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Atoms and their arrangement in materials have become a central focus in the era of 

nanoscience. Materials and devices are now designed at the atomic level—exploiting 

unique quantum effects that manifest at confined scales. Observing the atomic world is 

often accomplished through the use of high-energy electrons. The recent advancement of 

aberration-corrected electromagnetic lenses have enabled highly convergent electron 

beams confined to lateral dimensions less than one angstrom. Local atomic structure can 

be probed by scattering sub-angstrom beams through a specimen, with atomic resolution 

images formed by measuring the scattered electrons as the beam is scanned. In this 

dissertation, we explore the imaging capabilities and limitations of highly convergent 

electron beams used in aberration-corrected scanning transmission electron microscopes 

(STEM). This work provides theoretical & computational approaches as well as 

experimental work on real systems—including semiconductor devices, nanoparticles 

used to catalyze hydrogen fuel cells, polymer scaffolds, and 2D membranes.  

The first two chapters provide a refreshed review of the imaging theory for elastically 

scattered electron beams. Chapter I motivates atomic characterization by high-energy 

electrons with their exceptional resolving power. Chapter II takes a more in-depth 

discussion of elastic scattering in STEM and how beam propagation can be described 

analytically and computationally. 
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The limitations and detectability of single atoms are explored in Chapter III. The advent 

of clean monolayer membranes—like that of graphene—provide a playground for 

exploring the approaches to single atom imaging. Here, detection efficiency and 

interpretability of common detector geometries are optimized to improve signal-to-noise 

and open the possibility to single atom imaging of dose limited specimens. 

In Chapter IV, the thesis extends electron scattering to 3D crystals. When viewing a 

crystal down a principle zone axis, as is done to obtain atomic images, the complexity of 

the problem is reduced by mapping the propagating beam to the time evolution of a non-

stationary state of a 2D-columnar “molecule”.  The excitation of the resulting 2D 

molecular orbitals have distinct characteristic signatures in the images that we are able to 

observe experimentally, and can drastically and predictably change the apparent location 

of atoms in samples currently used as resolution tests. 

Chapter V presents the problematic, small depth-of-field that accompanies highly-

convergent electron beams—causing regions in an extended object to appear blurred and 

poorly defined. This is overcome by implementing extended depth of field techniques 

that extract the in-focus regions from a through-focal image stack. 

Finally, in Chapter VI we discuss new possibilities for 3D imaging with high-

convergence angles. To date, high-resolution (< 1 nm) imaging of extended objects in 

three-dimensions (3D) has not been possible. With current approaches, one is forced to 

choose between high resolution and large field of view. Instead, by combining through-

focal depth sectioning and traditional tilt-series tomography, we are able to reconstruct 

over an entire extended object, with improved resolution, in all three dimensions. 
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I. INTRODUCTION TO THE TRANSMISSION  

ELECTRON MICROSCOPE 

Imaging the atomic structure of materials requires the use of high-energy electrons and 

their incredibly small wavelengths. This chapter provides a light introduction to the 

resolution limits of electrons and the transmission electron microscopes that utilize them.  

THE DIFFRACTION LIMIT AND ABERRATION CORRECTION 

The transmission electron microscope (TEM) has become a powerful and complex tool 

since its conception in the early 1930’s[1], [2]. The electron microscope provides 

resolutions that far exceed those of light-microscopes and has long enabled imaging of 

crystalline and isolated atoms[3], [4]. Many advances—such as the implementation of a 

cold field emission gun, efficient detectors, and digital data acquisition—have made 

routine, low noise atomic imaging possible. Most recently, the advent of aberration-

correction launched electron microscopy into a new era of imaging the atomic makeup of 

materials with sub-angstrom resolutions. The most typical bond lengths between two 

atoms can be resolved with an aberration corrected electron microscope (e.g. H-H at 0.74 

Å, H-N at 1.01 Å C=C at 1.4 Å). 

Light, a perception familiar to most of us, has visible wavelengths larger than 400 nm. 

This fundamentally limits light to characterizing specimens and features roughly larger 

than a half micron. Resolution—the ability to distinguish two features in space—is 

described by the diffraction limit for incoherent imaging:  
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! = 0.61 ! sin ! ! (1.1) 

The diffraction limit not only depends on the wavelength, !, but also the objective 

aperture cutoff, described by the convergence semi-angle α. The aperture, coupled with a 

lens, limits the degree to which a wave can be focused and sets the highest frequency 

transferred in the image. Consider a wave, such as a light source, illuminating a circular 

aperture. In far field diffraction (See Appendix B), the focused light intensity is described 

by the squared modulus of the Fourier transform of a circular aperture: 

!! ! = ℱ ! ! ! = !!
!! !
!

!
!

 (1.2) 

The result is a special function is known as an Airy disk. I0 is the maximum intensity of 

the pattern; J1(r) is the Bessel function of the first kind of order one, r is the real space 

position vector, k is the reciprocal space wavevector (|k| = !2!/!), and r is the distance 

from the optical axis. The Airy pattern, plotted in Figure 1.1, is a rotationally symmetric 

pattern with a first minimum positioned ~0.61!/! from the central peak intensity. This 

distance determines the smallest resolvable features in an optical system and defines its 

diffraction limit. 

FIG 1.1 | The Airy disk describes the best focused intensity of a wave from a circular 
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aperture. a, showing the rotational symmetry in three-dimensions and b, showing a line 

profile of the beam intensity. The first zeros in the intensity occur at ±0.61λ/α (see Eq. 

1.1)  

For classical light optics, lenses can be made to focus light at large angles and optical 

apertures can be near the full half angle convergence α = π/2. This sets the diffraction 

limit around 335 nm for mid-band, green light (λ = 550 nm) and around ~244 nm for 

violet light (λ = 400 nm) in the best optical systems—however, oil immersion methods 

utilize refractive indexes to further push resolutions to c.a. 200 nm. 

The resolving power of scattered electrons, fundamentally lies in their picometer 

wavelengths. In order to perceive—to “see”—the nanoscale world, electrons are used as a 

substitute to electromagnetic light waves. When accelerated to high velocities, typically 

50 – 78% the speed of light (80 - 300 keV), electrons have exceptionally small 

wavelengths, 0.004 - 0.002 nm. However, unlike electromagnetic waves that are easily 

focused from a refracting medium, electrons are focused with magnetic fields governed 

by Maxwell’s equations. While electromagnetic lenses can be used analogously to optical 

lenses, their performance is significantly worse. Aberrations plague electrons focused far 

from the optical axis. Deviations from an ideal lens limit the maximum usable objective 

aperture[5]. As a result, the resolution limit of high-energy electron beams are restricted 

by the lenses in the microscope—not the electron’s wavelength. 

Geometric aberrations introduce phase errors across the aperture plane of the lens.  

!! ! = ! ! !"# −!" !  (1.3) 
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where ! !  is the aberration function. A power series expansion of the aberration 

function has the form: 

! ! ,! = 2!
!

1
! + 1

!"
!!" ! !!!cos![! ! − !!" ]!

 (1.4) 

Where !!" is the real aberration coefficient and !!" is the rotational angle [6].  

Higher order terms become exceedingly more problematic and difficult to correct farther 

from the optical axis corresponding to the higher convergence regions. When aberrations 

become substantial, the electron beam intensity is no longer described by an Airy disc 

and becomes more delocalized. In order to preserve resolution, an aperture is used omit 

the aberrations that plague higher convergence angles.  

Traditional electron microscopes are able to focus electrons with 10 mrad convergence 

providing resolutions of 2.3 Å at 100 keV or 1.2 Å at 300 keV. However, the recent 

advancements in aberration-correction improve the performance of the microscope by 

adding a complex sequence of magnetic lenses with multipole elements. This allows 

apertures as large as 30 mrad with sub-angstrom resolutions. For example, when 

aberration-corrected lenses are used to focus an electron beam, its lateral dimensions can 

be confined to 0.4 Å at 300 keV with 30 mrad convergence. The high-resolution, 

aberration corrected electron beams are in a regime where pico is the most appropriate 

metric prefix—a scale one thousand times smaller than the currently fashionable nano. 
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SCANNING TRANSMISSION ELECTRON MICROSCOPE 

The transmission electron microscope transmits high-energy electrons through a thin (0.3 

– 500 nm) specimen. The electrons scatter as they pass through the specimen and are 

used to form an image. This method of characterization is able to view objects in from 

micron to angstrom length scales in real-space. There are two common forms of the 

TEM: the Conventional Transmission Electron Microscope (CTEM) and the Scanning 

Transmission Electron Microscope (STEM). Many commercial microscopes have both 

CTEM and STEM capabilities. 

 

Figure 1.2 | Scanning transmission electron microscopes. a) the aberration-

corrected Nion UltraSTEM. b) Technai F20 CTEM / STEM. 
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Cornell University has two high-resolution instruments that were used extensively for 

this thesis: the aberration-corrected Nion UltraSTEM (Fig 1.2a) and a Technai F20 

CTEM / STEM (Fig 1.2b). 

In its simplest form, the CTEM uses a parallel, coherent electron beam incident upon thin 

specimen. Typically samples are under 50 nm—the inelastic mean free path of a 100 keV 

electron in Si is ~100 nm. The atomic nuclear potentials in the specimen introduce phase 

changes in the scattered high-energy electrons. The phases interfere with the unscattered 

wave to form phase contrast in the image. Amplitude contrast can arise from highly 

scattered electrons, particularly in thick specimens where multiple scattering is common, 

and also in thin samples from angular deflection outside of the aperture, as in hollow 

cone TEM.  The transmitted electron wave is then highly magnified with post specimen 

optics. An image is formed from the electron intensity detected on a 2D array of detectors 

(a charged coupled device a.k.a. CCD), but was once exposed onto photographic film. A 

simplified ray diagram CTEM in Fig 1.3 shows the incident plane wave from an electron 

source scattered through the specimen and imaged onto a CCD using an objective lens. 

For any real electron microscope, the simplified diagram of Fig 1.3 does not do justice to 

the complexity of the instrument. Electrons traveling several meters in a column must 

maintain high-vacuum (10-7 - 10-9 Pa), a series of lenses and apertures must be assembled 

and then aligned regularly, detectors and computer acquisition have to be calibrated and 

synchronized to within microseconds, and a specimen stage has to permit nanometer 

shifts and tilts. 
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Figure 1.3 | Simplified diagram of CTEM and STEM. The ray paths illustrate the 

reciprocal relationship of bright field STEM and CTEM. 

In STEM, a series of lenses focus the incident electron beam to a spot on a thin specimen. 

The beam is then scanned across the specimen—left to right, top to bottom—and the 

scattered electrons are collected into a detector. The detector is typically a disc or annulus 

centered on the optic axis. Electrons scatter as the beam is rastered across the specimen, 

influencing the intensity of detected signal and forming an image. Figure 1.3 shows a 

simplified ray diagram of STEM, with an electron source focused to a beam and scattered 
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off the sample into a detector. When the STEM detector is a point centered on the optic 

axis (known as bright field), STEM and CTEM share geometric reciprocity and the two 

imaging modes are nearly identical. Similarly, dark field STEM is related to a hollow 

cone illumination in CTEM [7]. 

As a scanning technique, STEM can implement detectors that collect electrons scattered 

to a range of angles, energies, or both. In particular, high angle annular dark field 

detectors (Fig. 1.3) can often provide directly interpretable images of atoms—where the 

intensity of each atom is related to their Z-number. For crystalline materials, the images 

can be stunning (Fig 1.4). Combined with detection of inelastic processes, such x-ray 

emission (XEDS) or the electron energy loss spectroscopy (EELS), obtaining local 

chemical information is also possible (Fig 1.5). 

 
Figure 1.4 | HAADF-STEM image of crystalline CdSe nanoparticle. Atomic structure of 

center particle is clearly resolved. Scale bar 1nm. [8] 
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Figure 1.5 | HAADF-STEM imaging with EELS chemical mapping of Cu/Zn interface in 

a CuZnS nanoparticle. The large STEM image (right) shows multiple nanoparticles with 

a central particle containing three crystalline domains. Where the two domains interface, 

EELS (left) reveals Cu and Zn segregation with S present in both. 

The wide range of STEM capabilities has contributed to its increasing popularity in 

nanocharacterization.  In some aspects it is less complex than CTEM, not requiring post-

specimen lenses.  However, the fidelity required to focus, position, and scan a beam with 

sub-angstrom precision demands very stable electronics and room environments. It is 

fortunate, and sometimes taken for granted, to work in lab facilities that already 

overcome these challenges[9], [10]. 
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II. ELASTIC SCATTERING OF  

HIGH-ENERGY ELECTRONS 

The scanning transmission electron microscope is a tool for focusing high-energy 

electron beams onto a specimen. These electron beams are often confined to dimensions 

similar than the interatomic spacing in the incident material. Electrons can scatter in the 

material both elastically, preserving its energy, or inelastically in which the incident 

electron loses energy to the specimen. Here we discuss the high-energy elastic scattering 

that enables high-resolution atomic imaging. Probing and interpreting materials using fast 

electrons requires a quantum mechanical understanding of the elastic scattering process. 

RELATIVISTIC HIGH-ENERGY ELECTRONS 

Relativistic calculations of velocity and wavelength are necessary for the high-energy 

electrons used in transmission electron microscopes. For reference, an 80 keV electron is 

traveling half the speed of light, ~c/2, and a 300 keV electron is traveling 78% of c. The 

velocity, v, can be determined from the particle’s relativistic energy relation: 

!!! = !!!!! + !!! = ! !!
!!! + !!!! (2.1) 

Where e0V is the particle’s acceleration energy with momentum p = mv , rest mass !!, 

and relativistic mass m. With a little algebra, we have the following relations: 

!
!!

= ! !
!!!!/!! = 1+ ! !!!!!!!

 (2.2) 
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!!
!! = 1− !!!

!! (2.3) 

The velocity of a high-energy electron is: 

!
! = ! 1− !!!!

!!!!!!!!
!
 (2.4) 

 
Figure 2.1 | Magnitude velocity of relativistic electron over a range of kinetic energies 

(bold curve). The non-relativistic description, !/! = 2!!!/(!!!!) , (dashed curve) of 

electron speed deviates significantly at high energies ( > 5% at 40 keV). 

The wavelength of an electron is described by the de-Broglie wavelength,!!: 

! = ℎ/! (2.5) 

Planck’s constant, h, is 6.626 × 10-34 m2 kg / s [1]. From the de-Broglie relation and the 

relativistic relation (Eq. 2.1) we can write the wavelength as a function of the particles 

energy and rest mass: 

! = ℎ!
!!!(2!!!! + !!!)

 (2.6) 
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Increasing the electron energy—or equivocally its velocity—shortens the wavelength. As 

a result, this improves the diffraction limit and resolution of an electron beam. 

The de-Broglie wavelength, electron energy, E, and relativistic mass, m, is related by:  

! = ℎ!/2!!! (2.7) 

Within or below the energy range used for TEM, the electron behavior is accurately 

described by the Schrödinger wave equation with a relativistically correct wavelength, λ, 

and mass, m (Eq 2.2 and 2.6) [2].  

!ℏ!
!! ∇!Ψ !, !, ! − !!! !, ! Ψ !, !, ! = !ℏ !

!"Ψ !, !, ! ! (2.8) 

Where r is the transverse spatial coordinates, z is the spatial dimension along the beam 

propagation direction, t is time, and ℏ = ℎ/2!. Here the specimen potential, ! !, ! , 

does not vary in time so the wavefunction time dependence depends only on its energy: 

Ψ !, !, ! = ! !, ! exp![− !"
ℏ !] . For higher energy electrons beyond typical TEM, the 

relativistic Dirac equation would be needed as it is the correct description of a relativistic 

wave equation. 

Furthermore we seek to separate the fast varying z-dependence from the time 

independent wavefunction ! !, ! → !!! ! !(!) !using& the& separation& variable,& Et" ,"

denoting(the!wavefunction,energy!arising'from'the'atomic'potentials:!

−ℏ!
2!

1
!! !, !

∇!!! ! + !!! !, ! = !!!

−ℏ!
2!

1
! !

!!
!"! ! ! = ! − !!!

! (2.9)!
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From%this,%we%see%a%z&dependent&solution&for&Z(z):!

! ! = exp !2!" 2! ! − !!
ℎ! !

! (2.10)!

For$ fast$ electrons,$ the$ forward' propagating' electron( energy( (~100keV)) is# much#

larger& than& the& energy& terms& that& arise& from& the$ specimen’s# atomic! potentials!

(roughly( 1&100# eV).# With#!! ≪ !,! Taylor' expanding' the' term' in' the' exponential'

( 2!(! − !!)/ℎ! ≈ !!"
! (1− !!

!!)" ," and$ using$ a$ little$ algebra$ (with& Eq.& 2.7)! the$ z&

dependence&can&be&separated&into&fast&and&slow&varying&phase"terms:!

! ! = exp 2!"
! ! exp −2!"#!!"!!ℎ! !

! (2.11)!

Thus, for fast electrons we can express the wavefunction with the time variance and fast 

varying z-dependence separated: 

Ψ !, !, ! = ! !, ! exp![!!"! ! − !"
ℏ !] (2.12) 

Plugging the wave function (Eq. 2.12) into the Schrödinger wave equation (Eq. 2.8): 

−ℏ!
2! ∇! − !!! !, ! ! !, ! exp 2!"

! ! − !"ℏ ! = −!ℏ !!" !! !, ! exp![2!"! ! − !"ℏ !] 

 (2.13) 

With a little calculus this expands to: 
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exp 2!"
! ! − !"ℏ !

−ℏ!
2! !∇!"! + !!

!!! +
4!"
!

!
!" +

4!!
!! + 2!ℏ! !!! !, ! ! !, !

= −!!! !, ! exp![2!"! ! − !"ℏ !] 

 (2.14) 

Cancelling terms, the equation simplifies: 

!∇!"! + !!
!!! +

4!"
!

!
!" +

2!
ℏ! !!! !, ! ! !, ! = 0 

 (2.15) 

High-energy electrons predominately scatter in the forward direction. In the paraxial 

approximation ! !, !  changes slowly with z and λ is very small such that: 

!!
!!! !! !, !

!
≪ !

!
!
!"! !, !  (2.16) 

In this approximation, backscattered electrons are not permitted—an accurate assumption 

for the high-energy electrons used in transmission electron microscopes[3], [4]. 

The Schrödinger equation describing forward scattering of fast electrons can be written as 

a first order differential equation (from Eqs 2.15 and 2.16): 

!
!"! !, ! = ! !"

4! ∇!"
! + 2!"#4!ℏ! !!! !, ! ! !, !  

 (2.17) 
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WEAK PHASE SCATTERING IN THIN SPECIMENS 

Here we consider a fast forward-propagating electron scattering through thin specimens. 

A wavefunction transmitted through a thin specimen, ! !, ! + Δ!  is described by 

integration of the Schrödinger Equation (Eq. 2.17) : 

! !, ! + Δ! = exp! !"
4! ∇!"

! + 2!"#4!ℏ! !!! !, !
!!!!

!
!" !! !, !  

 (2.18) 

We can further simplify, with ! = !!"!!
!!ℏ!  and ! !, ! = !(!, !)!!!!

!  so that: 

! !, ! + Δ! = exp! Δ!! !"4! ∇!"
! + !!! !, ! !! !, !  

 (2.19) 

The integrated potential term, !!! !, ! , represents the projected potential of a thin 

specimen. 

As a first order approximation, we can separate the exponential operator containing the 

kinetic and potential terms: 

! !, ! + Δ! = exp Δ!! !"4! ∇!"
! exp !!! !, ! ! !, ! + !! Δ!!  

 (2.20) 
 

The error term, ! Δ!! , arises from the power series approximation of the exponential 

containing noncommuting operators, Δ!! !"!! ∇!"
! !and!!!! !, !  . Further discussion is 

provided in Appendix B. 
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When scattering through a sufficiently thin specimen the propagator operator, 

exp Δ!! !"!! ∇!"
! , is approximately unity and does not change the wavefunction shape 

over such a short distance. The scattered electron !! ! = ! !, ! + Δ! , can be 

represented by multiplication of the incident wavefunction, !! ! = ! !, ! , and a 

transmission function, ! ! = exp !!! !, ! . The scattered, transmitted wave at the exit 

surface of the specimen is: 

!! ! = ! !!(!)!! ! ! (2.21) 

Note, we have dropped explicit reference to the z term in !! and !! for simplicity. The 

incident wavefunction !! can be of any shape—including a planar CTEM or convergent 

STEM beam (like that of Eq 1.2). 

The specimen introduces phases to the incident wavefunction—as described by the 

corresponding transmission function. These phases are dependent on the materials 

constituent atomic species and their position. 

! ! = exp[−!"!! ! ] (2.22) 

This approximation, referred to as the weak phase object approximation, holds for 

atomically thin samples containing light atoms. The specimen acts as a weak phase object 

producing a spatially varying phase shift in the incident electron wavefunction. When the 

phase is small we need only consider the first order terms of the power series expansion 

of the transmission function: 

! ! = exp −!"!! ! ≈ 1+ !!!!! ! +⋯ (2.23) 



!18!

The weak phase approximation works well for lighter elements but the model fails for 

even a single very heavy atom, where the atomic potential introduces a large phase shift 

to the transmitted wave. The projected potentials of all atomic elements are well 

characterized using relativistic Hartree-Fock calculations of charge neutral atoms[4], [5]. 

It is the localized nuclear charge that has the strongest interaction with incident electrons. 

The atomic cloud acts a shielding effect of the charged nucleus and has little affect on 

high-angle scattering of electrons. From the tabulated parameterization of atomic 

potentials the phase shift from an atomic species can be determined[4]. Figure 2.2 shows 

the phase shift introduced 0.1 Å away from the nucleus of every atomic potential at 

various incident beam energies. For heavy elements more than a π/4 phase shift is 

introduced and the weak phase approximation begins to fail. At lower incident beam 

energies this occurs for elements of modest atomic numbers ( c.a. Z > 30 at 60 keV). 

 

Figure 2.2 | Plot shows the phase shift introduced to an incident electron 0.1 Å from an 

atomic nucleus. Three incident beam energies are plotted showing the increasing phase 
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shift at lower keV and higher atomic potentials. A weak phase approximation begins to 

fail for phase shifts greater than π/4. 

