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Abstract

Electron microscopy is a powerful imaging technique that allows us to push the lim-
its of our understanding of materials at the nanoscale. An important limitation in
the application of electron microscopy to organic and biological materials is sample
damage induced by the electron beam. Recently, quantum mechanical and adap-
tive illumination imaging schemes have been devised to use the available electron
dose efficiently to get the maximum information about the specimen. The primary
requirement for the implementation of these schemes is efficient illumination and de-
tection of electrons in the microscopes, which has limited the applicability of such
low-dose imaging techniques.

In this thesis, we have developed and implemented low-dose imaging schemes
achievable with current technology on a wide range of electron microscopes. We have
also proposed microscopy schemes that combine ideas from quantum mechanical and
adaptive illumination imaging to lower the electron dose required for imaging by up
to an order of magnitude. Further, we have developed electron count imaging on a
scanning electron microscope (SEM) and demonstrated improvement of up to 30% in
image quality for the same imaging dose. Finally, we have implemented an adaptive
illumination scheme on the SEM and demonstrated that the incident electron dose
can be traded off with a tolerable increase in imaging errors. The work in this thesis
improves the dose reduction possible with quantum imaging and adaptive illumination
schemes and represents a major step towards their implementation in different types
of electron microscopes.

Thesis Supervisor: Karl K. Berggren
Title: Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

The electron microscope is a powerful and versatile tool that is used to image and
characterize organic and inorganic with sub-nanometer resolution [1]. The diverse
imaging modalities available on modern electron microscopes can be used to per-
form topographical, phase, and elemental composition analysis on samples. With
the introduction of advanced phase retrieval and compressed sensing techniques, elec-
tron microscopy has become a high-throughput technique capable of answering a
wide variety of questions about the electronic, magnetic, and elemental composi-
tion of a sample. Quantum mechanical imaging schemes that exploit the stable,
high-coherence electron beams and aberration-corrected optics available in modern
electron microscopes have the potential to further extend the types of samples and in-
formation obtainable in these tools [2-4]. However, the widespread adoption of these
techniques is limited by a lack of analysis of the capabilities of quantum mechanical
schemes implementable with current technology, as well as the lack of availability
of single-electron sensitive detection in some electron microscopy modalities. Fur-
ther, the applicability of electron microscopy to the imaging of biological samples
remains limited by the challenge of beam-induced sample damage. In this thesis, we
will address these challenges by combining ideas from compressed sensing, adaptive

illumination, and quantum mechanics to develop new, reduced-incident-electron-dose
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imaging algorithms and expand the availability of single-electron-sensitive imaging in

electron microscopy.

In this introductory Chapter 1, we will discuss basic electron microscopy tech-
niques, recent ideas and advances towards reducing sample damage in these tech-
niques, and current challenges in their widespread implementation. This chapter
is organized into four sections. In Section 1.1, we will introduce the two funda-
mental electron microscopy modalities: transmission/scanning transmission electron
microscopy (TEM/STEM) and scanning electron microscopy (SEM). Following this
introduction, we will discuss limitations imposed by sample radiation sensitivity on
the types of samples that can be imaged in electron microscopes as well as recently
proposed and adopted methods to reduce the imaging dose in electron microscopy
in Section 1.2. In Section 1.3 we will discuss challenges in and requirements for the
adoption of the low-dose imaging schemes introduced in the previous section. In Sec-
tion 1.4, we will summarize the work in this thesis that meets these requirements and
expands the application of adaptive imaging and quantum mechanical protocols to

different electron microscopy modalities.

1.1 Introduction to electron microscopy modalities

In this section we will describe the two fundamental imaging modalities in electron
microscopy: the imaging of thin samples in transmission mode (transmission/scan-
ning transmission electron microscopy, TEM/STEM), and the imaging of the surface
of thick samples (scanning electron microscopy, SEM). These techniques together can
be used to obtain surface and cross-sectional imaging and chemical composition in-
formation of a specimen with atomic or close-to atomic resolution. This introduction
will form the basis of our discussions of image formation, quality, and sample damage

in the rest of this thesis.
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1.1.1 Transmission and Scanning Transmission Electron Mi-

croscopy (TEM/STEM)

Figure 1-1(a) is a schematic of TEM imaging. Pre-specimen electromagnetic lenses
produce a collimated electron beam that is incident on the sample and gets scattered
as it transmits through the sample. If the sample is thin (< 100 nm), a small frac-
tion of the electrons scatter inelastically and the rest scatter elastically and undergo
diffraction. The transmitted electrons are imaged by post-specimen electromagnetic

lenses.

There are several sources of contrast in TEM/STEM images. First, contrast
can arise from thickness or atomic mass differences between different parts of the
sample, which lead to differences in inelastic scattering. This type of contrast is
referred to as mass-thickness or z-contrast. Second, contrast can also arise due to
differences in orientation of the atomic lattice in the different parts of the sample,
which lead to differences in how electrons are diffracted . This type of contrast is
called diffraction contrast. Finally, interference between electron beams diffracted
due to phase modulations in the sample can also result in contrast. This type of
contrast is referred to as phase contrast. In summary, diffraction and phase contrast
result from unscattered and elastically forward-scattered electrons, while z-contrast
results from inelastic scattering. TEM images typically show several of these sources

of contrast together.

In Figure 1-1(a) we can see how the post-specimen lower objective lens makes
beams diffracted from the sample (orange) interfere with each other to form an image
at the image plane. Figure 1-1(b) is a high-resolution TEM image of gold nanopar-
ticles deposited on a carbon support membrane suspended over vacuum. The gold
nanoparticles are the dark polygonal regions while the carbon membrane is the lighter,
grainy region. The nanoparticles appear darker than the carbon membrane because
of z-contrast. Inside each nanoparticle the atomic lattice of gold is visible due to

phase contrast. TEMs usually operate at an incident electron beam energy between
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50 - 300 keV and an incident beam current between tens of picoamperes and a few
nanoamperes. With the advent of spherical and chromatic aberration correction, the
resolution of TEM images can be lower than 0.1 nm for sufficiently thin (< 50 nm)

samples [5].

The imaging detector in a TEM is placed in a plane conjugate with the first
image plane of the lower objective lens (indicated in Figure 1-1(a)), after the image
has been further magnified by intermediate and projection lenses. TEM detectors
need to be spatially resolved, Il need to be pixelated, so that they can capture
the image of the sample. Charge-coupled device (CCD) cameras, capable of pixel
resolutions higher than 2000 2000 pixels at several frames per second, are widely
used [6]. More recently, CMOS cameras that detect electrons directly (rather than
using scintillators as in CCD cameras), are sensitive to single electrons, and have high
frame rates (up to 1000 frames per second), have been used for low-dose cryo-electron

microscopy, as we will discuss further in Section 1.2 [7].

Traditionally, phase contrast, the highest resolution mode of TEM imaging,
has been implemented by using a combination of beam aberrations and defocus, [0,
the phase changes introduced in the beam from aberrations are balanced by deliber-
ately defocusing the beam to optimize the transfer of contrast in the microscope [8,9].
However, the use of defocus limits the achievable imaging resolution. More recently,
phase plates that shift the phase of the undiffracted beam by /2 radians relative to
the diffracted beams, thereby enabling in-focus Zernike-type phase contrast imaging,
have been designed and implemented in the TEM [10,11]. The use of these plates
has enhanced both the contrast and resolution available in phase contrast TEM im-

ages [12-16].

Figure 1-1(c) is a schematic of STEM imaging. Unlike in the TEM, the incident
electron beam is focused to a spot on the sample and scanned across it. We can think
of the sample as being divided into pixels, and the incident electron beam raster

scans over each sample pixel. The STEM image is a representation of signal intensity
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from each pixel of the image. Therefore, in this type of imaging, the signal detector
does not need to be pixelated (II00 it does not need to have spatial resolution);
it simply collects all the signal from each pixel serially. Instead, spatial resolution
is determined by other factors such as the size of a pixel on the sample (0000, the
gap between successive positions of the electron beam), the spot size of the focused
electron beam, and the type of signal collected [1]. STEM systems operate at the
same ranges of incident beam energies and currents as TEMs. A combination of
aberration-correction, advanced phase retrieval techniques, and high-dynamic range
electron counting detectors have enabled the resolution of STEM images to be as low

as 0.04 nm [17].

A state-of-the-art STEM will have many different modalities to construct im-
ages from the various types of signals that arise from the interaction between the
incident electron beam and the sample. For example, in STEM-based cathodolumi-
nescence, we map the intensity of photons emitted by the sample in response to the
incident electron beam. In electron-energy loss spectroscopy, we map the energy lost
by electrons as they are scattered inelastically by the sample pixels. Here, we will fo-
cus on two imaging modalities available on all STEMs: bright- and dark-field imaging.

The position of the detectors for these imaging modes are shown in Figure 1-1(c).

