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Cryogenic electron microscopy (cryo-EM) is an increasingly popular technique for 

determining the structure of solutions, especially of those with protein solutes. The ability to 

immobilize a fluid and attain atomic resolution of solutes within has propelled the technique to 

the forefront of electron microscopy. Regular advancements in resolution, specimen fabrication, 

data collection, and analysis mean cryo-EM will continue to expand and find new and far-

reaching applications.  

In this dissertation, a model system is proposed to address interface charging effects that 

are typically ignored when analyzing cryo-EM data. Cryogenic specimen fabrication rapidly 

solidifies the solution through cooling the native fluidic state, preventing short- and long-range 

ordering from occurring, compared to slower cooling processes. The resulting vitreous state is 

effectively a static representation of a liquid trapped in a solid state. In this work, cryo-EM 

samples are fabricated using water, and then more complex solutions, to create a baseline 



  

understanding of the extent of surface charging from secondary electron emission. Subsequent 

solutions are investigated to expand the understanding of surface charging to include dispersed 

ions within the specimen. The interferometry technique of off-axis electron holography is used to 

measure the relative electron-wave phase shift produced by the specimen, which directly probes 

the electromagnetic fields in and around the specimen. The holography data are compared to 

finite-element simulations revealing that a steady-state surface charge of 1.5E-4 ± 1.6E-5 C/m2 is 

generated on each surface of the vitreous solution during cryo-EM imaging. The work is 

repeated with a solution of functionalized Au nanoparticles roughly 30nm in diameter suspended 

in DI water as a model system for more complex fluids. The mean inner potential of Au 

nanoparticles is measured in two experiments with values of 22.3V and 22.9V and the 

uncertainty in both values is 2.5V from phase sensitivity. Compared with literature, these values 

agree with prior measurements and demonstrate cryo-EM combined with off-axis electron 

holography as a powerful technique to measure electric potentials in cryogenic specimens.  
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Chapter 1: Introduction 

1.1 Confined Fluids 

The ability to contain water in a vessel that does not leak has been a prominent focus and 

requirement for humans’ survival throughout history. The survival of life itself is predicated on a 

person’s ability to have access to water and the ability of a person’s body to retain the water for a 

reasonable period of time. Just like the first gourds used to retain water, cells are tasked by the 

body to retain that same water to maintain function. As time has passed and the focus of every 

human shifted from survival to investigation, improvements in water storage, transport, and 

cleaning became an increased focus until water was an overlooked, but vital resource taken for 

granted (ignoring obvious cases where water scarcity or contamination have been a concern such 

as following a civil or natural disaster). The implementation of confined water dates back to 

Mesopotamia around 4000 B.C.E1. It took humans over 5000 years to understand mathematically 

how those original pipes worked with Bernoulli’s Hydrodynamica2 in 1738 and another 200 plus 

years to study confined liquids at submicron length scales.  

The sheer magnitude of fluid confinement-based effects at play in everyday life has few 

parallels. At its core, when a volume of fluid passes through a confined space, filtration is 

occurring if separation of constituent components results. Understanding the effect pore size has 

on selectivity, transport, and longevity will lead to new and improved filtration technologies3. 

One key way to understand the importance of this is to look at the global fresh water supply and 

the demands on it. Population growth and industrial expansion continually increase the demand 

for clean water and energy4–6. Water desalination can reduce the stress on natural freshwater 
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supplies but the process is energy intensive in its current form5. Improving desalination requires 

highly selective and permeable membranes7,8 as well as reduction in post-separation steps9,10. 

Custom designed membranes are needed to achieve these improvements, for which a better 

understanding of confinement effects is necessary3,10. Because increasing confinement leads to a 

breakdown in the classical descriptions of fluid behavior, continued research at high resolutions 

and advanced modeling is needed to find accurate descriptions of these systems. Example 

systems including carbon nanotubes11–13, boron nitride nanotubes14, graphene oxide 

laminates15,16, and polymer17,18 and silicon19,20 nanochannels have been probed with 

spectroscopies21–27, simulations28–30 and models31–37 to understand solvation29,30 and selectivity38. 

However, many of these techniques do not have the ability to probe spatial distributions, just 

how a parameter is changing. The ability of electron microscopy to capture the physical system 

at high resolution and small length scales in the form of an image and provide specimen 

parameters situates electron microscopy as an optimal characterization technique.  

1.2 Electron Microscopy 

The ability to look at smaller and smaller things has allowed for ever greater levels of 

detail and description. From the initial discoveries afforded by optical microscopes39 to the more 

recent transmission electron microscope (TEM) proposed by Knoll and Ruska40,41 made possible 

by electromagnetic lens proposed by Busch42, the ability to “Gaze into the abyss” and report with 

ever improving accuracy has made for prolific discoveries.  

Within a year of the first TEM being built, the optical resolution limit from de Broglie 

was surpassed with a TEM43. As decades passed from the late 1930s with the first commercial 

TEMs, steady and continued improvements allowed for broader applications with an increased 
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level of detail. More powerful, coherent, and stable electron emitters enabled higher resolution, 

higher magnification, and broader specimen applicability. Similarly, improved multipole electron 

optics significantly advanced the capabilities of a TEM, most notably with the more recent 

development and accessibility of spherical aberration correction. Thinner “foils”, originally 

pertaining to metal films thinned from bulk, and electron diffraction developed by Hirsch, further 

advanced the field of electron microscopy43. Electron detection systems have seen significant 

recent advancement from photographic film to CCD and now direct detection systems that are 

capable of counting individual electrons. Another advancement occurred with the improvement 

of semiconductor transistors: computer controlled TEMs.  

Coinciding with the continued advancements of the TEM itself are the development of 

techniques such as diffraction, electron energy loss spectroscopy, energy dispersive x-ray 

spectroscopy, scanning TEM, high-resolution TEM, dark field TEM, holography, and 

ptychography as well as a variety of in-situ TEM holder capabilities. Each technique has its own 

specific use cases and specialized applications that can assist other techniques both inside and 

outside a TEM. With improvements to specimen holders and additions to the electron 

microscope itself44–48, the range of possible experiments continually expands. Heated 

specimens49, atomic columns50–52, cryogenic specimens53–56, liquids57–63, nanotubes64–67, and 

batteries67–69 have all been probed with an electron microscope. The ability not only to see what 

is happening but also to gather physical properties in parallel affords the electron microscope a 

prime spot in the materials investigation toolbox.  

Of all the capabilities of a modern TEM, electron detectors can only record the amplitude 

of the incident electrons—their probability to arrive at a point in space at a given time. The phase 
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information is nearly always ignored, forgotten, or inaccessible. The most common imaging 

mode in a TEM is amplitude contrast, mainly composed of mass-thickness and diffraction 

contrast. Mass-thickness contrast arises from variations in the density and/or the thickness of the 

specimen and is described by Rutherford scattering. Diffraction contrast is the result of Bragg 

diffraction from a crystalline structure and, when present, can dominate the amplitude signal 

over mass-thickness.  

Another contrast method is termed phase contrast such as Fresnel, atomic resolution, and 

Zernike70. The dominant form of phase contrast results from specimen crystal planes splitting the 

incident beam into transmitted and scattered beams that differ in their phase by an amount 

proportional to the lattice spacing. The two beams are overlapped by the objective lens resulting 

in an interference pattern at the detector, again proportional to the lattice spacing, resulting in an 

atomic resolution image. Unfortunately, the phase information is not directly recorded, and few 

TEM techniques exist that enable extraction of the phase of the transmitted wave. Chapter 2 

begins with a discussion on a TEM technique that allows the phase of the electron wave to be 

encoded into the recorded amplitude signal: electron holography.  

The high spatial resolution afforded by a TEM makes studying nanotubes and 

nanoparticles a preferred system to gain information on ionic solvation and transport at the 

interfaces and within nanotubes. The technique of off-axis electron holography, described in 

detail in chapter 2, is an interferometry technique that allows measurement of the 

electromagnetic properties of a specimen. Successful use has been seen in measuring mean inner 

potentials71–77, stray electric fields around microparticles78, native, unstrained structures in 

biology and chemistry79,80, semiconductor interface potentials81–83, grain boundary potentials84, 
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and ferroelectric polarization84–86. Implementing off-axis holography in a TEM could potentially 

illuminate missing understanding of ion solvation and charging effects. Specifically, specimen 

charging under electron irradiation can produce spurious phase variations and is often ignored in 

other cryo-EM systems that cannot otherwise reveal the surface charge or shifted phase of the 

electrons87–89.  

1.3 Experimental Goals 

With the use of an electron microscope equipped with a Möllenstedt48 biprism and the 

fabrication technique of cryo-EM specimens, electrostatic potentials inside and outside cryogenic 

specimens are studied. The practical implementation and fundamental limitations of off-axis 

electron holography with cryo-EM specimens are explored. The occurrence of specimen 

charging during cryo-EM is studied and quantified. Nanoscale solvation at a charged interface is 

modeled and length scales accessible by holography are estimated. The observed specimen 

solutions and measurement sensitivities resolved the mean inner potential of the solute. As a 

result, an understanding is achieved of experimental capabilities, improvements are outlined, and 

future opportunities for specimen configuration and measurement goals are discussed.  

1.4 Structure of this Dissertation 

The four remaining chapters of this dissertation address the following topics. Chapter 2 

introduces the foundations of off-axis electron holography, outlining the physics of hologram 

formation, the acquisition of an electron hologram, the impact of hologram parameters on the 

sensitivity and spatial resolution, and the fabrication of cryo-EM specimens. Chapter 3 presents 

the method of electron hologram analysis and the model used to compare holograms to 
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experimental data. Chapter 4 moves forward with implementing the analysis and model of 

chapter 3 on the acquired holograms and providing an interpretation of the results. Chapter 5 

concludes this Dissertation with a summary of the results and outlines future opportunities for 

the combination of cryo-EM and off-axis electron holography.  



 

 

 

 

7 

 

Chapter 2: Electron Holography 

2.1 Physics and Operation 

Standard amplitude and phase contrast TEM imaging provides interpretable information 

related to the amplitude. The phase information remains inaccessible because the detector only 

records electron count intensity that is directly related to the amplitude of the propagating 

electron wave. The inability of the detector to record the electron phase in an independent or 

separable way from the amplitude requires encoding of the phase information with some 

amplitude-dependent mechanism. This encoding is achieved by creating interference in the 

electron wave after the specimen resulting in interference fringes that the detector records as a 

variation in the amplitude. With the phase information encoded into the amplitude, post 

processing of the electron micrograph can separate the pure amplitude and phase information of 

the original image. This now accessible and often forgotten phase information is directly related 

to the electromagnetic fields of the specimen and provides significant insight into specimen 

properties that otherwise could be inaccessible.  

2.1.1 Electron Holography 

The original electron-optical holography work proposed by Gabor90–92, creating a 

“projection method”93 where the entire optical system was located between the light source and 

specimen, was quickly modified by Haine and Dyson94 moving the optics between the specimen 

and the detector, then a photographic plate, creating the “transmission method.” This original 

interferometry setup, now termed in-line to describe the path electrons follow, suffered from 

‘conjugate’ twin images that can be minimized by staying in the Fraunhofer condition, resulting 
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in a significantly spread conjugate image95. The in-line technique is more often superseded by 

the off-axis technique, but still finds use in measurement of boundary and interface structures 

and composition96, as an alternative to confocal microscopy in biological endeavors97,98, the 

study of liquid and flow propterites99,100, and the foundation for ptychography101. Since the 

original discovery of optical holography by Gabor, there have been numerous proposed 

holography techniques102 of which, the following discussion focuses on the primary method of 

off-axis holography. 

For several decades, off-axis holography was minimally used from its original 

demonstration by Leith and Upatnieks in 1962103, but with the advent of stable coherent field 

emission electron guns in commercial TEMs, the technique became significantly more 

prevalent104. Off-axis electron holography allows for the separation and independent 

interpretation of both the amplitude and phase of an image71 with the phase being directly related 

to the electromagnetic field of the specimen. To achieve this separation, the electron wave 

typically passes through the material specimen and an adjacent empty vacuum space in the same 

plane, creating a specimen wave and reference wave, respectively. The term “off-axis” comes 

from the effective two electron paths created in the microscope. An alternative condition, termed 

“difference holography,"104,105 can be achieved by replacing the vacuum space with a section of 

the specimen with known properties.  

In Figure 2.1A, the specimen wave is shown in blue only after the electron wave passes 

through the specimen. The reference wave is shown as empty white space after the specimen. 

Both specimen and reference waves pass through identical electron optics in the TEM. Then the 

two waves pass either side of the electron biprism48,106,107, a conducting wire of sub-micron 
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diameter. A modern electron biprism is made by pulling a quartz fiber to a diameter of 1μm or 

less using a hydrogen torch108,109. The fine quartz fiber is coated in a metal, typically Au or Pt, 

and mounted on a stage allowing for an applied voltage to the biprism. As an aside, work has 

been done to create lensless interferometers and biprisms made of carbon nanotubes110–112. The 

voltage on the biprism alters the trajectory of the passing electron wave so that the specimen and 

reference waves overlap after the biprism creating an interference pattern shown as the orange 

line at the detector in Figure 2.1A. The difference in the electron path length, or more precisely, 

the relative phase difference the electrons gain along their trajectory, is encoded in the 

interference pattern in the amplitude at the detector. 

 

Figure 2.1: A schematic diagram of a TEM in off-axis holography mode (A), where the electron 

biprism is inserted into the column and a bias voltage is applied resulting in an interference 

pattern at the detector. The blue region depicts the electron wave that has passed through the 

specimen and the complimenting white region is the reference wave that only passes through 

vacuum. An array of electron holograms collected at 1kX and 3kX magnification (B)(top row 

and bottom two rows respectively) where the biprism bias has been varied from zero to 49V. The 

final image at the bottom right is a representative hologram to better show the interference 

fringes. All holes have a diameter of 2μm.  
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As the biprism voltage is increased, the extent of the overlapping specimen and reference 

waves increases as shown in Figure 2.1B. There is both an upper and lower bound on the amount 

of applied voltage that produces a reasonable hologram. When the biprism voltage is too low, 

there is either no overlap of the two waves or the overlap produces insufficient fringe density, 

fringe width, and contrast depicted in the first row of Figure 2.1B. Increasing the biprism voltage 

above a value defined by the specimen geometry and electron beam coherence results in the loss 

of optical coherence between the two waves reducing the contrast of the interference at the 

detector. Figure 2.1B displays a series of consecutively captured images where the electron 

biprism voltage spans from 0V to 49V on an empty Quantifoil TEM grid. Quantifoil is a periodic 

array of uniformly spaced and sized holes on an amorphous carbon (a-C) film supported by a 

metallic TEM grid. The first row of images was taken at 1kX effective magnification and an 

acquisition time of 2s. The last two rows were taken at an effective magnification of 3kX and 

acquired over an 8s exposure. At 11V, the two opposing edges of the biprism are just beginning 

to overlap and as the voltage increases to 49V, enough so that neighboring holes perfectly 

overlap, interference fringe density is increased. The resulting interference/fringe pattern, called 

an electron hologram, from the wave overlap is a combination of Fresnel contrast and 

interference fringes recorded at the detector. The bottom right image in Figure 2.1B is from a 

different specimen but is a representative hologram depicting the fringe pattern in greater detail.  

Positioning of the electron biprism in the electron column107, the biprism orientation 

relative to the specimen, the beam coherence, and the interference pattern at the detector are all 

significant in acquiring a high-quality electron hologram. The biprism is suspended on a 360° 

rotational stage co-axial to the electron beam allowing for any desired orientation of the biprism 
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to the specimen. The biprism is electrically biased through an external power supply with a range 

from 0 to 316V with a precision of 0.1V. Contamination and distortion of the biprism does occur 

over time because the vacuum is not perfect, the applied voltage on the biprism can attract 

debris, and the electron beam can damage the biprism. The result of contamination is a non-

uniform hologram, therefore finding a clean, straight section of the biprism is done through the 

in-plane translation control. Rotational control of the biprism is done through the power supply 

and in-plane translation is done through a manually operated knobs on the biprism housing. The 

biprism is located below the objective lens and nearly co-planar to the selected area aperture in 

the JEOL 2100F FEG TEM used for this work. The location of the biprism results in the 

interference pattern forming in the final projected image.  