The transmitted wave—a.k.a. scattered beam—is governed by the specimen and contains 

information thereof. A detector placed in the far field of the specimen can be used to 

collect the scattered electrons. In the far-field, the wave amplitude on the detector plane is 

described by the Fourier transform of the transmitted wave (discussed in Appendix A): 

!!"# !!
! = |!ℱ !!! ! !|! = |!ℱ !! ! !! ! !|! (2.23) 

This equation is quite general and describes elastic scattering of high-energy electrons 

through a thin specimen. With it, the signal in STEM can be well characterized at the 

atomic scale. However, the expression is still limited by specimen thickness. In thicker 

specimens the projected potential used in the transmission function becomes too large 

and the weak phase approximation fails. Furthermore, multiple scattering of the electron 

wave must be accounted for. To overcome these limitations, computational multislice 

approaches split a specimen potential into thin slices and calculate the elastic scattering in 

serial [6], [7]. 

SCATTERING IN THICK SPECIMENS: MULTISLICE SIMULATION 

Elastic scattering in thick specimens can be handled by dividing the atomic potentials in a 

specimen into thin slices—where each slice meets the weak phase approximation. The 

scattering calculation is handled by transmission through a thin slice then propagating to 

the next slice. This is typically done computationally and the approach is referred to as 
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multislice simulation—a technique that has demonstrated accuracy throughout a robust 

class of experiments [8]-[11]. 

In multislice, a specimen is segmented into thin slices and scattering is treated as a stack 

of thin specimens (Fig. 2.3a). The electron scatters through each thin specimen slice, then 

propagates to the subsequent slice (Fig. 2.3b). 

Figure 2.3 | Figure shows the multislice computation processing for electrons scattering 

in a thick specimen. The specimen is sliced into thin objects (a) then the incident electron 

is transmitted through the projected potential of a thin slice, propagated to the next slice, 

and repeated (b). 

In multislice the computational procedure is transmit, propagate, and repeat at the next 

slice: 

!!!! ! = !! ! ⨂ ! ! !! ! + !! Δ!!  (2.25) 

where n is an integer corresponding to the wavefunction at a top of a particular slice, n. 

Here the propagator operator,!exp Δ!! !"!! ∇!"
! , has been replaced by a convolution 

propagate

propagate

propagate

propagate

transmit

transmit

transmit

transmit

transmit

th
ic

k 
sp

ec
im

en

slice

slice

slice

slice

incident electrons incident electrons

a) slice thick specimen b) transmit and propagate



!21!

operator ! ! ⨂ = !
!"∆! exp![

!"
!∆! (!

! + !!)⨂ . The equivalency of these two operators is 

discussed in Appendix C. 

Multislice can describe the scattered electron intensity onto a detector providing 

quantitatively accurate image simulation of STEM and TEM. 

 
Figure 2.4 | a,b) A structural model of 2D crystalline silica on graphene. (a) Top and (b) 

perspective side views of the bi-tetrahedral structure that matched experimental results.!c) 

Multislice simulation of an image of bi-tetrahedral silica on single-layer graphene. d) 

Experimental image of crystalline silica on graphene. 

Figure 2.4c,d) shows the multislice simulation and the experimental image of bi-

tetrahedral silica on single-layer graphene. With the exception of Poisson noise, the 

images are quite similar. Multilslice simulation showed quantitative and qualitative 

consistency with experimental ADF-STEM of bi-tetrahedral silica on graphene [12]. 
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DARK-FIELD SCATTERING OF CONVERGENT BEAMS 

In STEM, the incident beam is convergent upon a specimen lateral coordinate R. In a 

scanning transmission electron microscope, this beam is scanned across the specimen and 

the scattered intensity is recorded to form an image. An image can be calculated by 

computing the detector intensity at every beam position, R. In real space, the beam 

position R is a translation; in reciprocal space, it corresponds to a phase shift: 

!!! !,! = !! !− !  (2.26) 

!!!! !!,! = !!! !! exp![−!2!!! ∙ !] (2.27) 

The size and shape of the focused beam on the specimen is set by the objective 

convergence angle of the microscope, its aberrations, and the electron wavelength 

(discussed in Chapter I). 

!! !,! = ! !!,! exp[−!" !! ] (2.28) 

Where ! !!,!  is the aperture function (a radial heavi side function with value 1 for |!!| 

< kmax and 0 for |!!| > kmax) and ! !!  is the aberration term (Eq. 1.4). 

The transmitted wave through a weak phase object scattering onto a detector in the far 

field is described from Eq. 2.23, 2.24 and 2.26: 

!!"# !!,!
! = !ℱ !!! !,! ! ! = !ℱ !!! !,! !! ! ! ! ! 

= !ℱ !!! !,! !(1− !"!! ! ) ! ! 

= !!!! !!,! − !"!ℱ![!! ! !!! !,! ] ! (2.29) 
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The typical detector is rotationally symmetric and collects electrons scattered over a 

range of angles (kmin to kmax). The k-vector of an incident or scattered wave can be related 

directly to the scattering angle. Detectors are usually defined as an angle comparable to 

the convergence angle of the microscope. Two regimes exist, one inside the central 

forward-scattered undeflected beam, referred to as the bright field (kmin= 0, kmax< α), and 

that outside of the central beam (kmin> α, kmax= ∞), referred to as the dark field.  

!!"# !!,!
! = !!!! !!,! − !"!!!(!!,!)⨂! !!

!
 (2.30) 

This describes the detected intensity of elastically scattered electrons onto a detector. 

When the specimen is crystalline, the potential is periodic and the electrons are scattered 

as an array of disks—the convolution of the central beam with each Bragg peak (Figure 

2.5). 

 
Figure 2.5 | Experimental STEM diffraction patterns of silicon imaged close to the [110] 

zone axis. The periodic pattern of overlapping discs shows how a convergent beam of 

electrons scatter through a thin crystalline specimen. Microscope operated at 200 keV, a 

Si [110] 
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<220> 
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camera length of 200 mm, and objective convergence angle of c.a. 10mrad. Diffraction 

pattern was averaged over multiple unit cells by scanning the beam during acquisition. 

The annular dark field detector (ADF) has become a popular imaging mode for scanning 

transmission electron microscopy. For ADF, an annulus is used to collect scattered 

electrons outside of the bright field regime so that A( !! > !!"#, R) = 0. As a result, the 

first term vanishes in Eq. 2.30 and the scattered beam is more clearly defined: 

!!"# !!,!
! = !! !ℱ[!!! !,! !! ! ] ! = !! !!! !!,! ⨂! !!

!

 (2.31) 

In ADF, interference of the scattered beam with the incident undeflected central beam is 

not detected, thus reducing coherence in the signal. ADF has become the most popular 

STEM imaging mode because it is perceived to be a directly interpretable signal 

described by an incoherent linear imaging model. 

INCOHERENT LINEAR IMAGING MODEL 

Incoherent optical imaging was first discussed by Lord Rayleigh in the late 19th century 

when he stated that incoherent illumination of an object over a wide range of angles was 

equivalent to a self-luminous object and that “there is no permanent phase-relation 

between [the objects] … and the resultant illumination is arrived at by simple addition of 

separate intensities” [13]. Currently, we represent the incoherent linear imaging model as 

a convolution of the probe with an object [ ! ! = ! ! ⨂!(!) ]. By reciprocity, the 

large range of high angles in ADF-STEM provide the conditions for incoherence [14] 

[15] [16]. 
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The STEM detector collects the scattered electrons over a range which we can describe 

by detector function, D(k). With the annular dark-field (ADF) detector, an annulus 

symmetric about the incident beam collects electrons outside the central, bright-field 

regime (Eq. 2.31). D(k) for ADF is zero up to the detector’s inner annulus radius (kin) and 

constant up until the outer radius. The total signal is described by integrating the scattered 

electron intensity of Eq 2.31, over the entire detector space. 

!!"#(!) = !!!!! !! !!! !!!(!,!)⨂! !!
!
 (2.32) 

We can better understand this expression with a little work. Explicitly writing the 

convolution operation as an integral, 

!!"#(!) = !!!!! !! !!! ! !!!!(!,!)! !! − !
!
 (2.33) 

Expanding the modulus squared, 

!!"#(!) = !!!!! !! !!! ! !!!!(!,!)! !! − ! ! !!! !!∗(!!,!)! !! − !′  

 (2.34) 

The position R is a translation of the probe which corresponds to a phase shift in k-space, 

!!! !,! = !!!(!)exp![!2!! ∙ !] (Eq. 2.16). Thus we can write, 

!!"# ! = !!!!! !! !!!…!

… ! !!!! ! exp −!2!! ∙ ! ! !! − ! !!! !!∗(!′)exp![!2!!′ ∙ !]! !! − !′  

 (2.35) 

Fourier Transform to simplify expression 

!!"# ! = !! exp −!2!! ∙ ! !!!!! !! !!!…!
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… ! !!!!(!)exp![−!2!! ∙ !]! !! − ! ! !!! !!∗(!′)exp![!2!!′ ∙ !]! !! − !′  

= !!!!! !! !!! !!!! ! exp −!2!! ∙ ! ! !! − ! …!
… !!! !!∗(!!)exp![!2!!′ ∙ !]! !! − !! !(!+ !− !!) (2.36) 

Integrating over !′ 

!!"# ! = !!!!! !! !!! ! !!!! ! !!!∗ !+! !! !! − ! ! !! − !−!  

 (2.37) 

The product, !!! ! !!!∗ !+! , reveals the decreasing information transfer at high-

frequencies, K, in the image. The STEM probe,!!!! ! , fills a disc described by the 

objective aperture. For an aberration free probe, !! ! = !!∗(!), the intensity of the 

information transfer is given by the overlap area of two discs offset by the image 

frequency, K. At low frequency K, the overlap is nearly complete and then decreases with 

larger frequency until no information is transferred at the maximum transfer limit Kmax 

(See Figure 2.6). Sampling beyond this spatial frequency in an ADF-STEM image 

provides no additional information and is equivalent to padding an image Fourier 

transform with zeros. 



!27!

 
Figure 2.6 | Illustrating the regions of integration in the scattered ADF-STEM signal. 

Figure adapted from Russell Loane[17]. 

Equation 2.36 shows that every value of !! we integrate over a domain k defined by 

!! ! !!!∗ !+! . The domain for ! is the small overlap region of the two apertures 

separated by K and represents a local weighted average about a small region surrounding 

!! (Fig. 2.6). In high-angle annular dark field (HAADF) the domain of !! is large and 

the local averaging (the k domain) has a negligible influence. In this approximation, the k 

term in the potential is neglected and the double integral of Equation 2.36 simplifies into 

single integrals: 

!!"# ! = !!!!! !! !!! ! !! ! !! −! ! !!!! ! !!!∗ !+! ! 

 (2.37) 
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Effectively, this approximation disregards the edge effects of the HAADF detector. 

Integrating over the ! domain at !! values near the edge of the detector will deviate from 

the approximation in Equation 2.37. For most objects this effect is small, particularly 

isolated atoms which have a large smoothly decaying distribution of scattering to high 

angles—e.g. !(!!) has a slow decay. 

In real space the ADF image intensity (Eq. 2.37) is more conveniently expressed as a 

convolution: 

!!"# ! = ! ! ⨂!!"#(!) (2.38) 

This represents the incoherent linear imaging model in which the ADF-STEM image is 

represented by a convolution of the probe point spread function, ! ! = 

ℱ[! !!!! ! !!!∗ !+! ]  and the object 

function, !!!"# ! = ℱ[ !!!!! !! !!! ! !! ! !! −! ] . The object function is 

described by the specimen and detector geometry. For HAADF detectors with 

sufficiently large inner and outer angles, the detector function can be approximated as 

! !! ≈ ! !! ! !! −! . The object function is approximately: 

!!"# ! = !!!!! !! !!! ! !! ! !! −! ! !! −!  

!!"# ! = ! ! ⨂!" ! ! 
 (2.39) 

The HAADF detector essentially acts as a high-pass filter to the atomic potential. With 

the object function directly related to the specimen potential direct imaging of atomic 

potentials is possible. Atomic nuclei have very sharp, localized potentials and appear as 
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the STEM probe shape (as per the convolution in Eq. 2.38) in a HAADF image. This is 

illustrated in Figure 2.7, showing the HAADF-STEM image of a CdSe nanoparticle 

oriented along a high-symmetry crystal zone. 

 
Figure 2.7 | HAADF STEM image of a CdSe nanoparticle oriented along a high-

symmetry crystallographic zone match the expected ordered Wurtzite structure. For 

example, along a <110> zone axis, a periodic zig-zag dumbbell structure with pure Cd 

and Se columns is reflected in the Z-contrast of HAADF images, where the Cd (tan 

spheres) columns have a higher intensity than that of Se (orange spheres). A windowed 

Fourier Transform of the particle is shown in the lower-left [18]. 

More generally, we could repeat this derivation without the weak phase approximation 

and consider the entire bright and dark field scattering regimes. In which case, equations 

2.38 and 2.39 become: 

1nm 

<0,0,1> 

1.1Å 
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! ! = ! ! ⨂!!"#(!) (2.40) 

! ! = ! ! ⨂! ! ! (2.41) 

 

DEFINING RESOLUTION 

Rayleigh’s criterion provides a way of judging when two peaks are reliably 

distinguishable from each other and has been a long existing standard for determining 

resolution—first in telescopes, then optical microscopes and many years later, electron 

microscopes. The Rayleigh criterion defines resolution to be the distance at which the 

first minimum of an Airy disk overlaps the maximum intensity of another Airy disk (See 

Fig 2.8). In the case of a scanning transmission electron microscope, the Airy disk 

represents the electron beam intensity at the focal plane. 

 
Figure 2.8 | The Rayleigh Criterion defines the limit where two point objects are 

resolved. This occurs when the first zero of one Airy disk is positioned at the peak of the 

other. There is a 26.4% contrast between the central minimum and the peak intensity. 
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In an incoherent linear imaging model (Eq. 2.38), the beam intensity is convolved with 

the scattering object. Figure 2.9 shows the image formation from Airy-disks of a focused 

electron beam convolved with two atomic potentials approximated by delta functions. 

When well separated, the incoherent linear imaging model produces two well defined 

peaks. As the two atoms are brought closer, a central minimum forms. Once the distance 

between two objects is equal to the Raleigh criterion the minimum is 26.4% weaker than 

the peak intensity. Anything smaller than this is considered unresolvable. The spacing can 

be reduced further until there is no central minimum and only one large peak. The point 

at which the central minimum no longer exists is called the Sparrow limit[19].  

For resolution measurements of real-space images, a contrast greater than 26.4% is a 

practical criterion to resolving objects and meeting Rayleigh criterion—despite any 

experimental deviations from a perfect Airy probe.  
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Figure 2.9 | Simulated image shows how two atoms are resolved with gradually 

decreasing spacing. As the atoms approach one another, the central minimum between 

them increases until hitting the Rayleigh criterion (26.4% of the maximum peaks). As the 

atoms further approach each other, the central minimum becomes a central maximum. 

Simulation assumes an incoherent image with 80 keV electron probe and 25 mrad 

convergence angle. 

One might be inclined to use the Sparrow criterion as a resolution limit—making 

measurements, such as atomic position, under sub-Rayleigh imaging conditions. 

However with noise, near infinite signal to noise would be required to measure such low 
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contrast. Furthermore, coherence and multiple scattering effects—such as electron 

channeling (discussed later in Chapter IV)—can cause noticeable deviation from the 

actual position and intensity of atoms. An incoherent linear imaging approximation is 

only a valid approximation for well-resolved atoms. Even under a linear imaging model, 

the overlapping Airy discs under sub-Rayleigh conditions predicts atoms will appear 

closer than their actual position. Atomic positions and intensity (Z-contrast) are no longer 

quantitatively interpretable for under-resolved objects. However, the signal from a 

scattered electron beam into a dark field detector is directly interpretable for well-

resolved objects. 

COHERENCE BETWEEN ATOMS 

Coherence effects in the dark field signal are not always ignorable. Specimen spacing, 

probe size, and detector geometry influence the conditions for coherence. These details 

are contained in the object function, ! ! = ! ! ⨂! ! ! (Eq. 40), which contains a 

coherence envelope defined by the real space representation of the detector, ! ! . Pure 

incoherence truly occurs when the detector spans the entire space, ! ! = 1, and the 

object function simplifies to the magnitude of the potential, ! ! = ! ! !. However, 

because the potentials are phase objects their magnitude is constant, 

! ! = exp −!"!! ! = 1, and the contrast is lost. ADF detectors can retain both 

incoherence and contrast by introducing a rotationally symmetric hole with a finite inner 

radius, !!""#$. However, when the lateral dimensions of the electron probe is larger than 

the atomic spacing in the specimen or the inner dark-field detector angle is small, 

coherence effects influence the ADF intensity. For an annular detector (! ! = 1−



!34!

!( !− !!""#$ ), where !( ! ) is a radial step function), the real space detector function 

is:  

! ! = ! ! − !!!(2!!!""#$ ! )
2!|!| 

 (2.42) 

The coherence envelope is described by the Airy disc term with dimensions defined by 

the inner detector radius, !!""#$. In order to ensure an incoherent signal, the coherence 

envelope must be smaller than the interatomic spacing of the specimen potential, ! ! . 

Remember that the function ! !  is the total specimen potential containing all constituent 

atomic potentials. Increasing the inner detector radius, !!""#$, will decrease the collected 

signal, putting a practical limitation to the size of the coherence envelope. When atoms 

are sufficiently close, coherence is inevitable affecting the interpretability of the scattered 

signal. 

To further illustrate, consider two identical atoms spaced a distance b apart from one 

another. The atoms lie in a plane perpendicular to the incident beam. The atomic potential 

of the system, ! ! , can be described by an atomic potential,!!! ! , convolved with two 

delta functions that specify each atom location: 

! ! = !! ! ⊗ !(!+ ! 2)+ !(!− ! 2)  
 (2.43) 

The scattered incident electron wavefunction from two atoms on the ADF detector, 

described by Eq 2.31 and Eq 2.43, is:  
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!!"# !!,!
! = !! !ℱ[!!! !,! !! ! ] ! !!
= !! !ℱ[!!! !,! !!! ! ⊗ !(!+ ! 2)+ !(!− ! 2) ]

!
 

 (2.44) 

If the probe is aberration free,!! = 0, then !!!! = !!!!∗  and we can further simplify the 

expression: 

!!"# !!,!
!

= !!! !!
! !!!! !+ ! 2

!
+ !!!! !− ! 2

!

+ 2!!!! !+ ! 2 !!!! !− ! 2 cos 2!!! ∙ !!  

 (2.45) 

This equation, describes the scattering from two atoms onto a dark field detector.  The 

first two terms in the equation represent the incoherent scattering contributions– i.e. two 

probe shaped peaks appear as expected by a linear imaging model. The second term is the 

coherent term with a sinusoidal variance that fluctuates over detector space along the line 

of the two atoms described by b. When the probe is much smaller than the spacing 

between atoms, the probe will only scatter off one atom thus one of the cosine prefactors, 

!!!! !+ ! 2  or !!!! !− ! 2 , will be neglible and the coherence term vanishes. 

However if the two atoms lie atop one another such that b = 0, then the coherence is 

maximal and the scattered intensity is 4 times that of a single atom. Thus, when two 

atoms lie atop and the z-spacing is small, the beam scatters as though they are a single 

atom with twice the atomic number. 
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Figure 2.10 shows the ADF images of two atoms as they are incrementally brought 

closer—as calculated from Equation 2.45. When the atoms get sufficiently close, 

coherence adds intensity to the image. Figure 2.10 top shows how the total intensity of 

the atom pair image increases for closely spaced atoms. For well-separated atoms, the 

total intensity unsurprisingly matches that of two atoms, but eventually rises to four times 

the intensity of a single atom when two atoms are extremely close. 

 
Figure 2.10 | Simulated ADF image intensity of two atoms. Top shows the mean image 

intensity of two atoms over a range of atomic spacings. As the atoms get closer, the total 

ADF image intensity increases two four times the intensity of a single atom. Bottom 

shows ADF images of two atoms—spacing between atoms correspond to the horizontal 

tick marks of top. Calculations based on Eq. 2.45 using 100 keV, 30 mrad probe and 60 

mrad ADF inner angle. 

Bilayer graphene—i.e. two layers of graphite—offers the unique opportunity to image 

individual atoms spaced fixed distances apart from each other. In the typical 

configuration, called Bernal stacking, half of the carbon atoms in one layer lie atop half 

the atoms of another when viewed normal to the atomic plane. Strain boundaries in 

bilayer graphene have been observed, where the Bernal stacking transitions a half unit 
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cell back to a mirrored symmetry Bernal configuration. This AB to BA transition can 

occur by shear or tensile strain as illustrated in Figure 2.11 c,f. At these strain boundaries, 

coherence effects are clearly observed as individual atoms move apart from each other—

shown experimentally in Figure 2.11 a,d and by multislice simulation in Figure 2.11 b,e . 

It is immediately apparent, as the overlapping (in projection) carbon atoms of bilayer 

graphene move apart from each other, coherence effects decrease and the overall intensity 

per unit cell dims throughout the strain transition (Fig 2.12). This not only allows easy 

identification of the strain boundaries, but also characterization of their width. Figure 

2.12, shows the discrepancy in width between shear and tensile strain boundaries. This 

work has been described in more detail by J. S. Alden et al [20]. 
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Figure 2.11 | Imaging solitons with atomic resolution. (a, d) Atomic-resolution STEM 

images of AB–BA domain boundaries, exhibiting interlayer shear strain and tensile strain, 

respectively. As one moves across the boundary from left to right, the two sheets translate 

relative to each other in opposite directions, as indicated by the schematics in c and f. 