In bright-field (BF) imaging, the detector detects electrons that transmit
through the sample without any scattering, or electrons that scatter at very small an-
gles. Therefore, the image from this detector is a map of the intensity of the electrons
transmitted through each sample pixel. The image is bright in regions of the sample
that transmit more electrons (very thin regions, regions with low atomic mass ele-
ments, or vacuum) and darker in regions that scatter more electrons (thicker regions
or regions with high atomic mass elements). Figure 1-1(d) is a BF-STEM image of
the same sample of gold nanoparticles deposited on a carbon support membrane as
the TEM image. The gold nanoparticles appear as dark circles or polygons because
they scatter more electrons, while the carbon support grid appears brighter. The

background vacuum over which the carbon membrane is suspended appears brightest
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because it transmits all electrons.

In dark field (DF) imaging, the detector detects electrons that are inelastically
scattered off the sample (shown with red arrows in Figure 1-1(c)). The detector is
annular in shape to allow the unscattered electrons to go through to the BF detector,
and the inner and outer angles of the annulus determine the type of scattering process
to which the DF detector is sensitive. The position of this annular dark field (ADF)
detector is indicated in Figure 1-1(b). Figure 1-1(e) is an ADF-STEM image of
a different region of the same sample of gold nanoparticles on a carbon support
membrane as the TEM and BF-STEM images. In this image, the contrast is reversed
compared to the BF-STEM image. The gold nanoparticles appear brightest because
they scatter the incident electrons more than the carbon membrane, which appears

darker. The background vacuum, which scatters no electrons, is completely black.

1.1.2 Scanning Electron Microscopy (SEM)

In this section we will introduce SEM imaging and describe the two types of imaging
modes used most widely in SEM: secondary electron (SE) imaging and backscattered
electron (BSE) imaging. Since the geometry and behavior of SE detectors in an SEM
will be an important consideration in chapters 4 and 5 of this thesis, we will also

discuss the construction and working of these detectors in this section.

1.1.2.1 Basic SEM operation

Figure 1-2(a) is a schematic representation of SEM. Similar to STEM, the incident
electron beam scans over the sample, which can be thought of as being divided into
pixels. A computer builds the image of the sample serially, and the image is a repre-
sentation of the signal level on the detector from each pixel [19]. Unlike the STEM,
the SEM images electrons emitted from the surface of the sample (instead of elec-

trons transmitted through the sample). Since the electron beam does not need to go
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through the sample, the sample can be a bulk material and need not be thinned down.
Therefore, sample preparation is more straightforward for SEM than STEM. Further,
since the incident electrons are not required to go through the sample, they can be
of lower energy; SEM imaging is typically done at electron beam energies between 1
and 30 keV, as opposed to 50-300 keV and above for STEM. Typical values of the
incident beam current are in the range of 50 pA - 1 nA, and typical pixel dwell time

are in the range of 5 ps - 100 ps.

There are two types of electrons that are emitted from the surface of sam-
ples and imaged in SEMs: secondary electrons (SEs, shown by the blue arrows in
Figure 1-2(a)) and backscattered electrons (BSEs, shown by the red arrows in Fig-
ure 1-2(a)) [18]. SEs are electrons that are part of the sample, get excited by the
incident electron beam and are ejected from the sample surface. The generation of
SEs is depicted schematically in Figure 1-2(b), which is reproduced from 00000000
0I000000 000000000 by L. Reimer [18]. SEs typically have energies in the range of
2-10 eV; conventionally the upper bound on SE energies is placed at about 50 eV. Al-
though the incident-beam electrons deposit their energy and excite sample electrons
in a large, micron scale volume inside the sample (depicted by R in Figure 1-2(b),
only electrons from within the first few nanometers of the surface can escape (depicted
by tgp in Figure 1-2(b)) [19]. Therefore, SE imaging is very sensitive to changes in
surface topography: sharp edges or corners offer a greater surface area for SEs to
escape and show up as brighter than surrounding regions in SE images. Hence, SE
imaging is best used for mapping the sample topography. The resolution of SE imag-
ing is typically on the order of a few nanometers, determined by the sample material,
imaging conditions, and type of detector. The yield of SEs (II0II the mean number of
SEs excited by each incident electron) is very sensitive to the energy of the incident
electrons. At typical SEM energies (between 1-30 keV) it is less than 1 for most
materials [20]. In this range of energies SE yield decreases as energy increases and
vice versa. The SE yield shows some dependence on the sample atomic number, but

this dependence is highly irregular [18]. Therefore, SEs are typically not used to map
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the material composition of the sample.

BSEs are incident electrons that undergo several small-angle nuclear scattering
events inside the sample and eventually get scattered back out of the top surface of
the sample at at an angle to it. The generation of BSEs is depicted schematically in
Figure 1-2(b). Since they undergo several scattering events inside the sample before
turning back, they are emitted over a micron-scale volume in the sample. Further,
because they are generated due to nuclear scattering inside the material, their yield is
much more sensitive to the material composition of the sample than its topography.
Hence, BSE imaging is best used to map sample material composition. The resolution
of BSE imaging is typically lower than SE imaging due to the large volume over which

BSEs are emitted [19].

As we had discussed earlier, the resolution of SE imaging depends on several
factors, including the type of electron source, imaging conditions, type of sample,
and type of detector. The type of electron source and imaging conditions such as the
beam current, beam energy, and working distance determine the size of the incident
electron beam on the sample surface. Another factor that affects resolution is the
source of SEs. SEs are classified into different types based on their source. SEs
emitted directly from the sample surface by the incident beam are called SEgs. Since
these SEs are excited directly from the small volume within the escape depth probed
by the incident beam, they offer the highest resolution SE imaging. BSEs also emit
SEs when they are within the escape depth of the sample surface on their way out.
Due to their lower energy and the oblique angle, BSEs are more efficient at generating
SEs than the incident-beam electrons [21]. The SEs generated by BSEs are called
SEgs. BSEs can also emit SEs after emerging from the sample surface, upon striking
the walls of the SEM chamber, the lens polepieces, etc. These SEs are called SEgs.
The generation of SEgs, SEgs, and SEgs is depicted schematically in Figure 1-2(b).
Although SEgs and SEgs increase the signal from each pixel of the image, they offer
lower resolution SE imaging due to the large escape region of BSEs. However, due to

the larger SE yield of BSEs, SEgs and SEgs can dominate the total SE yield unless care
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is taken about the placement of the SE detector and other imaging conditions [22,23].
We will now turn to a discussion of SE detectors. The detection mechanism as well
as the geometry and placement of these detectors will be important in our discussion

of SE counting and imaging in Chapters 4 and 5.

1.1.3 Detectors for SEs

SE detectors register the intensity of the SE signal for every pixel to generate the SE
image. SE detectors are typically placed in one or both of two locations in an SEM:
in-chamber and in-lens. These two detectors are shown schematically in Figure 1-
2(a). Figure 1-3(a) indicates the positions of the objective lens polepiece, the two SE
detectors, and the BSE detector in the chamber of the SEM used in this work (Zeiss
LEO 1525). This image was captured with the sample stage (attached to the vacuum
chamber door) pulled out, which is why the sample is absent. We have indicated the
typical position of the sample with a black box. We will first discuss the geometry of
each detector and then the common mechanism by which these detectors register the

SE signal.

The in-chamber SE detector is placed inside the vacuum chamber of the SEM
at an angle to the sample, as shown schematically in Figure 1-2(a). As we can see
in Figure 1-3(a), this detector has a Faraday cage around it on which a positive
voltage of several hundred volts is applied. This positive bias attracts SEs towards
the detector. Due to its placement in the SEM chamber, the in-chamber detector
does not discriminate between SEgs, SEgs, and SEgs. Consequently, it typically offers
lower resolution images than the in-lens detector. Further, since the in-chamber
detector is placed at an angle to the sample, SEs emitted from sample surfaces facing
towards the detector can reach the detector with greater probability than SEs emitted
from surfaces facing away from the detector. Therefore, SE images generated by
this detector tend to show shadowing effects. Figure 1-3(b) (reproduced from [22])

is an in-chamber SEM image of a carbon-coated, polished copper standard sample

29



in-lens SE detector

BSE detector

. objective lens polepiece

T\‘ in-chamber SE

detector

in-chamber SE in-lens SE BSE

{000t 0ool 0booooooo oo Ooo0o Doo fooh foood 0o 0od bobOodo f0boot boo bofoboioo
(000 DOIbOIooD 000 dOoobooot 00 b0O0ooooor OO0 bo0ioobo 0o bor iomoof b0 0O000ooooo 0o
U0 00000000 000 000 004000 boo boob [00iubotoo 000 fooibooo boo [oitbobooor 0oo boo 0og
(00000 00 O 0000000boooooDn boMoooo booooo Doooooot 0oOoot 0O0ooooo o bodoo boto Coo
U000000 0O O 00000 botiol 00oto tooooo 0ot hooioooood ooodh nood

30



embedded in epoxy resin and mounted on a brass strip. We can see some of the
surface topography of the sample in this image. Further, due to the influence of SEgs
and SEgs generated by BSEs, we can also see contrast between the copper sample
and the brass mount. This material contrast is not as high as in the BSE image

(Figure 1-3(d)) but is much greater than in the in-lens image.

