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Identifying and manipulating single atoms with
scanning transmission electron microscopy

The manipulation of individual atoms has developed from visionary speculation into an established

experimental science. Using focused electron irradiation in a scanning transmission electron microscope

instead of a physical tip in a scanning probe microscope confers several benefits, including thermal

stability of the manipulated structures, the ability to reach into bulk crystals, and the chemical

identification of single atoms. However, energetic electron irradiation also presents unigue challenges,

Received 30th August 2022,
Accepted 28th September 2022

DOI: 10.1039/d2cc04807h

with an inevitable possibility of irradiation damage. Understanding the underlying mechanisms will
undoubtedly continue to play an important role to guide experiments. Great progress has been made in
several materials including graphene, carbon nanotubes, and crystalline silicon in the eight years since

the discovery of electron-beam manipulation, but the important challenges that remain will determine

rsc.li/chemcomm

1 Introduction

The notion of atoms as indivisible building blocks of matter is
literally ancient, reaching back to Greek philosophers Anaxa-
goras and Democritus. Revived by Gassendi in the late 16th
century,' the atomic hypothesis was expressed in its modern
form by the chemist Dalton in 1803,> building on the work of
several others.® The idea was resisted for the following century
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how far we can expect to progress in the near future.

as unobservable and metaphysical, or at best as merely a
convenient way of keeping account of chemical substances
and their reactions.

Despite acceptance by such luminaries of mid-nineteenth
century physics as Maxwell and van der Waals,” towards the
end of the century, the atomic hypothesis faced increasing
opposition from leading scientists including Pierre Curie,
Ostwald, and, most vociferously, Mach.® By the start of the
twentieth century, Boltzmann remained its most vigorous
defender with notable support from Planck,” but sadly did
not live to see the final vindication of his views. These
debates were finally laid to rest by Einstein’s theory of Brow-
nian motion® and its experimental confirmation by Perrin in
1909.”

The development of modern atomic theory, prompted by the
discovery of the electron by Thomson in 1897,'° the nucleus by
Rutherford in 1911,"" and chemical isotopes by Soddy in
1913,"* revealed that although atoms are indeed indivisible in
a chemical sense, they are in fact not the smallest unit of
matter. Further scattering experiments and the formulation of
quantum mechanics solidified our understanding of the peri-
odic table as a sequence of atoms with an increasing number
of protons, stabilized by varying numbers of neutrons in a
compact nucleus, and neutralized by an equal number of
oppositely charged electrons orbiting as quantized waveforms.
Thus, we came to the conception of atoms as we still under-
stand them to this day.

However, it took many decades and several scientific and
technological breakthroughs before individual atoms could
be directly observed and identified—let alone controllably
manipulated.

This journal is © The Royal Society of Chemistry 2022
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2 ldentifying single atoms

Atoms were first imaged by field ion microscopy (FIM), which
was used to record atomically resolved images of a metal
surface in 1955."* Although FIM has been very useful for
understanding phenomena including surface diffusion,' it
was challenging to use it for elemental identification."> By
augmenting this with the aid of mass spectrometry into atom
probe tomography,'® atomically resolved information of the
chemical and even isotopic structure of materials can be
obtained.'” However, analysis entails the destruction of spe-
cially shaped samples, with no control over the real-space
location of the interactions.

For the imaging and identification of single atoms in
materials, including any possibility to direct their movement,
two techniques stand out: scanning transmission electron
microscopy and scanning probe microscopy. While the latter
was both the first and, until recently, the only technique
capable of atom manipulation, transmission electron micro-
scopy (TEM) which is our focus here predates it by half a
century. Let us thus start with discussing the historical devel-
opment of TEM and especially its unsurpassed capabilities for
identifying single atoms via the elastic and inelastic scattering
of energetic primary beam electrons.

2.1 Transmission electron microscopy

Following the experiments confirming de Broglie’s theory of
wave-matter duality by Thomson in 1927 using electron
diffraction’® and by Davisson and Germer in 1928 using
electron reflection,' it was soon realized that due to their
much smaller wavelength, electron waves offered the possibility
of significantly higher diffraction-limited imaging resolution
than light. The first instrument operating by this principle was
developed by Ruska in 1932.%° However, despite swift progress
in the field, the first unambiguous images of single atoms were
taken only in 1970 with the help of scanning transmission
electron microscopy (STEM) refined by Crewe.”' The lower
energy spread and higher brightness of a field-emission elec-
tron gun, combined with annular dark-field detection - which
is sensitive to the nuclear potential - to maximize the contrast
of atoms with extremely high atomic number Z dispersed on
low-Z carbon support, made it possible to identify single U and
Th atoms even with a 5 A-sized electron probe. This work was
later extended to lower relative Z differences by Treacy and Rice
in 1989% and to crystalline supports by Nellist and Pennycook
in 1996.%*