Each image is an average of four adjacent regions along a boundary (b,e) Simulated 

STEM images of shear and tensile boundaries, respectively, show good agreement with 

the experimental images in a and d. (c,f) Schematics showing shear and tensile 

boundaries, respectively (not to scale). In c, from left to right, the orange lattice translates 

downward, whereas the teal lattice translates upward, completing a one- bond-length 

armchair-direction interlayer translation from AB to BA. Similarly, in f, the orange lattice 

translates to the right, whereas the teal lattice translates to the left. 
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Figure 2.12 | (g) Vertical line averages of the images in a shear strain boundary (green) 

and a tensile strain boundary (purple) reveal that the HAADF-STEM contrast profile 

across the boundary is approximately Gaussian, and that the shear boundary is 

significantly thinner than the tensile boundary. A reference signal has been subtracted, 

and the image normalized by the average intensity of Bernal-stacked bilayer graphene. 
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III. IMAGING OF SINGLE ATOMS AND 2D MATERIALS 

INTRODUCTION 

The fabrication of clean, mono-atomic-layer membranes such as graphene and boron 

nitride has greatly simplified the imaging of individual light atoms in transmission 

electron microscopes (TEM) [1][2][3][4]. By providing a supportive two-dimensional 

substrate of atoms, such membranes open doors to imaging organic molecules—

potentially atom by atom. With a new generation of aberration-corrected microscopes, it 

is now possible to image atoms with sub-angstrom detail [5]. The combination of these 

new opportunities have motivated us to revisit and re-adapt the original experiments on 

the imaging of single atoms on thin supports in STEM (scanning TEM) conducted by 

Crewe’s group [6][7][8] and the theory developed by collaborators and visitors to his lab 

[9][10][11]. While STEM has already proved useful for imaging catalyst nanoparticles 

and atoms [12], quantitative atomic imaging of biological molecules on graphene 

membranes is still limited by the specimen’s radiation damage [13][14][15].  In order to 

minimize the effects of specimen damage, microscopes require the most efficient signal 

collection possible. Increasing the signal per incident beam dose allows the exposure to 

be reduced and enables a wider range of specimens to be imaged in a shorter time.  With 

high resolution, quick, dose-efficient systems, there is increased interest in molecular 

sequencing and structural characterization from heavy element tagging in an electron 

microscope. 
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Here we characterize the detection efficiency and interpretability of imaging single atoms 

by elastic electron scattering over a range of common detector geometries in a scanning 

transmission electron microscope (STEM). STEM microscopes can also potentially 

convey atomic-resolution chemical information from directly-interpretable scattered 

intensities [13][16].  Typically, in order to ensure a directly interpretable signal over a 

range of amorphous and crystalline specimens, a high angle annular dark field (HAADF) 

detector with a sufficiently-large inner angle is used [17][18][19][20][21].  Changing the 

inner and outer detector angles of an annular detector can change the imaging mode from 

coherent to incoherent.  Much consideration has been previously given to dose efficient 

imaging of biological molecules embedded in considerably thick mediums—typically 

around 100Å [22][23].  However, we show for the special case of well-resolved, 

atomically-thin specimens, the large inner-angle requirements for interpretability are 

often too conservative. In the case of isolated single atoms, the signal remains monatomic 

with atomic number even for inner angles just outside the collection angle—a regime 

proposed by Crewe [8]. 

Reducing the inner collection angle of an annular dark field detector can greatly increase 

the collected signal.  For example, in a corrected 60 keV machine, reducing the inner 

collection angle to just outside the convergence angle roughly two to six times the 

scattered signal from a single carbon atom can be collected when compared to typical 

medium and high angle annular dark field detector geometries.  Extending this to a planar 

array of carbon atoms—graphene—similar improvements in signal can be achieved in an 

aberration corrected microscope.  Finally, in comparing the efficiency of STEM and TEM 
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for single atom imaging, we find that after aberration correction both imaging modes 

show comparable signal-to-noise ratios (SNR). 

DETECTION OF SINGLE ATOMS 

A fully quantum mechanical multiple scattering simulation of electrons propagating 

through a specimen enables numerical quantification of detector signals [24][25]. The 

electron scattering simulations were computed using Kirkland’s multislice code, where 

the atomic scattering factors are well characterized by a 12-parameter fit of Gaussians 

and Lorentzians to relativistic Hartree-Fock calculations [26][27].  Sampling rates of 

1024x1024 pixels with a specimen size of 30x30 Å (Figs. 1-4) dimensions ensure a high 

real space resolution of 0.088 Å and the scattered wavefunction is properly characterized 

out to 554 mrad.  Similarly, a sampling rate of 1024x1024 and a specimen size of 

24.6x21.3 Å was used for Fig 5,7. Multislice assumes an Eikonal approximation for each 

individual slice, therefore when a single atomic potential is sufficiently large and when 

the incident beam energy is sufficiently low this approximation can fail [26].  We 

observed a significant underestimate of scattering for higher Z elements at 60 keV.  For 

this reason, atoms heavier than tin (Z>50) are not included in this report. 

Figure 3.1 shows a two dimensional map for a single carbon atom imaged over the entire 

cylindrically-symmetric detector parameter space. We have labeled imaging detector 

regimes—as they are loosely defined—on the map.  It is important to note that detector 

regimes change with the convergence angle of the microscope.  Simulations were run for 

a 60keV, α = 30mrad convergent beam, which represents a popular imaging regime below 

the 80keV damage threshold of graphene [2][4][3].  From the map, a contrast reversal can 
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be seen as one moves from bright field geometries that include detector angles less than 

the convergence angle to dark field geometries that include detector angles greater than 

the convergence angle.  

 

Figure 3.1 | a.) Simulation of carbon atom as imaged by three popular detector regimes, 

bright field (BF), annular bright field (ABF), and annular dark field (ADF), in a scanning 

transmission electron microscope (STEM) are shown left.  These various regimes are 

defined with respect to the incident electron beam convergence angle of 30 mrad (red 

dashed line).  b) A map comprised of carbon atoms imaged over a range of inner and 

outer detector angles is shown (lower left triangle).  Each sub-image containing an atom 

has been normalized to its own maximum value.   b.) The corresponding signal-to-noise 

coefficient due to shot noise, SNR/√N where N is the number of incident electrons per 

pixel, is shown in a mirrored fashion to the atom map (upper right triangle). Note that the 

SNR increases as one goes from a high angle annular dark field (HAADF) to a low angle 

annular dark field (LAADF) detector. 60keV, α = 30mrad, CS3 = 0. 
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Annular Dark Field 

The benefits of dark field signals have been known for some time [13][28][7][29].  High 

angle annular dark field (HAADF) imaging, which collects electrons scattered to high 

angles, provides an incoherent signal that potentially allows direct image interpretation of 

specimens.   The intensities are a predictive function of the quantity of atoms and their 

atomic numbers, Z, in thin or non-crystalline samples [30][31].  The collected ADF signal 

scales as Zγ, where Z is the atomic number and gamma ranges from γ = 2 for Rutherford 

scattering from bare nuclear potentials at very large angles to γ = 4/3 as described by 

Lenz-Wentzel expressions for collection throughout a wide range of angles from a 

screened coulomb potential [7].  This scaling dependence is reliable over a wide range of 

thicknesses in amorphous materials and has been used to detect single atoms [32][6][18].   

HAADF imaging conditions are met when the inner angle is sufficiently large that 

diffraction contrast is suppressed by excluding all strongly diffracted beams; a condition 

that is determined by the crystalline specimen being imaged and its lattice spacing, on a 

scale in inverse Angstroms rather than lens geometry as a scattering angle—i.e the same 

condition can be met by smaller angles at higher beam energies [18][19].  Treacy 

suggests an inner collection scattering vector of around 2.5Å-1 [20].  However, this is a 

necessary but not sufficient condition.  The detector must also meet an incoherent 

imaging condition—defined by Rose to occur for inner angles greater than three times the 

convergence angle [21].  In uncorrected systems, this latter condition was a less stringent 

requirement than suppressing diffraction contrast.  However, in corrected instruments, 

this can require much larger angles than many instruments are often run at. Thus, in 

aberration corrected systems with large probe-forming apertures, or when imaging non-
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crystalline specimens, HAADF detector geometries should be defined relative to the 

microscopes convergence angle. When the collection inner angle is reduced to medium or 

low angle annular dark field geometries (MAADF and LAADF) then diffraction, and 

coherent effects can alter the interpretability of crystalline sample [18].  For example, it 

has been shown that strain fields introduce additional contrast in LAADF and MAADF 

images of moderate thickness crystalline specimens [33][34].  Contrast reversals are even 

possible in HAADF of very thick samples [35]. Electron channeling is a significant part 

of the wavepacket propagation in a crystal and the dark field signal will track the 

wavefunction’s on-column intensity—these effects are present irrespective of the detector 

and are not eliminated at high detector angles.  Thus while the HAADF signal can largely 

suppress coherence and diffraction effects, it is still influenced by channeling and 

dechanneling conditions (e.g. tilt and disorder). 

Fortunately for well-resolved atomically thin membranes, dynamical and channeling 

effects are not of concern and the inner collection angles can be reduced without a loss of 

interpretability.  Figure 3.2 shows that the atomic Z-number predictability of annular dark 

field images is smooth and monotonic over a range of inner angles (60keV and 30mrad 

convergence angle).  The goodness of fit is best where the sum of the squared residuals 

reaches a local minimum around 40mrad (Figure 3.2c).  What is most important is the 

large increase in signal that accompanies a smaller inner ADF detector angle (Figure 

3.4a).  For a single carbon atom, when the inner angle is reduced to just outside the 

convergence angle the signal is increased by a factor of 6 and 3 over HAADF (80-

240mrad) and MAADF (55-240mrad) detector geometries respectively.  This implies a 

theoretical reduction in beam dose of as much as 83.3% while still obtaining the same 
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signal.  The reduction of radiation exposure can enable imaging a greater range of 

sensitive materials such as organics or specimens with a low sputtering energy. 

 

Figure 3.2 | A least squares power law fit of the form cZγ was determined for the first 

fifty elements over a range of detector geometries.  Plots show how the signal on an ABF 

(outer angle = 30 mrad) and ADF detector (outer angle = 240 mrad) varies with inner 

angle for a 60 keV STEM (convergence angle 30 mrad, CS3 = -0.018 mm, CS5 = 20.0 mm, 

df = -30.4 nm).  With decreasing inner angle the ADF signal, the scalar coefficient c 

increases (a.), the exponential coefficient γ decreases (b.), and the goodness of fit 

improves and reaches a minimum just outside the convergence angle (c.).  The ABF 

signal is more varied but is fairly well behaved when the inner angle is below half the 

convergence angle.  Dashed lines above and below the ABF curves represent changes due 

to a defocus of ±2.5 nm.  There was no noticeable change with defocus for the ADF 

curve.   
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The exponent in the Z-scattering dependence, Zγ, has an exact analogy to gamma 

correction in image processing—hence our choice of the variable, γ.  In the case of 

HAADF images, having 2 > γ > 3/2 has proven advantageous for distinguishing isolated 

heavy atoms against a matrix of lighter atoms such as on a thick amorphous carbon 

support or in nanometer-thick specimens [6][12].  However, this is at a cost of dynamic 

range for lighter elements—making light elements difficult to distinguish or detect in the 

presence of heavier elements.  We find that, when the inner detector angle of an annular 

dark field detector is reduced, γ drops to 1.35 for a 60 keV, 30mrad machine (Figure 

3.2a) when a power law curve is fit to the first fifty elements.  This is of added benefit for 

distinguishing light elements present in specimens also containing heavier elements—

such as tagged biological specimens and monolayer membrane supports with interstitial 

heavy atoms.  However, it is important to also consider that the “Z-dependence has a Z-

dependence”, and the exact value of γ will change when fit to a select number of atomic 

elements—a point also explicitly made by Treacy [36]. 

 A recent paper by O.L. Krivanek et al. demonstrated this experimentally by identifying 

the elemental composition of individual atoms in boron nitride from the Z-contrast of a 

medium angle annular dark field image (60 keV, ~58-200 mrad inner angle) [4].  

However the magnitude of the experimental values have been altered by bandpass 

filtering and do not match either our simulations or Treacy’s.  While it was demonstrated 

that filtering can make atoms distinguishable relative to one another, the intensities are 

not reliable on an absolute scale.  A curve fit to simulated intensities of the four 

experimentally reported elements (B,C,N,O) yielded a γ value near 2.0, which differs 
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from the γ value, 1.6, obtained from the filtered experimental data.  A recent article by 

Treacy has also reports theoretical values higher than 1.6 [36]. 

Incoherent Bright Field 

A nearly complimentary signal to ADF is provided by an incoherent bright field (IBF) 

detector—a circular detector that collects much of, all of, or more than the entire 

illuminating bright field cone.  The BF image becomes incoherent when the outer angle is 

much greater than the convergence angle.  Often, this would mean the IBF collects the 

entire beam out to a HAADF inner angle—thus providing two incoherent and 

complimentary signals [35].  For very thin specimens the SNR is maximized when the 

BF outer angle matches the convergence angle.  Under these conditions, phase contrast is 

suppressed [37] and only the amplitude contrast remains, however the signal is still 

partially coherent and can undergo contrast reversals with thickness and defocus.  Even 

under an optimal geometry, the SNR due to shot noise in an IBF image of thin specimens 

does not exceed that of annular dark field.  This is because of the complimentary contrast 

of bright field images, in which atoms appear dim on an illuminated background, and 

dark field images, in which atoms appear bright on a dark background.  The high number 

of background counts provides Poisson noise proportional to √n. Figure 3.1 shows the 

signal-to-noise mapped over a range of geometries for a Poisson noise limited signal.  

From this map, we see the signal-to-noise is optimized when the detector collects all 

electrons scattered outside of the cone of illumination.  Fortunately, bright field and dark 

field imaging are not mutually exclusive and can be acquired simultaneously. If we 

restrict ourselves to the BF regime, we see signal-to-noise is optimal in the IBF and 

annular bright field (ABF) regimes indicating an advantage over other bright field 
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detection modes.  IBF generally outperforms ADF only when more than half of the 

incident beam has been scattered away[38] and so is more suitable for ultra-thick 

samples, such as imaging in liquid cells. 

Annular Bright Field 

Recently, it has been demonstrated that annular bright field geometries can also be used 

to image both light and heavy atoms because of its reduced signal parameter, γ [39].  We 

also find that ABF provides interpretable images with larger dynamic range over light to 

heavy elements than HAADF imaging for atomically thin specimens.  As seen in Figure 

2b., the ABF signal will have a γ ≈1.4 intensity dependence for collection angles of 15-30 

mrad which changes with defocus (as indicated by dashed lines in Figure 3.2b) as well as 

aberrations.  The interpretability generally holds only for images roughly in focus (±2.5 

nm). To accurately determine an atomic number from the signal, and thus γ, requires 

knowledge of defocus and aberrations in the probe.  The method is more sensitive to 

defocus and thickness than IBF or ADF (Fig. 3.3), and shows a reduced SNR compared 

to the ADF detection modes for these very thin specimens. 
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Figure 3.3 | Detector map of carbon imaged at 60 keV and 30 mrad objective angle with 

aberrations (CS3 = -0.018 mm, CS5 = 20 mm) at three different defocuses.  b) df = -30.4 Å 

representing the plane of largest probe intensity.  a) When the defocus is reduced to df = -27.9 Å, 

we see the dark field region increase.  c) When the defocus is increased to df = -32.9 Å the dark 

field region increases.  We see that IBF and ADF imaging changes little with defocus as well as 

regions in the ABF regime.  The BF regime as well as annular detectors just inside the convergent 

cone are most effected by defocus. 
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Coherent Bright Field and CTEM 

While coherent bright field STEM and conventional transmission electron microscopes 

(CTEM) may obey the rules of reciprocity, they are not equivalent when it comes to dose 

efficiency [40].  Coherent bright field STEM only collects a small fraction of the incident 

beam over a point-like detector (typically 0.5 to 5 mrad or 0.1 to 0.3 of the convergence 

angle) positioned on the optical axis, thus collecting very little signal while exposing the 

specimen to a much larger dose.  However, CTEM has an advantage in that it utilizes 

most of the incident beam to form its image—making CTEM potentially more dose 

efficient. 

 To compare the SNR of an aberration corrected CTEM, we use the optimal spherical 

aberration, CS3, suggested by K. Urban, CS3 = -!"!" !(!
!!!)!!  [41].  For a 60 keV 

instrument operating with a 30 mrad objective aperture the CS3 can be optimally tuned for 

negative or positive values of 0.0142 mm and a corresponding defocus of ±96 Å.  

Operating under the negative CS3 conditions provides a marginal 3.4% improvement in 

SNR over the equivalent positive CS3 configuration when imaging a single silver atom.  

When CTEM is compared to LAADF STEM the SNR is quite similar (Fig. 3.4b)—

neither showing an obvious advantage in SNR.  Thus, it is difficult to make arguments for 

using CTEM vs STEM based solely on SNR in a Poisson noise limited system. 
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Figure 3.4 | a.) shows the signal of a scattered 60keV, 30mrad convergent electron beam 

scattered off of single atoms for various detector geometries.  The SNR based on shot 

noise contributions is shown by SNR/√N where N is the number of incident electrons in 

b.).  Although the signals for the ABF (15-30mrad) and IBF (0-30mrad) geometries are 

large (a.), the background level reduces its SNR below the HAADF (80-240mrad) 

geometry (b.). The SNR is greatest when the inner angle of an ADF detector is reduced to 

just outside of the convergence angle (30 mrad).   As shown in b.), Aberration corrected 

TEM with an optimized spherical aberration (CS = -0.0142 mm df = +96 Å) provides a 

SNR comparable to LAADF (30-240) STEM. 
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Difference Imaging 

In 1976, work by H. Rose et al. suggested a difference mode of operation where the 

signal is obtained by subtracting the signal of an annular dark field detector from that of 

the central bright field detector [17].  This mode was shown to provide an improved 

signal-to-noise for signals limited by Poisson noise while maintaining a directly 

interpretable signal.  Following on from this work, we found that the signal difference 

between ABF and ADF provides a small improvement of signal-to-noise (as high as 4.2% 

for a silver atom) over its constituent LAADF signal.  This is done by attenuating the 

ABF signal proportionally as a function of known signal and background levels of each 

detector geometry (see supplementary material).  By using directly interpretable signals 

in the ABF / ADF difference signal, one can obtain a predictable Z-contrast image with 

signal-to-noise greater than an ADF detector alone.  The difference geometry is appealing 

because many microscopes can utilize the annular detectors already present to implement 

the difference detection scheme as well as acquire the constituent ABF or ADF signal.  

Although the SNR improvement over ADF alone is small for light atoms, the ABF and 

ADF signal can be simultaneously acquired without any additional exposure to the 

specimen. 
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IMAGING GRAPHENE & MOLECULES 

The assumption that coherent contributions from adjacent atoms are negligible holds 

when atoms are well-separated, atoms are well resolved by the incident beam, or the 

signal is integrated over a wide range of angles [42]. Aberration correction enables 

STEM probe dimensions well below the 1.2 Å carbon-carbon bond length in graphene as 

well as bond lengths in most other 2D materials.  However, as recently discussed by E. 

Kirkland [43], it is important to maximize contrast by also selecting an aperture that 

reduces all uncompensated aberrations—typically a smaller angle than that suggested by 

optimizing C3 and C5 alone, which will effectively reduce the images SNR compared to 

the idea aberration-free, diffraction limited instrument. 

For graphene imaged in a 60keV aberration corrected microscope, under realistic imaging 

conditions—α = 30mrad C3,= -0.018 mm, 30.41 Å defocus, .6 Å source size—the 

contrast is reduced when compared to an isolated carbon atom (23% reduction in the case 

of an inner detection angle at 30 mrad). However one is still able to obtain a dramatic 

two-fold increase in the SNR over a higher-angle geometry (80 to 240 mrad). Figure 3.5, 

shows the noticeable improvement of LAADF over HAADF imaging of graphene in a 

Poisson noise limited micrograph, while both retain very similar image shapes.  However, 

if crystalline graphene is thicker than a few layers, image interpretability and 

quantification becomes more difficult for ADF detectors with smaller inner-angles—like 

that of the 30 mrad LAADF described previously. 
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Figure 3.5 | Simulated images containing Poisson noise of graphene imaged in an 

aberration corrected STEM (60keV, α = 30mrad, C3=0.018 mm, C5=20 mm , df = -30.41 

Å, 36pA beam current, 32us acquisition per pixel, a 0.6 Å source size, and RMS 

displacement of 0.0284 Å with a frozen phonon model at 293.15 K).  A clear advantage 

in signal-to-noise is seen when using a LAADF detector geometry (30-240mrad) over 

HAADF (80-240mrad).  

The largest limiting factor in imaging biological or polymeric specimens is, and has been, 

radiation damage.  The dose sensitivity of the specimen limits the sampling rate to a pixel 

with lateral dimension d! = ! (SNR/!)/ c!! ∗ D!/!!, where SNR is the desired SNR, C 

is the contrast ratio, Dc is the dose limit per area, and cZγ approximates the sampled 

signal from an atom in the specimen [44].   For a free standing atom, the contrast ratio is 

1, however on a graphene substrate this value decreases from the background carbon 

atoms.  Following Libera & Egerton’s discussion of the Rose Criterion [44], the contrast 
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ratio is given by the signal divided by the signal plus background. In the pessimistic case, 

an atom in our specimen lies adjacent to graphitic carbon atoms making C = 1-6γ /Zγ .  In 

the optimistic case, a heavier atom lies atop a carbon atom and their signals 

constructively add making C = 1-6γ/(Z+6) γ  [22].  The actual contrast is expected to lie in 

the range of these two extrema. Thus, in order to detect phosphorus on graphene (with an 

optimistic C > .84) at a SNR of 3 with a LAADF-STEM 60keV 30mrad microscope, we 

will need a dose of ~1 C/cm2 to sample at the diffraction limit of 1Å and ~0.1 C/cm2 to 

sample at 3Å.  The Nyquist-Shannon sampling theorem tells us the resolution will be 

limited to twice the sampling rate [45].  Typically, dose limits of biological molecules are 

of the order [0.01 - 0.1 C/cm2] [44][46], so only compounds containing heavy elements 

(Z > ~55) will allow ADF imaging in this dose range with sub-angstrom sampling. 

Quantitative analysis of atomic or molecular specimens on a graphene substrate is more 

challenging when atoms, in projection, lie atop or lie closer than the lateral resolving 

limit of the probe. For MAADF and LAADF detectors, coherent contributions will result 

in deviations from a simple incoherent signal, and thus extra care must be taken when 

determining atomic numbers from scattered intensities alone. Fortunately, prior 

knowledge of the structure of a graphene substrate may allow information to be backed 

out from the image.  It may also be possible to reduce these complications by fabricating 

a molecular specimen suspended over holes in a 2D membrane. 