The in-lens SE detector is placed inside the objective lens polepiece above the
sample, as shown schematically in Figure 1-2(a). In Figure 1-3(b) we have indicated
the position of this detector. The detector components are inside the polepiece and
cannot be seen in this image. The detector is annular in shape and is placed sym-
metrically around the incident beam optical axis. In the SEM used in this work, the
in-lens detector uses an 8 keV electrostatic field to attract SEs towards it. Due to
its position close to the sample as well as the large electrostatic field to attract SEs,
the in-lens detector tends to be more efficient at collecting SEs than the in-chamber
detector. Also, because of its symmetrical position around the beam optical axis,
in-lens detector SE images do not have shadowing effects. Further, due to its po-
sition inside the lens polepiece, the solid angle subtended on it by BSEs is small.
Therefore, the in-lens detector is much better at collecting SEgs preferentially over
other types of SEs. Consequently, in-lens detector images can have higher resolu-
tion than in-chamber images [22]. Figure 1-3(c) (reproduced from [22]) is an in-lens
image of the same polished copper sample as in the previous paragraph. We can
observe more surface details in this image and lesser contrast between the copper and
brass, indicating that SEgs make a greater contribution to this image compared to

the in-chamber detector image.

The most popular detection method for electrons, common to both the in-
chamber and in-lens detectors, is based on a scintillator - photomultiplier setup first
introduced in SEM imaging by Everhart and Thornley [25]. This detection method
is depicted schematically in Figure 1-4 (image reproduced from 00000000 DI00000O
000000000 by L. Reimer [24]). SEs emitted from the sample strike a scintillator
plate biased at a positive bias of 8-10 keV and generate photons. These photons are
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directed to a photomultiplier through a light pipe. On striking the photocathode of
the photomultiplier, the photons generate photoelectrons which are guided through
a series of dynode stages biased at increasingly high voltages up to 1 kV. The dynode
stages amplify the photoelectron signal. The amplified signal is coupled out of the
SE detector. Following this outcoupling, the signal is filtered, amplified further,
quantized to 8-bits, and displayed on the SEM computer screen for each pixel. The
internal quantum efficiency of detection is close to 1, meaning that almost every SE

that is incident on the SE detector contributes to the detector signal [26-29].

Although these SE detector systems are capable of counting individual SEs [24
27], they are usually used in analog mode, meaning that they integrate the electron
signal. The scintillator materials commonly used in these detectors have an excitation
decay time on the order of 50-100 ns [24], meaning that for each SE that strikes the
scintillator, photons are produced up to 100 ns after the initial excitation. Therefore,
if a second SE excites the detector within the decay time of the first SE, the signal from
these two SEs will overlap and may not be distinguishable. For 100 pA incident beam
current and SE yield = 0:2 we would expect to receive 125 SEs per ns [27]. This
rate of SEs would be far too high for the detector to count each SE, and it would be
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more accurate to instead find the analog signal from all the detection events. Further,
in many SEM systems, including the Zeiss LEO 1525 used in this work, the SEM
computer software displays the detector signal for every pixel on the screen averaged
over the pixel dwell time. This DI000M0IO0 O00000I00 is performed to prevent under-
or over-saturation of the image when the pixel dwell time is changed. For example,
suppose the signal level from a particular sample pixel is 10 units at a pixel dwell
time of 5 ps, and it corresponds to an 8-bit pixel brightness level of 150 on the image
displayed on the SEM computer. Now, if the pixel dwell time is doubled to 10 ps, the
signal level from the same pixel would be expected to double to 20 units, which would
correspond to a pixel brightness level of 300. However, an 8-bit image only has 256
levels. Therefore, this pixel would appear to be saturated in the longer dwell time
image. Similarly, as the dwell time is lowered, the pixel brightness would get lower
until it reduces to 0. To prevent this saturation, the SEM displays the signal from
every pixel averaged over the pixel dwell time, so that the expected pixel brightness
level stays constant as the pixel dwell time is changed. Signal-time averaging will have
important consequences in our implementation of SE counting, as we will describe in

Chapter 4.

In the next section, we will use the understanding of electron microscopy
developed in this section to discuss sample radiation damage, which restricts the
types of samples that can be imaged in an electron microscope, and techniques to

lower the incident electron dose and mitigate this damage.

1.2 Techniques for reducing incident electron dose

We discussed in Section 1.1 how electron microscopes operate by radiating the speci-
men with a high energy (50 keV or more for TEM, 1-30 keV for SEM) incident beam
of electrons and collecting the electrons transmitted and/or scattered from the spec-
imen. We also saw the different imaging modalities that arise from the nature of the

signal collected. In TEM imaging, the incident-beam electrons that are transmitted
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or forward-scattered through a thin (100 nm) specimen are collected. Transmit-
ted and elastically forward scattered electrons are used to form phase-contrast im-
ages, while inelastically forward-scattered electrons are used to image the specimen
(z-contrast TEM imaging and bright- and dark-field scanning transmission electron
microscopy (STEM) mode imaging) and also to study its crystal structure and chem-
ical composition. In SEM imaging, both the SEs generated from the specimen by
the incident-beam electrons (SE imaging), as well as incident-beam electrons that are

backscattered from the sample (BSE imaging) are used for imaging,.

An inherent disadvantage of electron microscopy is damage to the specimen
from the highly energetic incident-beam electrons. Typical beam currents are in the
range of 100 pA to a 10 nA. Focused down to a beam size of 0:01 nm? (typical
in STEM imaging), or 1 nm? (typical in SEM imaging), these currents correspond to
electron doses of 10° 107 electrons per square nanometer per microsecond for STEM
and 10%  10° electrons per square nanometer per microsecond for SEM. These elec-
tron doses can damage the specimen through two different mechanisms: knock-on
damage and radiolysis. Knock-on damage refers to the direct displacement of sam-
ple atoms by the high-energy electrons in the incident beam, and radiolysis refers
to ionization and consequent dissociation of chemical bonds in the sample due to
the incident beam. Depending on the operating voltage of the microscope and the
chemical composition of the sample, one or both of these mechanisms may be sig-
nificant [30,31]. The high electron dose in electron microscopy is tolerable for many
inorganic and non-biological samples but has been a major problem in the application
of electron microscopy in imaging biological samples for which this radiation dose is
damaging to the carbon-based structure [32,33]. To reduce sample damage, we could
reduce the imaging current; however, this reduction would lead to less signal from
the sample, and consequently lower signal-to-noise ratio. This tradeoff between image
quality and sample damage limits the resolution of electron microscope imaging of

biological samples [30].

The effect of radiation damage on the imaging of samples in electron mi-
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croscopy can be quantified as a critical dose D¢, defined as the dose at which the
relative intensity of a ring or spot in the diffraction pattern of the sample fades by
a factor of 1/e [34,35]. Although D, varies over several orders of magnitude for dif-
ferent molecules (and also depends on the beam energy and operating temperature),
0.01 C/cm? is a typical value at 100 keV beam energy [30]. This value equals about
6 10° electrons per square nanometer, which, for a pixel dwell time of 1 ps, is in
the range of electron dose for SEM and one order of magnitude below the dose in
STEM specified in the previous paragraph. Therefore, such a sample would undergo
severe radiation damage during electron beam imaging. For many organic samples,
the critical dose is even lower than 6 10° electrons per square nanometer, and it can

be difficult to image such samples in STEM or SEM.

As a consequence of electron-beam-induced sample damage, most live-sample
biological imaging currently uses optical microscopy, where the conventional reso-
lution limit is given by Abbe’s criterion and is about 200 nanometers for visible
light. Although several techniques have been used in recent years to overcome this
limit [36,37], the best achievable resolution is still in the range of tens of nanometers.
Therefore, for true atomic sub-nanometer-scale biological imaging, an electron beam

imaging modality is essential.

Recently, cryogenic electron microscopy (cryo-EM) [38] has been used to im-
age biological molecules at resolutions lower than 0.3 nm [39]. A major advantage
of performing electron microscopy at cryogenic temperatures is that D, can be more
than one order of magnitude higher at 100 K than 300 K [34]. In cryo-EM, the sample
consists of hundreds of thousands of particles of the biomolecule being imaged. The
electron beam is spread out over this ensemble, and each individual particle gets a
small electron dose which limits damage. An imaging algorithm reconstructs a 3-D
electron density map of the biomolecule using several thousands of noisy, low-dose
images of the biomolecule in different orientations. Since the technique depends on
acquiring images of an ensemble of nanoparticles, it is susceptible to inhomogeneities

in the particle size and composition. Further, the requirement of cryogenic tempera-
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tures precludes any possibility of imaging nanostructures within a live cell.

In this section, we will discuss two techniques that have been proposed and
used for reduced-dose electron microscopy: interaction-free-measurement (IFM) based
quantum electron microscopy (QEM) and adaptive illumination. While QEM is a
proposed electron microscopy scheme, adaptive illumination has already been em-
ployed in STEM and SEM to reduce the electron dose for imaging by several orders
of magnitude [40,41].