2.1.2 Hologram Phase 

Understanding where the phase that electron holography records originates from is 

equally important to the mathematical description of that phase113. Consider the exit wave 

transmitted through the specimen 

Ψ(𝒓) = Ψ𝐾(𝑧)Ψ0(𝑥, 𝑦) = 𝑒2𝜋𝑖𝐾𝑧𝑎(𝑥, 𝑦)𝑒𝑖𝜙(𝑥,𝑦) (2.1) 

where Ψ𝐾 is a monochromatic plane wave incident on the specimen, Ψ0 is the input signal of the 

microscope, commonly called the information channel, and 𝐾 defined by (ℏ𝐾)2 = 2𝑚𝑒𝑈
∗ with  

𝑈∗ being the relativistic corrected accelerating voltage. Inserting equation 2.1 into the 

relativistically corrected time-independent Schrodinger equation (being the same as the spinless, 

scalar Dirac equation in the lab frame) 

1

2𝑚𝑒
(−𝑖ℏ∇ + 𝑒𝑨)2Ψ(𝒓) = 𝑒[𝑈∗ + 𝛾𝑉(𝒓)]Ψ(𝒓), (2.2) 
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which yields the phase shift based on the Aharonov-Bohm effect114, 

𝜙(𝑥, 𝑦) =
𝜋𝛾

𝜆𝑈∗ ∫𝑉(𝑥, 𝑦, 𝑧)𝑑𝑧 −
𝑒

ℏ
∫𝐴𝑧(𝑥, 𝑦, 𝑧) 𝑑𝑧, (2.3) 

where 𝛾 = 1 + 𝑒𝑈 𝑚𝑒𝑐
2⁄  is the relativistic Lorentz factor, 𝜆 = ℎ √2𝑒𝑚𝑒𝑈∗⁄  is the electron 

wavelength, and 𝑈∗ = 𝑈(1 + 𝛾) 2⁄ .  

For equations 2.1 and 2.2 to result in 2.3, the Eikonal approximation is used, and the 

problem is treated semi-classically by looking for a solution with an amplitude, phase, and 

monochromatic temporal dependence. The Eikonal approximation is generally valid when the 

spatial variation of the electron wave amplitude is long compared to the electron wavelength113. 

An appropriate gauge is chosen but different authors use different gauges and disputes over 

gauge invariance remains the norm113. Rewriting equation 2.3 into a more familiar form yields  

∆𝜙(𝑥, 𝑦) = 𝐶𝐸 ∫𝑉(𝑥, 𝑦, 𝑧)𝑑𝑧 −
𝑒

ℏ
∬𝐵⃗ (𝑥, 𝑦) ⋅ 𝑑𝑆  (2.4) 

where 𝐶𝐸 = 7.29𝑚𝑟𝑎𝑑 𝑉𝑛𝑚⁄  is the electrostatic constant at 200kV. The form of equation 2.4 is 

used by most authors of electron holography theory.  

When the specimen is non-magnetic, equation 2.4 becomes  

∆𝜙(𝑥, 𝑦) = 𝐶𝐸 ∫𝑉(𝑥, 𝑦, 𝑧)𝑑𝑧  (2.5) 

and is the primary equation this dissertation is based on. The composition of potential V in 

equation 2.5 includes both the long-range charge distribution and electrostatic potentials within 

the constituent atoms of the specimen, the latter of which has a spatial average called the mean 

inner potential (MIP)71.  
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2.1.3 Acquiring an Electron Hologram 

Consideration here is given solely to acquisition of an off-axis TEM hologram. Specimen 

fabrication will be discussed later in this chapter. The desired specimen is inserted into a highly 

coherent FEG TEM equipped with a sufficient electron biprism and digital CCD camera. After 

specimen insertion, Holography mode is engaged providing access to the predetermined lens 

relationships necessary to acquire an electron hologram. Holography mode enables the electron 

lenses to form a magnified specimen image near, but not directly at, the biprism plane. The 

desired final magnification is selected via the intermediate lenses with ranges and camera field of 

view (FOV) values given in Table 2.1. Holography FOV is discussed in section 2.1.4.3. When a 

desired magnification range is selected, primary focusing of the beam is controlled with the 

Objective Focus knob typically to a large, positive value. Just as in mass and phase contrast TEM 

mode, further refinement of the beam is done at higher magnifications than the intended imaging 

magnification if possible. Focus, objective astigmatism, intermediate astigmatism, and voltage 

(or current) centering are done in an identical manner to TEM mode, typically recursively. 

Occasionally the projector lens aperture (PLA) shift is needed when beam centering cannot be 

achieved with condenser aperture and beam shift manipulation.  

Standard TEM mode has a defined ‘optimal’ defocus condition called Scherzer 

defocus115 defined as  

𝑑𝑆𝑐ℎ = −1.2√𝐶𝑠 𝑘⁄   (2.6) 

where 𝐶𝑠is the spherical aberration coefficient and 𝑘 = 1 𝜆⁄  is the wave number. For typical 𝐶𝑠,  

𝑑𝑆𝑐ℎ = −68𝑛𝑚 for 200keV electrons. Scherzer defocus aims to minimize the number of zeros in 

the contrast transfer function while extending the first zero as far from the origin as possible. The 
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Gabor defocus for medium resolution applications is defined as 𝑑𝐺𝑎𝑏 = −0.67√𝐶𝑠 𝑘⁄ =

0.56𝑑𝑆𝑐ℎ, and it aims to minimize cross talk between the amplitude and phase116,117. For high 

resolution applications where the coherent wave aberration is corrected, the optimal defocus for 

holography  

𝑑𝑧,𝑜𝑝𝑡 = −0.75𝐶𝑠 (
𝑞𝑚𝑎𝑥

𝑘
)
2

 (2.7) 

aims to collect the maximum amount of retrievable phase information from the object117 and is 

2-3 times dSch, where 𝑞𝑚𝑎𝑥 is the desired spatial frequency.  

Mode Panel setting Magnification range Camera FOV (μm) 

Holo-L Low Mag 1k-6k 50.0 – 8.88 

Holo-M Mag 1 100k-300k 1.18 - 0.86 

Holo-H Mag 1 300k+ < 0.86 

Table 2.1: Magnification and field of view for the three built-in holography modes are given.  

 

After the specimen and beam are at satisfactory conditions, the electron biprism is 

inserted at zero applied bias. The biprism is located with use of the in-plane translation stage 

knobs and aligned to the specimen with the rotational controls on the power supply. A desired 

bias is applied to the biprism creating the interference pattern and the electron hologram is 

recorded with the camera. Adjustment of condenser lens 3 (CL3) is used to move beam crossover 

below the sample plane such that the incident beam is highly parallel at the sample plane. This 

CL3 adjustment is often called beam spread. The result of moving condenser crossover below 

the sample plane is an increase in beam collimation at the cost of electron intensity. Following 

sections in this chapter will further discuss beam conditions, holography sensitivity, and 

specimen fabrication.  
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2.1.4 Parameter Effects on Holography and Analysis 

Acquiring a high-quality electron hologram encompasses the same image properties as 

standard TEM such as focus, astigmatism, drift, contrast, detector quality, magnification, and 

various resolutions. Specimen properties such as thickness, thickness variation, geometry, and 

composition affect transmitted and scattered electrons as well as the interpretation. There are 

additional properties that impact the quality of an electron hologram in ways beyond standard 

TEM: fringe spacing, fringe contrast, pixel size, and electron counts. Fringe spacing is primarily 

controlled by the magnification and the biprism voltage. Fringe contrast is strongly affected by 

beam coherence, pixel size (by magnification), and electron counts (by exposure time, which is 

also closely linked to stage drift). However, these holography specific properties are not solely 

controlled and uniquely independent of other TEM parameters, just as in standard TEM mode. 

To facilitate an understanding of how these properties are linked and where the fundamental 

limitations lay, a discussion of holography limitations follows based on the work of Harscher and 

Lichte118–122.  

Starting123 with a coherent TEM image, the image electron wavefunction is  

𝜓𝑖(𝒓) = 𝐴𝑖(𝒓)exp (𝑖𝜙𝑖(𝒓)) (2.8) 

with a two-dimensional vector in the sample plane r, with 𝐴𝑖 and 𝜙𝑖in the image plane both 

denoted by subscript i. An off-axis hologram wavefunction, in the biprism overlap region at the 

image plane, is the sum of the initial specimen wave in equation 2.8 and a tilted reference plane 

wave resulting in  

𝜓𝑖(𝒓) = 𝐴𝑖(𝒓) exp(𝑖𝜙𝑖(𝒓)) + 𝑒𝑥𝑝(2𝜋𝑖𝒒𝑐𝒓) (2.9) 

The recorded intensity distribution is given by  
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𝐼ℎ𝑜𝑙(𝒓) = |𝜓𝑖(𝒓)|
2 (2.10) 

= 1 + 𝐴𝑖
2(𝒓) + 2𝐴𝑖(𝒓)𝑐𝑜𝑠[2𝜋𝑖𝒒𝑐𝒓 + 𝜙𝒊(𝒓)] (2.11) 

where qc is the two-dimensional tilt of the reference wave. The intensity as shown in equation 

2.11 has a sum with three terms: (1) the reference wave, (2) the image wave, (3) and a set of 

cosinusoidal fringes with local phase shifts and amplitudes.  

Recasting equation 2.11 from intensity to current density gives 

𝑗(𝑥, 𝑦) =
𝑗0

2
[1 + 𝐴2 + 2𝐴𝐶 cos(2𝜋𝑞𝑐𝑥 + 𝜙)] (2.12) 

where the interference fringes are parallel to the y-axis, and the amplitude and phase of the 

image wave are assumed constant over the entirety of the hologram. The fringe visibility or 

contrast, 𝐶, is  

𝐶 =
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
= |𝜇|𝐶𝑖𝑛𝑠𝑡𝐶𝑀𝑇𝐹𝐶𝑖𝑛𝑒𝑙 (2.13) 

where 𝐼𝑚𝑖𝑛 and 𝐼𝑚𝑎𝑥 are the minimum and maximum of intensity and, 𝜇 the spatial coherence, is 

introduced in section 2.1.4.2. The instrumental contrast 𝐶𝑖𝑛𝑠𝑡 accounts for all the microscope 

instabilities, and the camera contrast 𝐶𝑀𝑇𝐹 accounts for the modulation transfer function of the 

detector. The inelastic contrast 𝐶𝑖𝑛𝑒𝑙 = 𝑒−𝑑 2𝜆𝑖𝑛𝑒𝑙⁄  roughly accounts for inelastic interactions with 

the specimen. The first expression in 2.13 is the empirical formula and the second expression is a 

model of source contributions to decoherence.  

2.1.4.1 Detection Limits 

The composition of noise in an electron hologram comes from electron shot noise and 

other instrument related sources. Considering a finite number of electrons, the standard deviation 

for phase detection is given by 
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𝜎𝜙 = √
2𝑣𝑏

𝐶2𝑁
 (2.14) 

and a phase signal-to-noise ratio given by 

𝑆𝑁𝑅𝜙 =
𝜙

𝜎𝜙
= 𝜙𝐶√

𝑁

2
 (2.15) 

where 𝑣𝑏 is the minimum variance bound and a detailed discussion can be found in Appendix A 

of reference 94. The minimum variance bound is set to one because the spatial frequency and 

direction of interference fringes are known120,124. The minimum detectable phase difference 

between two neighboring pixels is a rearrangement of equation 2.15 giving 

𝛿𝜑𝑙𝑖𝑚 =
𝑆𝑁𝑅𝜑

𝐶
√

2

𝑁
 (2.16) 

with units of radians and a standard minimum 𝑆𝑁𝑅𝜑 = 3. The definition of N is “the electron 

number collected in the hologram per subsequently reconstructed pixel”118 and very important 

when following the analysis in chapters 3 and 4. As a brief example, with C = 0.2 and N = 100 or 

1000, 𝛿𝜑𝑙𝑖𝑚 = 2.1213 or 0.6708 radians respectively.  

The measurement precision of the fringe visibility is120  

𝜎𝑉 = √
2−𝐶2

𝑁
. (2.17) 

The standard deviation of the amplitude is calculated by expressing the amplitude of the 

reconstructed wave as 𝐴 = 𝐶𝑁 and applying the law of error propagation where a Poisson 

distribution is assumed for electrons with 𝜎𝑁 = √𝑁 resulting in  

𝜎𝐴 = √𝜎𝑉
2𝑁2 + 𝐶2𝜎𝑁

2 = √2𝑁. (2.18) 

Using the result from equation 2.18, the SNR for the amplitude in the image plane is 124 
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𝑆𝑁𝑅𝐴 =
𝐴

𝜎𝐴
= 𝐶√

𝑁

2
=

1

𝜎𝜑
. (2.19) 

To account for any alterations of the electron beam from the specimen in relation to the incident 

wave, for example due to inelastic scattering, an amplitude difference 𝑎 results from electron 

count loss and/or a reduction in fringe contrast in the reconstructed wave  

𝑎 = 𝐶𝑁 − 𝐶̃𝑁̃. (2.20) 

Therefore, the adjusted amplitude SNR now becomes 

𝑆𝑁𝑅𝑎 =
𝑎

𝜎𝑎
=

𝐶𝑁−𝐶̃𝑁̃

√2(𝑁+𝑁̃)
= 𝜁

𝐶√𝑁

2
 (2.21) 

where 𝜁 = 1 − 𝐶̃𝑁̃ 𝐶𝑁⁄  which is a measure of amplitude contrast. When the reduction in fringe 

contrast is ignored (i.e. 𝐶 = 𝐶̃), 𝑆𝑁𝑅𝑎 = 𝜁 𝐶√𝑁 2⁄  for weak phase specimens where 𝜁 ≪ 1. A 

similar result occurs when the damping of the wave is ignored: 𝑁 = 𝑁̃. 

The addition of the detector influence can be added to extend the description of detection 

limits to be more complete. The detector influence, characterized by signal transfer efficiency 

(STE), for slow-scan CCD electron microscopy cameras125 is given as a function of spatial 

frequency 𝑞 as  

𝑆𝑇𝐸(𝑞) =
𝑆𝑁𝑅𝑜𝑢𝑡(𝑞)

𝑆𝑁𝑅𝑖𝑛(𝑞)
 (2.22) 

where SNR for the CCD is defined as the ratio of power of the signal to that of the noise. This 

signal transfer efficiency inserts as a multiplicative corrective factor for 𝑆𝑁𝑅𝐴  in equation 2.19 

resulting in 

𝑆𝑁𝑅𝐴 = √𝑆𝑇𝐸(𝑞𝑐)√
𝐶2𝑁

2
. (2.23) 
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Given the definition in equation 2.16, a confounding discrepancy occurs when trying to 

determine what is meant by “phase detection limit” and SNR. On one hand, minimizing the 

phase detection limit implies that a smaller value is good but on the other side of 2.16, a low 

SNR is bad. The common practice appears to be intentionally setting SNR = 3, and using C, N 

from the measured hologram to determine the phase detection limit from the model. For this 

reason, and because 2.15 and 2.16 are interdependent, 2.14 is used to calculate the sensitivity of 

the hologram in chapters 3 and 4. Equation 2.16 appears to be a measure of the ideal, absolute 

minimum detectable phase shift and not the actual phase measurement sensitivity.  

2.1.4.2 Fringe Visibility 

The optimum fringe contrast, C, starts with circular, or more generally elliptical, 

condenser illumination with normalized current density  

𝑖(𝜉, 𝜂) =
1

𝜋𝑟𝜉𝑟𝜂
𝑒𝑥𝑝 (− (

𝜉2

𝑟𝜉
2 +

𝜂2

𝑟𝜂2
)) (2.24) 

when the biprism is parallel to η-axis, the degree of spatial coherence, μ, perpendicular to the 

biprism between two points in the hologram plane as seen from the source plane is  

𝜇(𝛼, 𝑟𝜉) = 𝑒𝑥𝑝 (−(𝜋𝑘𝛽𝑟𝜉)
2
) = 𝑒𝑥𝑝 (−(𝜋𝑟𝜉

1

𝑠

𝑏

𝑎
)
2
) (2.25) 

where 𝑠 = 𝑏 𝑎𝑘𝛽⁄  is the spacing of the interference fringes. Equation 2.25 is the Fourier 

transform of 2.24 by use of the Van Cittert-Zernike Theorem126. The primary advantage of 

elliptical illumination is the mean current density increasing by 𝜖 = 𝑟𝜂 𝑟𝜉⁄ , without decreasing 

coherence, and fewer beam parameters to optimize during alignment.  

With the phase detection limit and fringe contrast described, electron counts, fringe 

spacing, and pixel size remain. Electron counts and fringe spacing are linked through the lateral 
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resolution which is governed by the information limit of the microscope. Pixel size and electron 

counts are linked through coherent current density, field of view, and the CCD. Each of these 

will be addressed individually.  