As a test of molecular imaging, we performed LAADF simulations of the functionalized 

nucleotide, Adenine Triphosphate (ATP), in an unrelaxed form placed on graphene. The 

simulations indicate best-case (ideal detector, no scan noise) dose requirements are 

greater than 100C/cm2 (Fig. 3.6b)—much larger than the ~0.2C/cm2 dose limit reported 
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by Isaacson [7].  However, structure can still be seen at doses around 5 C/ cm2 (Fig. 

6c)—a limit determined qualitatively via observation.  It is important to note, that the 

simulations are run under optimal imaging conditions with no aberrations, zero 

background and readout noise, as well as the bold assumption that the specimen does not 

move while under the electron beam.  Thus, even under the most favorable, ideal imaging 

conditions, simulation indicates that structural imaging by an annular detector will only 

be possible for more stable compounds, or those containing heavier elements. 

 
Figure 3.6 | Multislice simulation (60keV, α=30 mrad) of an unrelaxed model ATP 

nucleotide (a.) on graphene substrate.  b.,c.) A comparison between LAADF-STEM (30-

250mrad, aberration free) at 250 C/cm2 and 5.0 C/cm2 beam doses demonstrates the 

strong dependence on beam dose for atomic resolution imaging.  LAADF-STEM is 

compared to TEM (Cs = 0.0142 mm, df = -96 Å) (c.) at the 5.0 C/cm2 dose requirement - 

a value qualitatively found to be minimum dose required to determine ATP structure 

under ideal conditions. 
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CONCLUSIONS 

Early STEM microscopists, such as Crewe and Isaacson, called for thinner and more 

uniform supporting membranes for improved imaging of single atoms in compounds 

[6][47][7][48].  At the time a monolayer of atoms—and one that is stable under a 60 keV 

electron beam—might have seemed like a dream.  However, the production of graphene 

is becoming commonplace and commercially available for use in electron microscopy.  It 

is an exciting opportunity for biomolecular electron microscopy—much of which is 

highly radiation sensitive.  Monolayer membranes improve image contrast, and when 

combined with a sub-Angstrom microscope, can allow atomic imaging with efficient 

collection of elastically scattered electrons.  We would not be surprised to see an 

increased effort towards more dose efficient systems from a variety of approaches.  In-

lens secondary electron detectors, split detector geometries, large angle x-ray detectors, 

and efficient electron energy loss detection are some of the more recent developments 

that may squeeze out additional signal. In this paper we discussed how dose efficient 

imaging—from elastic scattering—of atomically thin specimens can be optimized with 

detector geometries common today.  In particular, what Crewe had found for the earliest 

STEM designs still holds true for modern correctors—that by reducing the inner angle of 

an annular dark field detector one can obtain a significant increase in the scattered 

electron signal of atomically thin specimens to provide a SNR comparable to TEM. 
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IV. ELECTRON CHANNELING IN CRYSTALS 

INTRODUCTION 

The propagation of a high-energy electron beam through a three-dimensional (3D) 

periodic potential can be mapped to the time-evolution of a wavepacket in an array of 2D 

projected potentials[1-4].  Previous real-space and Bloch-wave[5, 6] models are effective 

descriptions of well-separated atomic columns, but the simple image interpretations that 

can be extracted from these models are recognized to fail for the closely-spaced features 

accessible to the new generation of aberration-corrected electron microscopes[7, 8]. The 

form of the failure leads to a new scattering regime with very real consequences for 

image interpretation. These scattering effects can be understood using a tight-binding 

model for swift electron propagation in crystals where paired atomic columns can be 

treated in analogy to a two-dimensional (2D) hydrogenic molecule. In isolation, each 

column produces a transverse set of bound and continuous states, resembling that of a 2D 

hydrogenic atom.  When two atomic columns are in close proximity, the overlapping 

bound states give rise to symmetric and anti-symmetric orbitals. When a scanning 

transmission electron microscope (STEM) is used to probe a crystal structure, the 

excitation of anti-symmetric orbitals can make paired atomic columns separated by less 

than the probe width appear to be incorrectly resolved, placing images of the projected 

columns at unphysical locations.  Prior studies of overlapping orbitals[9,10] had 

considered a regime where the atomic columns were separated by more than an Angstrom 

and the potential effects of overlap and coupling are exponentially weaker. Consequently, 
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in Geuens & Van Dyke[11] the authors concluded coupling between columns can be 

neglected. While their conclusions were appropriate for the older generation of lower-

resolution microscopes where the coupling between sufficiently widely-spaced columns 

can be neglected, for more modern instruments capable of forming sub-angstrom sized 

beams, this is no longer the case and the resulting distortions often prevent a simple 

interpretation of images and may raise doubts about real-space resolution measurements 

or atomic displacements such as ferroelectric distortions in a material. 

A major challenge in measuring the experimental probe profile of a sub-angstrom 

electron wavepacket is the lack of good test objects. There are no bond lengths shorter 

than 0.5 Å. Instead, most resolution tests rely on viewing a thin section of a crystal along 

a zone axis such as silicon [11n] (n = 2, 4,..) where the projected distance between 

neighboring atom columns can be shrunk incrementally[12]. In projection, the resulting 

closely spaced pair of atomic atoms is referred to as a dumbbell due to the shape of its 

image when the pair is just resolved. An implicit assumption in this test is that the shape 

of the probe wave function is not altered by the atomic potentials. However incident swift 

electrons are known to channel along the positively charged screened potential of an 

atomic column’s nuclei[13-16].   

Electron channeling can result in image artifacts, a dramatic failure of standard resolution 

tests, and confound attempts to measure atomic displacements in interfaces and 

ferroelectric thin films. Experimentally, these effects are shown in a scanning 

transmission electron microscope (STEM) image (Fig. 4.1), where the Si [211] paired 

columns are located 68% further away than the actual inter-column spacing [17].  

Considering the resolution degradation from chromatic aberration and the incoherent 
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source size, the paired column peaks of Si [211] are not expected to be resolved in this 

micrograph. This is in agreement with the fact that no information out to 0.78 Å (i.e. 444) 

is found in the diffractogram (Fig. 4.1) [18].  Previous work has emphasized real-space 

resolution measurements since information in the diffractogram can lead to false 

positives[17, 19, 20].  However, simply checking for the appearance of dumbbell 

structure in an image could lead many to overestimate the resolution of their STEM. A 

combination of Fourier analysis, peak-to-peak measurement, ideally over a range of 

sample thicknesses and backed by multislice simulation is needed to best verify 

resolution. These shifts are also much larger than many atomic displacement expected 

near grain boundaries or interfaces. 
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Figure 4.1 | An ADF-STEM image (8 successively acquired images cross correlated and 

averaged to increase the SNR) of Si along the [211] zone axis  acquired by a 100 KeV 

aberration-corrected Nion UltraSTEM (αmax = 33 mrad, I = 30 pA). Considering the 

resolution degradation from the chromatic aberration and the incoherent source size, the 

0.78 Å spaced dumbbells are not expected to be resolved by this microscope. However, 

the image shows apparent but unphysical atomic columns with a separation much wider 

than the actual spacing.  Red dots (lower right) show the actual atomic positions, which 

lie closer together by 0.78 Å than the experimental peaks, giving a ‘squinted eye’ 

appearance to the composite. 

BOUND COLUMNAR STATES IN A CRYSTAL 

Understanding the dynamic scattering of high-energy electrons in crystals is often tackled 

by solving Bethe’s equation using Bloch-waves[21, 22].  Plane-wave Bloch s-states are a 

truncated (and slowly converging) Fourier expansion of the atomic columnar s-states 

considered here.  When a small number of plane-wave Bloch beams is selected to keep 

the model analytically tractable and interpretable, the Bloch s-state has a very different 

shape and spatial extent from the columnar s-state. The Bloch convergence is worst for 

the on-column features, which are those that contribute most to the ADF-STEM intensity.  

Consequently, describing a highly localized, channeled electron wave may not be best 

suited for the extended, periodic plane-wave Bloch basis that relies on the extended 

translational symmetry of crystal in the transverse direction, a symmetry which is broken 

at interfaces, grain boundaries, and defects. Nevertheless, when fully converged (which 

scales as the cube of the number of beams, O(N3) - as shown by Fig 6.2 of ref [23]), it 

does capture many of properties of isolated columns, a result best understood by again 

appealing to atomic models.  Here we will focus on the direct calculation of the real-
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space s-states in a local basis, an approach that scales linearly with the number of atomic 

columns. 

Numerical solutions can also be obtained with O(N2logN) scaling by a real space, 

Green’s-function multislice formulation incorporating a frozen phonon model[24, 25], 

and we will use this to check our simpler, analytic models.  Forward-propagating fast 

electrons of constant velocity in materials can be described by a scalar-relativistic-

corrected time-dependent Schrödinger equation with the time t replaced by the position in 

the forward direction, z:  

∂ψ
∂z

= [ iλ
4π

∇2
xy +

2meiλ
4π2

V (x, y, z)]ψ(x, y, z)
 

(4.1) 

where x,y,z are Cartesian spatial coordinates, e is the electron charge, and m and λ are the 

relativistic electron mass and wavelength respectively (discussed with greater detail in 

Chapter II, Eq. 2.16) [23]. By numerical application of this method, Fig. 4.2a shows the 

free propagation of a 100 keV electron beam with a semi-convergent angle of 33 mrad.  

The electron beam converges at the focal plane and then diverges rapidly. However, when 

a column of Si atoms is present and aligned with the incident beam direction (Fig. 4.2b), 

a significant fraction of the electrons are attracted to and channel along the column. 
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Figure 4.2 | Cross sectional depth profile of probability for an aberration corrected 

electron probe (33 mrad, 100 keV) as it propagates a) in free space, b) down a single 

isolated atomic column, c) down two adjacent isolated columns, d) down two adjacent 

columns in a full lattice.  The atomic columns, atomic spacings, and column spacings are 

that of the Si [211] zone axis.  The electron probe is focused at the entrance surface and 

positioned just left (0.2 Å) of the atomic columns.  The probability density remains 

localized deep into the sample (over 1000 Å) as it oscillates between atomic columns.  

The frequency of oscillation is determined by the difference of the eigenenergies of the 

transverse bonding and anti-bonding states.  (a-d) are calculated using the full multislice 

method.  (e) is the analytic tight-binding approach to (c) as described in the text. 

 
In an s-state model, the electron channeling is assumed to be predominantly from the 

excitation and propagation of the 1s transverse bound state of a projected atomic column, 

although more generally a larger family of bound and unbound states needs to be 

considered [26]. In the first order approximation, a fast moving incident electron (60-300 

keV) experiences the average potential along its direction of motion.  When a crystal is 

projected down a high symmetry zone axis, atoms aligned along the zone can be  
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approximated as uniform columns of charge. The Ewald sphere is treated as a flat surface 

and the excitations on the high order Laue Zones are ignored [1, 2].  At lower energies 

and larger angles, this approximation can break down [27].  In this approximation, the 

potential is z-independent and radially symmetric: ! !,!, ! → ! ! , where ρ is the 

radial transverse coordinate. Schrödinger’s equation reads: 

−ℏ!
2! ∇!! !,!, ! + !!! ! ! !,!, ! = !!! !,!, !  

 (4.2) 

The z-translation invariance of the columnar potential permits separation of the z-

dependent solution of the wave equation ! !,!, ! → !!! !,! !(!) . Using the 

separation variable, Et , denoting the transverse eigenenergy of a bound state ) the z-

dependence can be separated into fast and slow varying phase terms: 

! ! = exp !2!"
ℎ 2!" exp −!2!" 2!!"!ℎ!  

 (4.3) 

The first exponential, which depends only on the incident electron energy, is a fast 

varying term. The second term has a temporal periodicity that depends on the transverse 

eignenstate energy Et . Solving for the transverse solutions to Schrödinger’s equation 

requires further separating the differential equation into radial, !, and angular, !, parts, 

! !,!, ! → !! ! !(!)!(!). Using the polar Laplacian, ∇!= !!
!"! +

!
!
!
!" +

!
!!

!!
!"! , we 

can separate the variables. The angular equation becomes: 
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1
!!!(!)

!!!(!)
!"! = − !

!

!! 

 (4.4) 

Here the separation constant was conveniently chosen to be − !!
!! where ! is a quantized 

angular term. This permits periodic angular solutions of the form: 

! ! = exp!(±!!!) (4.5) 

The reduced radial equation, where ! ! = !!! ! / !  , can be written: 

!!
!"! !! ! + 2!

ℏ
!
! − !!! ! − ! ℏ

2!
! !! − !

!
!! !  

 (4.6)!

As discussed by Berry[1], the 2D radial Schrödinger equation differs from the 3D radial 

equation by containing an ( 2 - ¼) term in the centripetal potential instead of the familiar 

( +1), with  being the angular momentum quantum number. In contrast to the 3D 

case, the radial wave equation acquires an attractive centripetal potential when  = 0 (s-

states). 

The propagating wave function can be written as a linear combination of transverse 

eigenstates of a 2D time-independent Schrodinger’s Equation,
 
 

! !,!, ! = !!,! !!,!(!)!! !!,! exp!(−!2!!"!!!,!
! !) (4.7) 

where Et is transverse eigenenergy of the particle and �,�, are the planar transverse 

polar coordinates. Each eigenstate is indexed by quantum numbers n,   and weighted by 
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the overlap coefficient with the initial probe wavefunction, 

c(n,) =<Ψ(ρ,θ, 0) |ψt
(n,) (ρ,θ )> . For simplicity we have not included the fast varying 

portion of the wavefunction. The transverse bound states (i.e. columnar orbitals) of each 

isolated atomic column are analogous to that of a 2D hydrogen atom [28]—with only the 

s-states having non-zero values at the origin.   

This formalism permits both the bound atomic-like states and unbound states that can be 

written as a linear combination of Bessel functions (Laurent series) [1]. The unbound 

states of the columnar potential can be converged more efficiently by avoiding the rapid 

oscillatory behavior required near atomic nuclei by constructing waves orthogonalized to 

the bound eigenstates [29]. The resulting pseudopotential then may be sufficiently weak 

enough to justify a weakly-scattering calculation of unbound states.  For any incident 

electron beam, the wavefunction propagation is determined by matching the appropriate 

phase and amplitudes at the entrance surface to the bound eigenstates, which propagate 

according to Eq. 4.7, while the remaining uncoupled states propagate as unbound, 

weakly-scattered waves in the crystal: 

ψ fr (ρ,θ, z) = [Ψ(ρ,θ, 0)− c(n,)
n,
∑ ψt

(n,) (ρ,θ )]exp(−i2π z
λ

)  (4.8) 

 The higher the beam energy, and thinner the crystal, the better this approximation 

becomes, but the pseudopotential experienced by the orthogonalized states will always be 

weaker than the original potential. 
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CHANNELING IN SI [211] – A TWO LEVEL SYSTEM 

When two projected potentials are brought together, the time-independent Schrodinger 

equation can be approximately solved using a linear combination of the columnar orbitals 

[9, 11]. In this tight binding approach, a two-level system arises from the overlap of two 

closely-spaced columnar orbitals and the energy splitting of the resulting bonding and 

anti-bonding states (Fig. 4.3, 4.4).  Such a system arises in the dumbbell structure of Si 

along the [211] zone axes. 

 

Figure 4.3 | The eigenenergies of the transverse anti-bonding and bonding states for Si 

[211] as a function of incident electron energy (top).  The plot below shows how the 

energy levels of the eigenstates split as two atomic columns are brought together. 
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Figure 4.4 | Bonding (left) and anti-bonding (right) transverse eigenstates of the Si [211] 

dumbbell structure for a 100 keV electron.  Line profiles of the eigenstates are shown 

(top) with atomic positions marked; corresponding two-dimensional plot shown (bottom). 

For a 100 keV electron, a single column of silicon atoms along the [211] direction only 

permits a single 1s bound state, which is broader than 1 Å—a severe issue for sub-

angstrom imaging. However, as two atomic columns are brought together, the bound 

states overlap and give rise to a two-level system comprising a bonding and anti-bonding 

state. This has a pronounced impact on the electron propagation as shown in Figure 4.2c, 

which implies a signal delocalization as the electron beats between two columns. The 

behavior changes little when the full lattice is added (Fig. 4.2d) except to introduce a 

slightly faster damping envelope, indicating that the local bound states dominate the 

scattering and propagation behavior.  

The two-level molecular system provides a transparent understanding for the unintuitive 

‘jumping’ of a channeled beam between adjacent columns: Down the silicon [211] zone 

axis, the bonding and anti-bonding states made from two 1s columnar orbitals located on 
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their parent columns are shown in Fig. 4.3 for a 100 keV probing electron. The column 

pair has a 0.78 Å inter-column spacing and atomic column density of 1.50 atoms / nm. 

We used the screened atomic potentials tabulated by Kirkland [23] and solved the 1s 

bound state—the only bound state for this system—numerically using the Numerov 

method [30]. When comparing the two states of the columnar pair, the anti-bonding state 

has a central node, an increased electron density in the tails outside the columnar pair, as 

well as a 28% larger on-column magnitude than the bonding state. The energies of the 

bonding and anti-bonding states are respectively  -18.28 and -3.37 eV for a 100 keV 

electron and -21.89 and -9.15 eV for a 300 keV electron (two beam energies typical to 

current aberration-corrected microscopes). The shape of the bound s- states changes with 

beam energy due to scalar relativistic effects.  Length contraction causes faster electrons 

to experience deeper potential wells, resulting in bound eigenstates with lower energies 

and faster radially decaying 1s states (Fig. 4.3a). With less overlap in adjacent column’s 

s-states, there is a smaller energy splitting between eigenstates (Fig. 4.3b). 

As the bonding (ψt
(b) ) and anti-bonding (ψt

(a) ) states propagate with periods inversely 

proportional to their energy, they constructively and destructively interfere, resulting in a 

beating of wave intensity between the two columns.  The period of beating between 

columns is inversely proportionally to the difference in their energies (ℎ!/!"(!!! −

!!! ) . The total wave function intensity of the two-level system is described by: 

! = !(!)!!(!) + !(!)!!(!) = 1+ 2!(!)!(!)cos!(!!"#!! !!! − !!! ) . Fourier analysis of 

the oscillations along each of the columns simulated by the multislice method (Fig.  4.5) 

shows a single strong peak with a wavelength of 45.51 and 75.85 nm for the 100 and 300 



 81 

keV electrons, which matches within 0.3% the eigenenergy difference calculated by the 

tight-binding model[18]. Plotting the intensity of the two-level system with the addition 

of unbound states (Fig. 4.2e), we see that the periodicity of the channeled electron’s 

wavefunction matches well with the multislice simulation. 

 

Figure 4.5 | Two line profiles of probe electron density (100 keV, 33 mrad) were taken 

along the Si [211] atomic columns.  Fourier analysis of each columns period shows a 

peak at 45.51 nm, which matches within 0.3% of the value predicted by the tight binding 

two level system. 

LINEAR ADF SIGNAL FROM SI [211] CHANNELING 

In annular dark-field STEM, the image is formed by scanning the beam across the sample 

and incoherently collecting the electrons that scatter to an annular dark-field (ADF) 

detector. Because the local scattering potential of atoms are strongly peaked at the atomic 

nuclei, the ADF signal is approximately proportional to the integrated probe intensity 
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along atomic columns [13].  An interesting scattering regime arises for depths beyond the 

microscope depth of the focus, where unbound components of the probe are sufficiently 

spread out and only contribute to the background level of the ADF signal. As the 

specimen thickness increases beyond the depth of focus, only the channeled beam 

intensity remains and plays a dominant role (Fig. 4.6) [18].  The excitation coefficient of 

each state, c(j), is given by the inner product of the probe at the entrance surface and that 

eigenstate.  For the channeled electron beam along two adjacent and equivalent atomic 

columns, the contributed ADF signal at a given depth is approximately proportional to the 

change in beam intensity along each atomic column positioned at r1 and r2: 

dI( ρ, z) / dz∝ c(a)ψt
(a) (r1, z)+ c

(b)ψt
(b) (r1, z)

2
+ c(a)ψt

(a) (r2, z)+ c
(b)ψt

(b) (r2, z)
2

   (4.9) 

where ρ is the incident beam position, and z is depth.  Expanding the terms: 

dI( ρ, z) / dz∝ c(a)
2
(ψt

(a) (r1, z)
2
+ ψt

(a) (r2, z)
2
)+ c(b)

2
(ψt

(b) (r1, z)
2
+ ψt

(b) (r2, z)
2
)…

+ (c(a)*c(b) + c(a)c(b)* )(ψt
(a) (r1, z)ψt

(a) (r2, z)+ψt
(a) (r1, z)ψt

(a) (r2, z))    (4.10)

 

For two adjacent, equivalent columns containing a 2-level system the bonding and anti-

bonding states are symmetric and anti-symmetric such that: 

ψt
(b) (r1, z) =ψt

(b) (r2, z)  and ψt
(a) (r1, z) = −ψt

(a) (r2, z)      (4.11) 

and the cross terms cancel out, 

dI( ρ, z) / dz∝ c(a)
2
ψt
(a) (r1, z)

2
+ c(b)

2
ψt
(b) (r1, z)

2

     (4.12) 

Further simplifying the expression, we can drop the z-dependence, exp(-i2πmeλEz/h2 ), in 

terms that have squared magnitude:  

dI( ρ, z) / dz∝ c(a)
2
ψt
(a) (r1)

2
+ c(b)

2
ψt
(b) (r1)

2

          (4.13)
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This constant scattering rate that does not vary with thickness is very different to the 

enhancement and depletion seen at the entrance surface.  For realistically thick specimens 

where channeling behavior dominates, the ADF signal depends on the excitation 

coefficients and the on-column intensity of the bound Eigenstates.  When the excitation 

coefficient magnitudes change very slowly with z, the signal, I(z), from the channeled 

beam is approximately linear with thickness.  As a measure of the variation of the 

excitation coefficients for a typical case of a 100 keV beam propagating in Si [211], the 

on-column intensity drops roughly 15% from 50 to 100 nm (Fig. 4.5, 4.6) [18]. 
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Figure 4.6 | An electron beam incident upon the two adjacent columns in a Si [211] 

crystal is comprised of unbound (a.) and bound (b.) states. The unbound states in (a.) 

quickly become delocalized at depths larger than the incident beam’s depth of focus while 

the bound transverse eigenstates maintain on-column intensities deep into the specimen.  