1.2.1 IFM-based QEM

Interaction-free measurement (IFM) was first proposed by Elitzur and Vaidman in
1993 as a thought experiment for detecting the presence of a 100% absorbing or scat-
tering sample pixel (exemplified by a single-photon-sensitive bomb) without interact-
ing with it [42]. In their scheme, sketched in Figure 1-5, the sample being imaged is
placed in one of the arms of a Mach—Zehnder interferometer. We assume the sample
to be made up of opaque (scattering) pixels (shown in black) and completely trans-
parent pixels (shown in white). The Mach—Zehnder interferometer consists of two
beamsplitters and two mirrors. The first beamsplitter divides the amplitude of the
incident probe particles along two ‘arms’ of the interferometer. These two arms of the
interferometer are redirected by the two mirrors and made to interfere by the second
beamsplitter. Detectors D; and D, count the particles at the two output ports of the

interferometer.

We denote the photon creation operator along the beam path incident on the
first beamsplitter as ¥, along the upper interferometer arm as B, the lower arm as
By, the upper output from the second beamsplitter as bY, and the lower output with
®. Kets jOi and jlig represent O photons and 1 photon along path s respectively;
thus 8’ jOi = jli,. Here, s 2 fa;b;c;dg. For 50% transmitting beamsplitters, an input

photon has equal probabilities of being in either of the interferometer arms. Hence,
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the creation operator at the input transforms as:

Similarly at the second beamsplitter,
B 1 —p—:
2
+
o O

where the change in sign for BY occurs because reflection along the upper arm leads to
a phase change of while reflection along the lower arm does not. When the sample
pixel is transparent and a single photon enters the interferometer along 1,

Y
jli, ¥ joi ¥ Ep_;—Biji ' p%fgypziy Ey|e+§i'y9j0i Y D0i ¥ jlic (1.1)

Thus, the photon always exits at the upper output of the interferometer, as shown
in Figure 1-5(a). Physically, this phenomenon occurs because of constructive inter-
ference in the direction of the upper output and destructive in the direction of the

lower output port of the interferometer. Detector Dy, placed at the upper output of
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the interferometer, always registers a count for every input photon while detector D,

at the lower output never registers a count.

Now, we place a sample pixel that is opaque (II0I it absorbs or inelastically
scatters all incident particles) in the upper arm of the interferometer as depicted in
Figure 1-5(b). A photon that takes the upper arm gets scattered by the sample pixel.

Therefore, the interference between the two arms is broken. We get:

. . B +B
ity Bjoi X —po—j0i
y H . -
' pbajOi . Iscatteringi
' b’ @’J.Oi+Jscatée_r1ngl
2
Y g jliy +jSCa%e_ringi
2 2 2

Now an input photon will be counted at detectors D; and D, with probability 0.25
for each and will be scattered by the sample pixel with probability 0.5. Counts
at detector D; do not provide us any new information since this detector clicked
for a transparent pixel too. However, counts at D, tell us that the sample pixel
was opaque, since this detector cannot register counts for transparent pixels as seen
in Equation (1.1). Further, photons registered at detector D, could not have been
scattered by the sample pixel since they reached the detector. Hence, we have inferred
the presence of the opaque pixel without interacting with or depositing energy in it
with the photon. Photon detection at D, only happens in 25% of the cases; 50%
of the time photons still hit opaque sample pixels. By scanning the beam over all
sample pixels and checking which detector the photon is counted at, we can generate
an image of the sample. In generating this image, we would only be sure of the opacity
of pixels for which there was a detection in D, or for which there was scattering. For
pixels where there was a detection at Dy, we would have to make a guess. We will

discuss strategies to make and improve this guess in Chapter 2.
IFM with photons was first demonstrated in 1998 by Kwiat and co-workers [43],
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who also proposed a scheme for improving the efficiency of IFM based on the quan-
tum Zeno effect by cascading several Mach—Zehnder interferometers and reducing
the transmissivity of the beamsplitters [44]. Putnam and Yanik [45] suggested a
scheme for implementing high-efficiency IFM with electrons, following which designs
for such a ‘Quantum Electron Microscope’ (QEM) were outlined by Kruit and co-
workers [2,46]. In these designs, the electron beam is confined inside a resonant
cavity with a beamsplitting element (such as a crystalline grating or a nanofabricated
diffractive electron mirror [47-49]). The beamsplitting element creates two interfer-
ometer arms, and the sample is placed in one of these arms. The electron beam starts
off completely in one arm of the cavity, and its intensity transfers quadratically to
the other arm with increasing circulations in the cavity in the absence of the sample,
or if the sample pixel being imaged is transparent to electrons. If the sample pixel
is opaque, this quadratic buildup does not happen, and sample damage increases lin-
early with the number of circulations. Therefore, as the number of passes increases,
the advantage of reduced damage offered by this scheme builds up linearly as well.
Such a microscope would potentially enable atomic-resolution imaging of the speci-
men with beam-induced damage reduced by several orders of magnitude due to the

reduced interaction between the specimen and incident beam [38].

In parallel with these developments, theoretical work also focused on analyzing
the limits of IFM for imaging semitransparent phase and amplitude objects [50-54],
objects with non-uniform transparency distribution [55,56], and incorporating non-
ideal detectors and system losses [57,58]. This body of work introduced the idea of a
finite acceptable rate of object misidentification (II0I error probability) as a trade-off
for lowered sample damage. These studies established that in some cases, quantum
imaging protocols can offer an advantage in terms of reduced sample damage for
the same error probability [59-61], for example, when distinguishing semitransparent
samples from completely transparent or opaque samples, measuring sample phase
in addition to amplitude, detecting the presence of a single defect, or working with

Poisson sources.
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With recent progress in nanofabrication, it has become possible to perform
amplitude-division interferometry with a Mach—-Zehnder interferometer in a standard
TEM and STEM. In our previous work, we demonstrated electron interference in a
standard TEM using a monolithic grating consisting of two 40 nm thick single-crystal
silicon membranes as beampslitters, fabricated using focused ion-beam milling [62,63].
Tavabi and co-workers also reported electron interference using a similar crystalline
grating [64]. Following this work, Yasin and co-workers demonstrated electron holog-
raphy in a STEM using a nanofabricated phase grating as the beamsplitter [4,65-67].
Nanofabricated, free-standing amplitude gratings have also been previously used as
electron beamsplitters in a custom-made setup at lower electron beam energies [68].
Therefore, single-stage Mach—Zehnder based IFM can be implemented in an SEM or
STEM with current technology [69].

1.2.2 Adaptive and Structured Illumination

Adaptive and structured illumination of the sample is based on the idea that the
illumination on the sample in electron microscopy need not be a collimated beam
(for TEM) or a focused beam that scans all the specimen pixels (for STEM and
SEM). By structuring the illumination such that we extract only the information
we desire from the sample, we can reduce the total incident dose during imaging.
Similarly, by adapting the illumination to a fraction of the sample pixels and using
prior information about the sample, we can reconstruct an image of the whole sample

at a much lower dose.

Multipass TEM has recently been proposed as a way of obtaining the same
reduction in incident electron dose as in QEM without the need for beamsplitting [3,
70]. Just as in QEM, the electron beam and the sample are placed in a resonant
cavity inside which the electron beam circulates [71]. The electron optics inside the
cavity is configured such that the sample is imaged onto itself at each circulation of

the electron beam. Therefore, the electron beam incident on the sample is structured
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to be an image of the sample itself. This repeated re-imaging builds up contrast in
the sample image quadratically, while the sample damage only builds up linearly with
the number of circulations. This buildup mirrors the intensity build up in the QEM

and offers the same reduction in sample damage [72].

The recent creation and use of electron beams with orbital angular momentum
(OAM) in STEM is another example of structured illumination [73,74]. Conventional
electron probes do not possess magnetic moment and are insensitive to the magnetic
properties of materials. The deployment of OAM beams in STEM has enabled the
exploration of magnetic properties of different materials [75]. Such beams have been
created by the use of nanofabricated phase masks placed in the path of the electron
beam. More generally, there has been progress towards the development of the equiv-
alent of spatial light modulators for electrons, Il phase masks that can give electron
beams a desired arbitrary phase profile [76]. Such phase masks have the potential
to reduce the required incident dose for certain kinds of imaging experiments signif-
icantly. For example, by shaping the electron wavefront to match specific molecular
arrangements or orientations, the number of electrons required for finding these ar-
rangements in an ensemble could theoretically be reduced to 1 [59-61]. 4-D STEM
techniques such as matched illumination and detector interferometry (MIDI)-STEM
and STEM holography, aimed at enhancing phase contrast in STEM (and thereby
reducing dose) are also enabled by nanofabricated phase plates that structure the

incident electron beam [4,65-67,77].