2.1.4.3 Field of View, Lateral Resolution, and Pixel Number 

The holography FOV is determined by the hologram width which is controlled by the 

diameter of the biprism image and the applied biprism voltage. The closer crossover is to the 

biprism, the lager the biprism appears at the detector. Optimizing the width of the biprism to 

encompass as large an area as possible runs counter to optimizing collectable electron dose, 

which is achieved by decreasing the size of the biprism. A minimum voltage is required to 

overcome the width of the biprism image, causing initial overlap of the specimen and reference 

wave. Further increasing the voltage increases the FOV and simultaneously decreases fringe 

spacing, but also decreases contrast. At lower resolutions and magnifications, the FOV has a 

wide range of values (μm range), if the object detail is consistent with the spatial resolution. As 

resolution and magnification requirements increase, aberrations become more impactful, so the 

FOV should be at least four times the point spread function (psf) given by  

𝑝𝑠𝑓 = 0.5𝐶𝑠 (
𝑞𝑚𝑎𝑥

𝑘
)
3

, (2.26) 

to gather the intended information. Equation 2.26 is the smallest value at dz,opt but thankfully, Cs 

correction reduces the psf below the lateral resolution, when it is available.  

The lateral resolution of high-resolution TEM is limited by spherical and chromatic 

aberration of the objective lens. Before practical aberration corrected electron lenses, the 

holographic method was proposed as a way to circumvent image degradation from lens 
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aberrations92,127. In a hologram, the fringe spacing determines the reconstructable lateral 

resolution qres. For a strong phase object, the carrier frequency must satisfy 𝑞𝑐 ≥ 3𝑞𝑟𝑒𝑠 to fully 

mask the sideband from the centerband. Or more simply, three fringes are required to sample a 

reconstructed period. This three-fringe requirement is relaxed to 1 fringe for weak phase objects. 

Often there is no benefit going past the one or three fringe requirement because the CCD has a 

limited number of pixels and fringe contrast inevitably becomes more challenging.  

Just as there is a requirement on the number of fringes to sample an object, there is also a 

requirement on the number of pixels that sample each fringe. If sampled above the Nyquist 

frequency, there will be no loss of information. Each holographic fringe should be sampled by 

between 3-5 pixels of the detector118,124,128. Choosing a four-pixel requirement and combining 

with the requirement for object fringe number, the following equation for detector pixels that 

limits reconstructable pixels is  

𝑛𝑟𝑒𝑐 =
𝑛𝑝𝑖𝑥

𝑔⁄  (2.27) 

where g is 12, 4 for strong and weak phase objects, respectively. This means that a strong phase 

object requires 12 detector pixels for every one reconstructed pixel in the phase map.  

2.1.4.4 Current Density and the Detector 

In equation 2.13, the total coherence |𝜇| is composed of spatial and temporal coherence. 

When the fringe number is <1000, temporal coherence is a nearly zero correction to spatial 

coherence defined in equation 2.25118. In standard TEM mode, the diameter of the psf≈5dSch 

must be illuminated coherently. In holography, under elliptical illumination, the coherent region 

of illumination is significantly greater. Because the strength of coherence significantly impacts 
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fringe contrast, consider the following comparison between coherent current and coherent 

current density.  

Consider a Gaussian illumination source given by  

𝒊(𝑟𝑠) =
1

𝜋𝑟𝐺
2 𝑒𝑥𝑝 ((

𝑟𝑠
𝑟𝐺⁄ )

2
) (2.28) 

with a degree of coherence  

𝜇𝑠𝑐(𝛼) = 𝑒𝑥𝑝(−(𝜋𝑘𝛼𝑟𝐺
2)2). (2.29) 

Using the axial brightness of electron radiation 

𝐵 =
𝐼

𝐴1𝛺
=

𝐼

(𝜋𝑟𝐺𝛼)2
 (2.30) 

where 𝐴1 = 𝜋𝑟𝐺
2 and Ω = 𝜋𝛼2, the coherent current emitted into a coherently illuminated cone is  

𝐼𝑐𝑜ℎ(|𝜇
𝑠𝑐|) = −

𝐵

𝑘2 𝑙𝑜𝑔(|𝜇𝑠𝑐|). (2.31) 

Given equation 2.31, the following two observations can be made. First, when μsc≈0 there 

is zero contrast but many electrons as −𝑙𝑜𝑔() → ∞, and secondly, when μSC≈1 there is maximal 

contrast but zero electrons as −𝑙𝑜𝑔() → 0. Optimizing the coherence results in 𝜇𝑆𝐶 =

𝑒𝑥𝑝(−1 2⁄ ) ≈ 0.61. This results from 𝐵 𝑘2⁄  being independent from the accelerating voltage so 

𝐼𝑐𝑜ℎ is a property of the emitter. However, the coherent current density can be optimized for 

holography with an elliptical profile. With elliptical illumination, coherence parallel to the 

fringes can be less than the coherence requirement perpendicular to the fringes (i.e. 

perpendicular to the biprism)48,118.  

2.1.4.5 Specimen Properties 

Like other electron microscopy techniques, specimen properties directly impact the 

ability to collect data, the quality of the data, and the interpretation of the data. Not only does 
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specimen thickness and composition affect the reconstructed phase, but the geometry does also 

as well. Specimen geometry is possibly the most important property that affects holography. If 

the specimen does not allow for vacuum-specimen overlap or the aforementioned “difference” 

holography condition cannot be implemented, then there is no option for off-axis holography. As 

mentioned, the most common holography method of vacuum-specimen overlap requires the area 

of interest on the specimen to be in ‘close’ proximity to an area that has no specimen, that is, just 

vacuum. The definition of close depends on, in order of importance, beam coherence, the overall 

ability of the electron optics to focus and correct any astigmatism, and magnification.  

The ideal specimen thickness 𝑑 can be calculated by optimizing the acquired phase shift 

against the loss of coherence due to inelastic scattering,  

𝑑𝐶𝑖𝑛𝑒𝑙 = 𝑑𝑒
−𝑑

2𝜆𝑖𝑛𝑒𝑙
⁄

, (2.32) 

with optimum thickness occurring at 𝑑 = 2𝜆𝑖𝑛𝑒𝑙. Equation 2.32 comes from writing the 

differential infinitesimal of equation 2.5 as 𝛿𝜙 = 𝐶𝐸𝑑𝛿𝑉 assuming the potential does not vary in 

z and rewriting 𝛿𝜙 ∝ 1 𝐶𝑖𝑛𝑒𝑙⁄ 118.  

Later in section 2.2, specimen fabrication is discussed including cryogenic vitrification of 

water which produces a low density amorphous (LDA) ice phase. Reported inelastic mean free 

paths for vitreous water at 200keV are not as prevalent as at 120keV129–132. Reported value at 

120keV range from 85-274nm and 302-392nm at 200keV. Equation 2.32 calculates an optimal 

LDA ice thickness of 600-800nm at 200keV. TEM work has been done on significantly thicker 

specimens133,134. Assuming the specimen fabrication procedure discussed later in this chapter 

produces an ice layer as thick as the manufacture reported specimen thickness of 30nm, the 

optimal thickness of LDA ice predicted by 2.32 is at least an order of magnitude larger. 
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Choosing specimen thickness solely based on 2.32 neglects other downsides from the electrons 

interacting with an increased volume of material such as decoherence. The SNR increases at 

larger specimen thickness due to increasing phase shift, but at the loss of contrast and coherence. 

At the optimal thickness, contrast decays by Cinel in equation 2.13. In a similar vein to specimen 

thickness, the material composition of the specimen affects the phase regime, weak or strong, the 

optimal thickness, and stability while under degradation. Biological specimens are especially 

susceptible to degradation resulting in ‘ideal’ low dose imaging setups135–138, and degradation 

can increase in thicker specimens.  

A brief example to conclude the above barrage of equations. Using equation 2.5, if the 

desired voltage resolution is 0.1V and the thickness of LDA ice is 30nm, the required phase 

sensitivity is 22mrad. If the ice thickness is at the upper range from equation 2.32, 600nm, the 

required phase sensitivity is only 437mrad. Assuming SNR = 3 and the number of electrons per 

reconstructed pixel is 1E4, the required contrast to achieve 22 and 437mrad is 0.64 and 0.032 

respectively. This demonstrates the potential value of using thicker specimens.  

2.1.5 Modifications to Increase Sensitivity 

For the JEOL 2100F, there is a large magnification separation between Holo-L and Holo-

M, 6,000 vs 100,000 respectively that results in a significant difference in the FOV as seen in 

Table 2.1. There are both advantages and drawbacks to each of these holography modes 

depending on the type of specimen and the desired information. Near atomic resolution off-axis 

electron holography was achieved in the mid 80s139 with more-recent angstrom resolution140,141 

achieved due to CS correction and direct detection cameras. At lower magnification and 
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resolution, studies of doped semiconductors142,143 and magnetic particles83,144 have also been 

done.  

Modification to the effective magnification in each of these modes can be achieved 

through individual adjustment of each lens’ power by use of the Free Lens Control (FLC) panel. 

The adjustment with FLC is intended to modify the predetermined lens configurations to achieve 

different magnifications, focus conditions, and resolutions than are accessible in Holography 

mode as listed in Table 2.1. This FLC modification was attempted to decrease the fringe spacing 

and increase contrast in Holo-L mode resulting in an increase of the magnification. A factor of 

two improvement in fringe spacing to 3nm was made while the contrast remained roughly 

constant at 10%. Unfortunately, the use of FLC to reduce fringe spacing below 3nm resulted in a 

loss of coherence that could not be immediately overcome for the specimen geometry used.  

There are a total of 10 lenses controlled through the FLC panel as shown in Figure 2.2. 

Unfortunately, adjustment of just one lens is seldom sufficient or practical because many of the 

lenses are coupled in their effect on the resulting image. In Holography mode, IL1 is completely 

turned off because the biprism is located at the center of this lens. As a general rule, lenses above 

the specimen change the illumination condition: brightness, diameter, and convergence angle. 

Lenses between the specimen and biprism simultaneously change the focus at the biprism and 

the magnification at the biprism. A higher magnification at the biprism results in a smaller field 

of view but a higher magnification of the specimen.  
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Figure 2.2: A schematic of the lens order and shorthand naming convention in the JEOL 2100F.  

 

Lenses below the biprism increase magnification. When adjusting lens power 

individually, start with a top-down approach above the biprism and a bottom-up approach below. 

As always, a cyclic process is needed to ensure adjustments in one lens are retained as other 

lenses are further adjusted. Typically, adjusting the lenses above the specimen first is easier than 

the lenses below the specimen. The selective area (SA) aperture is located nearly coplanar to the 

biprism, so the SA aperture is never used when the biprism is inserted into the column to avoid 

possible collisions.  

2.2 Limitations of Holography 

Off-axis electron holography enables access to the ever-elusive electron phase. With that 

phase knowledge, the projection of the 3D electric and magnetic fields into the 2D image plane 

can be mapped within the limits of phase detection (and the other EM caveats). The advent of 
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field emission guns, CS correction, direct detection cameras, and ever-improving specimen 

stability and drift correction provides holography a surprisingly strong platform to investigate a 

wide variety of systems where the additional knowledge of the electric and magnetic fields of the 

system could improve their fabrication, understanding, and modifications. However, holography 

is also paired with some rather challenging obstacles that sometimes cannot be overcome.  

The primary issue is geometry. Whether that is specimen thickness or fabricating a 

vacuum path for the electron beam close enough to a desired feature, the geometry challenge can 

often be overcome, but not always. Difference holography can be used, but only in limited cases 

where the phase and material characteristics are well known. Sometimes a hole can be drilled 

with a focused ion beam, or a section can be removed. None of these options work every time 

though. Thickness is the other geometric challenge. Some systems such as cryo-EM necessitate 

“thin” specimens under 100nm while other systems such as semiconductors may require 

chemical or mechanical thinning after fabrication to achieve proper transmittance. Fabricating a 

cryogenic specimen that is >100nm thick could drastically affect the quality of the vitreous ice 

and the stability under the beam. For holography, cryo-EM falls victim to insufficiently thick 

specimens resulting in insufficient phase shift and SNR whereas semiconductor systems can be 

too thick resulting in decreased transmitted intensity and radiation damage. Thickness uniformity 

is also a challenge. Thickness variation on the scale of the feature size will result in inaccurate 

phase maps because neighboring electrons will have passed through differing amounts of 

material and will not remain coherent thus behaving differently in the post-specimen optics.  

Specimen conductivity is challenging to address, especially in semiconductor systems 

where excess charge build up from the incident electrons can produce electrostatic bias and 
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additional phase shift. Electron source challenges couple with the specimen geometry challenges. 

Insufficient coherence reduces fringe density and brightness reduces the minimum detectable 

phase value. Brightness and coherence couple with drift. High quality cameras and inventive grid 

design can substantially reduce the effect of drift145, but these are difficult to engineer. Not every 

TEM has a sufficiently high-speed camera and not every specimen support can implement a 

design to reduce drift. The Gatan Orius SC 1000A camera used in this work is not ideal for 

holography because the detector gain curve is nonlinear, and it exhibits pixel readout 

correlations. Nevertheless, modern TEM advancements have substantially advanced the 

capabilities of off-axis electron holography.  

2.3 Cryogenic Specimen Fabrication 

The predominant guidance in the field of cryo-EM for specimen fabrication is thin 

amorphous ice. Ice thickness is predominantly linked to grid thickness, blotting time, and 

solution-grid chemistry. Reducing the multiple scattering contribution in the transmitted beam 

from ice surrounding the object of interest –most commonly a biological molecule, protein, or 

virus in cryo-EM146—is a primary goal for thin ice. Other considerations such as solubility 

modifications that affect specimen fabrication are relevant to the field of cryo-EM56,147,148 but 

will not be discussed here, since they mostly do not pertain to the solutions used in this work.  

2.3.1 Grid Selection 

Most cryo-EM work is done on Quantifoil grids (Quantifoil Micro Tools GmbH). 

Quantifoil consists of a 3mm diameter metallic mesh TEM grid supporting a thin a-C film. The 

a-C thickness was confirmed at 30nm with a scanning electron microscope using a batch of 
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Quantifoil grids from Ted Pella. The film is typically patterned with a variety of different 

circular hole sizes and spacings but can also be purchased with elliptical and square holes. 

Circular hole diameter ranges from 0.6-17μm and spacing between 1-100μm. The larger 

diameter and spacing options are far less common with the three most common hole diameters 

being 0.6, 1.2, and 2μm, in order of decreasing predominance. The grid mesh composition is Cu, 

Au, or Ni with mesh pitch offerings of 200, 300, or 400 (1”/mesh pitch). The film can be 

standard a-C, ultrathin a-C, SiO2, or UltrAuFoil where the entire grid and film are both made 

from Au with a membrane thickness of 50nm. The benefits of UltrAuFoil mainly center around 

thermal stability and drift149,150. Further improved cryo-EM specific grids have been made to 

improve drift and membrane buckling by implementing a hexagonal membrane hole145. The 

second grid type used was holey carbon (SPI 3630C, Structure Probe Inc.). With similar 

thickness and mesh options, the main drawback to holey carbon is the random distribution of 

hole size and spacing.  

2.3.2 Specimen Solution 

Within cryo-EM specimen fabrication, the most challenging component is suspending the 

solute particles in an effective manner that allows for minimal disruption when blotted. The data 

presented utilizes two different specimen solutions: pure deionized (DI) water and charged Au 

nanoparticles suspended in DI water. The pure DI water specimens were used to understand the 

base system. Nanoparticle solution used for data collection was a 2:1 ratio of DI:nanoparticle 

solution resulting in a concentration of 1.067nM (1E14 particles/mL).  

The addition of 30nm Au nanocubes by NanoPartz (B1C-30-3MPA-DIH-1.25-0.5) 

shown in Figure 2.3 had the purpose of enabling measurement of electric field and its effects on 
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the surround solution. The nanocubes were functionalized with 3-Mercaptopropionic (3-MPA) 

acid, an organosulfur compound that is bifunctional with both carboxylic acid and thiol group151–

154. 3-MPA was chosen over longer (5- or 7-) MPA because the carboxyl density, uniformity, and 

chain stability are better at the shorter 3 carbon chain length. The functionalization results in a 

surface charge density of 3 e-/nm2 meaning a nominally sized and shaped nanocube has a total 

surface charge of 2.59E-15 C. Observationally, nanoparticles tend to distribute more uniformly 

on holey carbon films than on Quantifoil films. An exact reason was not determined for this 

observed behavior but could be related to charge that terminates the carbon at the edges of the 

Quantifoil holes. 