The complete wavefunction is comprised of both the unbound and bound components 

(c.).  (d.) shows the summed wave intensity at both columns as a function of depth for the 

total wave function and the unbound and bound components.  After  roughly 10 nm, the 

total wave intensity closely is well characterized by the bound state intensity.  Simulation 

numerically computed with multislice methods (beam energy, 100 keV). 
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FAILURE OF THE LINEAR IMAGING MODEL 

The Si [211] anti-bonding state, with a 28% larger on-column probability density than the 

bonding state, scatters more strongly to high angles.  We found that the probe positions 

where the maximum excitation of the Si [211] anti-bonding state occur deviate from the 

positions where the atomic columns are actually located (Fig. 4.7).  The ADF signal from 

excitation of the anti-bonding state will have an inter-peak spacing of 0.92 Å (17% larger 

than 0.78 Å) for a 100 keV probe (αmax = 33 mrad, aberration free) focused on the 

entrance surface (Fig. 4.7a). If the probe is focused 12 nm into the sample, the excitation 

coefficients change and there is a dramatic increase in maximum inter-peak spacing—

1.48 Å or 89% increase (Fig. 4.7b, Fig. 4.8).  Additionally, there will be little to no 

excitation of the anti-bonding state when the probe is positioned near the node of the anti-

symmetric state. As a result, signal contributions from the scattered anti-bonding states 

cause closely-spaced dumbbells to appear wider than the actual spacing and with an 

enhanced inter-column contrast. While the model provides an upper bound to the 

observed spacing, the exact value is a sensitive function of the probe shape, defocus, and 

sample thickness.  
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Figure 4.7 | Squared excitation amplitudes of the bonding and anti-bonding states by a 

convergent electron probe (100 keV 25 mrad) as a function of the lateral probe position. 

A probe focused on the surface, defocus =0 Å (left), and a probe focused into the sample, 

defocus =120 Å (right), are compared.  Peak intensities deviate noticeably from atomic 

column positions as the probe defocus increases. 
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Figure 4.8 | 2D Map of the excitation amplitudes of the bonding (left) and anti-bonding  

(right) states by an aberration-free convergent electron probe (100 keV 25 mrad) as a 

function of both the lateral probe position (x axis) and defocus (y axis). The inter-peak 

spacing of the anti-bonding excitation is wider than the actual inter-atomic spacing and 

further widens as the beam is defocused. 

The increased spacing of adjacent columns in a HAADF image may seem 

counterintuitive. A simple linear imaging model, where images are assumed to be the 

scattering potential convolved with the intensity of the unperturbed wave function [23], 

would result in two overlapping airy disks only capable of producing a smaller peak-to-

peak spacing with less contrast [12].   However, the simple linear imaging model is seen 

to fail at thicknesses greater than ~10 nm, typical for current imaging conditions (Fig. 

4.1, 7). Atoms can appear resolved (but at incorrect locations) under unresolvable 

microscope conditions as defined by the Rayleigh criterion and the linear imaging 
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approximation.  Figure 4.9 demonstrates such behavior for a 300 keV instrument with an 

11 mrad probe forming semi-angle. For very thin samples, the ADF-STEM image 

matches well with the linear incoherent imaging model and the Si [211] structure is 

unresolved. However, for a thicker 20 nm sample (Fig. 4.9c), the Si [211] structure 

appears resolved but the “atomic” positions are not in their expected locations (~26% 

further apart). Figure 4.9c. shows that these artifacts are most pronounced for realistic 

sample thicknesses in the range of 10-40 nm and remain for substantially thick specimens 

(100 nm or more Figure 4.10 shows the apparent separation of the [211] Si dumbbell for 

an aberration-corrected (C5=20 mm) 300 keV Titan as the probe size varies.  Here this 

was achieved by varying the size of probe-forming aperture as this provides a hard and 

unambiguous cutoff for the information limit in the linear imaging approximation. A 

similar effect could also be achieved by introducing a progressively larger incoherent 

source size.  While for thin specimens (2 nm) the linear imaging approximation holds, in 

thicker specimens a false dumbbell is present, even when the aperture is reduced below 

the information limit needed for the true dumbbell spacing. The dumbbells can appear 

without information transfer beyond the microscopes information limit, however work by 

Liu & Cowley and Hillyard & Silcox (esp. their Fig 8a) has demonstrated under some 

conditions it is possible to see Bragg spots in diffractogram beyond the information limit 

as a result of channeling artifacts[17, 20].  These spots reflect distortions in the image and 

should not be interpreted as improved resolution[18].  
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Figure 4.9 | For a 300 keV electron and 11 mrad probe-forming aperture:  Multislice 

simulation for thin samples (a.) closely matches a simple linear incoherent 

approximation.  However, for thicker samples (b.), the presence of the two 0.78 Å atomic 

columns (marked in white) become clearly visible despite the 1.09 Å resolving limit of 

the probe.  On the right (c.), line profiles are shown for all thicknesses up to 100nm.   

Dumbbells are clearly visible around 20-60 nm thicknesses. 

In general, the false dumbbell spacing is larger than that of the true atom locations.  

However in thicker samples and small aperture sizes, the dumbbell spacing is reduced, 

crosses the “correct” spacing as the aperture is increased and continues to increase, 

reaching a maximum and then decreasing and finally asymptoting to the correct spacing.  

This is illustrated in the 50 nm curve, where the correct spacings, albeit with reduced 

contrast, can also be seen for an aperture size that should have been too small to resolve 

this spacing.   The lesson is that even if the dumbbells are resolved at their correct 
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positions, it does not mean that the probe is as small as the dumbbell spacing—here a 

probe larger than one Angstrom has produced an image with a sub-Angstrom (0.078 nm) 

spacing. The artifact could be detected by repeating the measurement at a series of 

different sample thicknesses.  If the probe is too large, then at many thicknesses, the 

dumbbell spacing will be too large as well and will vary with thickness.  

 

Figure 4.10 | Apparent separation of the [211] Si dumbbell for an aberration-corrected 

(C5=20 mm) 300 keV Titan as a function of the probe-forming aperture size. Multislice 

simulations were ran for 2, 20 and 50 nm thick samples.  For thin specimens (2 nm) a 

linear imaging approximation holds well—for probes smaller than the actual 0.78 Å 

spacing, dumbbells appear at the correct position.  This spacing decreases past the 

Rayleigh Criterion until it reaches zero (Sparrow Criterion).  However, for thicker 

specimens, a false dumbbell with an incorrect spacing is present, even when the aperture 

is reduced below the information limit for the true dumbbell spacing.  Correct spacings 

with reduced contrast can also be seen beyond the transfer limit of the microscope, as 

shown by the 50nm curve.  The probe size was calculated from the Raleigh Criterion. 
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Additionally, there is a noticeable polarity of the dumbbell HAADF intensity in 

the experimental image (Fig. 4.1).  This polarity is a real effect seen in the multislice 

simulation (Fig. 4.9) where the intensity of the right column is higher over a range of 

realistic thicknesses.  This asymmetry is reflected in the Si [211] zone axis, where the 

positions of atoms along one column are shifted along the [211] direction relative to the 

adjacent column such that symmetry between the left and right column is broken.  A 

linear imaging model fails to predict the polarity of a dumbbell that is seen in experiment 

and simulation. 

The multislice simulations confirm the rather unexpected tight-binding prediction of 

increased dumbbell spacing and also demonstrate the failure of resolution tests based on 

the assumption of a simple linear imaging model, or the independent column 

approximation, at realistic and typical sample thicknesses.   

IV. CONCLUSIONS 

In summary, a simple two-dimensional molecular system captures the key physical trends 

for fast electron propagation along crystal zone axes, as well as predicting real imaging 

artifacts found in experimental and simulated ADF-STEM images. When viewing a 

crystal down a principle zone axis, as is done to obtain atomic images, we’ve shown that 

the complexity of the problem can be reduced to textbook simplicity by mapping the 

propagating beam to the time evolution of a non-stationary state of a 2D-columnar 

“molecule”. As to efficiency, while Bloch plane-waves scale as O(N3), multislice scales 

as O( (NlogN)2 ), but the coupled-columnar approximation scales as O(N), which could 

reduce the length of some of simulations from days or weeks to minutes or hours  for 
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electron propagation through crystals. While imaging of crystals is now possible with 

sub-Angstrom electron beams produced by a new generation of aberration-corrected 

microscopes, the propagation of the electron beam can complicate image interpretation.  

When atomic columns with sufficiently close proximity are observed, the excitation of 

the resulting 2D molecular orbital’s have distinct characteristic signatures in the images 

that we are able to observe experimentally, and can drastically and predictably change the 

apparent location of atoms in samples currently used as resolution tests.  The shifts in the 

apparent column spacings suggest caution in directly reading off atomic displacements 

from ADF-STEM images of grain boundaries and interfaces when atom columns are 

sufficiently closely spaced to generate molecular orbitals. 
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V. EXTENDED DEPTH OF FIELD FOR HIGH-

RESOLUTION STEM 

INTRODUCTION 

The recent introduction of aberration correctors has enabled scanning transmission 

electron microscope (STEM) imaging and analysis at sub-angstrom dimensions [1-4]. In 

addition to the improved resolution, the large convergence angle greatly reduces the 

depth of field—the distance along the optical axis for which the sample is in focus [5]. 

For microscopes with a small depth of field, information outside of the focal plane 

quickly becomes blurred and less defined. However, objects in focus are rendered sharper 

in the resulting image. The tradeoff between depth of field and lateral resolution can be 

problematic for biological samples with a large specimen thickness, especially for 

tomography [6]; for determining the size distribution of catalysts nanoparticles on 

electrode supports; imaging node or interface thicknesses in semi-conductor devices; or 

high resolution electron microscopy where the depth of field becomes extremely small 

[7,8]. The lateral resolution improves inversely proportional to the semi-angle of 

convergence, α, while the depth of field has a more rapidly-diminishing inverse squared 

relationship. The diminishing relation[5] can be understood from the classical ray 

diagram of a lens (Fig. 5.1). 
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Figure 5.1 | Simple ray diagram illustrating how depth of field depends decreases with 

convergence angle, α. The rays focus to about two object points separated by the 

resolution limit d of the lens. The two cross points on the optical axis look equally sharp 

and describe the depth of field (DOF) for the lens. The resolution d, is proportional to the 

wavelength, λ, and inversely proportional to the convergence angle, α. Thus, the DOF 

approximately has an inverse squared relation with convergence angle. 

When working with aberration-corrected STEM with 0.70 Å resolution, the depth of field 

is prohibitively small, ~6.1 nm (for a 100 keV STEM). As a result, only parts of a typical 

TEM specimen (20-50 nm thick) will be in focus at the maximum resolution. At the same 

time, the numerical apertures are still not sufficient to allow reliable three-dimensional 

optical sectioning, with features distorted along the vertical axis by elongation factors of 

30 – 50 [7,8]. This would be equivalent to attempting tilt-series tomography with a ±2°"

tilt$range.!

We can extend the depth of field by moving the focal plane along the optical axis and 

acquiring images at each step, obtaining a z-stack. Ideally, to avoid under sampling, the 

distance between steps should be on the order of, or smaller than, the depth of focus of 

the point-spread function. The challenge then becomes extracting the in-focus 

DOF

d

Ơ
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information out of each image in the stack. That is, we would like to combine or merge 

the image stack into a single two-dimensional image with an apparent extended depth of 

field (Fig. 5.2).  

 
Figure 5.2 | Simulated particles at different heights (0, 15, 30 nm) are imaged over a 

range of defocuses (-4 to 34 nm) by a 100keV, 33 mrad probe. Due to the microscope’s 

limited depth of field (shown left), particles go in and out of focus. By merging the in-

focus information from each image in the stack, we can effectively extend the depth of 

focus (shown right).  

In this chapter we analyze a typical fuel cell electrode structure – PtCo nano-particles 

attached to the outside of a three-dimensional aggregate of a vulcanized carbon support. 

Additionally, we demonstrate application to imaging of semiconductor devices. These 

were imaged using a 100 kV 5th-order aberration-corrected STEM that has a depth of 

field around ~6 nm. With the nano-particles roughly ~5 nm in diameter and well 

distributed over ~100 nm diameter carbon-black support particles, we cannot acquire a 

single image with all the nanoparticles simultaneously in focus for these operating 

conditions (Fig 5.3a, b). Through extended depth of field methods, a single image with all 

particles in focus allows large scale and meaningful counting statistics to be obtained for 
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quantities such as particle size and spacing distributions, a process that would be far more 

time consuming if the full three-dimensional data set had to be analyzed. 

EXTENDED DEPTH OF FIELD 

Extended depth of field techniques used in light microscopy can be applied to annular 

dark-field STEM (ADF-STEM) fairly readily. There are three basic approaches to 

merging an image stack and obtaining an extended depth of field: A point-process basis, 

an area-process basis, and those that utilize the frequency space of the image[9,10]. All 

these approaches provide a z-height selection rule for each x-y location in the image 

stack. For transparent structures with multiple objects viewed in projection, the z-height 

function may no longer be singled valued, and methods that make that assumption could 

miss or misinterpret features. For this reason, we also consider deconvolution-based 

approaches.  

Point Processes Basis 

In the point process a single pixel at one location (transverse coordinates, x-y) is 

compared to others along z in the image stack at the same (x, y) location. A selection rule, 

such as a gradient search, identifies a maximum intensity. Under a simple deconvolution 

model, this maximum intensity represents the z-height at which the slice is in focus. A 

simple maximum intensity and average intensity algorithm were used in the study for 

comparison. 
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Area-Process Basis 

An area-based approach uses a neighborhood of pixels surrounding a location to 

determine the z-height at which the location is in focus. A classical example takes the 

variance of intensities in the neighborhood of each location: it is assumed that the z-

height with the largest variance in intensity is in focus. It is particularly appealing 

because of its computational simplicity and relative effectiveness. There is a tradeoff in 

choosing a windows size for calculating the variance. A larger window size can provide 

more variance information but at a loss of locality. We used the variance over a 5x5 pixel 

window as a selection rule, although other sizes can also be used. 

Utilizing Frequency Space 

The frequency or wavelet approach has been successfully implemented by many groups 

for optical microscopy [9-11]. It analyzes the frequency components of the image at 

various locations by using processes such as a wavelet or windowed Fourier transform. 

In-focus regions are assumed to have sharp details and contain high frequency 

information. Thus, regions with high frequency components are considered in focus and a 

z-height is selected from the stack. 

The windowed Fourier transform uses a portion, or windowed region, of the sample to 

transform into frequency space. The limitation to this technique is the fixed window size 

that, when small, limits the frequency components or, when large, limits locality of the 

measurement. This is the underlying principle behind Heisenberg’s uncertainty principle. 

As an alternative, we utilize a complex wavelet transform [9,11] . In the wavelet-based 

method, the image is transformed into a discrete basis of wavelets with frequency 
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characteristics similar to the windowed Fourier transform [12]. Wavelets, however, have 

a fully-scalable modulated window. The magnitude of wavelet coefficients indicate the 

scale of detail in the image like that of the Fourier transform. The wavelet algorithm used 

here implements the complex Debauchies-6 wavelet basis [9], which offers a smooth and 

continuous form. The complex wavelet transform of an image yields a coefficient for 

each scale, where large coefficients in the sub-bands correspond to high levels of detail. 

Each image in the stack is transformed and portions with largest coefficient magnitudes 

in the wavelet sub-bands are selected from in the z-stack. These selected components are 

then inverse wavelet transformed to yield the fused image with an extended depth of 

field.  

Deconvolution Methods 

Additionally, we examined the model-based deconvolution developed by F. Aguet, et al., 

where the image stack is assumed to be a convolution of the point spread function with a 

texture mapped to thin surface [13]. The problem is thus to find a texture and topography 

map which, when convolved with the point spread function, yields the minimal intensity 

difference from the measured image stack. It becomes a least-squared optimization 

problem where the texture and topography maps are iteratively optimized. For reflected 

(episcopic) imaging like that of a Scanning Electron Microscope the thin surface 

approximation is trivially satisfied. For transmission (diascopic) microscopy, the 

approximation is only valid if the sample only appears in focus when focused on the 

sample surface. In the case of nano-particles, which are substantially small in comparison 

to the depth of field, the non-overlapping particles can be approximated as a thin surface.  
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Three dimensional deconvolution models [7,14,15] do not assume a single in-focus plane, 

but rather attempt to reconstruct the sample’s structure by deconvolving a point-spread 

function from an experimental image z-stack. A popular and common method for such a 

process is the Richardson-Lucy iterative algorithm [16,17]. It computes the maximum 

likelihood that an object, when convolved with a point spread function, will result in the 

original z-stack data—assuming Poisson noise statistics [14]. It has been shown that there 

are limitations to three-dimensional reconstructions from deconvolution due to the large 

missing cone of information along the kz axis of the contrast transfer function [8]. 

However, the kz = 0 plane in Fourier space, which corresponds to the projected image, is 

complete with no missing information and is only attenuated by the instrument's contrast 

transfer function. This is the information needed to recover the extended depth of field. 

After deconvolving, the projected image is created by the average intensity along the axis 

of projection at each pixel location. 

To test all of these algorithms, a sample of disperse Pt-Co nano-particles was used. The 

sample was chosen to have a relatively minimal overlap of particles along the axis of 

projection as to avoid the difficulty of two in-focus heights at the same x-y position. The 

Pt-Co nano-particles lie on a three-dimensional carbon black support that allows the 

particles to sit on a variety of focal planes within a region. The sample was prepared by 

micro-pipeting onto a lacy carbon grid before insertion into the microscope. Annular 

dark-field scanning tunneling electron microscope (ADF-STEM) images were acquired 

using a 100kV 5th-order aberration-corrected STEM. The aberration-corrected machine’s 

relatively large convergence angle of 33mrad provided a limited depth of field around 5.8 

nm. Acquiring a through-focal series of the region of interest was automated using an in-
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house DigitalMicrograph script that incrementally changes the focus plane and records an 

image at each focus step. A series of 31 images with a 30nm defocus step were acquired 

and then aligned using cross correlation. Additionally, a second defocus series was taken 

on a single gold nano-particle (101 images with 4nm defocus step) with the in-focus 

images containing atomic detail. The gold nano-particle has appeared in ref [8]. 

RESULTS 

Extended depth of field algorithms can provide striking qualitative results with disperse 

nano-particles. Figures 5.3 a,b show the drastic disparity of in-focus information at two 

different defocus values. When particles of one region are in focus, an adjacent region is 

dramatically blurred – and vice versa. A topological map of the particles in Figure 5.3c, 

generated from the wavelet approach discussed below, shows that the particles in the left 

and right regions lie at very different z-heights. This corresponds well with the through-

focal data. 
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Figure 5.3 | PtCo nano-particles imaged by an aberration-corrected Nion (100keV, 

33mrad). a) and b) shows two regions with different focal planes from the original focal 

series. c) shows the particle topography obtained from the wavelet method. The depth of 

field was extended using: d) point-based max intensity, e) wavelet transforms, f) variance 

method, g) an averaged stack, h) a summed Richardson-Lucy deconvolution stack, and i) 

a model-based deconvolution. Arrows highlights the difference in how the wavelet and 

deconvolution approaches handle two overlapping particles as more clearly seen in the 

enlarged inset images (e,h).  

The extended depth-of-field algorithms presented previously were each applied to the 

through-focal series data in order to reconstruct a single in-focus image (Figure 5.3d-i). A 
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simple point based, maximum-intensity approach shows the in-focus information of the 

high-intensity particles (Figure 5.3d), however this approach also picks up the out-of-

focus information in the regions immediately surrounding particles. As a result, the 

particle edges can blend with the surrounding area, producing smaller than physical 

particle sizes. Another computationally simple approach—the variance method (Figure 

5.3f)—accurately displayed the PtCo particles yet many artifacts were present elsewhere. 

Ringing artifacts around the particles are a result of the higher variance of the out-of-

focus information's shot noise. Also, in the black carbon support and the central region of 

larger particles the low variance makes it difficult for the variance method to identify the 

in-focus information, often creating a topologically-noisy selection. 

The wavelet approach produced better results (Figure 5.3e). All particles appear clearly in 

focus with their edges clearly defined. Additionally, the wavelet reconstruction performed 

well on a single nano-particle z-stack containing atomic resolution images. The high-

frequency atomic information is preserved with the wavelet reconstruction (Figure 5.4c.), 

however there is a slight increase of background level when compared to the in-focus 

image of the support (Figure 5.4a,c,d). 

 

Figure 5.4 | A through-focal-series z-stack of a gold nano-particle acquired with atomic 

resolution. The in-focus image (a), the summed RL deconvolution after 20 iterations (b), 
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and the reconstructed complex wavelet extended depth of field images (c) are shown. The 

inset images in (a) and (b) show cross sections through the z-stack before and after 

deconvolution. The high frequency atomic information is preserved well using the 

wavelet approach, but there is a slight increase of background level of the support - as 

seen in the comparative line profile along the vertical direction averaged across ten pixels 

(d). 

In the presence of noise, the wavelet algorithm picks up some of the high-frequency 

information of a particle’s blur, as seen in the surrounding particle region(s) of Figure 

5.3e. This also accounts for the splotchy or speckled appearance in the carbon support 

and vacuum regions. However, it seems that this speckling artifact is easily identifiable 

when interpreting the extended depth of field image and does not significantly detract 

from the reconstructed in-focus image. The wavelet algorithm was also able to maintain a 

high level of atomic detail in nano-particles (Figure 5.4c). Additionally, the wavelet 

method provides accurate topological identification of particles. By applying a threshold 

to the reconstructed extended depth of field image one can create an image mask and 

isolate the particle z-height information in the topology map (Figure 5.3c). The wavelet 

technique proves to be particularly appealing because it can produce high-quality results 

with no knowledge of the microscope’s point spread function. 

When imaging cross-sectional liftouts of semiconductor devices in an aberration-

corrected microscope, the limited depth of field becomes immediately apparent. One 

region is in focus when another region is out of focus. The aberration corrected STEM 

image in Fig. 5.5a shows a gate oxide in focus while the drain contact of the same device 

is out of focus—and vice versa in Fig. 5.5c. Thus, only one region can be imaged with 

atomic resolution at a time. Utilizing EDOF wavelet approach, the in-focus information 
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out of each image in the series can be extracted and merged into a single (2D) image with 

an apparent extended depth-of-field. Here we show that these algorithms are also 

applicable to atomic resolution imaging of semiconductor devices. Figure 3b. shows the 

reconstructed depth of field image of a transistor showing both gate-oxide and drain 

contact, where both regions are in focus with atomic detail. 

