and spiral mask (below) at
20%, 50% and 80% inpainting.
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Appendix C

Electron dose calculations

Two methods were used to estimate the electron dose in Figure C.1. Methods 1 and
2 (shown below) yield dose rates of 0.13 e A™2s7! or 7.3 e A~%s7', and critical doses
of 16 e A™% or 872 e~ A2 (where A is area). In the video of vesicle degradation taken
immediately after this image was taken, the magnification is increased (and beam size was
condensed), thus the dose rate and critical dose values are underestimated. Regardless,
both of these calculations are on the order of magnitude expected for biosamples (see
chapter 8.1). Accurate dose estimation requires calibration of the microscope being used

with a Faraday cup, which has yet to be performed in the microscope used.

C.1 Method 1: Screen current

Screen current is measured on a fluorescent screen in the TEM, the screen is coated in

a phosphor layer. When accelerated electrons hit the screen, photons are emitted via

115



Figure C.1: Image of vesicles to estimate dose rate. The image shows vesicles
similar to that in Figure 6.4 but at a lower magnification. The scalebar is indicated on the
image.
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Microscope Spectra Ultra

Acceleration votlage 300 keV
Detector BM-Ceta
Exposure 0.5 seconds

Screen current 2.038 nA

Beam convergence angle 0.0452 mrad

Camera length 0.139 m
Pixel size 0.833 nm x 0.833 nm
Image size 4096 pixels x 4096 pixels

Counts to electrons 0.0402
Pixel value to camera counts 1
Pixel value sum 1908042257

Table C.1: Metadata summary for the image of vesicles describing dose. The
metadata shown is associated with the image shown in Figure C.1, the first image in a
set of further images at higher magnification showing the destruction of the vesicles (see
Figure 6.4).

phosphorescence. © The screen current can be used to measure the dose of the image. This
method relies on the ability to estimate the size of the beam interacting with the sample
relative to the area where the beam hits the fluorescent screen. Assuming the beam is
convergent around the area of the frame (such that the edge is just outside the area of
the frame), the area of the beam relative to the image is approximately 1.5 times." We
assume that the screen current measures the entire beam, thus the dose rate (®) is given
by equation C.1. Where the screen current is I in Amperes, 6.28 x 10'® is the conversion
to e~s71, and the image area is A. The dose rate for this frame is thus 7.3 e~ A=2s~!. The
vesicle lasts 119 seconds before degradation is seen, thus the critical dose for the vesicles

is 872 e~ A2,
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I x 6.28 x 108
b —
Ax1.5

(C.1)

C.2 Method 2: Counts to electrons

The metadata contains a value for the conversion of detector counts to electrons. Thus
when given the raw pixel values (0 - 9079) and pixel to electron counts value, the electrons
incident on the image can be calculated. Here the pixel values are averaged over the area
of the image, then converted to the camera counts (1:1), and converted to the electron
counts. The dose rate is calculated to be 0.13 e~ A~2s71, and with 119 seconds of imaging,

the critical dose is 16 e~ A2,
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Glossary

annealing The process of exposing a film to high temperature in a specific gas environ-

ment, to alter the film’s physical and chemical properties.

atomic force microscopy (AFM) A technique used to measure the profile of features

fabricated on wafers and chips, more precise than profilometry.

atomic layer deposition (ALD) A deposition technique based on gas phase chemical

processes that grow thin films on a substrate.

Bernoulli A truly sparse matrix. The signals are essentially random, with the added

criterion that the signals are evenly distributed.

biomolecule A molecule produced by biological organisms (e.g. DNA, lipids, proteins),

or the organism itself (e.g. biological cells, viruses).

chip A single silicon piece of the LC assembly. See figure 1.2.

constant linear velocity (CLV) A type of spiral scan acquired with a constant linear

velocity.
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conventional transmission electron microscopy (CTEM) A type of glstem imaging

mode where the beam is spread over a large area when the image is acquired.

critical dose The threshold cumulative dose before a sample begins to become damaged,

measured in e~ Area 2.

cryogenic electron microscopy (cryo EM) TEM experiments performed on samples

frozen in vitreous ice (amorphous ice).

denoising A computational technique used to remove noise from an image.

2

dose rate The rate of electron dose, measured in e~ Area=2s~!. Also referred to as elec-

tron flux.

ellipsometry A technique used to measure thicknesses of thin films. The technique mea-
sures the change in the polarisation of light reflected off or transmitted through a

surface and provides information on the dielectric properties of the film(s).

epitaxy film deposition characterised as having a high degree of matching orientation to
the base layer, typically associated with high crystallinity and low stress between the

base and deposited film.

fly-back time The time taken to move from the end of one line to the beginning of the

next line when scanning in a raster fashion in STEM mode.

holder The apparatus housing the LC assembly that is inserted into the TEM.
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inelastic mean free path (\;,.,) The average distance an inelastically scattered electron

travels through a material before its energy or direction changes.
inpainting A computational technique used to reconstruct an image with missing pixels.

interferometry A technique that uses the superimposition of waves to measure film prop-
erties, for example, lasers can be used to measure the slight curvatures on a wafer

surface before and after deposition of a film to measure stress.

isophote A line connecting points of equal brightness, or the sections of a gradient.

Lenard window A thin layer of aluminium foil strong enough to preserve vacuum in the

chamber of a Crookes tube (and electrical discharge tube, with partial vacuum).

liquid cell (LC) An assembly that encloses liquid sample for liquid phase electron mi-

croscopy experiments.
loading station The apparatus used to assemble the LC assembly in the holder.

low-pressure chemical vapour deposition (LPCVD) A chemical vapour deposition

technique that uses heat and low pressure to grow thin films on a substrate.

PAAV Plasmid DNA for AAV cloning.

photolithography The process of patterning features on a wafer photolithography tech-

niques, see Appendix A

pillar The area on a LC chip that holds the window, where the height between the spacer

and the pillar dictates the nominal sample thickness.
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piranha A mixture used to clean wafer surfaces of concentrated sulfuric acid and 30%
hydrogen peroxide, where the ratio is typically 2:1 for a strong clean, and 3:4 for a

gentle clean.

profilometer A tool used to measure the profile of features fabricated on wafers and chips.

scannning transmission electron microscopy (STEM) A type of glstem imaging mode
where the beam is focused to a probe and raster scanned over the sample to acquire

an image.

spacer The material that contacts between two LC chips which ideally determines thick-

ness of the sample between the two windows.

total mean free path (A;;) The average distance an electron travels through a material

before its energy or direction changes.

wafer A thin, circular, semiconductor material, such as silicon, used as a base for fabri-

cation.

window The area containing a thin, freestanding, transmissive film in LC chips where the

TEM electron beam passes through and produced an image.

x-ray crystallography A technique to measure the structure of a crystal through diffrac-

tion of x-rays.

zero loss peak (ZLP) The peak at the beginning of an EELS spectrum that represents

non scattered and elastically scattered electrons.
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