 

Figure 2.3: Mass contrast electron micrographs of functionalized Au nanocubes. In (A), 

nanoparticles appear triangular at the red arrows while other nanoparticles are more sphere-like. 

However, the lower magnification could account for this appearance. In (B,C) nanoparticles 

appear cube-like with expected corner curvature. The diameter of the cube in (C) was measured 

using Digital Micrograph with the red box indicating the region measured which gives a 25nm 

width.  
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The complexity normally found in biological cryogenic specimen fabrication148,155,156 was 

significantly mitigated by using charged nanoparticles in DI water. Although particle migration 

to the air-water interface is a concern, specifically investigating the particle’s z location in the ice 

was not done because interaction with the interface would not degrade the quality of the 

nanoparticle. The thickness of the ice was estimated to be nearly identical to the 30nm thick 

Quantifoil a-C film by using mass-thickness contrast TEM across the diameter of representative 

LDA-filled holes. The Au nanoparticles were not all cube shaped, as indicated in Figure 2.3A by 

the two red arrows, which appear more octahedral. Also, the diameter of the nanoparticles was 

not routinely 30nm as seen in Figure 2.3C where the diameter was measured in Digital 

Micrograph at 25nm. Both variations are attributed to the growth process. The surface energy of 

the {111} is lowest of all Au facets, so Au will preferentially grow along the {111} resulting in a 

preference for octahedral shape. The next lowest energy facet is {100} which results in a cube. A 

balanced combination of {111} and {100} results in a cuboctahedron157. Regardless of the actual 

dimension and geometric shape, the flat edges of the nanoparticles could enhance the signal from 

a tightly bonded layer of ions from the solution, for example a Stern layer158–162. This 

consequence will be discussed in chapter 4.  

2.3.3 Cryogenic Plunge Process and Specimen Transfer 

Preparing the cryogenic specimen is a three-stage process: solution-grid preparation, 

solution-grid plunge, and specimen transfer. The previous two sections have gone over the type 

of grids used and the solutions used. The plunge process is straightforward both in principle and 

practice, though it can be challenging to implement. The last remaining fabrication challenges 
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are determining an ideal blot time to yield an ideal thickness and transferring the plunged grid 

into the TEM holder.  

There are three commonly used cryogenic plunge freeze systems, besides custom made 

ones: Gatan CP3, Leica EM GP2, and Thermo Fisher Vitrobot. The Gatan CP3 is by far the least 

technologically advanced of the three, lacking climate control inside the blotting chamber, forced 

plunge actuation, and blotting force control. The Leica and Thermo Fisher systems have all three 

features which is why the Vitrobot and EM GP2 are the first and second most used respectively. 

A Gatan CP3 and Thermo Fisher Vitrobot were used to prepare the specimens reported on in 

chapter 4.  

Before loading a grid into the plunge system, grids are made hydrophilic using a weak 

plasma, commonly a PELCO easiGlow. Fresh grids from the distributor are hydrophobic, which 

is problematic if the solution is water-based. Special cryo-tweezers hold a treated grid in the 

plunge system. A few μL volume of water is pipetted onto the grid. Excess solution is blotted 

away, and the plunge arm rapidly moves the tweezer tip and grid into the waiting liquid ethane. 

The removal of excess liquid reduces the total heat capacity facilitating rapid cooling to achieve 

a vitreous ice155. Liquid ethane is used as the cryogen because of its superior cooling ability over 

contenders such as propane and slush nitrogen155,163–165. With the specimen at liquid nitrogen 

(LN) temperatures, the specimen is carefully transferred to a similarly cooled storage puck that 

holds four total grids.  

After the specimens are made, either storage or imaging takes place next. If the 

specimens are intended for storage, the grid storage puck is placed in a larger storage puck and 

placed in a LN dewar. When imaging is planned in a non-cryo dedicated TEM, the side-entry 
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cryo-holder is cooled in the transfer stage and the grid storage puck is inserted into an adjacent 

recessed area while submerged in LN. When the holder has reached LN temperature, the tweezer 

tips are cooled in the LN, the grid is grasped by the tweezers, and the grid is inserted into the 

holder blade. Cooling the tweezer tips reduces specimen heating and possible alteration of the 

vitreous ice state. It is recommended by Gatan to keep the specimen submerged in LN the entire 

time while being transferred into the holder. Following these steps helps prevent the specimen 

from warming during transfer. The main drawback of transferring a grid while submerged in LN 

is the grid can be dislodged from the correct location in the holder and either float away or 

require recentering the grid in the holder by the movement of LN. 

An alternate method is to keep the grid storage puck submerged but let the LN boil away 

from the holder. This is possible because the transfer stage is at roughly 45° angle, so the holder 

blade is vertically higher than the grid storage puck. The method does prevent the grid from 

floating away after releasing the tweezers, but there is a risk the specimen could warm or form 

ice crystal condensation. Considering the LN is evaporating just above the liquid layer, there is a 

significantly reduced chance of water vapor condensation. Specimen warming is the concern if 

transferring under nitrogen vapor. However, since LDA crystalizes at 115-160K166–169, as long as 

the specimen is kept nearly submerged the likelihood of crystalizing within one second is 

minimal in LN vapor.  

Specimens used in chapter 4 were made as follows. Quantifoil 300 mesh R2/1 (Ted Pella 

Inc 667-CU, 2μm hole diameter and 1μm spacing) and R2/2 (Ted Pella Inc 657-CU, 2μm hole 

diameter and 2μm spacing) a-C Quantifoil TEM grids were made hydrophilic using PELCO 

easiGlow (Ted Pella Inc) at 0.4mbar for 25 seconds with a positive current of 10 and 20mA for 



 

 

 

 

34 

 

R2/1 and R2/2- respectively. Grids were loaded one at a time into a Gatan CP3 cryo-plunge 

system (R2/2) or Thermo Fisher Vitrobot (R2/1) where 3μL of solution was placed onto the 

treated grid, blotted for 5s (R2/2) or 4s (R2/1) with filter paper (VWR 28309-967 or EMS 

71166-65) and plunged into liquid ethane. The grid was loaded into a Gatan 914 High Tilt Cryo 

holder (#07118081) and inserted into a JEOL 2100F Schottky field emission gun operated at 

200kV at -176C and -179C respectively. Electron holography was performed with a JEOL EM-

20171 electron biprism. A Gatan Orius SC 1000A camera acquired the images.  
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Chapter 3: Electron Hologram Analysis and Model Development 

A suitable hologram ready for analysis is acquired following the procedures described in 

chapter 2. The raw images are first analyzed to extract phase maps, identify regions of interest, 

and perform statistical analysis, outlined in section 3.1. Then electromagnetic models are 

developed, compared with experimental data, and refined to improve agreement, described in 

section 3.2.  

The choice of analysis software generally falls to three possible options: Digital 

Micrograph (DM), MATLAB, or Python. Digital Micrograph is often chosen because of the 

HoloWorks software package and integration with data collection. MATLAB and Python allow 

for more control over the exact process and data handling but come with a drawback in that often 

the user must generate the code themselves. MATLAB was chosen for hologram and simulation 

analysis because of a greater familiarity with the language and interface. As well, 

implementations of different unwrapping algorithms from published research are readily 

available. Electromagnetic modeling benefits from partial-differential equation numerical 

software. For this function, COMSOL was chosen for its ease of use, extensibility, and mesh 

quality.  

3.1 Electron Holography Analysis 

The hologram seen in the TEM is captured on a CCD camera and saved as a dm3 file in 

DM software. The dm3 file is imported into MATLAB using a readily accessible dm3 import 

script170 and a four-step process to extract the phase data follows: (1) Fourier transform of the 

hologram image, (2) centering sideband selection and mask, (3) inverse Fourier transform, and 
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(4) phase map calculation. These steps are described in section 3.1.1 below. The trigonometric 

relationship in the phase map calculation step involves a branch cut in the complex plane and 

extending the phase map to unwrap the branch cuts is beneficial when comparing to models. This 

unwrapping process is discussed in section 3.1.2. The final section, 3.1.3, addresses an ambiguity 

from step (2) above, where slight shifts add a linear slope (i.e. plane wave) to the phase map. 

Section 3.1.3 describes how to remove this slope when comparing to the model.  

3.1.1 Phase Extraction 

An electron hologram of vitreous DI water on a Quantifoil grid is shown in Figure 3.1A. 

Three roughly horizontal rows of 2μm diameter holes are visible. The top and bottom rows are 

determined empty and filled, respectively, based on their contrast to the surrounding carbon film. 

The central row of holes in Figure 3.1A displays the electron hologram that result from an 

applied voltage to the biprism and the overlap of a neighboring row of holes. There is a random 

distribution of darker, non-vitreous ice particles throughout the image indicated by green 

triangles that are attributed to ice nanoparticle accumulation from vapor when the specimen is 

transferred from LN2 to the cryo-holder. Figure 3.1B is the result of adjusting the electron optics 

and increasing the biprism voltage of the outlined region in Figure 3.1A. The slight mismatch in 

relative contrast range exhibiting a vertical line dividing the two holes is attributed to the 

stitching algorithm of the camera that combines the two discrete CCD detectors together into a 

single image. This slight offset is not observed in the extracted phase shown in Figure 3.1D and 

therefore is not considered further in the analysis.  
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Figure 3.1: An electron hologram image of vitreous DI water on a Quantifoil grid (A) where a 

red box indicates a region of interest shown in (B). A Fourier transform of (B) results in (C) 

showing a central peak and 2 sideband peaks. The phase map (D) of (B) displays regions of 

constant phase (left hole) and changing phase (right hole). Branch cuts in the MATLAB atan() 

function appear as contour lines in (D) with the change in color from white to black. (B,D) share 

the same scale. 

 

To access the phase information contained in Figure 3.1B, a Fourier transform of B is 

taken resulting in Figure 3.1C. Recall equation 2.11, the Fourier transform is  

ℱ(𝐼ℎ𝑜𝑙(𝒓)) = 𝛿(𝒒) + ℱ{𝐴𝑖
2(𝒓)} + centerband  

𝛿(𝒒 + 𝒒𝒄) ⊗ ℱ{𝐴𝑖(𝒓)𝑒𝑥𝑝(𝑖𝜙𝑖(𝒓))} + sideband +1  

𝛿(𝒒 − 𝒒𝑐) ⊗ ℱ{𝐴𝑖(𝒓)𝑒𝑥𝑝(−𝑖𝜙𝑖(𝒓))} sideband -1 (3.1) 

where terms for a peak at the reciprocal space origin from the reference wave, a peak at the 

origin from the bright field TEM image of the specimen, and complex conjugate peaks at q=±qc 

for the image wave function123 are present. All four terms manifest in Figure 3.1C, but most 

importantly, the sideband peaks located at q=±qc form the basis for phase map extraction. Note 
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these terms alone carry the phase information which is lost in the first two terms and during 

typical TEM image acquisition.  

The central intensity peak is flanked by two symmetrically located sideband peaks that 

contain the phase information necessary to determine the electric and magnetic behavior of the 

specimen. These sideband peaks correspond to the fundamental cosine frequency of the 

interference fringes where their separation from the central peak primarily depends on the 

applied biprism voltage171. Either sideband is selected by masking, because they are complex 

conjugates of one another, and the location of maximum intensity for the sideband is centered by 

rigid shift onto the central intensity peak. The optimum mask radius depends on the exact 

specimen composition in general172, and for a strongly scattering object, the optimal radius of the 

mask is 1/3 the carrier frequency104. An inverse Fourier transform is then performed on this new, 

modified frequency-domain image resulting in real and imaginary components, ℑ and ℜ, for the 

complex image. The amplitude and phase images are calculated using 

𝐴 = √ℑ2 + ℜ2 (3.2) 

𝜙 = arctan (ℑ ℜ⁄ ) (3.3) 

Applying equation 3.3 results in Figure 3.1D, the wrapped phase image of Figure 3.1B. The 

phase map from 3.3 is directly related to the electric potential and magnetic field of the specimen 

by equation 2.4.  

Before phase unwrapping is performed, two immediate observations can be made of 

Figure 3.1D. First, the steps in phase occurring at the transition from light-to-dark regions are 

separated by 2π because arctan is bounded and exhibits a branch cut in the complex plane. 

Second, regions of identical overlapping materials have zero phase shift, as expected, as 
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observed in the left hole in Figure 3.1D. The reduced pixel density of Figure 3.1D relative to 

3.1B originates from the fringe spacing of the original hologram and the inverse Fourier 

transform process. The fringe spacing of the hologram limits the spatial resolution of the 

technique. Finally, the frequency spread at the sidebands in Figure 3.1C results from local phase 

shifts caused by the specimen.  

3.1.2 Phase Unwrapping 

To aid in matching experimental phase maps to a model, the phase maps were unwrapped 

into an unbounded phase range. The choice of unwrapping the phase map is only one of many 

methods used to analyze the phase information. Other methods to display and interpret the phase 

data include104: (1) as a raw, unwrapped phase map with 2π jumps, (2) as an unwrapped phase 

map, (3) as an interferogram where a phase ramp is added, (4) as the interference image where 

cos(φ) is plotted, (5) as the phase amplified image where cos(nφ) is plotted for small integers n 

giving more frequent branch cuts, and (6) as the differentiated image highlighting 2π jumps. 

Phase data option 2 was selected from the above list because comparison to an electromagnetic 

model is more straightforward.  

The use of equation 3.3 results in a wrapped phase image that has a saw-tooth shape 

because the arctangent function is bounded in the range (-π, π]. To obtain a continuous phase 

map, the 2π phase jumps must be stitched together by a phase unwrapping algorithm. A simple 

view of the unwrapped phase is given by  

𝜙(𝑥𝑖 , 𝑦𝑗) = 𝜑𝑖,𝑗 + 2𝜋𝑘𝑖,𝑗 (3.4) 

where 𝜙 is the unwrapped phase, 𝜑 is the wrapped phase, and 𝑘 is an integer that stitches 

neighboring pixels together. Unfortunately, phase unwrapping propagates any initial errors 
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throughout the entire image. To understand this, consider the following example. A wrapped 

phase image is unwrapped pixel-by-pixel. If any one neighboring pair of pixels is incorrectly 

unwrapped due to noise or a false wrap in the phase, both pixels will be incorrectly unwrapped, 

thus propagating throughout the entire phase image173. A least squares transport of intensity 

equation (TIE) phase unwrapping algorithm 173(PUA) was used in this dissertation for all phase 

unwrapping but other algorithms can be applied for various purposes174,175.  

As mentioned, the arctangent function is used to calculate the phase image from ℑ and ℜ 

of the complex image. An ideal branch cut location for the phase map is selected by comparison 

from a 15° rotation of the phase data through (0, 2π] and plotted in Figure 3.2 at 30° intervals. 

The 2π phase jump moves as shown in the top row of Figure 3.2 from 0° through 90° and 

continues to 330°. A branch cut rotation is selected from the possible rotations so that no phase 

jump occurs in a boundary of any region of interest and the unwrapped image contains no 

regions of incorrectly unwrapped phase that is, regions that are shifted by 2π. Careful selection 

of the rotation is not always necessary but is done to intentionally limit the extent of unwrapping 

errors. In the case of Figure 3.2, 0° rotation was chosen because no phase jump occurs in the left 

hole, the phase jumps at the right hole are sufficiently separated from the hole perimeter, there is 

a minimum appearance of noise when compared to the 330° rotation, and the unwrapped phase 

has the fewest number of incorrectly unwrapped pixels. Figure 3.1D and Figure 3.2 0° are the 

same. 
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Figure 3.2: A tableau of wrapped phase images where the location of the branch cut is varied 

from 0° to 330°. The scale bar in 0° is shared among all images.  

 

The rotated phase map in Figure 3.3A is unwrapped using the least squares TIE PUA173 

resulting in Figure 3.3B. The PUA leaves no apparent residual from the 2π phase shifts at the 

right hole. With an unwrapped phase map such as in Figure 3.3B, a variety of comparisons and 

further analysis can be done. Mean inner potential calculation74–76, charging and doping83,144, 

magnetic field reconstruction176–179, electric field reconstruction180, and more can be investigated 

depending on the system under study by using equation 2.4. 



 

 

 

 

42 

 

 
Figure 3.3: Wrapped phase from Figure 3.1D with zero branch cut rotation (A). The unwrapped 

phase image (B) of (A). (A,B) share the same scale. 

 

It should be noted at this point that common guidance strongly recommends taking a 

reference hologram of vacuum space to eliminate distortions from the biprism itself and between 

the biprism and electron detector117. However, the method of reference phase subtraction does 

not always correct phase distortions128. For this reason and geometric limitation of the specimen, 

the analysis in chapter 4 does not include a reference phase subtraction and the interpretation 

should be informed, but not limited, by the lack of a reference hologram.  