 
Figure 5.5 | EDOF provides a single HAADF-STEM image of semiconductor devices 

with all regions in focus (b). Normal imaging only permits either the hafnium gate oxide 

(a) or the drain contact to be in-focus (c). Out-of-focus imaging leads to incorrect 

measurement of the oxide layer thickness (c). False colored dark field STEM image. 

Colormap used to add dynamic range: blue, white, red, black with increasing intensity. 

The Richardson-Lucy deconvolution approach was fairly successful at lower iterations 

(Figure 5.3h with 20 iterations). For higher iterations, edges become more defined at the 

cost of increased noise and reduction of contrast – as expected [14]. Ringing around 
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Gate Oxide 
In Focus 

Drain Contact 
In Focus 

a. b. c. 

5nm 
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particles from the deconvolution is present but the out-focus glow around particles is 

greatly reduced from that of the point-based maximum and average intensity approaches 

(Figure 5.3 d and g) and particle edges are enhanced. The edges of the carbon support are 

preserved and the low variance regions appear homogenous. The atomic detail of the gold 

nano-particle was not well preserved in the reconstructed extended depth of field image 

(Figure 5.4b). Although Richardson-Lucy requires knowledge of the point spread 

function, it has the advantage of utilizing information in three dimensions. Unlike the 

other algorithms, no assumption is made that in-focus information occurs on a single 

plane. There are often two or more planes with in-focus information, as would be the case 

when two particles overlap along the optical axis. Figure 5.3e,h highlights two 

overlapping particles in which the overlapped intensity is only present in the 

deconvolution approach. For samples with higher particle density, a deconvolution 

approach may be the only acceptable extended depth of field technique. 

The model-based deconvolution (Figure 5.3i), worked well when there were large regions 

with small topological variance. Artifacts were minimal, and the slowly varying and 

continuous topology prevents a splotchy appearance in the carbon support. Unfortunately, 

it has difficulty when there are overlapping particles lying on vastly different focal planes 

and therefore some particles appear out of focus or are missing entirely.  

DISCUSSION 

Although a variety of extended depth of field approaches provide useful information, 

there is an opportunity for such techniques to be further improved or combined to better 

suit the needs of an electron microscopist. The primary difference of transmission 
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electron microscopy from episcopic optical imaging is that, at a given x-y location, 

information can be held at two or more z-heights in an image stack. The techniques that 

have been presented, with the exception of Richardson-Lucy deconvolution, could be 

improved by allowing two or more in-focus planes to be included and averaged into the 

final fused extended depth of field image. Additionally, by adding heuristic rules, it may 

be possible to identify the homogeneous low noise vacuum regions present in a stack. 

Regions with noise-like topological variance could be punished slightly in favor of 

maintaining a smoother more continuous topology. It should also be noted that there are 

other techniques and filters which were not tested in this paper and we encourage the 

reader to explore [18,19]. 

CONCLUSIONS 

Extended-depth-of-field techniques have been demonstrated as promising tools for 

aberration-corrected STEM. The small depth of field that accompanies high-resolution 

aberration corrected tools can be extended by taking a through-focal series and merging 

the in-focus information from the image stack. The nano-particles used in this paper 

represent a sample type that typically suffers from an electron microscope’s limited depth 

of field. We have presented a variety of approaches—a popular subset of techniques 

found in optical microscopy—to create an in-focus 2D STEM image of nano-particles 

from a three dimensional through-focal series. The extended depth of field algorithms 

provided qualitative results (Figure 5.3e,h), where all particles appear in focus. This 

technique also worked well in high-resolution imaging of semiconductor devices. 

Particular success was found for the complex-wavelet algorithm as well as a Richardson-
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Lucy deconvolution. However, it is important that the microscopist be aware of possible 

artifacts, in particular, the limited functionality of a single z-selection reconstruction, 

where only one plane of information at a given x-y position provides the in-focus 

information. Richardson-Lucy deconvolution is not limited to a single plane, and may 

therefore be more useful when there is a large number of overlapping particles. In 

summary, we have demonstrated that with the complex-wavelet algorithm or a 

Richardson-Lucy deconvolution, one can extend the effective depth of field when 

imaging a sparse distribution of nano-particles on a low-Z support.  
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VI. STEM TOMOGRAPHY FOR ABERRATION CORRECTION 

APPLICATIONS OF TRADITIONAL ELECTRON TOMOGRAPHY 

Often, a projection image is not sufficient for understanding the underlying 3D structure 

of an object. Interfaces, defects, and morphology can be convoluted or lost in projection. 

However, the scanning transmission electron microscope is not limited to two-

dimensional (2D) imaging. The full three-dimensional (3D) structure of nano-scale 

objects can be characterized by employing tomographic techniques. Electron tomography 

requires a series of projection images taken from an range of specimen viewing angles. 

This can be accomplished by tilting the specimen in the electron beam. With enough 

projection images over a large range of tilts, a sufficient amount of information is 

collected for full 3D visualization of the object (an example tomogram of a 

hyperbranched Co2P nanoparticle is shown Figure 6.1). 

HAADF-STEM provides a directly interpretable Z-contrast image with a signal that 

monotonically increases with sample thickness. The projection images approximately 

represent the integrated object intensity along the beam direction. In the simplest 

reconstruction method, these projections are then additively re-projected (known as back-

projection) to visualize the object. The HAADF-STEM tomogram gives a 3D object with 

a z-contrast spacial density in all three-dimensions. Figure 6.2 shows slices through a 

Co2P branched nanoparticle, where the core density within the particles was revealed by 

the tomographic reconstruction[1]. 
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Figure 6.1 | SEM images (a-c) and electron tomography reconstruction (d-g) of Co2P. 

The majority of structures are planar (a, b, d-g), while a few show three-dimensional 

growth (c). Images d-g show a single structure rotated 360° about a vertical axis 

visualized by direct volume rendering of the tomographic reconstruction. Rough 

segmentation was performed to reduce artifacts and to remove fiduciary gold particles for 

clarity. The “front” perspective (d) has the flat side at the back of the image while the 

“back” (f) has the flat side at the top of the image. Images e and g show the right and left 

perspective of the particle. The flat side occurs where the particle is in contact with the 

TEM grid and is likely due to capillary forces during drying. [1]. 

 

 

to this previous reaction, when the reaction of precursor I
was kept at 350 °C for 3 min and then an aliquot was taken
and immediately quenched (injection into cold ethanol), only
small Co2P hyperbranched bundles (6, Figure 4c) formed (no
Co metal was detected by XRD). This proves that the Co
metal in the heterostructure 5 is coming from the decom-
position of the unreacted precursor I at lower temperatures
during the cooling process. These observations indicate a
possible formation method of Co2P in our synthesis, that is,
decomposition of cobalt oleate produces Co, which reacts
with TOPO at a high temperature (350 °C) and generates
Co2P.

We found that the ligand of the Co precursor played an
important role in the reaction. When Co(acac)2 (precursor
IV) was used as the precursor with the other reaction
conditions, the same as in the synthesis of compound 1 (350
°C, 6 min, 0.15 mmol Co/5 g TOPO), hcp Co nanoparticles
(7) were isolated as the only product (Figure S9a,d in the
Supporting Information and Table 1). The decomposition of
Co(acac)2 appeared to be much faster than that of Co(OA)2

precursors, and the reaction solution turned dark immedi-
ately upon the injection of the precursor. When the reaction
of Co(acac)2 in TOPO was kept for 5 h at 350 °C, most of
the Co metal was found to be transformed into Co2P, as
detected by the powder XRD analysis (Figure S10 in the
Supporting Information). This result proves that the Co metal
formed during the reaction can be converted into Co2P by
the further reaction with TOPO. Such two-step reactions
have been observed before in the synthesis of metal phos-
phides by using tri-n-octylphosphine (TOP) as a phosphorus
source.37-40 A catalytic decomposition of TOP induced by
metal was proposed as the mechanism for these reactions.

FIGURE 3. SEM images (a-c) and electron tomography reconstruction (d-g) of Co2P (3). The majority of structures are planar (a, b, d-g),
while a few show three-dimensional growth (c). Images d-g show a single structure rotated 360° about a vertical axis visualized by direct
volume rendering of the tomographic reconstruction. Rough segmentation was performed to reduce artifacts and to remove fiduciary gold
particles for clarity. The “front” perspective (d) has the flat side at the back of the image while the “back” (f) has the flat side at the top of the
image. Images e and g show the right and left perspective of the particle. The flat side occurs where the particle is in contact with the TEM
grid and is likely due to capillary forces during drying.

TABLE 2. Summary of the Reactions of Precursor I in TOPO

temperature (°C) 350a 330a 350a 350b

time (min) 6 6 3 3
product Co2P (1) Co + Co2P (4) Co - Co2P

heterostructure (5)
Co2P (6)

a The reaction was stopped by simple removal of the heating
mantle, and the reaction flask was allowed to slowly cool down in
air. b The reaction was stopped by injecting the reaction solution into
cold ethanol.

© 2011 American Chemical Society 191 DOI: 10.1021/nl103400a | Nano Lett. 2011, 11, 188-–197
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Figure 6.2 | Tomographic reconstruction of nanocrystal. The three-dimensional structure 

is shown by direct volume rendering of the reconstruction using a red-yellow-white color 

scale (top right inset in a). 2D slices from the tomographic reconstruction perpendicular 

(a) and parallel (b) to the long axis of the hyperbranched structures are displayed using a 

blue-white-red color scale as shown in the last slice of (a). Yellow arrows in (b) mark the 

locations of splitting. High intensity at the center of the two individual hyperbranched 

structures indicates the presence of a solid core in each particle. [1] 

 

For fuel cell applications, metallic nanoparticles are used as catalysts in the oxygen 

reduction reaction.  The high-Z particles sit on a low-Z carbon support. The particles 

decorate the 3D structure. Through electrochemical cycling, they can move and coalesce; 

however these events can be difficult to discern from a projection image[2]. Figure 6.3 

shows a tomographic experiment in which the 3D structure was obtained before and after 

electrochemical cycling. Particle movement and coalescence was observed in 3D (Figure 

2c-e). 

major product (Figure S11 in the Supporting Information).
Thus, under the same reaction conditions, a greater molar
volume of precursor will lead to a higher concentration of
Co metal monomers, which then facilitates the nucleation
of Co metal NPs. This result provides further support of our
general reaction mechanism: the pathways between Co
metal NPs and Co2P NPs are mediated by the concentration
of Co monomers.

To further elucidate such phase control, we examined the
reactions of precursors Co(OA)n(acac)2-n with a mixture of
ligands (n ) 1.5 (V), 1.8 (VI); see Supporting Information for
detailed synthesis and characterization). Using the same
conditions as in the synthesis of product Co2P (1) (350 °C,
6 min, 0.15 mmol of Co/5 g of TOPO), a mixture of Co metal
with a small amount of Co2P NPs (8) was obtained from the
reaction of precursor V (Figure S9b,e in the Supporting
Information), while precursor VI produced Co2P nanopar-
ticles (9) as the major product (Figure S9c,f in the Supporting
Information). Thus, under the same reaction conditions, with
a decrease in the amount of oleate ligands in the precursors,
the phases of the NPs products were changed from Co2P
(precursors I, VI) to a Co2P and Co metal mixture (precursor
V) to Co metal (precursor IV) (Table 1). Such phase control-
lability can be directly related to the reactivity of precursors
I and IV-VI: less oleate ligand resulted in faster decomposi-
tion (based on the color change of the reaction solution),
indicating that the oleate ligands provide stronger passiva-
tion to the cobalt cations than the acac ligands to stabilize
the precursors. These results follow directly from our pro-
posed reaction mechanism and represent an interesting
example that not only the size and shape but also the
chemical composition of the NPs products can be tuned by
the coordination chemistry of the precursor ligands.

We believe two well-known crystal growth phenomena
make up the complex structures seen in our Co2P hyper-
branched crystals: crystal splitting and cyclic twinning.
Neither mechanism is well understood. In the sheaf struc-
tures of Co2P 1 and 2, crystal splitting is responsible for
creating the nanofilaments that resemble frayed ends. In
the star-shaped Co2P 3, crystal splitting is responsible for the
nanofilament arms and cyclic twinning is responsible for the
hexagonally symmetric core.

Crystal splitting describes the branched and split struc-
tures that form on a growth front. It is generally associated
with fast crystal growth.31 We studied the morphology
evolution of hyperbranched Co2P nanocrystals by analyzing
TEM images of aliquots obtained at different time intervals
during a reaction. Figure 4 shows the evolution of nanocrys-
tal 1. Nanorods were obtained at the very early stage (Figure
4a). Powder XRD (inset of Figure 4a) and HR-TEM (Figure
S4b in the Supporting Information) studies have confirmed
that the nanorods are Co2P single crystals. The nanorods
grow along the [020] direction, which is the same growth
direction as that of the nanofilaments that make up the
branches in the sheaf structures 1 (Figure S4a in the Sup-
porting Information) and the major arms of the star struc-
tures 3 (Figure 1f). As the reaction proceeds, the nanorods
start to split into small nanofilaments along the growth
direction. The individual nanofilaments continue to grow,
mainly in the elongated direction and finally form the
hyperbranched sheaflike structures (Figure 4d). Electron
tomography studies show a high density region inside the
sheaflike structure 1 and indicate the presence of a solid core
(Figure 5),44 which further suggests that the hyperbranched
structure 1 is not aggregates of many individual nanowires
but a single crystal growing from the original nanorod with

FIGURE 5. Tomographic reconstruction of nanocrystal 1. The three-dimensional structure is shown by direct volume rendering of the
reconstruction using a red-yellow-white color scale (top right inset in a). 2D slices from the tomographic reconstruction perpendicular (a)
and parallel (b) to the long axis of the hyperbranched structures are displayed using a blue-white-red color scale as shown in the last slice
of (a). Yellow arrows in (b) mark the locations of splitting. High intensity at the center of the two individual hyperbranched structures indicates
the presence of a solid core in each particle.

© 2011 American Chemical Society 193 DOI: 10.1021/nl103400a | Nano Lett. 2011, 11, 188-–197
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!

Figure 6.3 | One-to-one correspondence of nanocatalyst particles before (gold) and after 

(red) electrochemical aging—same color scheme used in all figures. (a) 3-D 

reconstruction of nanocatalyst particles, on the carbon support (violet) with projected 2-D 

images shown at each side. (b) Alternate viewing angle. (c,d,e) Several incidents of 

nanocatalyst particle coalescence and migration, with particle positions indicated by 

arrows. (f) One example of the nanocatalyst particle moving into the positive curvature 

(valley) from the negative curvature (summit). The arrow points out the trajectory of 

particle movement. Grey shading is the carbon support. [2]  

Another example demonstrating the utility of tomography is in the characterization of 

blockcopolymers networks. These polymer networks can form hierarchically porous 

scaffolds that provide synergies between mechanical properties, transport properties, and 
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enhanced surface area. Determining the symmetry, strut density, and interconnectedness 

can be difficult from diffraction and misleading from a single real space projection 

image. However, these properties are more clearly revealed with electron tomography[3], 

[4]. Figure 6.4 shows one such blockcopolymer network. 

 

 

Figure 6.4 | The 3D electron tomography reconstruction of blockcopolymer 

nanocomposite ISO1-N3 (a, blue) was consistent with the level set model (gold) of the 

O70 morphology having Fddd symmetry and an equilateral unit cell (b, c, d). [3] 

These examples highlight just a few of the many materials applications that demonstrate 

the utility of STEM tomography. STEM tomography has been an established technique 

for uncorrected instruments[5]. At the nanoscale this technique works exceptionally well 

and the examples shown here, provide a representative class of problems that can be 

characterized with this method. However, the need for high-resolution (in projection) has 
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lead to a growing adoption of aberration-corrected tools. The implications of aberration-

correction on 3D imaging requires futher discussion—as these tools introduce new 

challenges for electron tomography. 

COMBINING DEPTH-SECTIONING AND TILT TOMOGRAPHY 

With electron beams smaller than the bond length of hydrogen, aberration-corrected 

scanning transmission electron microscopes (STEM) can image materials with 

resolutions below the shortest bond lengths in nature[6]. However, these atomic 

resolution images are only 2D projections of a specimen. In order to determine the full 

3D structure, one must acquire a series of STEM images over a range of specimen 

tilts[5], [7]. Unfortunately, the resolution of a 3D STEM tomogram is degraded by 

missing information that is a consequence of the restricted specimen tilt range and finite 

tilt increments. While reconstructions of small objects have been reported at atomic 

resolution, there are fundamental limitations to tilt series tomography[8]-[10]. For larger 

objects (> 20 nm), the Crowther condition[11] discussed below typically limits 

volumetric resolutions of electron tomography to roughly 1 nm—twenty times worse 

than the best resolution in 2D projections. In addition, high-resolution (< 1 nm) 

tomography of general extended objects, to date, has not been possible with aberration-

corrected instruments because the depth-of-field (5 – 10 nm) of aberration-corrected 

STEMs is smaller than most objects of interest today. High-resolution 3D reconstruction 

of extended objects, i.e. those larger than the depth-of-field, requires collecting 

information beyond a traditional tilt series. Here we present through-focal tomography 

that combines depth sectioning and traditional tilt-tomography to reconstruct extended 
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objects, with high-resolution, in three-dimensions. This combined approach fills in 

missing 3D information by acquiring a through-focal image series at each specimen tilt 

(Fig. 6.5)—decoupling the limiting Crowther relationship between 3D resolution and 

object size. 

 

Figure 6.5 | Simplified diagram illustrating through-focal STEM tomography. a.) A stack 

of images at different focal planes is acquired at one specific tilt. This is repeated over a 

range of specimen tilts. b.) The through-focal image stacks acquired at every tilt angle 

contains lateral and depth information allowing for a high-resolution reconstruction of 

extended objects with fewer tilt angles. 

For traditional (S)TEM tomography the images at every tilt-angle must correspond to a 

perfect projection of the original object to fulfill the “projection requirement,” and thus 

the entire specimen must always be in focus[12]-[14]. According to the projection slice 

theorem, each projection corresponds to a plane of information in reciprocal space 

extending out to the lateral resolution limit of the microscope[15]. More tilts and a larger 
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tilt range adds information and results in a higher quality reconstruction. Specimens with 

a needle shape geometry may permit the full 180° tilt rage[16]. However, practical 

limitations, such as the sample or stage geometry, often prevent full specimen rotation in 

the microscope—±70° is a common upper limit. This results in the infamous ‘missing 

wedge’ of information[16], [17], as shown in Fig. 6.6b. Furthermore, it becomes 

unreasonable to tilt, align and focus over a large number of images, making it difficult to 

acquire more than ~150 tilt images. The finite number of tilts causes smaller wedges of 

missing information between each tilt. These smaller missing wedges limit the resolution 

and 3D volume of a reconstructed object—as described by the Crowther condition: 

d=πF/N, where d is the reconstruction resolution for a field of view F, given N tilt 

projections[11]. Thus, reconstructing larger objects at higher resolution requires an 

increasing number of tilt images. With dose and practical time limitations, this ultimately 

results in a 3D resolution worse than the microscope’s 2D resolution. While improving 

the lateral resolution of the microscope—as accomplished with aberration-correctors—

can sometimes improve the tomographic resolution, there are limitations and difficulties 

to consider. 

!

Figure 6.6 | Three diagrams show how various 3D reconstructions fill in information in 

reciprocal space: a) a slice of the rotationally-symmetric contrast transfer function (CTF) 

kz 

kr 

a. b. c. 
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of an electron probe represents the information obtained from a through focal series. b) 

Slice through planar discs of information gained by traditional electron tomography. A 

finite number of tilts and a limited tilt range fail to sample much available information 

and there is still considerable missing information between the slices. c) Through-focal 

tomography combines approaches a) & b) to significantly increase the information 

sampled at each tilt. 

In high-resolution, aberration corrected STEM, the large convergence angle rapidly 

reduces the depth-of-field. Objects outside of the focal plane quickly become blurred and 

less defined. This has a detrimental effect on tomographic reconstructions, which assume 

a perfect projection image at every tilt. At best, this results in a degradation of resolution; 

at worst, objects will appear highly distorted or missing in the final reconstruction. A 

regime of extended objects beyond the depth-of-field are inaccessible to traditional 

electron tomography (Figure 6.7). For reference, two representative aberration corrected 

machines in use today, Cornell’s 100 keV NION UltraSTEM and NCEM’s 300 keV FEI 

Titan TEAM I, have depths-of-field around 6.4 nm and 12 nm respectively. For many 

real world objects, such as semiconductor devices or catalytic nanoparticles on a 3D 

support, it is not possible to image the entire specimen in focus—thus preventing high-

resolution 3D imaging. 
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!
Figure'6.7' |!Diagram!shows!the!region!accessible!to!traditional!STEM!tomography!

and!the!extended!object!regime!which!requires!throughHfocal!techniques!in!order!to!

accurately!reconstruct!the!3D!object.!At!higher!resolutions,!the!extended!objects!can!

be!small,!c.a.!10!nm.!The!curve!defining!the!extended!object!regime!is!based!on!the!

conservatively! defined! depthHofHfield! by! Born! &! Wolf! (λ/α2)! and! the! Rayleigh!

Criterion!for!resolution!!(0.61!λ/α).!

The limited depth of field can be overcome by depth sectioning in which a through-focal 

series of the specimen is acquired[18]-[21]. When imaging over a range of focal planes, 

object features lying on different focal planes appear in-focus at different times—

indicating the presence of 3D information. However, a large amount of out-of-focus 

intensity remains in the images. One may be inclined to reconstruct the full 3D structure 

from a single through focal-image stack, however, any attempt will suffer from dramatic 

elongation artifacts[19], [22]—for instance, a 5 nm particle can be elongated to 200 nm. 
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This is a consequence of the missing cone of information in the contrast transfer function 

(CTF) of a through-focal series: 

! !! , !! = ! 2
!!!"#!!

1− !!!
2!!"#

+ !!
!!"#!!