After early work on adapting the incident beam current and pixel dwell time to
meet the critical dose requirements of the sample [78], adaptive illumination has been
implemented in STEM through sparse sampling techniques. In these illumination
algorithms, a randomly selected subset of sample pixels is illuminated by the focused
STEM beam. An image of the whole sample is reconstructed from this undersampled
image by inpainting the missing pixels, using prior knowledge about the beam scan
coils, sample, and detectors. The fraction of sample pixels illuminated can be as low as

6.25% of the overall pixels. In combination with adaptive re-illumination techniques,
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where the pixels are re-illuminated based on the results of previous illuminations,
lattice-resolved images have been obtained at doses less than 100 electrons per square

nanometer [40,79].

Adaptive illumination schemes that use information about the scan coils and
detectors have not been implemented as widely in SEM as in STEM. Work in this
field has focused more on computational methods of reconstructing whole images from
sparse sampled datasets using inpainting and denosing algorithms [80]. In other work,
an algorithm where a low beam current, fast pixel dwell time image of the sample was
used to identify regions of interest within the sample which were then re-sampled at
higher pixel dwell times was implemented and resulted in 3 times higher SNR than

conventional SEM images at the same incident dose [41].

1.3 Requirements for implementation of adaptive
illumination and quantum imaging in electron

microscopy

In the previous section, we described quantum imaging and adaptive illumination
protocols that are being implemented in electron microscopy to reduce the incident
electron dose on a sample. With the implementation of electron interferometry in
TEM/STEM, an analysis of the advantages offered by these schemes in TEMs is
required. Further, adaptive illumination techniques have been much more widely
implemented in high-energy STEM than lower-energy SEM. One of the main reasons
for this disparity is the availability of electron counting detectors in STEM. As we
had discussed in Section 1.1.1, single-electron-sensitive pixel array detectors with
frame rates above 400 frames per second and dynamic ranges up to 10° : 1 are used
in cryo-EM, adaptive illumination and phase-retrieval STEM imaging (7,17, 40, 81].
Further, software-based electron counting using the conventional ADF detectors on

the STEM has also been used to implement low-dose imaging [82-84]. Electron
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counting detectors will also play an important role in the implementation of quantum
mechanical schemes such as QEM and multipass TEM. However, the capability of
counting electrons has not been readily available at voltages below 20 keV for SEM
imaging, particularly for counting SEs. Although SE counting has been used in the
past to characterize SEM detectors and perform imaging, this lack of widespread
availability of electron counting on SEMs has been the reason for greater emphasis
on the use of computational techniques for implementing low-dose imaging. In this
section, we will review the history of SE counting and discuss requirements for the
implementation of adaptive illumination schemes at lower incident electron beam
voltages in SEM. We will also discuss requirements for the combination of adaptive

illumination and quantum imaging techniques achievable with current technology in

STEM.

1.3.1 History of electron counting in SEM

SE counting on SEMs has been used as a means of characterizing both SE emission
from materials and detectors for SEs since the early days of SEM. A central ques-
tion of interest to investigators since the late 1930’s has been the nature of noise in
SE emission and the deviations of this emission from an ideal Poisson distribution.
Experimental work by Kurrelmeyer and Hayner [85], and later theoretical analysis
by Everhart and co-workers [86], revealed significant deviations from Poisson statis-
tics in the SE emission. Later experimental and theoretical work by Oatley [28, 87],
Baumann and Reimer [88,89], and more recently Novédk [29], Frank [21], and Sakak-
ibara [90] further characterized these deviations and established that they arise be-
cause the emission of SEs is the result of two successive processes with a Poisson
probability distribution: first, the generation of the incident beam at the electron
gun, and second, the emission of SEs by each incident-beam electron. The resulting
distribution from two coupled Poisson distributions is not a Poisson distribution since
its variance is higher than its mean. However, if the SE yield is low (< 0:4 or so),

the probability of one incident electron resulting in the emission of more than one
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SE is also low. In this case, the emission of SEs for each incident electron can be ap-
proximated as a Bernoulli process with a probability of success equal to the SE yield

, and the overall emission statistics of SEs will be approximately Poisson [21]. The
assumption of low is true at high incident beam energies (for example, the SE yield
of aluminum at 10 keV incident beam energy is  0:2 [20,21]). Hence, deviations from
Poisson statistics in the SE emission are small at these energies. However, at lower
incident beam energies is higher (for aluminum, = 1 at 300 eV) which explains

the larger deviations seen in the earlier lower-energy observations of Kurrelmeyer and

Hayner [85] and Everhart [86].

The development and characterization of scintillator-photomultiplier based
electron detectors, particularly the Everhart-Thornley detector [25], was another mo-
tivation to study SE emission and statistics through counting. Early work by Paw-
ley [91], Comins [92], and Oatley [28,87] measured the noise in such detectors and
established the Detection Quantum Efficiency (DQE) as a measure of the efficiency of
various scintillator materials and detector geometries. In his analysis of the noise in
scintillator-based detectors, Oatley used electron count measurements to evaluate the
number of photoelectrons generated at the photomultiplier cathode per SE incident
on the scintillator and concluded that a large fraction (up to 85%) of the incoming SEs
produced at least one photoelectron and are consequently detected [28,87]. Therefore,
we can conclude that the contribution of missed detections and dark counts to noise
in these detectors should be quite low, and the non-unity DQE of these detectors is
primarily due to geometrical constraints. Later work by Novék [29] can also be used

to reach the same conclusion.

Measurement of the DQE of SE detectors has also been a focus of work by
Joy and co-workers [26,27]. Joy used SEM image histograms of uniform samples to
find the DQE of different types of SE detectors. We will detail Joy’s technique for
measuring DQE in Chapter 4 Section 4.1.1.2 and use it to benchmark our results for
SE detector DQE in Section 4.1.3.2 of the same chapter. Joy also observed hints of

SE quantization in the image histograms at very low beam currents, but did not use
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the quantized peaks in his analysis. Joy, as well as Griffin [22], also reached the same
conclusion about the non-ideal DQE arising from the geometrical placement of the

SE detector as we discussed in the last paragraph.

The use of electron counting for improving imaging in SEM was pioneered by
the work of Yamada and co-workers [93-97]. In their work, they coupled the signal
from the SE detector to a discriminator-pulse counter circuit to count the number
of SE for every scan position on the object and generate an image. The collection
and readout of pulses for each pixel was synchronized with the SEM scan. The dis-
criminator filtered out background low-voltage thermal noise pulses generated in the
SE detector (the discrimination voltage was set by a preliminary statistical analysis
of the voltage level of the output pulses), and the counter shaped and registered the
filtered pulses. This circuit was used to generate SE count images of different types
of organic and inorganic samples. The authors also extracted the SNR for a chosen
point in the scan area using multiple SE count images and showed that it was up
to 4.4 times higher than the SNR for imaging with the advantage being larger at
lower incident beam currents. They used very long pixel dwell times (typically 41
ns) and relied on low beam currents (down to 0.1 pA) to achieve the required low
number of incident-beam electrons. They also reported some evidence of deviations

from Poisson statistics in the distribution of the SEs.

1.3.2 Challenges and requirements

Having discussed the current state of quantum imaging and adaptive illumination in
STEM and SEM imaging, we will discuss challenges and opportunities in these fields
in this section. We will first focus on STEM, where, as we had discussed in Section
1.1.1, electron counting detectors have been enabling the implementation of dose-
efficient structured and adaptive illumination schemes as well as quantum imaging
protocols. Next, we will discuss SEM, where SE count imaging is not widely available

which limits the application of advanced imaging techniques.
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As we discussed in Section 1.2.1, quantum imaging schemes are starting to be
implemented in STEM. Therefore, an analysis of the performance of schemes such as
IFM in a Mach—Zehnder interferometer is required to establish their advantages com-
pared to conventional imaging. Although such analyses exist for advanced schemes
such as QEM [2,54] and multipass microscopy [3,72], they are needed for the lower-
efficiency schemes that can be realized with current technology on STEM systems.
Due to the underlying probabilistic nature of quantum imaging protocols, adapting
the illumination at each pixel to prior statistics could be a way to further maximize
the benefits of quantum protocols. Therefore, an analysis of how well quantum imag-
ing schemes can perform when combined with adaptive illumination would also be of

interest.