3.1.3 Plane Subtraction 

The extracted phase map for the Quantifoil specimens does not always have a peak at the 

center of each hole. This can be in part from lack of a reference phase map, not exactly selecting 

the sideband center, and an insufficient mask of the sideband. To account for this non-centered 

peak, a plane fit and subtraction is performed as follows. The center pixel of the Quantifoil hole 

is identified and the distance between the center and every pixel in the phase map is calculated. 

The radius of the hole is calculated from the center and a threshold is implemented on the 

distance values. This is achieved by keeping all pixels that are one pixel smaller than the hole 
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radius. Further subtracting some number of pixels from the actual radius typically increases the 

accuracy of the following fit by eliminating hole-edge pixels that may have unwrapping errors or 

other artifacts. This justification will become clearer in chapter 4.  

A 2D parabolic fit of the pixels within the hole is performed. Then a linear plane is 

subtracted from the data so that the center of the hole and extremum are coincident. A constant 

offset of the phase map does not alter any structure or feature contained within and can be 

applied to the phase map because holography measures the relative phase difference. A linear 

plane offset can also be applied to the phase map because this shift is mathematically equivalent 

to shifting the arbitrarily selected sideband center location in Fourier space. The combination of 

a constant offset and linear plane adjustments changes values of the phase map but does not 

affect the analysis in chapter 4. The result of the plane subtraction is shown in Figure 3.4 where 

contour plots were chosen to better illustrate the movement of the phase peak location with the 

plane subtraction. The specimen, hologram, and unwrapped phase map used in Figure 3.4 are not 

the same as in Figure 3.3.  
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Figure 3.4: Contour plots (A,C) display the central square region of the hole in (B,D), 

respectively. (A,B) contour plots display the electric potential profile before a linear plane 

subtraction and (C,D) display the same data after the plane subtraction illustrating the shift of the 

peak potential value to the center of the hole. The scalebars in (A,B) apply to (C,D) respectively.  

 

3.2 Simulation 

Comparison of the hologram phase data to theoretical values and a model system aids 

understanding of the observed phenomena and can validate more recent descriptions of the 

physics. To this end, a model geometry was built in COMSOL because it incorporates well-

established physical relationships and material properties into an interface that is straightforward 

to implement.  

3.2.1 Goal of the Model 

Simulations of the specimen were done in COMSOL to generate comparative data for 

analysis in conjunction with the experimentally acquired holography data. Detailed control of the 

geometry and physics allows for parameter extraction that would otherwise be nearly 
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unattainable such as LDA ice surface or volume charge densities, electric field and potential, and 

material influence on those same parameters. COMSOL was chosen because of its robust 

meshing system and relative ease of use. Two simulations were done focusing on related physics 

but with different intentions. Firstly, a 3D model attempts to quantify the extent of specimen 

charging that occurs on the LDA ice. A model geometry was built, and electrostatics 

implemented with a variety of physically possible conditions. The second model was built in a 

2D axisymmetric environment and simulates the ionic distribution from a charged nanoparticle 

before the plunge process vitrifies the water.  

3.2.2 3D Electrostatic Model of Water 

The first model, and possibly the simpler to construct, is the electrostatic model where 

only charged planes, ground planes, and charge conservation are included. Figure 3.5A defines 

the geometry implemented and Figure 3.5B is a zoomed in, not to scale, vertical slice through the 

center where the a-C grid and hole are the faint black lines. The goal of this simulation is to look 

at and understand the electric potential of a 2μm diameter hole in a Quantifoil grid filled with DI 

water that has been vitrified through the plunge process detailed in chapter 2. Electrochemical 

effects are treated in the next section. Throughout this section, the primary parameter is the 

charge in or on the LDA ice. Considerations of ground plane location and ice thickness are 

addressed in chapter 4.  
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Figure 3.5: Geometry implemented in electrostatic COMSOL simulation (A) where a 4x4x8μm 

vacuum box surrounds a 30nm thick a-C film with a 2μm filled hole of DI water. A cross 

section, not to scale, through the a-C film (B) shown in gray surrounding the blue vitrified water 

containing a gold nanoparticle roughly 20nm in diameter. (C) A slice in the z direction of the 

electric potential field result showing 2 μm above and below the a-C film.  

 

A representative geometry consisting of a 30nm thick a-C sheet with a 2μm diameter and 

uniform water thickness filled hole surrounded by a 4x4x8μm vacuum box was implemented. 

The vacuum volumes create an interface with the a-C and do not overlap. The vacuum volumes 

are required because holography is sensitive to the entire electric potential each electron passes 

through from emission to detection and COMSOL does not calculate said potential outside the 

defined geometry. A single hole was simulated, and confirmed to be sufficient, because the 

electric potential within a 4x4μm region drops off fast enough that a nearest neighbor 

contribution would not change any analysis or conclusions in chapter 4. The perimeter of the a-C 

sheet was always held at ground. The simulation data were exported to MATLAB and 

summation of the resulting 3D phase matrix was done in the z direction. This z-direction 
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summation is the numerical equivalent of the integration from equation 2.5. The mean inner 

potential for water and a-C of 3.5V72,76,181 and 9V182 respectively is discussed in chapter 4. 

Surface charging of the LDA ice and a-C is assumed because their resistivity at LN 

temperatures is on the order of 109Ωcm and 10-2Ωcm respectively149,183–187. Surface charging, 

sometimes called the Berriman effect188,189, is assumed over a volume charging model because 

secondary electron emission at the surface is the primary mechanism for charge generation190. 

Incident electrons cause material electrons to escape the ice and either recombine with the ice at 

some other location, absorb onto the a-C, or escape to the vacuum of the model, which represents 

absorption by a ground plane somewhere in the TEM. A value of 1E-5C/m2 was applied to the 

electrostatic simulation unless otherwise stated.  

Two further geometries are discussed in chapter 4 using the above-described electrostatic 

model. 

3.2.3 2D Poisson-Boltzmann Model of Ionic Distribution 

The above 3D model ignores the ion distribution if a charged particle were added to the 

solution. A second simulation is constructed to predict the ionic distribution of H+/OH- in the 

presence of a charged nanoparticle but absence of any added salt. This reflects the surface-acid-

modified particles introduced in chapter 2. The geometry is similar to that used in the 3D model 

but in a 2D axisymmetric coordinate system chosen for computational speed. Choosing the axis 

of rotation to be the direct middle of the nanoparticle in Figure 3.5B and adding a vacuum space 

above and below the 30nm thick water-carbon sheet creates the 2D model. Ground was set at the 

outside edge of the carbon, farthest from the rotation axis. The same COMSOL electrostatics 

node from the 3D model was used, but the Poisson-Boltzmann (PB) equation was chosen to 
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govern the ions191,192. The classical PB theory assumes a dilute solution of point charges with 

mean-field electrostatics when considering electrolytes.  

An alternate approach would be to use the built-in Transport of Dilute Species (tds) node 

which obeys the Nernst-Planck equations but does not have the same zero flux constraint as PB 

or to use a time-dependent solver instead of steady-state. Both alternate approaches were avoided 

because the PB method, corrected for steric effects, predicts the correct ionic distribution to a 

reasonable extent at lower computational cost and reduced complexity. Also, the tds model 

requires additional assumptions that are not easy to justify. Since the intention of the model is to 

provide a reasonable estimate of the ionic distribution, not an exact calculation, the PB theory 

used is a reasonable heuristic model.  

The primary benefit in applying PB is the increased simplicity of the model, and it works 

well for dilute electrolytes, in which aqueous H+/OH- are typically considered. The math, 

justifications, and assumptions are laid out in detail in section 2B and specifically equation 25 in 

reference 191. The addition of a packing factor, set to 1E-3, prevents an exponential increase in 

proton concentration near the nanoparticle surface. Additionally, the proton concentration can 

change the equilibrium condition for a fixed charge impacting the effective surface charge at the 

nanoparticle boundary193.  

The primary assumptions in this model are the following191,192: the reservoir is 

sufficiently large, the functional form of the solution free energy follows equation 24 from 

reference 191, microscopic details of the solvent and ions are ignored, the electrostatic potential 

and charge density are ‘smooth’, and ion-ion correlation effects are ignored.  
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The primary drawbacks to this model are the following: the reservoir (volume of water) 

at the boundary is insufficiently large to support the PB model; the charge density of the 

nanoparticle could be too high, resulting in an inaccurate description of the physics; the 

Boltzmann packing factor is an order of magnitude estimate; the air-water interface potential can 

span 10mV to > 3V194,195 but is ignored; and the general lack of solution/interface complexity 

overlooks behaviors such as ion-ion interaction. The COMSOL tds model does not address all of 

these drawbacks.  

These models all ignore the changes to concentrations and densities that might occur 

during plunge freezing and vitrification process. It is assumed that the cryo-EM process captures 

the room-temperature structure in a vitreous state. After the specimen is in the microscope, it 

may charge due to beam effects as described in the previous section. The Maxwell equations are 

linear, so numerical solutions from the two models can be combined by linear addition.  
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Chapter 4: Data Analysis and Interpretation 

Now that the physics of holography, the specimen parameters, the methodology of data 

collection, and the methodology of simulation data creation have been laid out, analysis of the collected 

data is covered in this chapter. The simplest case, that provides the foundation for further complexities, 

starts with fully understanding the holograms that result from LDA ice of just DI water devoid of NPs. 

Identifying the phase shift and charging profiles, distortions, and comparison to the simulated data are 

the primary task. Investigation of more complex systems with charged NPs and weak electrolytes 

follows.  

4.1 Beam Charging of LDA Ice 

The most foundational experiment conducted, after initial testing to confirm electron holography 

and cryo-EM are compatible, was the investigation of charging effects from the electron beam on LDA 

ice. A hologram time series of LDA ice was collected using Quantifoil R2/1 grids fabricated using the 

process in chapter 2.  

4.1.1 Time Series 

Understanding the charging regime in which electron holograms are taken is particularly 

important185,187,196–198. The different physics between transient and steady-state specimen charging will 

impact the relative phase map from equation 2.5. Efforts have been made to understand the nature of 

specimen charging in cryo-EM using different techniques185–187. This charging could impact image 

quality in cryo-EM. Depending on the mechanism for charging and the sign of charge accumulation, 

setups can be developed that could improve or reduce resolution and sensitivity in cryo-EM. To that end, 

off-axis electron holography was used to investigate the time dependence of specimen charging.  
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A time series of consecutively acquired holograms was taken to determine which charging 

regime the specimens are in. Three time series were taken, but only two produced interpretable results. 

The third time series encountered biprism and lens instabilities that resulted in low quality holograms 

and is therefore ignored. Upon specimens equilibrating in the TEM, a low magnification (500X) scan for 

potential holography regions was conducted. The beam was blanked immediately upon identification of 

a possible holography geometry and the location was recorded. After the entire grid was scanned, a 

second, quick scan was done at each previously identified location at a 2kX magnification and an image 

was acquired as shown in Figure 4.1A, for reference, with a 1 second exposure.  

A suitable geometry for R2/1 at 6kX requires at least one empty hole and one LDA filled hole at 

2nd-nearest-neighbor separation because the hologram is optimized at this magnification and separation. 

Choosing nearest neighbor or 3rd-nearest neighbor results in holograms with too few fringes or 

insufficient fringe contrast, respectively. The biprism is inserted, aligned, and voltage applied 

approximately 200μm from any one desired image location. Because the a-C film is not guaranteed to be 

flat across the entirety of the grid due to distortion from specimen loading, a second, quick alignment is 

done at a nearest neighbor grid location, being careful not to fully spread the electron beam to reduce 

any possible charging on the region of interest. Finally, the beam is blanked, moved to the recorded 

location, allowed to settle from translation drift, quickly centered on the desired hole if necessary, and a 

4 second exposure is taken resulting in Figure 4.1B, a representative hologram of the two time series. 

After the first hologram exposure of each series, the electron beam is not blanked, and subsequent 

holograms are continuously recorded at 2-minute intervals. Both time series consist of four holograms 

recorded 2 minutes apart.  
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Figure 4.1: A 4 second exposure of the region of interest (A) for holography. The electron hologram (B) 

where the unfilled hole in (A) is overlapped with the 2nd-nearest neighbor directly below. The FFT (C) 

and unwrapped phase (D) with a π/3 rotation result in the unwrapped phase in (E). The plane subtracted 

(F) unwrapped phase map of (E).  The scale bar for (D,E,F) are the same as in (B). (E,F) share the same 

color bar in radians.  

 

With the time series record, the analysis described in Chapter 3 produces Figure 4.1 C-F. The top 

sideband was selected in Figure 4.1C and a π/3 rotation was applied to create Figure 4.1D. As discussed 

in chapter 3, phase unwrapping can have unexpected errors as shown at the top right of the hole in 

Figure 4.1E where the phase is unwrapped with a 2π phase shift compared to its surrounding. The effect 

of this unwrapping error will be discussed below. Recall the sole purpose of finding a suitable plane to 

subtract from Figure 4.1E is to center the phase peak in the hole of the specimen. The fact that the phase 

profile for the a-C is not perfectly flattened does not negatively impact the following analysis and 

therefore the asymmetry seen in Figure 4.1F between the top and bottom corners is irrelevant.  

The most efficient way to analyze the phase profile of only the LDA ice is to select the phase 

data from the LDA ice region, omitting the phase data from the a-C region. This selection is done by 

using the same center finding and threshold method outlined in Chapter 3 to center the peak phase value: 
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identify the center of the hole, calculate each pixel’s distance from the center, and threshold that distance 

by the radius of the hole. With the LDA ice data selected, an optimization algorithm was applied to scale 

simulation data to the experimental data.  

As discussed in Chapter 3, finding an exact surface charge through iteration in COMSOL is not 

ideal and comparatively cumbersome. Therefore, a reasonable guess for the surface charge is used 

throughout most all the COMSOL simulations of 1E-5 C/m2 and a search algorithm is implemented to 

find an appropriate scale factor for the surface charge. The built-in MATLAB function fminsearch uses 

the Nelder-Mead simplex algorithm which is described in detail here199 and the corresponding 

documentation page at mathworks.com. The COMSOL data were exported with a 5μm vacuum box 

above and below the 4x4μm a-C sheet and a circle of radius 1μm with ground planes at the perimeter 

vertical surfaces of the a-C.  

The nonlinear search algorithm is used in two steps. First, the scale factor and offset parameter 

between a COMSOL data set and the time series holograms is found and second, the 2σ (95% 

confidence interval) values for the scale factor are found. The first function to find the scale factor and 

offset, analogous to Chi-squared, is a sum of the squared differences between the hologram and 

COMSOL phase data. In the second application of fminsearch, the offset is held constant at the value 

found in the initial search. The second function, to find the 95% confidence interval values, searches for 

the upper/lower bound of the scale factor by taking the squared difference of the first function and the 

target Chi-squared value, which is 2σ higher than the minimum of the first function.  

The goal of these search algorithms is to find an estimate of the surface charge for the hologram 

data. The calculated surface charge multiplies the COMSOL data uniformly to match the experimental 

hologram data. The scale factor is directly related to the surface charge value specified in COMSOL. 
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Therefore, the surface charge on the LDA ice from a hologram is the initial COMSOL surface charge, 

1E-5C/m2, times the scale factor. The calculated scale factor for the phase between the COMSOL and 

hologram data also applies to the surface charge because equation 2.5 is linear and there is no clear 

reason to assume an anisotropic charge profile.  

The result of this Nelder-Mead simplex application is plotted in Figure 4.2 with the first and 

second time series data plotted in red and green respectively. The middle four data numbered 5-9 (white) 

were taken to adjust the hologram properties with the intention of improving contrast and fringe spacing 

and with no specified time between captures. Unfortunately, that goal was not achieved. The beam was 

blanked for 10 minutes between hologram 8 and 9 to allow discharge of any built-up charge. The scaled 

COMSOL surface charge is plotted as the central point surrounded by a rectangle whose top and bottom 

edge represent the 95% confidence interval value for each time series hologram. The data are plotted in 

the order that each hologram was taken. The minimum and maximum surface charge of 1.38E-4 and 

1.64E-4C/m2 occur at hologram 10 and 5, respectively. The mean surface charge for all 12 holograms is 

1.50E-4 C/m2. The average height of error bars in Figure 4.2 is 7.32(8)E-5 C/m2, and the fluctuations 

from hologram-to-hologram of extracted surface charge yield a 2σ = 1.57(5)E-5C/m2. Because the 

fluctuations are approximately five times smaller than the error bar, the charging is in steady-state 

conditions. A smaller error bar could resolve surface charge time dependence such as shot noise in the 

charging or beam degradation of the ice.  
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Figure 4.2: The surface charge of LDA ice is plotted for each hologram from the two time series. Red 

and green indicate the two separate time-series data sets. The central white data are holograms taken to 

adjust the hologram quality and were not taken at regular time intervals. Surface charge is calculated by 

multiplication of the phase map scale factor and COMSOL surface charge. The central point is 

surrounded by a rectangle whose top and bottom edge indicate the calculated 95% confidence interval 

for each hologram, as described in the text. The fringe contrast of each hologram is plotted using the 

right y-axis and is represented by asterisks. Exposure times for holograms 1-6 was 4 seconds and 7-12 

was 8 seconds.  