!
!

where αmax is the electron beam convergence angle, λ is the beam’s wavelength, and kz, kr  

are the reciprocal space cylindrical coordinates[23]. Fig. 6.6a shows the shape of a 

rotationally symmetric slice of a through-focal CTF, making apparent the large missing 

cone of information when depth sectioning an extended object. The low-frequency 

takeoff angle is described by the beam convergence angle, αmax. In current high-

resolution instruments the largest convergence angles are 30 mrad, corresponding to a 

takeoff angle in degrees of 1.7° with a wedge of information spanning 3.4° and a 

substantial 176.6° cone of missing information. 

While a through-focal series lacks enough information for 3D reconstruction, it provides 

a sufficient amount of information for a 2D reconstruction—where a single 2D image 

shows all specimen features in focus. This extended depth of field (EDOF) technique[24], 

can be used to overcome the limitations of a small focal length in STEM[18]. EDOF 

insures that the information transfer limit is preserved over the entire specimen and 

allows for a traditional tomographic reconstruction. However, an EDOF approach 

discards information and does not take advantage of the continuum of 3D information 

provided in the through-focal series. Thus, we propose a through-focal tomography 

technique that uses the full 3D information contained within the focal-series stack. 

Combining through-focal imaging with a traditional tilt series overcomes the limitations 
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of aberration-corrected tomography, improves the reconstruction quality, and requires 

fewer tilts. The simple back projection used in traditional tomography does not include 

information provided by the probe shape (Fig. 6.6b). When the probe’s depth-of-field is 

much larger than the object, as in uncorrected STEMs, the back projection is a reasonable 

approximation. However, in through-focal tomography, a through-focal image stack 

replaces each single projection image. The CTF of through-focal tomography is a 

superposition of through-focal CTFs rotated about the tilt axis. This utilizes the additional 

information of the propeller-shaped CTF at every tilt, not only overcoming the limitations 

of a small depth-of-field, but also filling in the smaller missing wedges of information 

present between each tilt (Fig 6.6c) and improving the quality of the 3D reconstruction 

(Fig. 6.9). When the increment tilt angle is smaller than the CTF takeoff angle, αmax, the 

overlapping continuum of information collected lifts the Crowther tilt criterion and 

allows extended objects to be reconstructed at high resolution without increasing the 

number of tilts. 

THROUGH-FOCAL TOMOGRAPHY OF PTCU NANOPARTICLES  

To demonstrate through-focal tomography, we imaged porous dealloyed PtCu 

nanoparticles with TEAM I at the National Center for Electron Microscopy; a tool that 

provides the key attributes to best demonstrate the advantages of this technique. Its large 

convergence angle provides high lateral resolution (< 0.78 Å) and a small depth-of-field 

(~6 nm). The PtCu nanoparticles decorate a 3D Vulcan C support with an extended 

structure that far exceeds the microscope’s depth of field—making it impossible to image 

multiple particles in-focus within a single field of view. 
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The porous PtCu nanoparticles, with their potentially large electrochemically active 

surface areas were of interest for catalyzing the oxygen reduction reaction, a key step for 

improving the power density of polymer-electrolyte membrane fuel cells[25]-[29]. Since 

the pore structures of these particles are relatively unknown via 2-D projection images, 

tomography is necessary for a proper characterization. Traditional reconstructions of the 

pore structure may include, at most, a few particles in the field of view—providing only 

anecdotal observations. Using through-focal tomography, we simultaneously investigate 

the pore structure of many particles and their distribution on the Vulcan support. 

The tomography data was acquired over a 138° tilt range with 3° tilt increments using a 

high angle annular dark field (HAADF) detector. At every tilt a through-focal series was 

taken over ±250 nm defocus with 15 nm focal steps in order to insure all objects were 

imaged in focus. In total, the data amounted to 1645 images with 0.38 nm / pixel lateral 

resolution. Before reconstruction, a five-dimensional alignment of the data was required: 

transverse x-y alignment, focal z-alignment, tilt axis rotation and shift (see supplemental 

methods). Once properly aligned the three-dimensional object is reconstructed by 

mapping each through-focal series to Fourier space.  The reconstructed object is then 

obtained directly from the 3D inverse Fourier transform. To further improve the 

reconstruction, we deconvolve the probe shape using a simple Wiener filter[30].  The 

same weighting was used in the traditional tilt series reconstruction for direct 

comparison. 

The final through-focal tomographic reconstruction provided a high-resolution 3D image 

containing hundreds of PtCu nanoparticles on the support (Fig. 6.8). The tomogram 

revealed the presence of interconnected pore structures throughout almost all the 
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particles.  However in some instances, smaller particles (< 5nm) were observed without 

pores—Figure 3 shows small particles with and without pores. The location, density, and 

size of pores appear independent of particle size. In all discernable cases, surface 

connected pore(s) were visible suggesting a surface instability during the dealloying 

process[31]. The dealloyed structure of these PtCu nanoparticles are reported to affect the 

catalytic activity in the oxygen reduction reaction of polymer-electrolyte membrane fuel 

cells[25].  

 

Figure 6.8 | High-resolution tomograms of porous PtCu nanoparticles reconstructed 

using through-focal tomography. Consecutive slices through each structure show the 

interconnected pore network of larger particles.  However in some instances, smaller 

particles (< 5nm) were observed without pores. 
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The pore structure provided a good metric for the resolution of this novel technique. 

When compared to a traditional back projection, the improved quality of the through-

focal tomography is clear—as seen in Figure 6.9. The depth resolution of an aberration 

corrected microscope, when combined with through-focal tomography, can provide 

improved resolution and artifact reduction even at atomic resolution (Fig. 6.10).  

However, the advantages of this technique become more obvious for extended objects 

larger than the microscope’s depth of field. Unlike the traditional back projection, the 

through-focal tomogram correctly characterizes the pore structure in the PtCu 

nanoparticles over the entire extended carbon support (Fig. 6.8, 6.9). Additionally, the 

through-focal tilt-series preserves the high intensity of objects and reduces the fanning 

caustics that plague a simple back-projection (Fig. 6.9). In the traditional back projection, 

particles far from the center focal plane appear blurred, distorted and their pore structure 

cannot be determined (Fig. 6.9d,f)—possibly leading to incorrect conclusions about 

particle morphology and certainly preventing any quantification. Furthermore, our 

traditional back projection reconstruction represented a best-case scenario.  It was 

optimistically obtained from focal planes in the center of the object—something that is 

very difficult to execute during experimental acquisition without also acquiring a focal-

series—information that is contained and used in the new approach, but discarded in the 

traditional approach. 



! 128!

 

Figure 6.9 | Experimental comparison of through-focal tomography and traditional  

tomography of porous PtCu nanoparticles. In Fourier space (a) through-focal tomography 

acquires a continuum of information throughout the microscope’s tilt range.  In the real 

space reconstruction, dramatic differences in the techniques can be seen in the 

nanoparticle structure (a,d,f).  A cross section of several nanoparticles shows the presence 

of pores in the through-focal reconstruction (b); features that are missing or too heavily 

distorted in the traditional reconstruction (d,f). Low frequency structure is improved in a 

nonlinear SIRT (f) reconstruction compared to the traditional backprojection of (d), but 

Through-Focal Tomography 

Traditional Tomography – Backprojection 
10nm 

a. b. 

c. d. 

Traditional Tomography – SIRT 
e. f. 
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the pore structure is unresolved and still incorrectly defined. Artifacts in the 3D structure 

of the SIRT (f) result from the limited depth-of-field that accompanies aberration-

corrected electron microscopes. This was overcome with through-focal tomography (c), 

which could be even further improved by nonlinear iterative methods. Intensity scale is 

low to high for blue to red coloring. 

 
Figure 6.10 | Simulated 3D reconstructions in a scanning transmission electron 

microscope (100keV, 25mrad, c3=0, c5=0) of a gold nanoparticle, model shown in (a), as 

projected along the reconstruction direction. b) a single through focal reconstruction; c) 

an  unweighted back projection reconstruction (±70°, 20° tilts); and d) an unweighted 

through-focal tiltseries reconstruction (±70°, 20° tilts). In the simple backprojection (c), 
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much of the intensity lies outside of the particle. However, in (d), most of the intensity 

lies near the atomic sites. Simulation done via PSF convolution of object and includes no 

diffraction contrast. 

The inevitable non-eucentricity of a specimen makes tilting, centering, and focusing a 

tedious process. By reducing the number of tilts, through-focal tomography has a 

practical advantage. Additionally, unlike a regular tilt-series, which requires time and 

often additional beam dose to determine the proper focus, through-focal tomography is 

relatively insensitive to the correct initial focus when the focal range is large enough to 

include all objects of interest. Often, automated focusing algorithms take and needlessly 

discard a focal series—information which through-focal tomography can use to improve 

any reconstruction. For these reasons, this technique may also become useful in lower-

resolution STEM tomography of extended objects such as biological specimens 

(withstanding dose limits) or semi-conductor devices where the specimen dimensions 

greatly exceed the microscope’s depth-of-field. 

The direct Fourier approach used here to reconstruct the through-focal data is simple, 

intuitive, and the artifacts are well understood.. Non-linear and iterative reconstruction 

algorithms can make better use of the available information but will still fail for the 

incorrect, out-of-focus information of extended objects. For instance, low-frequency 

artifacts are reduced in traditional SIRT reconstructions, but pore structure is still 

unresolved, incorrectly defined, and a high level of noise is present in Fourier space 

(Figure 4e,f). Future work that combines through-focal tomography with advanced 

reconstruction methods would provide superior results. Recently, iterative optimization 

methods—such as total variance minimization, discrete tomography, and non-negativity 
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with support constraints—utilize minimal prior knowledge of the object and have shown 

better estimation of the missing information[8], [32]-[34]. These reconstruction 

techniques should readily benefit from the additional information collected in through-

focal tomography. 

CONCLUSIONS 

Here we have successfully demonstrated the first high-resolution 3D imaging of an 

extended object by developing a novel through-focal reconstruction technique. Utilizing 

the 30 mrad convergence angle of the 300 keV aberration-corrected TEAM I instrument, 

the high lateral and depth resolution provided ideal imaging conditions of porous PtCu 

nanoparticles lying on an extended (390 nm) 3D carbon support. While no single image 

was able to provide a high-resolution image of all particles in focus, a through-focal 

series acquired at every tilt overcame this limitation and provided a continuum of high-

frequency detail in the tomogram. Interconnected and surface-connected pore structures 

resulting from chemical treatment were observed in most PtCu nanoparticles. Traditional 

tomographic methods were not able to reconstruct the particles with sufficient detail to 

observe pores in all particles, demonstrating the utility of through-focal approaches for 

aberration corrected STEM tomography. Through-focal tomography allows high-

resolution 3D reconstruction of extended objects while requiring fewer tilt angles and is 

less sensitive to initial focus determination. Experimental and simulated comparisons of 

through-focal tomography with traditional tomography methods reveal improved contrast 

and resolution over large fields of view.!  



! 132!

REFERENCES 

[1] H. Zhang, D.-H. Ha, R. Hovden, L. F. Kourkoutis, and R. D. Robinson, 

“Controlled synthesis of uniform cobalt phosphide hyperbranched nanocrystals 

using tri-n-octylphosphine oxide as a phosphorus source.,” Nano Lett., vol. 11, 

no. 1, pp. 188–197, Jan. 2011. 

[2] Y. Yu, H. L. Xin, R. Hovden, D. Wang, E. D. Rus, J. A. Mundy, D. A. Muller, 

and H. D. Abruña, “Three-Dimensional Tracking and Visualization of Hundreds 

of Pt−Co Fuel Cell Nanocatalysts During Electrochemical Aging,” Nano Lett., 

vol. 12, no. 9, pp. 4417–4423, Sep. 2012. 

[3] M. Stefik, S. Wang, R. Hovden, H. Sai, M. W. Tate, D. A. Muller, U. Steiner, S. 

M. Gruner, and U. Wiesner, “Networked and chiral nanocomposites from ABC 

triblock terpolymer coassembly with transition metal oxide  nanoparticles  ,” 

Journal of Materials Chemistry, vol. 22, no. 3, pp. 1078–1087, 2012. 

[4] H. Sai, K. W. Tan, K. Hur, E. Asenath-Smith, R. Hovden, Y. Jiang, M. Riccio, 

D. A. Muller, V. Elser, L. A. Estroff, S. M. Gruner, and U. Wiesner, 

“Hierarchical Porous Polymer Scaffolds from Block Copolymers,” Science, vol. 

341, no. 6145, pp. 530–534, Aug. 2013. 

[5] P. A. Midgley, M. Weyland, J. M. Thomas, and B. F. G. Johnson, “Z-Contrast 

tomography: a technique in three-dimensional nanostructural analysis based on 

Rutherford scattering,” Chem. Commun., no. 10, pp. 907–908, 2001. 

[6] P. E. Batson, N. Dellby, and O. L. Krivanek, “Sub-ångstrom resolution using 

aberration corrected electron optics,” Nature, vol. 418, no. 6898, pp. 617–620, 

2002. 



! 133!

[7] P. A. Midgley and M. Weyland, “3D electron microscopy in the physical 

sciences: the development of Z-contrast and EFTEM tomography,” 

Ultramicroscopy, vol. 96, no. 3, pp. 413–431, Sep. 2003. 

[8] M. C. Scott, C.-C. Chen, M. Mecklenburg, C. Zhu, R. Xu, P. Ercius, U. Dahmen, 

B. C. Regan, and J. Miao, “Electron tomography at 2.4-ångström resolution,” 

Nature, vol. 483, no. 7390, pp. 444–447, Mar. 2012. 

[9] H. Wei, “Fundamental limits of ‘ankylography’ due to dimensional deficiency,” 

Nature, vol. 480, no. 7375, pp. E1–E1, Nov. 2011. 

[10] G. Wang, H. Yu, W. Cong, and A. Katsevich, “Non-uniqueness and instability of 

‘ankylography’,” Nature, vol. 480, no. 7375, pp. E2–E3, Nov. 2011. 

[11] R. A. Crowther, D. J. DeRosier, and A. Klug, “The Reconstruction of a Three-

Dimensional Structure from Projections and its Application to Electron 

Microscopy,” Proceedings of the Royal Society A: Mathematical, Physical and 

Engineering Sciences, vol. 317, no. 1530, pp. 319–340, Jun. 1970. 

[12] D. J. DE ROSIER and A. Klug, “Reconstruction of Three Dimensional 

Structures from Electron Micrographs,” Nature, vol. 217, no. 5124, pp. 130–134, 

Jan. 1968. 

[13] R. G. Hart, “Electron Microscopy of Unstained Biological Material: The 

Polytropic Montage,” Science, vol. 159, no. 3822, pp. 1464–1467, Mar. 1968. 

[14] W. Hoppe, R. Langer, G. Knesch, and C. Poppe, “Protein-Kristallstrukturanalyse 

mit Elektronenstrahlen,” Naturwissenschaften, vol. 55, no. 7, pp. 333–336, Jul. 

1968. 

[15] R. Bracewell, “Strip Integration in Radio Astronomy,” Aust. J. Phys., vol. 9, no. 



! 134!

2, pp. 198–217, 1956. 

[16] N. Kawase, M. Kato, H. Nishioka, and H. Jinnai, “Transmission electron 

microtomography without the ‘missing wedge’ for quantitative structural 

analysis,” Ultramicroscopy, vol. 107, no. 1, pp. 8–15, Jan. 2007. 

[17] H. Sugimori, T. Nishi, and H. Jinnai, “Dual-Axis Electron Tomography for 

Three-Dimensional Observations of Polymeric Nanostructures,” 

Macromolecules, vol. 38, no. 24, pp. 10226–10233, Nov. 2005. 

[18] R. Hovden, H. L. Xin, and D. A. Muller, “Extended depth of field for high-

resolution scanning transmission electron microscopy.,” Microscopy and 

microanalysis : the official journal of Microscopy Society of America, 

Microbeam Analysis Society, Microscopical Society of Canada, vol. 17, no. 1, 

pp. 75–80, Feb. 2011. 

[19] P. D. Nellist, E. C. Cosgriff, G. Behan, and A. I. Kirkland, “Imaging Modes for 

Scanning Confocal Electron Microscopy in a Double Aberration-Corrected 

Transmission Electron Microscope,” Microscopy and microanalysis : the official 

journal of Microscopy Society of America, Microbeam Analysis Society, 

Microscopical Society of Canada, vol. 14, no. 1, Dec. 2007. 

[20] A. Y. Borisevich, A. R. Lupini, and S. J. Pennycook, “Depth sectioning with the 

aberration-corrected scanning transmission electron microscope,” Proc. Natl. 

Acad. Sci. U.S.A., vol. 103, no. 9, pp. 3044–3048, 2006. 

[21] G. Behan, E. C. Cosgriff, A. I. Kirkland, and P. D. Nellist, “Three-dimensional 

imaging by optical sectioning in the aberration-corrected scanning transmission 

electron microscope,” Philosophical Transactions of the Royal Society A: 



! 135!

Mathematical, Physical and Engineering Sciences, vol. 367, no. 1903, pp. 3825–

3844, Aug. 2009. 

[22] H. L. Xin and D. A. Muller, “Aberration-corrected ADF-STEM depth sectioning 

and prospects for reliable 3D imaging in S/TEM,” Journal of electron 

microscopy, vol. 58, no. 3, pp. 157–165, 2009. 

[23] V. Intaraprasonk, H. L. Xin, and D. A. Muller, “Analytic derivation of optimal 

imaging conditions for incoherent imaging in aberration-corrected electron 

microscopes,” Ultramicroscopy, vol. 108, no. 11, pp. 1454–1466, 2008. 

[24] B. Forster, D. Van De Ville, J. Berent, D. Sage, and M. Unser, “Complex 

wavelets for extended depth-of-field: A new method for the fusion of 

multichannel microscopy images,” Microsc. Res. Tech., vol. 65, no. 1, pp. 33–42, 

2004. 

[25] D. Wang, Y. Yu, H. L. Xin, R. Hovden, P. Ercius, J. A. Mundy, H. Chen, J. H. 

Richard, D. A. Muller, F. J. DiSalvo, and H. D. Abruña, “Tuning Oxygen 

Reduction Reaction Activity via Controllable Dealloying: A Model Study of 

Ordered Cu 3Pt/C Intermetallic Nanocatalysts,” Nano Lett., vol. 12, no. 10, pp. 

5230–5238, Oct. 2012. 

[26] P. Strasser, S. Koh, T. Anniyev, J. Greeley, K. More, C. Yu, Z. Liu, S. Kaya, D. 

Nordlund, H. Ogasawara, M. F. Toney, and A. Nilsson, “Lattice-strain control of 

the activity in dealloyed core–shell fuel cell catalysts,” Nature Chem, vol. 2, no. 

6, pp. 454–460, Apr. 2010. 

[27] S. Koh and P. Strasser, “Electrocatalysis on Bimetallic Surfaces:  Modifying 

Catalytic Reactivity for Oxygen Reduction by Voltammetric Surface 



! 136!

Dealloying,” J. Am. Chem. Soc., vol. 129, no. 42, pp. 12624–12625, Oct. 2007. 

[28] R. Srivastava, P. Mani, N. Hahn, and P. Strasser, “Efficient Oxygen Reduction 

Fuel Cell Electrocatalysis on Voltammetrically Dealloyed Pt–Cu–Co 

Nanoparticles,” Angew. Chem. Int. Ed., vol. 46, no. 47, pp. 8988–8991, Dec. 

2007. 

[29] C.-H. Cui, H.-H. Li, X.-J. Liu, M.-R. Gao, and S.-H. Yu, “Surface Composition 

and Lattice Ordering-Controlled Activity and Durability of CuPt Electrocatalysts 

for Oxygen Reduction Reaction,” ACS Catal., vol. 2, no. 6, pp. 916–924, Jun. 

2012. 

[30] N. Wiener, “Extrapolation, interpolation, and smoothing of stationary time 

series: with engineering applications,” vol. 9, 1949. 

[31] J. Erlebacher, M. J. Aziz, A. Karma, N. Dimitrov, and K. Sieradzki, “Evolution 

of nanoporosity in dealloying,” Nature, vol. 410, no. 6827, pp. 450–453, Mar. 

2001. 

[32] Z. Saghi, D. J. Holland, R. Leary, A. Falqui, G. Bertoni, A. J. Sederman, L. F. 

Gladden, and P. A. Midgley, “Three-Dimensional Morphology of Iron Oxide 

Nanoparticles with Reactive Concave Surfaces. A Compressed Sensing-Electron 

Tomography (CS-ET) Approach,” Nano Lett., vol. 11, no. 11, pp. 4666–4673, 

Nov. 2011. 

[33] K. J. Batenburg, S. Bals, J. Sijbers, C. Kübel, P. A. Midgley, J. C. Hernandez, U. 

Kaiser, E. R. Encina, E. A. Coronado, and G. Van Tendeloo, “3D imaging of 

nanomaterials by discrete tomography,” Ultramicroscopy, vol. 109, no. 6, pp. 

730–740, 2009. 



! 137!

[34] S. Bals, M. Casavola, M. A. van Huis, S. Van Aert, K. J. Batenburg, G. Van 

Tendeloo, and D. Vanmaekelbergh, “Three-Dimensional Atomic Imaging of 

Colloidal Core–Shell Nanocrystals,” Nano Lett., vol. 11, no. 8, pp. 3420–3424, 

Aug. 2011. 

 



! 138!

VII. CONCLUSIONS 

SUMMARY 

Chapter I provided a brief introduction to the scanning transmission electron microscope 

(STEM), where a high-energy convergent electron beam is focused onto a thin specimen 

and the scattered electrons are collected as the beam is scanned. The small wavelength of 

high-energy electrons enable the possibility of imaging materials at the atomic scale. 

However, taking full advantage of these capabilities requires reduction of aberrations in 

the electromagnetic lenses. It was not until recently that aberration-corrected instruments 

were technologically realized. 

A detailed discussion of the elastic scattering of electrons in a specimen was discussed in 

Chapter II. By approximating the project atomic potentials in a specimen as weak phase 

perturbations, the elastic scattering of high-energy electrons can be well characterized. 

Scattering in thicker specimens can be handled by slicing the object into a stack of thin 

slices. The elastic scattering enables a range of imaging modes, but in particular, the 

dark-field detector can provide a directly interpretable image of atomic structure. By 

collecting only the highly scattered electrons the signal intensity is proportional to the 

projected potential of atoms in the specimen. The image intensity is approximated by 

convolution of the convergent beam intensity with the material—a linear incoherent 

imaging mode. 