For SEM imaging, the development of protocols for SE count imaging would
allow the adoption of structured illumination and quantum imaging schemes to lower
voltages and extend the already existing adaptive illumination schemes discussed in
Section 1.2.2. Although SE count imaging was implemented by Yamada and co-
workers, a simpler scheme that does not require external circuits and nanosecond
synchronization would enable more widespread adoption of SE count imaging. As we
had discussed in Section 1.1.3, current conventional SE imaging uses analog signal
averaging to create images due to the high rate of SEs incident on the detector.
Therefore, any implementation of SE counting would need to use much lower beam
currents than conventional imaging. For example, a beam current of 1 pA and = 0:2
would result in 1 SE per ps, which should be countable on SE detectors with
scintillator decay times on the order of 100 ns. However, such low currents would
result in noisy images due to the inherent shot noise in both the incident beam and
SE emission. To improve the image quality, a protocol for SE counting over multiple
imaging frames and longer dwell times would be needed. Such an SE count scheme
would also mitigate noise due to SE detector background and dark counts, which can

be significant at low beam currents.
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1.4 Work in this thesis

This thesis addresses the challenges and requirements discussed in the previous sec-
tion for STEM and SEM imaging. The thesis is divided into six chapters. Following
this introductory chapter, in Chapter 2 we will theoretically analyze the advantages of
[FM-based quantum imaging over conventional STEM imaging. We will also present
a scheme to adaptively illuminate each pixel based on the statistics from previous
illuminations and calculate the reduction in incident electron dose and sample dam-
age enabled by this scheme. In chapters 3, 4 and 5, we will turn our attention to
SE counting in SEM. In preparation for our implementation of SE count imaging,
in Chapter 3 we will analyze image quality metrics for characterizing and comparing
grayscale images and schemes for extending adaptive re-illumination to SEM imag-
ing. In Chapter 4, we will present two methods of counting SEs in an SEM: image
histograms and oscilloscope outcoupling. We will present evidence of SE counting for
both methods and compare their ease of implementation and versatility. We will use
the two schemes to characterize the detection quantum efficiency (DQE) of both the
in-chamber and in-lens SE detectors and map its variation with the working distance.
In Chapter 5, we will use the oscilloscope outcoupling scheme to implement offline
SE count imaging. We will describe our code for taking the oscilloscope outcoupling
datasets for several frames and counting SEs from every pixel for each frame. We will
also implement the offline conditional re-illumination schemes developed in Chapter 3
and demonstrate reduction in the incident electron dose using the image quality met-
rics from Chapter 3. In the concluding Chapter 6, we will discuss extensions of the
work presented in this thesis, including recent schemes for phase contrast IFM and
SE counting in helium ion microscopy. Appendices A through D will present data,

methods, and code that supplement the discussion in the main thesis chapters.

Finally, teaching has been an important aspect of my PhD and has brought me
just as much joy and opportunities for self-reflection and improvement as my research.

Appendix E is the final paper for a teaching class I took at the Harvard Graduate
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School of Education (T.440: Teaching and Learning: The Having of Wonderful Ideas).
In this essay I describe my journey to understanding the importance of complexity,

confusion, trust, and emotion in the process of teaching and learning.
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Chapter 2

Reduced-dose electron microscopy
through conditional sample

re-illumination

In Chapter 1 we introduced quantum electron microscopy schemes and adaptive il-
lumination schemes as a means of reducing the incident electron dose on the sample
and mitigate sample damage during imaging. As we had discussed in that chapter,
recent, progress in nanofabrication has enabled the implementation of Mach-Zehnder
interferometry in a standard TEM/STEM and SEM [62, 64, 65, 68]. Therefore, a
comparison of the performance of a Mach-Zehnder-based IFM setup with that of
conventional STEM imaging is important since such a setup can be implemented in
a TEM with current technology. In this chapter we will combine I[FM-based imaging
with a sample illumination scheme that uses Bayesian inference to take the counts at
the imaging detectors from each round of illumination into account, to further reduce
the sample damage for the same probability of imaging error [51,57]. This 00000000000
(000MIDOIOO0I00 scheme ties in with previous research in imaging and image processing
schemes that take advantage of prior information about the source, the object, the

imaging apparatus, as well as information gained during the experiment, to adap-
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tively illuminate the sample and use maximum-likelihood reconstruction to improve
the image signal-to-noise ratio at low incident electron doses [40,41,61,79,80,98-103].
We will calculate the damage suffered by the sample and the errors in the image
generated in conventional STEM (or classical) imaging as well as IFM imaging for
opaque-and-transparent samples using this conditional re-illumination scheme. Our
results indicate that the sample damage is significantly lower for IFM-based imaging,
particularly when combined with conditional re-illumination, compared to conven-

tional imaging.

This chapter is divided into three sections. In Section 2.1, we will introduce
the various conventional and IFM imaging setups considered in this chapter and
derive expressions for the sample damage and errors made while imaging opaque-
and-transparent samples with these schemes. Next, in Section 2.2 we will introduce
the conditional re-illumination and calculate error and damage for the conventional
and IFM imaging schemes with conditional re-illumination. Finally, in Section 2.3
we will summarize the results of this chapter and discuss methods of implementing
the conditional re-illumination scheme developed in this chapter. In Section D.1 of
Appendix D we list the MATLAB scripts used to perform the simulations in this
chapter. Our work in the remaining chapters of this thesis is motivated by the need
to overcome challenges of low-dose imaging and fast beam blanking required for the

implementation of conditional re-illumination in SEM.

The text and figures from this chapter are reproduced from [104]. The theory
and simulations in this chapter were performed in collaboration with Yuri van Staaden
(Delft University of Technology), Prof. Vivek Goyal (Boston University) and Prof.
Karl K. Berggren.
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2.1 Error and damage in STEM and IFM imaging

In order to compare STEM and IFM imaging, we need to develop metrics for cal-
culating imaging error and sample damage. In this section, we will describe our
calculation of error and damage in conventional STEM and IFM imaging. In Sec-
tion 2.1.1, we will introduce the STEM and IFM imaging schemes considered in this
paper as well as the terminology used in the results we have derived. To motivate the
need for conditional re-illumination, we will discuss the simplest case of unconditional
re-illumination, where each pixel is illuminated by 2 electrons, with and without IFM,
in Section 2.1.2. In Section 2.1.3 we will discuss the most general case, where the

number of electrons illuminating each pixel is derived from a Poisson distribution.

2.1.1 Apparatus and Terminology

Before analyzing the STEM and IFM schemes with conditional re-illumination, we
introduce the setup of these schemes as well as the notation that is used in the
rest of this paper. In Figure 2-1, we show the STEM and IFM imaging schemes
considered in this paper. In each scheme, the sample is placed in the path of the
incident electron beam. Detectors at the outputs count electrons emerging from the
imaging scheme. In our analysis, we denoted the detector for electrons transmitted
through the sample as D;. This detector is analogous to the bright-field detector
in conventional microscopes. We denoted the analogous detector to the dark-field
detector in conventional microscopes, [l the detector for electrons scattered from
the sample, as D3. The electrons that damage the sample lose energy to and scatter
off of it. Therefore, we also used the counts at D3 as a measure of the damage suffered
by the sample. IFM imaging requires another detector at the second output port of
the beamsplitter; we denoted this detector as D,. In our analysis, we considered these
detectors to be 100% efficient, with no dark counts. We also assumed that the imaging
system had no losses. Since a counting detector for scattered electrons is not always

available on typical TEMs/STEMs, we have considered four imaging schemes in total
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in this paper. Scheme A, depicted in Figure 2-1(a), is STEM imaging without Dj.
Scheme B, depicted in Figure 2-1(b), is STEM imaging with D3. Scheme C, depicted
in Figure 2-1(c), is IFM imaging without D3. Scheme D, depicted in Figure 2-1(d), is
IFM imaging with D3. The presence of D3 in the imaging schemes eliminated errors
due to the Poisson nature of the electron beam, resulting in fewer electrons required

to achieve a desired error rate.

a b

Sample
(opaque and

transparent
pixels)
C 7

N 8 1 o o
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(00 Croofobooo 0oo Ofootion [ODLooh Dot D3l Dg Doooctoto O boboo boooo fitoo 0o omoooito
00000000 DO 000 DOooooo bob 000 Oio0bor Dal D4 000000000 O 0OD00 00000 0100 OO00 boo 0oooo
(0 0000O0Uo0oot boo tod boooboioo % Uo00 00U DO000o [0 bootddl D, 0000 000 0ooooooo O
00000 0000 000 DoIooo [0 Dooooboobool bod Dooiooooe © ooooo %DD 00 000 DiOoo 0oo 0ooooo
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0000000 boo 00Ot Coo toooooot b 0oooo LOood 000 0oiooo o hooubooooooo

As we had mentioned before, we considered only opaque-and-transparent sam-
ples in our analysis. Pixels are imaged independently, so we considered any one ar-
bitrary pixel. We use a random variable X to represent the opacity of the sample:
X =1 denotes an opaque pixel, and X = 0 denotes a transparent pixel. We denote
the prior probability of an opaque pixel with . The number of electrons in the in-
cident beam is denoted by N. In calculations that include the Poisson nature of the

electron beam, N becomes a Poisson random variable with mean t, where denotes
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X a pixel’s true opacity: 0 when transparent, 1 when opaque
X our inference for the pixel’s opacity: 0 when transparent, 1
when opaque
q prior probability of opaque pixel
t mean number of electrons in Poisson beam
N actual number of electrons in the beam
D; imaging detectors; i =1;2;3
n; electron counts at detector Dj
Po total probability of misidentifying a pixel
Poo probability of inferring an opaque pixel as transparent
Poo probability of inferring a transparent pixel as opaque
Noooooo mean number of electrons scattered by opaque pixels

00000 0000 Dooo 00 080000 000 Doootoboodo Cooo o 0o boooooon

the beam current and t the illumination time per pixel. The number of electrons
detected at D; is denoted by ni, at D, by ny, and at D3 by n3. In our calculations,
we inferred whether the pixel being examined was opaque or transparent based on
the values of N1, Ny, and Nng for that pixel. This inference, also 1 or 0, is denoted
by another binary-valued random variable, X. Our analysis of the different imaging
schemes involved evaluation of two quantities for each scheme: the total probability
of misidentifying a pixel, Py, and the average number of electrons scattered by an
opaque pixel, Nppgpog. We split Py into two components: Pop, the probability of
missed detections (opaque pixels inferred as transparent), and Pgm, the probability of

false alarms (transparent pixels inferred as opaque).