 

Since LDA ice is a weak phase object, and the diameter of the hole is large compared to the 

fringe spacing, the information loss is thus assumed low, and the reconstructed phase map is accurate up 

to the phase sensitivity. The fringe contrast of each hologram is plotted on the right y-axis and show two 

general clusters at 10% and 5% roughly. Fringe contrast is a simple and quick way to judge the quality 

of the hologram through equation 2.14. A complete list of relevant holography parameters for each 

hologram in the time series is shown in Table 4.1. 
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S4-2 15.2 0.899 0.33 27.3 11.9 4350 0.18 0.29 19.0 13.3 1540 390 

S4-3 15.3 0.884 0.33 27.4 10.3 4350 0.21 0.31 19.1 13.3 1540 390 

S4-4 15.5 0.878 0.31 27.6 10.3 4340 0.21 0.33 19.4 13.6 1540 380 

S4-5 15.9 0.870 0.30 26.9 10.2 4340 0.21 0.32 20.0 14.0 1540 380 

S5-1 16.4 0.882 0.30 28.5 9.9 5410 0.19 0.34 20.5 14.4 1910 480 

S5-2 15.2 0.899 0.31 27.4 10.7 4370 0.20 0.25 19.0 13.3 1550 390 

S5-3 15.6 0.872 0.31 27.6 5.1 8790 0.30 0.33 19.5 13.6 3110 390 

S5-4 14.4 0.903 0.28 27.7 7.6 8790 0.20 0.27 18.0 12.6 3110 390 

S5-5 14.3 0.901 0.26 27.0 7.6 8870 0.20 0.26 17.9 12.5 3140 390 

S5-6 13.8 0.859 0.31 27.6 4.2 8840 0.36 0.38 17.2 12.1 3130 390 

S5-7 14.7 0.935 0.28 27.3 10.9 8840 0.14 0.18 18.4 12.8 3130 390 

S5-8 14.1 0.940 0.27 27.3 12.6 8820 0.12 0.17 17.7 12.4 3120 390 

Table 4.1: A complete itemization of all relevant holography parameters for the time series. In section 

4.1.2, eccentricity is calculated by identifying the semi-major and semi-minor axes in an image 

processing program. Average electrons are calculated by scaling the average detector counts by the 

counts per electron gain from the manufacture and the reconstructed pixel size in phase space.  

 

Even though the fluctuations in extracted surface charge fit within the span of their error bar, 

showing a 95% confidence interval for uncorrelated errors, it is nevertheless instructive to look for 

possible correlations within the time series data. Comparisons between sequential holograms in the red 

and green data sets indicate, at most, 7.9E-5C/m2 increased charge between hologram 1 and 4, a 5.2% 

increase. The maximum charge difference of 2.6E-4C/m2 is a 16.1% decrease between holograms 5 and 

10. However, since hologram 5 is from the white data set and 10 from the green, this comparison 

provides less useful information. Comparing hologram 1 and 5 suggests there might be a steady 

charging rate during the >8-minute interval. The decrease from hologram 5 to 6 and the continued lower 

charge values for holograms 6-12 indicates a maximum in surface charge may have occurred at 

hologram 5 followed by some discharging between 5 and 6 and no further increase in surface charge 
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thereafter, unlike what is seen between holograms 1-5. Notice that neighboring holograms 8 and 9, taken 

10 minutes apart, differ by 0.7% most likely meaning the LDA ice did not discharge during the 10 

minutes while the beam was blanked. However, all of these fluctuations are within the 95% confidence 

interval for uncorrelated errors and thus specific changes in charge density during the time series should 

be interpreted cautiously.  

It is worthwhile discussing the possibility of fluctuations in charge density due to shot noise. The 

charging fluctuations are estimated as √𝑛 𝑛⁄  where n is the number of electrons (in this case holes) that 

comprise the surface charge on the LDA ice. Counting both surfaces, 6,000 electrons result in a 

fluctuation noise of 1.3% which is clearly smaller than the variations seen in Figure 4.2. Thus, the origin 

of the 95% confidence interval is likely from other sources such as the fringe contrast of the hologram 

and the accuracy of the electrostatic model.  

The COMSOL model also produces potentials that are experimentally relevant. The electric 

potential values at the center and the perimeter of the hole were identified as 1.25V and 0.85V 

respectively, in the unscaled model. Using the scale factors from Table 4.1 results in a scaled electric 

potential range of 17-21V and 12-14V, for the center and perimeter, respectively. The average peak 

potential is 18.8V with a standard deviation 𝜎𝑉 = 0.985𝑉, a 5% variation, across all 12 holograms. 

Equation 2.14 calculates the theoretical standard deviation in phase as 0.14-0.38 radians. It is common 

practice in off-axis electron holography analysis to use the theoretical standard deviation in phase and 

equation 2.5 to calculate a corresponding electric potential sensitivity118. However, for typical 

holography specimens, the electric potential does not extend past the boundary of the specimen, thus 

enabling an exact quantification of the extent of the electric potential the electrons interact with, which 

is the thickness of the specimen. As Figure 3.5C suggests, the electric potential extends well past the 
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30nm thickness of the LDA ice studied here. Therefore, the standard method to determine the off-axis 

holography electric potential sensitivity is not applicable in this work because the resulting estimate of 

electric potential sensitivity is 9-26μV, a significantly better sensitivity than could normally be expected 

from the other holography parameters. Thus, only the experimental standard deviation in electric 

potential is discussed.  

The experimental standard deviation in phase is calculated by selecting a square region of the 

unwrapped phase profile within the hole and subtracting a 2D parabolic fit creating a residue plot. The 

standard deviation of the residue plot is the experimental detection sensitivity with a range from 0.17-

0.38 radians, which agrees with the theoretical range from above, 0.14-0.38 radians. This agreement 

indicates the experimental phase sensitivity nearly achieves the theoretical limit for the given holograms 

constrained by shot noise and fringe contrast in the data.  

At this point there are two important parameters that have not been discussed at length: MIP and 

camera sensitivity and noise. The reported MIP for LDA ice is 3.5V76 but does not matter for the 

COMSOL data because when the sideband is selected, a constant phase shift is removed from the data, 

thus MIP of LDA ice is not an observable quantity in this holography geometry. As mentioned briefly in 

chapter 2, the camera is not optimal for holography. According to the camera documentation, the 

counts/electron recorded by each pixel is between 2-8. A value of 4 was chosen to calculate the electron 

number in Table 4.1. A binning of 2 was used for the holograms in Table 4.1 as well as the following 

holograms in section 4.2.  

Finally, two means of quality verification are done for the scale factor result. First, the hologram 

and COMSOL data are co-plotted and visually inspected. With an appropriate scale factor and offset 

selection, the COMSOL data should intersect near the median of the hologram data inside the hole. 
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When the hologram data is plotted as points and the COMSOL data as a surface, there does appear to be 

roughly half the hologram data points above and below the COMSOL data. This could be made rigorous 

by exactly counting the number of data points above and below which is analogous to creating a residual 

plot. This method of counting was not done for three main reasons: the visual test is more for subjective 

quality assessment than rigor, there is subtle complexity with mismatched matrix dimensions and 

different matrix step sizes between neighboring data points, and R-squared was used as a second quality 

verification. The R-squared for the entire time series spans 0.859 – 0.940.  

4.1.2 Simulation Geometry Corrections 

Careful inspection of Figure 4.1F and the co-plotted data of the hologram and COMSOL suggest 

that the shape of the hole in the a-C film is not circular. By identifying the perimeter of each hole and 

assuming the semi-minor axis is the same size as the radius of the circle (1μm), the eccentricity was 

calculated and shown in Table 4.1 with a mean and standard deviation of 0.2984 and 0.0207 

respectively. The possible impact of this eccentricity is discussed and other geometric effects.  

Assuming the semi-minor axis is 1μm, the area of the ellipse is 3.5-5.7% larger resulting in an 

underestimation of charge from the COMSOL model. Replacing the 1μm radius circle with an ellipse of 

the same semi-minor axis and a 5% increase for the semi-major axis in COMSOL results in Figure 4.3A 

depicting a slice through the center of the phase maps for a circle (black) and an ellipse (red). The 

vacuum volume is 5μm above and below, ground is only on the exterior perimeter of the a-C, and the 

surface charge is 1E-5 C/m2. The peak value percent difference between the circle and ellipse is the 

same 5% as the area difference. The ellipse COMSOL data set does increase the calculated R-squared 

value from the Nelder-Mead optimization by roughly 0.01 for each hologram. However, there is the 

same asymmetry observed from the visual inspection of the analogous residual plot for a circular hole in 
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the ellipse data. Specifically, hologram phase values are asymmetrically above the COMSOL data in the 

y direction and below in the x direction when compared with the elliptical COMSOL simulation. 

Rotation of the ellipse does not resolve the asymmetry. This indicates that while an ellipse is a more 

accurate model than a circle, there are still other sources of asymmetric phase contribution that are the 

same order of magnitude or larger.  

 
Figure 4.3: The central slice from the COMSOL phase map in (A) shows the phase profile for a circular 

hole and an elliptical hole with a semi-minor axis equal to the radius of the circle and a 5% increase for 

the semi-major axis. A low magnification image (B) of the region of interest for holography. The red 

and yellow boxes indicate the two regions that were simulated in COMSOL. The red boxed region tests 

the effect of a charged object near the hologram location. The yellow boxed region tests the effect of 

charge variation of neighboring holes as described below. The black plus sign is the hole measured in 

both cases.  

 

Another source of possible phase contribution can be seen in Figure 4.3B. At the top right of the 

image, large ice crystals are located on the surface, likely formed from ambient moisture during 

specimen transfer into the cryo-holder. Because of the low electrical conductance of ice149,183–185, these 

ice crystals can charge and distort the path of the electrons. A five circular hole geometry was 

implemented in COMSOL shown by the red box in Figure 4.3B. Each hole is identical in dimension, ice 

thickness, and surface charge. A point charge was placed at the center of a corner hole to simulate the 
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ice crystal charge and the magnitude of the charge was varied from one electron to 1E-14 C. The electric 

potential data for the hole with a black plus sign were exported and the previously mentioned analysis 

and optimization was done. A charge below 1E-17C shifted the profile of the COMSOL integrated 

potential less than the tolerance of the simulation, 1E-3. When a charge of 1E-16C or larger was applied, 

the integrated potential peak shifted towards the point charge with increasing shift as the charge 

increased. At 1E-15C, the integrated potential profile was effectively a linear plane instead of a 2D 

parabola as the peak occurred at the corner pixel closest to the point charge. Applying a 2D parabola fit 

to center the peak of the potential and then using the search algorithm resulted in a scale factor of 44.68 

and an R-squared of 0.76. These values are significantly worse without the linear plane adjustment and 

disagree with the experiment. In principle, it is possible that a point charge at a different location relative 

to the center of the extracted hole could result in a better R-squared value. Also, using a distribution of 

extended charge spheres to model the charged ice could increase the accuracy of this geometric 

correction. However, the magnitude of improvement from the modifications tested above indicate this is 

unlikely when compared to the one-hole model.  

A second geometry test was conducted and is represented by the yellow box containing nine 

holes in Figure 4.3B. A nine circular hole geometry was constructed in COMSOL with identical 

diameter holes. The central hole was kept empty while the surrounding eight holes were filled with LDA 

ice. Two surface charge profiles were applied: identical charge and varied charge on each hole. For the 

identical charge case, 1E-5 C/m2 was chosen. The varied charge case had charges from 1E-6 to 1E-5 

C/m2 with the intention of breaking symmetry. The electric potential data for both charge profiles were 

extracted for the same hole as above, indicated by a black plus sign, and the same analysis as previously 

mentioned was carried out. When a uniform surface charge was applied to all LDA ice filled holes, the 
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summed potential profile achieved a maximum value at the perimeter of the sampled region (i.e. in the 

a-C) and is best represented by a linear plane more than a 2D parabola. With the non-uniform surface 

charge between holes, a skewed 2D parabola represented the summed potential within the sampled 

region when weaker surface charges flanked the indicated hole. The maximum potential occurred 

halfway between the center of the hole and the perimeter of the hole at a 45° angle towards the empty 

hole. Applying a 2D parabola fit to center the peak of the potential and then using the search algorithm 

resulted in a scale factor of 38.6 and an R-squared of 0.819. These values are significantly worse without 

the linear plane adjustment. This shows the nine-hole adjustment does not improve the model relative to 

the data.  

A combination of these three geometry modifications—elliptical hole, neighboring charged 

object, and variation in neighboring surface charges—could improve the overall model. Changing the 

circular hole geometry to an ellipse in the 5-hole and 9-hole geometries could result in a measurable 

effect when compared to the simple one-hole model. Other possible simulation considerations such as 

ice thickness variation, asymmetric charge profile, membrane deflection, a-C variation, and others likely 

would improve the accuracy of our model. However, given the minimal improvement from any one of 

the tested configuration changes and previous justifications given in Chapter 2 and 3, the possible 

improvement is at best a 40% reduction to the 95% confidence interval of charge density. This would 

not modify any conclusions described above. Another separate origin for the observed elliptical shape 

could result from geometric distortions due to inherent imperfections of electron lenses. A detailed 

description can be found in Hawkes and Kasper’s Principles of Electron Optics.  

A few final words on the application of the Nelder-Mead simplex optimization algorithm. From 

the theory of off-axis electron holography, equation 2.5 does not provide a direct path to calculate the 
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surface charge. Solving Maxwell’s equations for the geometry would provide a direct path to take the 

electric potential map and convert that into a surface charge. However, the integrals involved do not 

have closed-form solutions so custom numerical methods are required, which is not significantly 

different than the COMSOL approach used above. Given this, few options remain to determine the 

surface charge aside from the comparative method outlined above. The resulting scale factor returns an 

estimate of the exact surface charge from each hologram and the values are justified. It is not clear that 

there is an alternate method to directly measure the surface charge on ice under electron radiation. 

Others185,187 have estimated the potential difference between the edge and middle of a similar LDA filled 

hole using defocus contrast, but the technique used here is more widely accepted as a method to directly 

measure the electromagnetic potential of a specimen.  

Cryo-EM specimens of vitreous DI water were imaged with off-axis electron holography to 

determine the surface charge state of the LDA ice. A total of 12 holograms were taken with an 

experimental phase sensitivity of 0.17 – 0.38 radians. A representative COMSOL model was used to 

extract a surface charge scale factor from the hologram data. A surface charge of 1.5E-4 ± 1.6E-5 C/m2, 

due to secondary electron emission, for 2μm x 30nm circular holes filled with LDA ice was calculated 

by use of a Nelder-Mead simples search algorithm.  

4.2 Mean Inner Potential of Gold Nanoparticles 

One of the main goals for this research is to better understand the behavior of ions at charged 

interfaces and under extreme confinement. To that end, the addition of a charged nanoparticle into a 

weak electrolyte solution is an ideal system to study. As has been shown in Chapter 2 and the previous 

section of this chapter, the sensitivity requirement to detect phase shifts from 1.5E-4C/m2 are at least 

π/10 radians. Therefore, reducing the total charge, electron interaction area, and adding ionic screening 
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necessitate either an improved geometry, improved lens configuration and/or an improved electron 

detection system. The limitations from the geometry and TEM did not prevent initial investigations of 

charged nanoparticles in DI water and measurement of the MIP.  

4.2.1 Holograms of Charged Nanoparticles 

Cryo-EM specimens were made by replacing pure DI water with 1.067nM solution of NanoPartz 

functionalized gold nanocubes as discussed in Chapter 2. Nanocubes were chosen in an initial attempt to 

detect ion ordering at the solid-liquid interface shown by the Majumdar group200 with a larger, 1nm, ion. 