Chapter III characterizes the detection efficiency and interpretability of imaging single 

atoms by elastic electron scattering over a range of common detector geometries in a 
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scanning transmission electron microscope (STEM). The fabrication of clean, mono-

atomic-layer membranes such as graphene and boron nitride has greatly simplified the 

imaging of individual light atoms. For the special case of well-resolved, atomically-thin 

specimens, the large inner-angle requirements for interpretability are often too 

conservative. In the case of isolated single atoms, the signal remains monatomic with 

atomic number even for inner angles just outside the collection angle. 

Chapter IV investigates the electron channeling that can occur when convergent high-

energy electron beams are incident on a crystal. The propagation of high-energy electrons 

in crystals is in general a complicated multiple-scattering problem. However, along high-

symmetry zone axes the problem can be mapped to the time evolution of a two-

dimensional (2D) molecular system. Each projected atomic column can be approximated 

by the potential of a 2D screened hydrogenic atom. When two columns are in close 

proximity, their bound states overlap and form analogs to molecular orbitals. For sub-

angstrom electron beams, excitation of antisymmetric orbitals can result in the failure of 

the simple incoherent imaging approximation. As a result, the standard resolution test and 

the one-to-one correspondence of atomic positions of a crystal imaged along a zone axis 

with closely spaced projected columns (“dumbbells”) can fail dramatically at finite and 

realistic sample thicknesses. This was demonstrated experimentally in high-angle annular 

dark-field scanning transmission electron microscope (HAADF STEM) images of [211]-

oriented Si showing an apparent intercolumn spacing of 1.28 (± 0.09) Å, over 164% 

larger than the actual 0.78 Å spacing. Furthermore, the apparent spacing can be tuned 

with sample thickness and probe size to produce a larger, smaller, or even the actual 
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spacing under conditions when the peaks of two adjacent Si columns should not even 

have been resolved given the electron probe size. 

Chapter V discusses how to overcome a microscopes limited depth of field. Aberration-

corrected scanning transmission electron microscopes (STEM) provide sub-angstrom 

lateral resolution; however, the large convergence angle greatly reduces the depth of 

field. For microscopes with a small depth of field, information outside of the focal plane 

quickly becomes blurred and less defined. It may not be possible to image some samples 

entirely in focus. Extended depth-of-field techniques, however, allow a single image, 

with all areas in-focus, to be extracted from a series of images focused at a range of 

depths. It was demonstrated that some established optical microscopy methods can also 

be applied to extend the ~6 nm depth of focus of a 100 kV 5th-order aberration-corrected 

STEM (αmax = 33 mrad) to image Pt-Co nanoparticles on a thick vulcanized carbon 

support. These techniques allow us to automatically obtain a single image with all the 

particles in focus as well as a complimentary topography map. 

Chapter VI discusses 3D imaging with aberration corrected STEM. To date, high-

resolution (< 1 nm) imaging of extended objects in three-dimensions (3D) has not been 

possible. A restriction known as the Crowther criterion forces a tradeoff between object 

size and resolution for 3D reconstructions by tomography. Further, the sub-Angstrom 

resolution of aberration- corrected electron microscopes is accompanied by a greatly 

diminished depth of focus, causing regions of larger specimens (> 6 nm) to appear 

blurred or missing. Here we demonstrate a three- dimensional imaging method that 

overcomes both these limits by combining through- focal depth sectioning and traditional 

tilt-series tomography to reconstruct extended objects, with high-resolution, in all three 
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dimensions. A through-focal reconstruction over a 390 nm 3D carbon support containing 

over one hundred dealloyed and nanoporous PtCu catalyst particles revealed with sub-

nanometer detail the extensive and connected interior pore structure that is created by the 

dealloying instability. 

FUTURE WORK 

It is rare that scientific exploration resolves more questions than it beckons. The work 

discussed in this thesis has highlighted numerous future directions, a couple of which I 

will elaborate on.  

In the study of STEM detectors in Chapter III, only the most common annular geometries 

were investigated. More complex detectors should be implemented. Experimentally, this 

can be explored by collecting the entire range of diffracted beams—making it possible to 

simultaneously measure small asymmetries in the low angle scattering, while 

characterizing the high-angle elastic scattering. With this preponderance of data, more 

advanced analysis can improve signal to noise, measure magnetic domains, and detect 

lighter elements in a high-Z crystal. By recording the entire scattered beam and 

integrating over a specific range of scattering angles, any desired detector geometry can 

be analyzed after the data is acquired. This allows experimental comparison of imaging 

conditions over a range of annular detector geometries. Convergent beam electron 

diffraction (CBED) mapping also enables observation of azimuthal asymmetries in 

electron scattering that may occur from directional bonding or magnetic and electric 

dipoles. Lastly, complex weighted detector geometries can offer improved signal-to-noise 

ratio (SNR) over traditional detectors. For example, by radially weighting an LAADF 
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detector one can more than double the SNR. CBED mapping allows for exploration of 

LAADF and more complex detector weighting. In particular, multicomponent analysis of 

CBED maps can efficiently extract crystallographic and chemical changes in a specimen. 

The electron channeling model discussed in Chapter IV characterizes the propagation of 

electrons down a high-symmetry zone-axis where atomic columns are approximated by 

uniform line charges. Bound transverse eigenstates describe localization of the incident 

beam along the column of atomic potentials. Characterizing the scattering of the bound 

eigenstates requires first-order perturbations to the uniform column charge 

approximation—i.e. including the first sinusoidal term in the Fourier expansion of the 

columnar potential. For fast electrons, the beam direction can be mapped to time and the 

spatial perturbation is equivalent to a time variant perturbation. The sinusoidal 

perturbation is expected to describe much of the scattering in channeled beam behavior. 

The through-focal tomography method introduced in Chapter VI used a direct Fourier 

approach to reconstruct the through-focal data. It was chosen to be simple, intuitive, and 

contains artifacts that are well understood—but this approach is basic in comparison to 

recent advancements. The use of non-linear and iterative reconstruction algorithms can 

make better use of the available information. Future work that combines through-focal 

tomography with advanced reconstruction methods would provide superior results. 

Recently, iterative optimization methods—such as total variance minimization, discrete 

tomography, and non-negativity with support constraints—utilize minimal prior 

knowledge of the object and have shown better estimation of the missing information. 

These reconstruction techniques should readily benefit from the information collected in 

through-focal tomography. 



! 143!

APPENDIX A: FAR-FIELD DIFFRACTION FROM  

A CIRCULAR APERTURE 

Consider a wavefunction incident upon a planar aperture. Points within the 

aperture that permit wave propagation are defined by the vector !!. A vector to a point 

distant from the aperture is defined by the vector !. This is shown schematically: 

 

The scattered wavefunction through the aperture is described by the Fresnel-Kirchhoff 

diffraction integral at the aperture plane: 

! ! = 2!"
ℏ! !!!! !′ !! !! exp !" !− !

!

|!− !!|  

 (A.1) 

Expanding ! !− !!  : 

! !− !! = !! !! − 2! ∙ !! − !!!  (A.2) 

In the far field, Fraunhofer diffraction, r << r’, we can approximate: 

! !− !! ≈ !! !! − 2! ∙ !! = !!! 1− 2! ∙ !!/!! (A.3) 

Further simplifying with the first order Taylor expansion, 1+ ! ≈ 1+ !/2, we have: 

r’

r-r’

r
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! !− !! ≈ !!! 1− ! ∙ !!!! = !!! − ! ∙ !′ (A.4) 

Similarly! !
!!!! ∶!

1
!− !! = !

1
!

1
|1− ! ∙ !

!
!! |

≈ 1
! 

 (A.5) 

!
From!approximations!Eq!A.4! and!Eq!A.5,! the! far=field!diffracted!wavefunction,!Eq.!
A.1,!can!be!more!simply!stated:!
!

! ! = 2!"
ℏ!

exp !"#
! !!!! !′ !! !! exp !! ∙ !′  

 (A.6) 

This! integral! is! equivalent! to! the! Fourier! transform! of! the! incident! wavefunction!
across!the!aperture:!
!

! ! = 2!"
ℏ!

exp !"#
! ℱ ! !! !! !! !

! (A.7)!

Consider!a!uniform!incident!wave!travelling!along!the!z!direction,!(! !! = !"#$%.)!

and!the!equation!simplifies!to!the!Fourier!transform!of!the!aperture!geometry:!

! ! = 2!"
ℏ!

exp !"#
! ! ! !!

! (A.8)!

The! field! distribution! in! a! far=field! (Fraunhofer)! diffraction! pattern! is! the! Fourier!
transform!of!the!field!distribution!across!the!aperture.!
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APPENDIX B: APPROXIMATION OF EXPONENTIAL 

NONCOMMUTING OPERATORS 

Let A and B be noncommuting operators and ! a small real number. The first two terms 

in the power series expansion of exp !" + !"  yields: 

exp !" + !" = 1+ ! + ! ! + ! !!   (B.1) 

Similarly: 

exp !"]exp![!" = 1+ ! + ! ! + ! !!  (B.2) 

exp !"]exp![!" = 1+ ! + ! ! + ! !!  (B.3) 

From these equations, we can write the first order expansion of Eq A.1 as: 

exp !" + !" = exp !"]exp![!" + ! !!   (B.4) 

! !
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APPENDIX C: THE PROPAGATOR OPERATOR 

Consider two noncommuting operators exp Δ!! !"!! ∇!"
!  and ! ! !acting on!! !, ! : 

 ! !, ! + Δ! = exp Δ!! !"!! ∇!"
! ! ! ! !, !   (C.1) 

Taking the Fourier transform: 

! exp Δ!! !"4! ∇!"
! ! ! ! !, !

= !"!# exp Δ!! !"4! ∇!"
! ! ! ! !, ! exp 2!" !!! + !!!  

 (C.2) 

The exponential operator can be expanded as a power series: 

exp Δ!! !"4! ∇!"
! = exp Δ!! !"4!

!!
!!! exp Δ!! !"4!

!!
!!!

= 1
!! Δ!! !"4!

!!
!!!

!
!

!

!!!

1
!! Δ!! !"4!

!!
!!!

!
!

!

!!!
 

 (C.3) 

Plugging C.3 into C.2 and repeatedly integrating by parts yields: 

! exp Δ!! !"4! ∇!"
! ! ! ! !, !

= 1
!! −i!"Δ!!!!

! !!
!

!!!

1
!! −i!"Δ!!!!

! !!
!

!!!
! ! ! ! !, !

= exp −i!"Δ!! !!! + !!! ! ! ! ! !, !

= exp −i!"Δ!!!! ! ! ! ! !, !  

 (C.4) 

Taking the inverse Fourier transform: 
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exp Δ!! !"4! ∇!"
! ! ! ! !, ! = 1

!"∆! exp!
!"
!∆! !! + !! ⨂ ! ! !, !  

 (C.5) 

Here the exponential operator,!exp Δ!! !"!! ∇!"
! , has been replaced by a convolution 

operator ! ! ⨂ !
!"∆! exp![

!"
!∆! (!

! + !!)⨂ . Where ! ! ⨂ is often referred to as the 

propagator operator. 

! !
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APPENDIX D: CREATIVE COMMONS LICENSE 

This is the text of the Creative Commons Attribution-NonCommercial-NoDerivs License, ver. 3.0 

License 

THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS 

CREATIVE COMMONS PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK IS 

PROTECTED BY COPYRIGHT AND/OR OTHER APPLICABLE LAW. ANY USE OF THE 

WORK OTHER THAN AS AUTHORIZED UNDER THIS LICENSE OR COPYRIGHT LAW 

IS PROHIBITED. BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, 

YOU ACCEPT AND AGREE TO BE BOUND BY THE TERMS OF THIS LICENSE. TO THE 

EXTENT THIS LICENSE MAY BE CONSIDERED TO BE A CONTRACT, THE LICENSOR 

GRANTS YOU THE RIGHTS CONTAINED HERE IN CONSIDERATION OF YOUR 

ACCEPTANCE OF SUCH TERMS AND CONDITIONS. 

1. Definitions 

a. "Collective Work" means a work, such as a periodical issue, anthology or encyclopedia, 

in which the Work in its entirety in unmodified form, along with one or more other 

contributions, constituting separate and independent works in themselves, are assembled 

into a collective whole. A work that constitutes a Collective Work will not be considered 

a Derivative Work (as defined below) for the purposes of this License. 

b. "Derivative Work" means a work based upon the Work or upon the Work and other 

pre-existing works, such as a translation, musical arrangement, dramatization, 

fictionalization, motion picture version, sound recording, art reproduction, abridgment, 

condensation, or any other form in which the Work may be recast, transformed, or 

adapted, except that a work that constitutes a Collective Work will not be considered a 

Derivative Work for the purpose of this License. For the avoidance of doubt, where the 

Work is a musical composition or sound recording, the synchronization of the Work in 

timed-relation with a moving image ("synching") will be considered a Derivative Work 

for the purpose of this License. 

c. "Licensor" means the individual, individuals, entity or entities that offers the Work 

under the terms of this License. 
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d. "Original Author" means the individual, individuals, entity or entities who created the 

Work. 

e. "Work" means the copyrightable work of authorship offered under the terms of this 

License. 

f. "You" means an individual or entity exercising rights under this License who has not 

previously violated the terms of this License with respect to the Work, or who has 

received express permission from the Licensor to exercise rights under this License 

despite a previous violation. 

2. Fair Use Rights. Nothing in this license is intended to reduce, limit, or restrict any rights 

arising from fair use, first sale or other limitations on the exclusive rights of the copyright owner 

under copyright law or other applicable laws. 

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants 

You a worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable 

copyright) license to exercise the rights in the Work as stated below: 

a. to reproduce the Work, to incorporate the Work into one or more Collective Works, and 

to reproduce the Work as incorporated in the Collective Works; and, 

b. to distribute copies or phonorecords of, display publicly, perform publicly, and perform 

publicly by means of a digital audio transmission the Work including as incorporated in 

Collective Works. 

The above rights may be exercised in all media and formats whether now known or hereafter 

devised. The above rights include the right to make such modifications as are technically 

necessary to exercise the rights in other media and formats, but otherwise you have no rights to 

make Derivative Works. All rights not expressly granted by Licensor are hereby reserved, 

including but not limited to the rights set forth in Sections 4(d) and 4(e). 

4. Restrictions.The license granted in Section 3 above is expressly made subject to and limited 

by the following restrictions: 

a. You may distribute, publicly display, publicly perform, or publicly digitally perform the 

Work only under the terms of this License, and You must include a copy of, or the 

Uniform Resource Identifier for, this License with every copy or phonorecord of the 
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Work You distribute, publicly display, publicly perform, or publicly digitally perform. 

You may not offer or impose any terms on the Work that restrict the terms of this License 

or the ability of a recipient of the Work to exercise the rights granted to that recipient 

under the terms of the License. You may not sublicense the Work. You must keep intact 

all notices that refer to this License and to the disclaimer of warranties. When You 

distribute, publicly display, publicly perform, or publicly digitally perform the Work, 

You may not impose any technological measures on the Work that restrict the ability of a 

recipient of the Work from You to exercise the rights granted to that recipient under the 

terms of the License. This Section 4(a) applies to the Work as incorporated in a 

Collective Work, but this does not require the Collective Work apart from the Work itself 

to be made subject to the terms of this License. If You create a Collective Work, upon 

notice from any Licensor You must, to the extent practicable, remove from the Collective 

Work any credit as required by Section 4(c), as requested. 

b. You may not exercise any of the rights granted to You in Section 3 above in any manner 

that is primarily intended for or directed toward commercial advantage or private 

monetary compensation. The exchange of the Work for other copyrighted works by 

means of digital file-sharing or otherwise shall not be considered to be intended for or 

directed toward commercial advantage or private monetary compensation, provided there 

is no payment of any monetary compensation in connection with the exchange of 

copyrighted works. 

c. If You distribute, publicly display, publicly perform, or publicly digitally perform the 

Work (as defined in Section 1 above) or Collective Works (as defined in Section 1 

above), You must, unless a request has been made pursuant to Section 4(a), keep intact 

all copyright notices for the Work and provide, reasonable to the medium or means You 

are utilizing: (i) the name of the Original Author (or pseudonym, if applicable) if 

supplied, and/or (ii) if the Original Author and/or Licensor designate another party or 

parties (e.g. a sponsor institute, publishing entity, journal) for attribution ("Attribution 

Parties") in Licensor's copyright notice, terms of service or by other reasonable means, 

the name of such party or parties; the title of the Work if supplied; to the extent 

reasonably practicable, the Uniform Resource Identifier, if any, that Licensor specifies to 

be associated with the Work, unless such URI does not refer to the copyright notice or 

licensing information for the Work. The credit required by this Section 4(c) may be 

implemented in any reasonable manner; provided, however, that in the case of a 
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Collective Work, at a minimum such credit will appear, if a credit for all contributing 

authors of the Collective Work appears, then as part of these credits and in a manner at 

least as prominent as the credits for the other contributing authors. For the avoidance of 

doubt, You may only use the credit required by this clause for the purpose of attribution 

in the manner set out above and, by exercising Your rights under this License, You may 

not implicitly or explicitly assert or imply any connection with, sponsorship or 

endorsement by the Original Author, Licensor and/or Attribution Parties, as appropriate, 

of You or Your use of the Work, without the separate, express prior written permission of 

the Original Author, Licensor and/or Attribution Parties. 

d. For the avoidance of doubt, where the Work is a musical composition: 

i. Performance Royalties Under Blanket Licenses. Licensor reserves the 

exclusive right to collect whether individually or, in the event that Licensor is a 

member of a performance rights society (e.g. ASCAP, BMI, SESAC), via that 

society, royalties for the public performance or public digital performance (e.g. 

webcast) of the Work if that performance is primarily intended for or directed 

toward commercial advantage or private monetary compensation. 

ii. Mechanical Rights and Statutory Royalties. Licensor reserves the exclusive 

right to collect, whether individually or via a music rights agency or designated 

agent (e.g. Harry Fox Agency), royalties for any phonorecord You create from 

the Work ("cover version") and distribute, subject to the compulsory license 

created by 17 USC Section 115 of the US Copyright Act (or the equivalent in 

other jurisdictions), if Your distribution of such cover version is primarily 

intended for or directed toward commercial advantage or private monetary 

compensation. 

e. Webcasting Rights and Statutory Royalties. For the avoidance of doubt, where the 

Work is a sound recording, Licensor reserves the exclusive right to collect, whether 

individually or via a performance-rights society (e.g. SoundExchange), royalties for the 

public digital performance (e.g. webcast) of the Work, subject to the compulsory license 

created by 17 USC Section 114 of the US Copyright Act (or the equivalent in other 

jurisdictions), if Your public digital performance is primarily intended for or directed 

toward commercial advantage or private monetary compensation. 

5. Representations, Warranties and Disclaimer 
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UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, 

LICENSOR OFFERS THE WORK AS-IS AND ONLY TO THE EXTENT OF ANY RIGHTS 

HELD IN THE LICENSED WORK BY THE LICENSOR. THE LICENSOR MAKES NO 

REPRESENTATIONS OR WARRANTIES OF ANY KIND CONCERNING THE WORK, 

EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING, WITHOUT 

LIMITATION, WARRANTIES OF TITLE, MARKETABILITY, MERCHANTIBILITY, 

FITNESS FOR A PARTICULAR PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF 

LATENT OR OTHER DEFECTS, ACCURACY, OR THE PRESENCE OF ABSENCE OF 

ERRORS, WHETHER OR NOT DISCOVERABLE. SOME JURISDICTIONS DO NOT 

ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH EXCLUSION MAY 

NOT APPLY TO YOU. 

6. Limitation on Liability. 

EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO EVENT WILL 

LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL, 

INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING 

OUT OF THIS LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN 

ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. 

7. Termination 

a. This License and the rights granted hereunder will terminate automatically upon any 

breach by You of the terms of this License. Individuals or entities who have received 

Collective Works (as defined in Section 1 above) from You under this License, however, 

will not have their licenses terminated provided such individuals or entities remain in full 

compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8 will survive any termination 

of this License. 

b. Subject to the above terms and conditions, the license granted here is perpetual (for the 

duration of the applicable copyright in the Work). Notwithstanding the above, Licensor 

reserves the right to release the Work under different license terms or to stop distributing 

the Work at any time; provided, however that any such election will not serve to 

withdraw this License (or any other license that has been, or is required to be, granted 

under the terms of this License), and this License will continue in full force and effect 

unless terminated as stated above. 
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8. Miscellaneous 

a. Each time You distribute or publicly digitally perform the Work (as defined in Section 1 

above) or a Collective Work (as defined in Section 1 above), the Licensor offers to the 

recipient a license to the Work on the same terms and conditions as the license granted to 

You under this License. 

b. If any provision of this License is invalid or unenforceable under applicable law, it shall 

not affect the validity or enforceability of the remainder of the terms of this License, and 

without further action by the parties to this agreement, such provision shall be reformed 

to the minimum extent necessary to make such provision valid and enforceable. 

c. No term or provision of this License shall be deemed waived and no breach consented to 

unless such waiver or consent shall be in writing and signed by the party to be charged 

with such waiver or consent. 

d. This License constitutes the entire agreement between the parties with respect to the 

Work licensed here. There are no understandings, agreements or representations with 

respect to the Work not specified here. Licensor shall not be bound by any additional 

provisions that may appear in any communication from You. This License may not be 

modified without the mutual written agreement of the Licensor and You. 

Creative Commons Notice 

Creative Commons is not a party to this License, and makes no warranty whatsoever in 

connection with the Work. Creative Commons will not be liable to You or any party on any legal 

theory for any damages whatsoever, including without limitation any general, special, incidental 

or consequential damages arising in connection to this license. Notwithstanding the foregoing two 

(2) sentences, if Creative Commons has expressly identified itself as the Licensor hereunder, it 

shall have all rights and obligations of Licensor. Except for the limited purpose of indicating to 

the public that the Work is licensed under the CCPL, Creative Commons does not authorize the 

use by either party of the trademark "Creative Commons" or any related trademark or logo of 

Creative Commons without the prior written consent of Creative Commons. Any permitted use 

will be in compliance with Creative Commons' then-current trademark usage guidelines, as may 

be published on its website or otherwise made available upon request from time to time. For the 

avoidance of doubt, this trademark restriction does not form part of this License. Creative 

Commons may be contacted at http://creativecommons.org/. 