Table 2.1 summarizes the abbreviations and symbols used in this chapter.

2.1.2 Analysis of STEM and IFM approaches with single-

shot illumination and N = 2 electrons

Before we consider Poisson-distributed illumination, we will develop our methodology
for calculating Py and Nppoomn by considering the case of N = 2 for STEM and IFM
imaging. The insights from this calculation will inform our consideration of the

more general case. In the case of N = 2, since N is exactly known, we can make
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two simplifying observations. First, the scattering detector D3 does not provide any
additional benefit, since any electron that was not detected by D; or D, must have
been scattered. Hence, we expect the same results from Schemes A and B, and
from Schemes C and D. Second, illuminating each pixel with one electron twice is
equivalent to illuminating it once with two electrons. Therefore, we will work out the

theory for simultaneous illumination with two electrons.

2.1.2.1 STEM imaging

Figure 2-1(a) and (b) show the STEM imaging Schemes A and B. If the pixel is
opaque, neither of the 2 incident electrons will be detected at D,. If it is transparent,

both the electrons will be detected. We summarize these observations in Table 2.2.

X |1m
0| 2
110

0000 0000 Ooooiott booboooo oo Oy 00 0000 00000 0o D I00ioooo droodobodo

Therefore, it is straightforward to design a decision rule for X. Two detections
at Dy implies that the pixel was transparent. No detections imply that the pixel was

opaque. This decision rule is summarized in Table 2.3.

n; k
0] 1
210

0000 D007 Ooootiod 0oio 000 0000 0Loiot 0 b Iooioooo drocooboo

Here we will never make any errors, so Py = 0. We can also evaluate Npppgmn =
E[N j X = 1] = 2. Thus, even though we get error-free detection, we also damage

the opaque pixels in our sample with both electrons.
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2.1.2.2 IFM imaging

Figure 2-1(c) and (d) show the IFM imaging Schemes C and D. When X = 0,
constructive interference leads to both incident electrons being detected at D;. When
X =1, a given incident electron is detected at D; or D, with probability ‘—11 each and
scattered off the pixel with probability % Since the detection is probabilistic, we
cannot be sure of how many electrons will be detected at either detector. Hence, we
summarize the probabilities of detection of each incident electron at D; and D, in

Table 2.4.

X | Dy | D
0|10
Lla |3

00000 0000 0ooDooinoioo 0o Dy 000 Dy 000 0100 0oboiboc

Any D, counts tell us that the pixel was opaque, and hence we set X =1
Similarly, if there were no counts at both detectors, or only one count at either de-
tector, one or both of the electrons must have been scattered by the pixel. Therefore,
X =1 again. However, an ambiguity arises when n; = 2 and n, = 0, since this
outcome is possible with both X = 0 and X = 1. We denote the probability that the
pixel was transparent, given that ny =2 and n, =0, by P(X =0 n; =2;n, = 0),

which we can evaluate using Bayes’ rule, as follows:

P(X=0jn;=2;n,=0) (2.1)
P(ny=2;n,=0jX =0)P(X =0)
P(n=2,n,=0] X =0)P(X =0)
+P(N1=2:n, =0jX =1)P(X =1)
1 g _ 1 .
(1 q)+(1/16)g 1+g/(16(1 q))

(2.2)

IfP(X=0jn;=2;n, =0)>P(X =1jn; =2;n, =0), the decision X = 0 has a
higher chance of being correct. Using the expression for P(X =0 j n; = 2;n, = 0)

in Equation (2.2), we get the final decision rule given in Table 2.5.
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The decision rule for n; = 2 and n, = 0 implies that unless the prior probability
of the pixel being opaque is large (q > 16/17), the decision X = 0 has a higher
probability of being correct with two detections at D;. Physically, the reason that
the decision X = 0 produces fewer errors is that the outcomes n; = 2 and n, =0
occur with certainty for a transparent pixel, but with a probability of 1/16 for an
opaque pixel. This intuition holds unless we were already very sure of the pixel
being opaque (q > 16/17) prior to the experiment. Although the event n; = 2 and
N, = 0 reduced our confidence that the pixel was opaque, X =1 still had the greater

probability of being correct.

We can now evaluate Pog and Pq:

Pop = %o’{:ij:l)
<P, =2;n,=0)=1/16; forq 16/17;
-0 otherwise;
P = %(>’Q=1jx=0)
< 0 forq 16/17;

- 1; otherwise:
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The total error probability is given by Pypy = qPog + (1 q)Pon. Hence,

8
< g/16; forq 16/17;

Pm = _
- 1 q; otherwise.

This result implies that for most values of g, up to @ = 16/17, the error probability
increases linearly but remains small (Ppp 1/17). The only kind of error we can
make in this regime is a missed detection, which happens when n; =2 and n, =0
for an opaque pixel. This kind of error becomes more probable as q increases, since
the number of opaque pixels in the sample increases. Beyond q = 16/17, we can only
have false alarms, since now we switch to guessing that the pixel is opaque for the
case when n; = 2 and n, = 0. However, since most of the pixels are opaque anyway,

the total probability of error reduces.

We can evaluate Nggopon = E[N j X = 1] = 1, since the probability of scatter-
ing for each incident electron is % Thus, the IFM imaging Schemes C and D provide

lower Nppopgy than the STEM imaging Schemes A and B, at the cost of non-zero Ppgp.

This example illustrates the fundamental trade-off that appears in all of our
results: accepting a small error probability led to reduction in the expected damage
on the sample. Further, the introduction of a second electron reduced the error

probability, at the cost of increased damage.

2.1.3 Analysis of STEM imaging schemes with single-shot

illumination and N  Poisson( t) electrons

We will now derive analogous results for the more general case of Poisson illumination,
where the number of electrons in the beam (N) is not determinate. The probability
of having exactly n electrons in the beam is given by:

(D",

P(N =n) =e -
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Here, tis the mean number of electrons in the beam.

2.1.3.1 Scheme A: STEM imaging without D3

In the absence of an object, each of the N incident electrons will be detected at
D;, while in the presence of an object none of them will. These observations are

summarized in Table 2.6.

X |n
0N
110

U000 Dood 0oooioi boltoooo o by 000 0ooooo 4t

Since N is Poisson distributed, we do not know beforehand exactly how many
electrons were in the beam. For any n; 1, the inference X =0 (1000 the pixel is
transparent) would always be correct. However, ambiguity arises when n; = 0. The
lack of detections at Dy could be because of an opaque pixel (X = 1), or it could be

because the beam did not contain any electrons (N = 0).

We expect our final decision rule for n; = 0 to depend on both the prior g
and mean number of electrons in the beam t. For example, if t was high, the
probability of there being no electrons in the beam would be low. Therefore, the lack
of detections at D; is more likely to have been caused by an opaque pixel, and we
would expect X =1 to be the inference that leads to fewer errors. The opposite
would be true for small t. Similarly, increasing q would indicate greater confidence
that X =1, and we would make that inference for more of the ambiguous cases where
n; = 0. We refer to the conditional probability that X = 0, given the value of ny,
as a(ny;q; t) (anticipating its dependence on q and t). Then a(Ny;q; t) =1 for
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N, > 0. To determine the decision rule for the case when n; = 0, we calculate

A(0;q; t) = PX=0jn,=0)
P(h, =0j X =0)P(X =0)
P(h,=0] X =0)P(X =0)
+P(n=0jX =1)P(X =1)
_ e "1 9 _ 1 .
e 1 g+q 1+etq/(1 q)

(2.3)

This expression for A is comparable to the expression for P(X =0j n; = 2;n, = 0)
in Equation (2.2). Just as in the N =2 case, if P(X =0jn; =0)>P(X =1jn; =
0), we would want X = 0, and vice-versa. Therefore, we get as our decision rule (for
np = 0) s
< . - 1.
1. for 0;q; t) <3,

- 0; otherwise:

As we had anticipated, this decision rule depends on both q and t. This decision

rule is summarized in Table 2.7.

ng )Q
0 | ¥ Aa@g <3
0; 00000000
1 0
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We plot  a(0;q; t) as a function of q, for different values of t between 0 and

5, in Figure 2-2(a). We also depict the decision threshold A(0;q; t) < % by the
horizontal dashed line. The probability of the beam having zero electrons is given by
e . Therefore, for low values of t the probability of no detections at Dy (N = 0)
due to the beam having zero electrons is high. Hence, we gain little information from
the illumination experiment, and it makes sense to infer X based on q. Therefore,
A(0;0; t) =1 qfor t=0in Figure 2-2(a). As t increases, the probability of
zero electrons in the beam reduces. Therefore, the probability of n; = 0 being due

to an opaque pixel increases. Hence, we can conclude that X =1 over a wider range
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of the prior q. As a result, A(0;q; t) < % over an increasingly wider range of ¢ in

Figure 2-2(a) for t=0:5, 2 and 5.