However, the Rose criteria detection limit63,201 prevents imaging of smaller ions such as typical 

monatomic solutes. The Rose criteria says that a detector can resolve an object with a SNR > 3-5. 

Therefore, off-axis holography was chosen as the preferred characterization method. Previously 

mentioned cryogenic specimen fabrication challenges are compounded by the addition of nanoparticles.  

The lack of control for nanoparticle placement within a hole was a further complication to 

finding ideal locations on a given specimen for holography to be implemented. Nanoparticle location, 

typically at the edge of a hole, and the average number of nanoparticles per hole led to many specimens 

with ideal LDA ice quality and filled to empty proximity being discarded because either too many or no 

nanoparticles occupied filled holes. For a 2μm hole, fewer than 20 nanoparticles contained within was 

considered acceptable. Minimal aggregation, reasonable spacing, and reasonable distance from the hole 

edge were the primary metrics that were applied when looking for ideal locations. Representative filled 

holes shown in Figure 4.4 A, B were taken on Quantifoil R2/2 and C,D were taken on holey carbon. 

Figure 4.4A,B were taken using FLC setting 10 shown in Table 4.2, 6kx for C, and 3kx for D.  
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FLC Setting 10 

OM 0000 IL1 0000 

OL-C 2000 IL2 FFFF 

OL-C 0000 IL3 E6FF 

OM BF0B PL FFFF 

Table 4.2: Free Lens Control setting 10 used to acquire Figure 4.4A,B.  

 

 
Figure 4.4: Representative images of dispersed nanoparticles in LDA ice on Quantifoil R2/2 (A,B) and 

holey carbon (C,D). Both pairs were acquired from the same specimen in the same session.  

 

In Figure 4.4A, the blue dashed line roughly separates the left side region where, due to beam 

damage and heating, the amorphous ice has begun to crystalize. In contrast to this crystallization, the 

right side of Figure 4.4A and the entirety of Figure 4.4B are still LDA ice with no obvious crystalized 

region. Some locations to the right of the blue line in A satisfy the Bragg condition and appear in strong 

contrast to their surrounding ice as well in B. While Figure 4.4A has reduced astigmatism over B, both 

are not at ideal defocus and contain diffraction contrast from the contained and surrounding 

nanoparticles. A total of 20 nanoparticles are shown in Figure 4.4A and 18 in B, but A is considered 

more optimal for holography because of the reduced astigmatism and nanoparticle spread even though a 

majority of nanoparticles in B are further from the edge of the hole. 
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An ideal nanoparticle scenario is shown in Figure 4.4C, where a single nanoparticle occupies a 

filled hole in close proximity to an empty hole at the top right. Though not as ideal, Figure 4.4D contains 

a filled hole with five nanoparticles where three are clustered and separated from the remaining 

nanoparticles. This type of distribution in Figure 4.4D is beneficial, allowing for a hologram to measure 

an isolated nanoparticle such as in Figure 4.4C and a small cluster at the same time in the same hole 

ostensibly under the same ice conditions. Holograms of Figure 4.4C, D were taken but did not have 

sufficient contrast and fringe density to measure a strong phase object such as Au, therefore the 

nanoparticles in each hole were not detected in the wrapped phase map.  

The electron hologram of Figure 4.4A is shown in Figure 4.5B. Notice that overlap between the 

neighboring hole is not complete. Incomplete overlap such as this is acceptable and does not negatively 

impact the quality of the hologram because any curvature in the phase profile from the charge density of 

one hole is canceled out by the phase shift of the charge density from the opposing hole. This 

cancelation is seen in Figure 4.5D where the areas of overlapping LDA ice are nearly flat. Also notice 

that overlap occurs between two filled holes as evidenced by the addition of two extra nanoparticles that 

were not seen in Figure 4.5A and fall within the observed perimeter of the overlapping hole marked by 

blue arrows. As discussed in chapter 2, there are two types of overlap for holography: filled-empty and 

filled-filled, termed “difference holography”. The main downside to filled-filled overlap is any non-

uniformity between the filled holes can result in additional phase shift and phase noise measured by the 

hologram. In the following analysis, the regions where these two neighboring holes overlap under the 

biprism are assumed to be ideal LDA ice of identical thickness. One final note is that the surface charge 

results carried out in chapter 4.1 are not relevant because both filled holes are assumed to effectively 
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have the same surface charge. Therefore, no additional complexity is added because the surface charge 

contributions from each hole cancel out any relative phase shift.  

 
Figure 4.5: Dispersed nanoparticles in LDA ice (A) are overlapped with a neighboring filled hole 

creating an electron hologram (B). The hologram is Fourier transformed (C) and the wrapped phase map 

is generated (D) which shares the scale bar in (B).  

 

The Fourier transform of Figure 4.5B is shown in C and the wrapped phase map generated by 

selecting the top right sideband in C with π/4 rotation is shown as Figure 4.5D. Comparison between 

Figure 4.1C and Figure 4.5C demonstrates the affect beam coherence has on the Fourier transform. A 

clear demonstration of the lack of phase information outside the extent of the hologram is evident by the 

noise speckle in Figure 4.5D. The unwrapped phase map for Figure 4.5D is shown in Figure 4.6C and 

Figure 4.5B, D are rescaled for easier investigation in Figure 4.6.  

The two most notable features in Figure 4.6B, C are the near inability of the hologram to detect 

the nanoparticle denoted by the orange arrow in Figure 4.6 and the variations in phase shifts across 

many of the nanoparticles. The most likely cause for the nanoparticle to barely appear in the wrapped 

phase map is being at the minimum for hologram pixel density and low fringe density over the 
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nanoparticle for strong phase objects. Since Au is a strong phase material at this size (Δ𝜙~2𝜋) and the 

6.5nm fringe spacing means at best 5 fringes cover a nanoparticle, significant phase detection errors are 

more likely to occur at the resolution boundary. From chapter 2, a minimum of 12 hologram pixels are 

required per reconstructed phase pixel for strong phase objects. Figure 4.6A has 30-40 pixels per 

nanoparticle which means the accuracy of reconstructed pixel density on a nanoparticle in D should be 

roughly 3 pixels. The effect of just barely satisfying the strong phase pixel condition is additional 

uncertainty in the final analysis, in the form of a phase error.  

The second notable observation are phase shifts across many of the nanoparticles in B. This 

visible phase shift on a nanoparticle is obvious when comparing the two nanoparticles labeled 3 and 4 in 

B. The phase shift cannot come from an unwrapping error, though the shift does affect the accuracy of 

the unwrapping, because B is the wrapped phase. Therefore, the visible phase shift on some of the 

nanoparticles is attributed to fringe shifts across the nanoparticle. As a fringe crosses the water-gold 

interface, a shift occurs proportional to the phase shift. If the shift is large enough, the shifted fringe can 

overlap onto a non-shifted fringe leaving behind a region on the nanoparticle not covered by a fringe. 

This change in fringe spacing on the nanoparticle results in a loss of information represented in the 

wrapped and unwrapped phase map as variation in the phase. This can cause a particle to disappear in 

the phase map.  

A third observation is the retention of fringe lines in the wrapped and unwrapped images, 

attributed to the Fresnel fringes being at a similar period and frequency to the hologram fringes. These 

Fresnel fringes cannot be corrected for by taking a background reference hologram of just vacuum with 

the same beam conditions. A reference hologram was not taken for two reasons: 1) the TEM grid is not 

designed to have a large vacuum region and 2) insufficient detailed recording of beam conditions for the 
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recorded holograms to go back and recreate near similar conditions later on a different specimen. The 

main reason for a reference hologram of neighboring vacuum is to subtract phase distortions from the 

biprism and microscope, and thus these artifacts remain in the data. Nevertheless, for both chapter 4.1 

and 4.2 holograms, there does not appear to be any abnormal phase behavior. The addition of reference 

holograms remains a possible improvement for future work.  
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Figure 4.6: Electron hologram (A) wrapped phase map (B) and unwrapped phase map (C) of a give 

cryo-specimen with nanoparticles dispersed throughout the overlapped region. The dimensional scale for 

(B,C) are the same.  

 

As mentioned previously in this chapter and chapter 3, phase unwrapping errors are difficult to 

prevent. Not only will these errors result in an overall incorrect sign for a nanoparticle, but also regions 

of a nanoparticle that start with a similar value can result in a mixed sign after unwrapping, shown by 
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comparison of nanoparticles labeled 1 and 3 in Figure 4.6C. As well, comparing the profile of particles 3 

and 4 in B to their unwrapped profile in C (same labeled particles) shows that a poor starting condition 

in nanoparticle 4 can still result in a well unwrapped, correct sign phase value. The exact opposite 

occurs in particle 3 where unwrapping incorrectly assigns a positive phase shift.  

Of all the unwrapping errors encountered, the worst to understand and attempt to fix is when a 

nanoparticle starts with a poor wrapped phase profile and ends with a similarly poor unwrapped profile 

as indicated by particle 5 in B and C. This particular nanoparticle profile starts, in B, at the top with a 

weak value near the background, increases to a stronger positive value at the middle, and ends with a 

sharp decrease to a negative value which is mirrored in C. Further comparing particle 5 in A shows the 

aforementioned fringe shifting that when coupled with a strong phase object at the fringe required 

minimum can lead to unwrapped phase ambiguity. For this particular hologram, there are nanoparticles, 

4 and 6, that unwrap with a clear phase profile and sign so phase ambiguity can be resolved for all 

nanoparticles, but in a less desired and cumbersome manner. Holograms with no correctly unwrapped 

nanoparticles are more challenging to resolve, but the phase shift for these nanoparticles is expected to 

be negative.  

In the end, the primary complexity is determining the extent of the nanoparticle phase profile: 

where does the phase shift from the nanoparticle end and the LDA ice phase begin. To reduce input 

error and bias, an averaging algorithm was created for selected nanoparticles. Eight nanoparticles in 

Figure 4.4A and ten in Figure 4.4B were selected from the holograms for these original images, and the 

same algorithm is applied to both sets. An 11-pixel square region surrounding each nanoparticle center 

was selected and had the phase value at each pixel adjusted to account for phase unwrapping errors. The 

11-pixel square had a plane subtracted created by fitting the 40 perimeter pixels of each square. The 
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mean and standard deviation of the perimeter was calculated and used to create a threshold that each 

pixel was measured against for phase correction. The threshold condition was mean plus two times the 

standard deviation. The plane subtraction resulted in the mean being essentially zero, of order 1E-16 

radians, as intended so the phase adjustment solely relies on the standard deviation which is a measure 

of the phase sensitivity. The phase shift from the nanoparticle is expected to be negative, so any pixel 

larger than the threshold would have 2π subtracted from the phase value. The average phase profile was 

computed by summing the original orientation, each 90° rotation, and the improper rotation, that is a 

horizontal flip, increasing the total data size by a factor of eight. Because the orientation of the 

nanoparticles is arbitrary, the rotation averaging is statistically allowed and analogous to techniques 

from structural biology in reconstructing proteins. The results for the two holograms are shown in Figure 

4.7.  

 
Figure 4.7: Corrected phase maps in radians summed and averaged over eight (A) and ten (B) 

nanoparticles.  

 

The maximum phase values from each averaged data set are 3.42 and 3.53 radians which 

converts into 18.8V and 19.4V for the MIP difference of the gold nanoparticle and an identical volume 
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of LDA ice for Figure 4.7A and B respectively. Correcting for the MIP of LDA ice, the measured MIP 

of the Au nanoparticles is 22.3V and 22.9V respectively. These values fall within the range of reported 

values of 21-23V73,202,203 for Au. The experimental phase detection sensitivity, calculated the same as in 

chapter 4.1, is 0.45 radians for both A and B and corresponds to a voltage sensitivity of 2.47V. The SNR 

for these holograms is 7.5 where the noise value is the phase standard deviation from equation 2.14. The 

optimal thickness for Au in holography from equation 2.32 is 168nm204 which is 7 times larger than the 

nanoparticles used. The nanoparticles used are above the MIP transition size of 5nm, wherein decreasing 

nanoparticle size can double the measured MIP for Au nanoparticles202.  

Assuming orientation of the rod is not an issue, a thicker membrane is required to allow for a 

168nm particle to orient parallel to the electron path. The additional specimen thickness will impact the 

ability of the cryogen to cool the specimen and solution fast enough to allow for uniform LDA ice 

formation. From a measurement perspective, difference holography would be preferred over vacuum- 

specimen overlap to eliminate charging affects and the ice contribution. However, confirming the ice 

thickness is nearly identical for difference holography to work well and the increased radiation damage 

that is proportional to specimen thickness would impact the quality of the LDA ice and the measurable 

phase. In short, increasing the Au thickness by more than a factor of two would introduce more 

challenges than the added thickness solves. The primary improvements for measuring the MIP of Au as 

a nanoparticle would be increased fringe density on the nanoparticle, increased contrast, more uniform 

nanocubes, and a large selection of hologram data.  

4.2.2 Poisson-Boltzmann Simulation 

A primary goal of this dissertation work is to characterize ionic distributions caused by a charged 

surfaces in electrolytes. This goal was rather lofty considering the starting point and the tools available. 
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Challenges and limitations in specimen fabrication, specimen optimization, and data collection were 

present at every step. The limitations became especially apparent when nanoparticles were introduced 

into the solution and the phase sensitivity was 0.45 radians, similar to that of the LDA ice holograms, 

but for strong phase objects.  

The phase sensitivity required to measure the MIP for a nanoparticle should be better than 1/3rd 

the expected phase shift. For Au, this means a phase sensitivity better than 1.3 radians is necessary and 

was achieved. The phase sensitivity required to measure the 6V shift from edge to center in LDA ice due 

to surface charging is 0.45 radians assuming 30nm effective range of the potential, shown above to be 

unphysical. The achieved sensitivity of 0.17-0.38 radians is comparable to the unphysical 0.43 radian 

sensitivity indicating that a more accurate effective range of the potential will result in a larger 

sensitivity threshold. A next question is, assuming surface charging from the electron beam can be 

ignored or accounted for, what is the phase shift from the arrangement of ions in proximity to a charged 

surface and over what length scale? To address this question, a discussion of experimental design is 

necessary.  

There are two steps required to determine the phase shift sensitivity for a charged nanoparticle in 

an electrolyte that is not simply pure water with H+ and OH-. First, an electrolyte and concentration 

range must be determined that retain nanoparticle suspension and will not negatively impact holography 

and TEM requirements. Second, the surface charge must be measured from the LDA electrolyte with no 

nanoparticle in solution. Measurement of the electrolyte surface charge is helpful but can be skipped if 

difference holography is used. To simplify the above chemistry requirements, pure water is chosen as 

the initial ‘electrolyte’. Two possible next electrolytes would be a simple salt such as NaCl and a more 

complicated, but an easier to detect salt such as Lu(NO3)3 or LuCl3 were considered205–207.  



 

 

 

 

75 

 

The simpler NaCl option would be straightforward in determining a working concentration range 

but would be harder to detect and keep the nanoparticles in suspension. The lutetium alternatives would 

be overall more complex. The chemistry would be somewhat more complicated than NaCl and there 

would be the added challenge of determining how the 3+ ion would arrange on the nanoparticle, 

especially at edges and vertices. The chemistry calculations were done for NaCl and Lu(NO3)3 but 

implementation was unsuccessful due to either incorrect solution calculations, incorrect solution mixing, 

or poor choice of electrolyte. For these reasons, and for simplicity, water is used as the foundation to 

discuss experimental feasibility as follows.  

To assist with modeling of experimental design, the 2D axisymmetric COMSOL model was used 

to determine the concentration profile, phase map, and electric potential expected from a charged 

nanoparticle in water as described in chapter 3 with the results of the simulation plotted in Figure 4.8. 

The dissociated protons in the DI water will naturally attract to the negative surface of the nanoparticle 

screening the total charge to some extent. When the exact surface charge of 3e-/nm2 is used, the proton 

concentration at the edge of the nanoparticle is unreasonably large, 1E57, as expected because the model 

breaks down at very high concentrations and high surface charge. An effective, screened surface charge 

was determined by comparing the potential value at two distances from the surface of the nanoparticle to 

the Zeta potential of the nanoparticle, -31mV. The two distances were 2.5nm and 15nm which are 

analogous to the hydrodynamic radius208,209. With this condition set, the effective surface charge was 

scaled by 1.3-1.6E-3 to satisfy the potential at the specified hydrodynamic distances.  
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Figure 4.8: The phase difference relative to the edge of the nanoparticle (A) for the scaled surface charge 

of the nanoparticle due to ionic screening from the PB model. Asterisks indicate the π/10 (right) and 

π/100 (left) radian phase value. The pH (B) that results from the predicted H+ concentration from the PB 

model with 1.3E-3 scaled surface charge.  

 

The blue and orange curves in Figure 4.8A are the phase differences from the edge of the 

nanoparticle to the water-a-C interface for the scaled surface charges. The phase shift difference 

transitions at roughly 30nm into what appears to be a power law dependence of value 0.6. Below 30nm, 

there is a significantly stronger dependence on distance to the phase shift which is expected as the ion 

concentration reaches a maximum at the surface of the nanoparticle. Phase values of π/100 and π/1000 

radians are marked by black dots and occur at 106 and 6nm respectively. The phase sensitivity from the 

nanoparticle holograms, 0.24 radians, occurs at roughly 2000nm from the edge of the nanoparticle, 

which is the diameter of the hole in the experiments. This means that subtracting the MIP for Au from 

the nanoparticle holograms in the previous section would not allow phase detection of any phase shift 

due to ionic concentrations. At an improved phase sensitivity of π/100, one of the best reported124, 

electric potential information is at best available 106nm from the edge of the Au, which is poor spatial 

resolution for imaging electrolyte double layers.  
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Several key factors directly impact the distance at which π/100 radian phase shift occurs. First is 

the actual model used. Changing the model to include ion-ion interaction, ion-surface interaction, 

reservoir affects, confinement affects, nanoparticle geometry, and LDA ice thickness will all contribute 

to a more physical estimation of the phase profile. More complete models exist such as the Poisson-

Nernst-Planck (PNP) model but require significantly more input into COMSOL and knowledge of the 

solution parameters which are not always agreed on and available. This last fact is especially true if a 

more complex electrolyte were used instead of water. Two other key factors are the simulation program 

and the study type. COMSOL is unlikely the optimal software to solve for the ionic distribution and 

potential profile to high precision at under 100nm. As well, a steady-state study was used in COMSOL 

to reduce computation time and model complexity compared to a time-dependent study.  

Regardless of the degree of accuracy of the model, improving the distance at which a π/100 

radian phase shift occurs is focusing on the wrong problem. The real problem is that the best phase 

sensitivity is on the order of π/1000 radians achieved with double biprism, hologram averaging, and 

higher magnification210. Measuring a parameter at the sensitivity limit invites errors and is typically 

avoided. Therefore, the changes that would need to occur for π/100 radian phase sensitivity to 

effectively measure a phase shift at sub-nm distance from a charged surface with off-axis electron 

holography are as follows: an optimized geometry, an optimized surface charge, an optimized solution, 

and an optimized TEM. All these aspects have been discussed in previous chapters and sections and will 

be compiled in the following chapter.  
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Chapter 5:  Conclusions and Future Work 

The motivating question this dissertation sought to answer is, “Can the electric field of 

dispersed ions in close proximity to a charged surface be measured with off-axis electron 

holography in a cryo-EM specimen?” A model system consisting of a weak electrolyte, DI water, 

and functionalized Au nanoparticles was vitrified forming a suspension of H+ and OH- ions in 

LDA ice. Off-axis electron holography was used to answer this question.   

5.1 Conclusions 

Off-axis electron holograms of pure DI water and DI-water-suspended nanoparticles were 

collected, and the phase and voltage sensitivity were calculated. The solutions were cryo-plunge 

frozen on Quantifoil TEM grids, loaded into a Gatan 914 cryo-holder, inserted into a JEOL 

2100F, and holograms were collected with a Gatan Orius SC 1000A camera. An experimental 

phase sensitivity between 0.17-0.38 radians was observed for DI water holograms. The surface 

charge from secondary electron emission was calculated to range from 1.38-1.64E-4C/m2 by use 

of the Nelder-Mead simplex search algorithm comparing experimental holograms to COMSOL 

simulation phase profiles from a representative specimen geometry. This appears to be the first 

time a direct measurement of surface charge of LDA ice has been reported. This initial surface 

charge measurement creates a starting point for further experimental improvement and additive 

implementation to existing models that utilize LDA ice to reconstruct organic compounds.  

The second solution configuration consisting of functionalized Au nanoparticles 

suspended in DI water resulted in a measured MIP of 22.3 and 22.9V with a phase sensitivity of 

0.45 radians and a potential sensitivity of 2.47V for Au. At 25nm, the Au nanoparticles are 
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nearly 1/7th the ideal holography thickness of 170nm, however, attempting to fabricate a cryo-

EM specimen with particles at that scale could introduce vitreous ice degradation among other 

challenges. Another COMSOL model was created using a 2D-axisymmetric geometry and a 

modified Poisson-Boltzmann description of the ions to determine the phase sensitivity 

requirement on off-axis electron holography. Using the phase sensitivity from the MIP 

holograms, a distance of roughly 2000nm from the nanoparticle was extracted from the 

simulation where the phase value is the same as the sensitivity indicating an increased phase 

sensitivity is required to accurately study ion distribution effects with off-axis electron 

holography.  

Using the phase sensitivity as a measure of how close to the nanoparticle surface phase 

shifts can be observed is a metric to validate the ability of off-axis holography to detect phase 

shifts from ion concentration. However, this does highlight that increased sensitivity is required 

to measure the phase shift from ions closer 2000nm from the charged nanoparticle with this 

specimen configuration. Even at near the best reported phase sensitivity of π/100 radians, the 

phase shift occurs 106nm from the surface of the nanoparticle for H+, which is long compared to 

the typical lengthscales of interest for electrolyte double layers, in the range to 1-10nm. 

Therefore, given the sensitivity achieved in these holography experiments and comparing to an 

ionic distribution model many opportunities remain for observing potentials at single-digit 

nanometer lengthscales.  

5.2 Future Work 

The investigation of LDA ice charging and the combination of off-axis electron 

holography with cryo-EM specimens encountered many challenges. The three most notable and 
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in need of serious consideration before moving further along this research path are electron 

detection, specimen geometry, and specimen composition.  

5.2.1 Challenge 1: Electron Detection 

The CCD camera used to collect these holograms is not optimized for holography mostly 

due to gain non-linearities. Since its development, it has been surpassed by current CCD 

offerings and even more so by electron direct detection systems. Given that modern TEM 

electron detectors are capable of drift correction, rapid detection, single electron counting, flat 

quantum efficiency, and high gain, repeating these experiments on a TEM with a modern 

detector would improve fringe contrast, sensitivity, and reproducibility. A change of camera is 

by far the easiest and most significant change that should be implemented. 

5.2.2 Challenge 2: Specimen Geometry 

Specimen geometry plays a significant role in off-axis holography. Thickness, 

composition, orientation, flatness, uniformity, hole size, hole shape, and hole spacing compose 

the geometry parameter space. The most important on this list are the hole specific parameters. If 

the hole is too large, serious ice deflection will occur resulting in either a broken ice region or 

serious thickness uniformity issues. On the opposite side, if the hole is too small in diameter, 

filling can be an issue. For both, the profile of the ice is the second concern. Thickness variation 

will introduce phase shifts, by definition of holography, simply because one section of electrons 

passes through more or less material and are shifted by different amounts. One hole diameter was 

reported in this dissertation, 2μm, but other diameter holes were tested and measured for 

thickness uniformity. Each hole diameter was measured flat up to ±1nm. Hole spacing is also 
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important. Regardless of specimen -vacuum overlap or difference holography, if the intended 

regions of overlap are not close enough for the biprism to create overlap and retain coherence, 

nothing else matters. The best resolutions are achieved in holography by spending time 

optimizing this spacing. This is done by determining the required fringe spacing for the required 

resolution. Finally, hole shape. This dissertation utilized circular holes but elliptic, square, and 

hexagonal are alternative options. The shape of the hole impacts ice deflection with hexagonal 

being the best at reducing this.  

Specimen uniformity and composition are closely related both for the support structure 

and the solution. For the a-C Quantifoil, thickness variations affect the relative phase shift and 

non-uniform density affects conductivity properties. If there is a conductivity gradient around the 

perimeter of the hole, non-uniform, charging, discharging, and secondary electron capture will 

occur adding further complexity to interpretation. Selection of the support structure composition 

affects drift, buckling, and electric properties. All-gold support structures and films have been 

shown to reduce drift over Cu and a-C. Like with hole shape, membrane composition can also 

reduce buckling. Finally, the membrane composition obviously will affect conductivity. 

Implementing optimized hole shape, hole diameter, membrane composition, and membrane 

thickness will directly improve drift and signal of the recorded holograms.  

5.2.3 Challenge 3: Specimen Composition 

The last major challenge is specimen composition. This dissertation focused on DI water 

because of the simplicity and initial ease of use. Adding solute to water such as NaCl away from 

the saturation limit at room temperature will not seriously impact the process of plunge freezing 

to create a vitreous ice. Solutions near the concentration limit might produce challenges for 
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plunge freezing. Supporting documentation from published literature for these kinetic effects has 

not been found. Replacing DI water with an organic or ionic solvent is commonly done in 

structural biology so the solute particle remains in suspension and/or properly dispersed. More 

exotic solvents would need testing to determine if an amorphous structure forms at LN 

temperatures.  

Increasing the size of the solute from a salt to nanoparticles impacts the relevant physics. 

Functionalized Au “nanocubes” were chosen because a previous cryo-EM experiment was 

planned around the flat surfaces of the cubes. The guiding theory was detection of a Stern layer 

on a sphere would be non-ideal because the curved nature would reduce resolution at the edge 

and minimize the signal. By choosing a geometry with a flat surface, a properly oriented cube 

would result in a strong contrast signal from the Au, a small gap where contrast is at a minimum 

to account for spacing between the surface and Stern layer (and the hydration layers), and a 

strong contrast increase where the counterion would be tightly bound. This was achieved with 

larger Keggin ions in a collaboration with the Bazant and Majumdar groups200. Imaging of 

individual elemental ions at relevant concentrations remains out of reach because the required 

dose for the detector to have enough SNR is well above any effective cryo-EM dose, 

significantly beyond low-dose standards. Whether imaging of individual elemental ions at lower 

concentrations or larger ions, such as Keggin molecules, single-particle cryo-electron holography 

remains an area with abundant opportunities and conducting this work in an optimized system, 

such as a dedicated cryo-TEM, could enable more progress.  
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5.2.4 Further Opportunities 

Further challenges such as modeling, phase detection limit, drift and exposure, fringe 

contrast and separation, and coherence exist. Aside from modeling, each of the above are 

interrelated amongst themselves and to the three primary challenges. Addressing the three 

primary challenges will reduce the effect or could completely eliminate some of these additional 

challenges. That is not to say these additional challenges will automatically be resolved by only 

addressing the primary challenges.  

To wit, an increased phase detection limit and phase sensitivity will very clearly enable 

more detailed investigations of ionic distributions. Achieving a π/100 radians sensitivity shifts 

the 86nm distance down to 16nm from the edge of the nanoparticle. Optimizing the geometry 

and solution choice can also result in better contrast and more substantial phase shifts over 

shorter distances which would be ideal. By increasing the magnitude of the phase shift, a π/100 

radians sensitivity affords detection of single-digit nanometer separation from a charged surface. 

At the same time, optimizing the geometry without addressing the detection system or fringe 

contrast is pulling on one string in a tangled heap.  

Improving the camera to a direct detection system affords better detector quantum 

efficiency and increased gain. Additionally, specimen drift can be accounted for by stitching 

subsequent holograms together instead of taking prolonged single exposures. Reduced drift 

results in improved coherence thereby improving the phase sensitivity. Beam coherence limits 

fringe spacing and contrast. Increasing the biprism voltage will decrease the fringe spacing but at 

some voltage coherence between the interfered beam paths is rapidly lost. Reduced fringe 

spacing means finer detail resolution in the reconstructed phase image and therefore better phase 
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accuracy. The addition of a CS corrector will reduce the aberrations resulting in several 

improvements: information limit of the microscope, enhanced signal resolution, increased optical 

degrees of freedom, crystal tilt replaced by beam tilt, enhanced isoplanacy, and enhanced a 

posteriori CS correction211. Fringe contrast improvement is described in two ways from equation 

2.13 as either normalized intensity difference or a composition of spatial coherence and 

instabilities of the entire system: camera, specimen, TEM. An improved detector, optimizing 

specimen thickness, minimizing TEM instabilities, and increasing spatial coherence result in 

better contrast which leads to better phase sensitivity.  

5.2.5 Modeling Opportunities 

The last non-primary challenge to improve is the model that the experimental data is 

compared against. Changing from the current PB model to a more sophisticated one such as PNP 

or something else will immediately result in a more accurate phase profile for whichever 

geometry is used. A better, more complex improvement would be optimizing or replacing the 

model solver, COMSOL, with a better suited method, but this falls outside the scope of this 

dissertation. Improving model geometry, solution chemistry, solution physics, and model solver 

could increase the accuracy of the extracted values such as surface charge and phase shift 

distance as discussed in chapter 4.1 and 4.3 respectively.  

5.3 Experimental Opportunities 

With improvements to the as-described experiment, the last remaining topic is where 

these results could be used in the broader scientific community. As stated in chapter 1, the two 

primary motivations for this work are to improve current cryo-EM reconstruction techniques that 
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ignore the surface charging affects and measure electromagnetic fields at SDN length scales, 

possibly with SDN pores.  

Figure 4.2 appears to suggest that a reduction in the charge density below 5E-5C/m2 

would make the charging effect non-observable if the error bar remains constant and the 

observations span zero charge density. However, the error bar is empirically determined, and it 

might be proportional to the observed field strength. A possible way to investigate this would be 

to vary the diameter of the Quantifoil holes thus producing a smaller charge density due to 

shortened diffusion path to ground and comparing the size of the newly observed error bar.  

An already contemplated change to the current specimen geometry is repeating these 

experiments with intentionally thick LDA ice either by under-blotting or by utilizing thicker 

TEM grids. As described in chapter 4.2, the optimal holography thickness is 5-20 times larger 

than the 30nm used here. Under-blotting typically leaves all holes completely filled and excess 

solution nonuniformly dispersed across the surfaces of the grid. Difference holography negates 

the drawback of all holes being filled. To overcome the thickness nonuniformity, careful 

planning, calibration, and execution of the blotting technique are required. Some of the earliest 

cryo-EM work done in this dissertation produced oval shaped regions of LDA ice extending past 

the hole diameter. At the time, no consideration was given to the possible uses of specimens such 

as those. The other hidden challenge with thicker ice is the quality of the vitrifying process. If the 

grid thickness is 100nm for example, will the ice be uniformly LDA or will there be patches of 

crystalline ice? As well, thicker grids may result in thickness variation even when fully blotted 

where no excess solution remains on the surfaces and may impact the extent of membrane 

deflection.  
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Entirely alternate geometries could be studied instead of the standard TEM grid version. 

With the large caveat that fabrication of the geometry becomes increasingly challenging and 

LDA ice quality is suspect, consider a tube of some diameter and length 100-500nm filled with 

LDA ice. The tube would have intentional neighboring holes to allow for a vacuum signal. 

Depending on the possible diameter of the hole, investigating ionic ordering, electroneutrality 

breakdown, and fringe fields could be explored.  

As an example, consider the following. In collaboration with the Bazant and Majumdar 

groups, a first of its kind measurement of discrete Keggin counterions roughly 1nm in diameter 

at electrically charged solid-liquid interfaces using cryo-EM as achieved. The result agrees well 

with a weighted density approximation accounting for ion-ion interaction, high surface charge, 

and high ion valency. The continuation of this collaboration, now including the Strano and Wang 

groups, aims to measure CNT filling with TEM and Raman. Since the carbon nanotubes have 

already been a focus for off-axis holography, adding off-axis holography to the measurement of 

filled CNTs might reveal changes to electric field properties of empty CNTs. In addition, 

investigating fringe fields at membrane openings and CNT edges maybe be possible with the 

best sensitivities.  

A general assumption in cryogenic TEM specimen fabrication is that the distribution of 

and within the liquid solution is preserved when vitrified. This assumption was applied 

throughout this dissertation without pause. By controlling the kinetics during the vitrification 

process such as through starting temperature, specimen thickness, and the addition of diffusion 

mediating solutes, it may be possible to explore the kinetics of the vitrification process.  
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To conclude. An ideal research experiment would be to identify a dedicated cryo-TEM 

with a biprism and possibly CS correction and measure ionic distributions in proximity to 

charged particles. More practically, a more detailed investigation into surface charging of 

different solvents relevant to structural biology should be conducted. There are perhaps even 

opportunities to study fields surround magnetic particles in suspension by cryo-electron 

holography.  

 

 

In the words of a made-up character, from a game I have played far too much of these 

past 7 years: “Did you really think this would work?” 
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