We can now look at the probabilities of missed detections and false alarms,
Pog and Pgg. When the pixel is opaque (X = 1), we do not get detections at D
(ny = 0). Hence, we either always make a mistake (when a(0;q; t)  3) or never

make one (when A(0;q; t) <3). Thus,

Pon = BRR=0jX=1)
<0; for A(0;q; t) <2

- 1: otherwise:

When the pixel is transparent (X = 0), if the beam has electrons (N > 0), we never
make a mistake. Errors arise only when N = 0. In this case, if A(0;q; t) %,
X = 0 and our inference is still correct. If A(0;q; t) < %, X =1 and we have a false

alarm. Hence,

Poo = %(ﬁ:“X:O)
SP(N=0); for a(0;q t)<3;
-0 otherwise
<e t for A(0;q; t)<i;

-0 otherwise:

The total error probability Py is given by:

8
<@ qe b for A@0;q; t)<i;

- q; otherwise:

P =

The condition for A(0;q; t) can be recast into one for q using Equation (2.3), as

follows:
9
1 q

>1)q> ! :

e 1 t
a(0:0; t)<§)e 1+et
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Hence, s

< .. .
P = v ord ﬁ
- (1 q)e % otherwise:
This expression is similar to the expression for Ppp in the N = 2 case, with the

addition of the statistics of the incident beam (through the e ' term).

We can evaluate Nppoppn = E[N j X = 1] = t. Hence, Pyp can also be
expressed as s
< q; for g i
Pm = (2.5)

- (1 q)e Mmoo otherwise:

As an example, consider the case of t = % and q = % From the equations above,

1 = 1 PD][ = Ee 172 0:303.

14+e t - 1+el72

1

0:378, and Npgopm = % Since q > T+e ©

2.1.3.2 Scheme B: STEM imaging with D3

In this scheme, we detect every electron in the beam in one of the two detectors Dy

and D,. The possible detection events are summarized in Table 2.8.

X 1 ng| N3
0O [N O
110 |N

10000 0000 Ooooioh booboooh oo Dy 000 Dg 000 0ooodo oo

Just as for Scheme A, if n; > 0, we can correctly infer that X =0. Similarly,
if N3 > 0, we can infer that X = 1. The only case in which we need to guess is when
Ny = 0 and n3 = 0. Due to the presence of D3, we can be sure that all electrons in
the incident beam were counted. Hence, n; = 0 and nz = 0 is only possible if N = 0.
In this case, we do not gain any information about the sample from our experiment.

Therefore, we would assign X based on the known prior q, which is unchanged:

g(0;q; ) = P(X=0jn;=0;n3=0)=1 q: (2.6)
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X =0if q % and X = 1if q> % The final decision rule is summarized in Table 2.9.

n, N3 )Q
0 1 1
110 0
0q %
00 |7e;

Uoooo 0000 400l 0000 boo 0ooooo 4o

We make errors only for pixels where n; = 0 and nz = 0. In this case,

8
<< t. 1.
e U for =
Pop = PX=0jX=1) = _ 12
- 0; otherwise;
8
< N. 1.
0; fo =
Pn = P(R=1jX=0) = T

- e ' otherwise:

Here, as in Scheme A, the € ! term comes from the probability that N = 0. Using
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these results, we can evaluate Pppp as follows:

ge forq 3

P = (2.7)

- (1 qe % otherwise:

Compared to the expression for Pyy for Scheme A (Equation (2.5)), we see from
Equation (2.7) that the error probability in Scheme B is reduced by a factor of e *
for small values of q. This reduction demonstrates the benefit of the addition of D3

in Scheme B.

We can rewrite Equation (2.5), for the case q < ﬁ < %, as

Poo=qg=gqge "+ql e :

The first term in this equation is the same as Pyp in Equation (2.7) for g % and

arises when the beam has no electrons and we guess X incorrectly. The second term
is due to errors made when the beam has electrons, but they are scattered by an
opaque pixel. Since q < ﬁ, we decide that X = 0, which is an error. These

additional errors in Scheme A are eliminated by having an additional detector for

scattered electrons in Scheme B.

Damage is the same as Scheme A: Nppoppp =  t. Hence, Py can also be
expressed as s
<< n . 1.
qe ][DDDD1 fOl" q =
Pm = ? (2.8)

- (1 q)e "woow: otherwise:

In the example case outlined for Scheme A ( t = % and q = %), Pom = %e 172
0:303. Hence, for this particular case, there is no advantage in using D3. This result

L - for any t=>0. As we have seen above, for q > ﬁ

occurs because ( = % > i

the expressions for error probability for the two schemes are identical. Physically, this
result makes sense when we consider the scenarios in which an error could be made

with g = 3. For Scheme A, when the beam contains no electrons (N = 0), we would
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get N; = 0 and hence assign X=1 (since q = % > 0:378). Forq = %, this inference is
incorrect half the time. If the beam contains at least one electron and we get n; =0,
we would again assign X = 1. This would always be correct, since n; =0 with N & 0
is only possible when X = 1. For Scheme B, with n; = 0 and n3 = 0, we would assign

X =0, in accordance with the decision rule above (alternatively, we could guess X

1

5). Both these decision rules would also be incorrect half the

at random since q =
time. When N & 0, we would get counts at either D; or D3. Hence, we would again
never make an error for any . Therefore, in both schemes, with g %, the only case

in which we make errors is when N = 0. Hence, Py is equal for both schemes for

N[

q:

In Figure 2-2(b), we compare Ppp for Scheme B (solid purple curve) and
Scheme A (dashed blue curve), as a function of q. The top plot in Figure 2-2(b)
is for Npgogon = 0:5, and the bottom plot is for Nopogon = 2. The addition of D3
lowers Py for Scheme B compared to Scheme A, for g < % For q %, D3 offers no

advantage, as explained previously.

Scheme C: IFM imaging without D3

For this scheme, due to the possibility of detections at Dy ({100 n; > 0) with both
opaque and transparent pixels, there exists a threshold for the number of detections
at D1 below which the decision that the pixel was opaque (% =1) is a better choice
and vice-versa. We have summarized the detection probabilities at D; and D, for
Scheme C in Table 2.4. In the most general case, we will have to infer X withn; 0
and N, 0 such that ng +ny;  N. If n; > 0, regardless of Ny, we can decide that
X =1, and we would never make an error since this event is impossible if X = 0.
The event n, = 0 is possible in two cases: when X = 0, or when X = 1 but no
electrons reach D,. In the first case, all incident electrons will be detected at Dy with
probability 1, while in the second case this probability is ‘—11 for each electron. Hence,

we would expect fewer counts at D; for X = 1 compared to X = 0. Therefore, there
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should exist a threshold count at D; below which X = 11is a better decision and
above which X = 0 is better. We denote this threshold by k . This decision rule is

summarized in Table 2.10.

any 111
<k 0 1
k 0 |0

00000 0ooor Dooooooo bolb oo 000 [Qobioo 0o 0oniot bodooo 0o iobi0odo bioooooood

To find k , we first look at the conditional probability c(ng;q; t) that X =0

given the specified value of n; and n, = 0, similar to the analysis for Scheme A.

C(nl;q; t) = P(X=Ojn1;n2=O)
P(n;;n, =0j X =0)P(X =0)
P(n;;n, =0j X =0)P(X =0)
+P(ni;n,=0jX =1)P(X =1)
e '(H™/ny! (1 q)
e (H"/ny! 1 q)
+ e YA t/4)™/ny! e Y
1

~ 1+ (e VA (/1 Q) (29)

Here, the third equality results from the fact that the counts at D; and D, are
independent Poisson processes. When X = 0, the mean of the Poisson process at D;
is t, while n; = 0 is a probability 1 event. When X = 1, the means of the Poisson

processes at both Dy and D, are t/4.

The decision rule for X is the same as that in Equation (2.4). We can also use

the expression for ¢(Ng;q; t) to find kK . From Equation 2.9, we get

1 e t/2 q

i€ B 2 T 4
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Solving e Y2/4™ (g/1 q)=1for n; =Kk , we get

4

k = g

log,e + log, (2.10)

t
2
We can now work out the error probabilities:

Pog = PX=0jX=1)
= P(ny k;n=0jX=1)
=P k jX=1DR(N,=0jX=1)

o k!

P = P(R=1jX=0)

= P(ni<k;n,=0jX =0)

= P(ny<k jX=0)P(n,=0jX =0)
<, (0,

k!
k<k

Combining these gives the total error probability, Pgyp:

va( t/4) o U4

P =q K

|

X tk-

+(1 9 e ‘—(k,) :
k<k '

In these equations, K is a non-negative integer that represents the possible values of

n;.

Since on average only half of the incident electrons scatter off the sample,
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