The first reliable identification of covalently bound impu-
rities within a crystal lattice was reported by Voyles and
colleagues in 2002,>* when they imaged antimony (Sb) dopant
atoms in crystalline silicon - which, as we will see, is a system
that has later proven fruitful for electron-beam manipulation. Using
focal-series optical sectioning, even the three-dimensional location
of heavier dopants can be approximately inferred from ADF
images.”>”® However, image simulations of the Sb in silicon™
showed them not to be visible in phase-contrast high-resolution
TEM (HRTEM), even with exit-wave reconstruction.
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Thus, although the first HRTEM image resolving atomic
columns is thought to have been recorded by Iijima back in
1971,>” the reliable identification of dopant atoms using
HRTEM is much more challenging due to the complicated
effects of dynamical and inelastic scattering on phase contrast.
The cross-sectional images of Au and Pt atoms within graphene
layers presented in 2008 by Gan®® are convincing, though the
identity of the elements was merely inferred from sample
preparation. By comparing ab initio-based image simulations
to experimental contrast at a specific defocus value, Meyer was
2011 able to identify N substitutions in graphene by their phase
contrast in HRTEM.> It should also be noted that energy-
filtered imaging with achromatic electron optics can directly
reveal the atomic elemental structure, as demonstrated in 2013
by Urban.*°

Phase contrast is more sensitive to low-Z elements than ADF,
which may be unable to resolve them especially when neighbor-
ing atoms that scatter more strongly. However, modern STEM
imaging techniques can largely overcome this difficulty, and
light atoms including H can be resolved with annular bright-
field (ABF) detection®' or integrated differential phase contrast
(iDPC).**”? Recently, it was also somewhat surprisingly demon-
strated that secondary electron signals can also be collected
from single atoms.** This is due to a substantial part arising
from inner-shell excitations that are more localized than
valence excitations even at primary beam energies used in
scanning electron microscopy.>®> However, there is little ele-
mental sensitivity, and so without collecting an X-ray spectrum,
this technique cannot be used to reliably identify atomic
species.

The development of effective computer-controlled aberra-
tion correctors over the past three decades®® has made it
possible to focus STEM electron beams to sub-Angstrém
spots®” and to correct image aberrations in HRTEM to reach
similar resolutions.>® While the improved spatial resolution
has made it possible to convincingly distinguish light
elements®® with realistic ADF noise, it is hard to conclusive
discriminate between similar heavier elements such as alumi-
num, silicon and phosphorus.*® Thus, it was the combination
of atomically focused electron beams with efficient spectro-
meters in aberration-corrected STEMs that has been the crucial
breakthrough in unambiguously identifying single atoms.

2.2 Atomically resolved spectroscopy

Primarily two types of spectroscopic signatures can be used for
elemental identification, namely characteristic X-rays gener-
ated by the radiative recombination of inner-shell excitations
(energy-dispersive X-ray, EDX) and the core energy-loss of
primary beam electrons (electron energy-loss spectroscopy,
EELS). Due to the dependence of the probability of radiative
recombination on the atomic number Z, EDX is typically
measurable only for heavier elements, whereas EELS is stronger
for lighter ones. For our purposes, it is of interest to divide
pioneering studies into two categories: atomically resolved
spectroscopy, where distinct spectral signals can be shown
to arise from neighboring atoms or atomic columns, and
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single-atom spectroscopy, where the signature of only a single
impurity atom is detected. Three preconditions need to be
fulfilled:** sufficient resolution with respect to the separation
of atoms; sufficient signal to noise with respect to the back-
ground and signatures of other nearby elements; and sufficient
sample and instrument stability to record the signal.

Atomically resolved EELS was reported by two groups in
1993: Batson observed the different bonding states of silicon
atoms across a Si-SiO, interface,*? and Browning studied the
epitaxial interfaces between cobalt silicide and silicon.*® Spatial
resolution in such studies is limited not only by the size of the
electron probe and possible beam spreading in the specimen
but ultimately by the delocalization of the studied excitations.**
Due to instrumental improvements that allowed two-
dimensional EELS maps to be practically acquired,*>*® it is
possible to localize dopants in bulk crystals using EELS even if
their scattering contrast is too weak to directly detect in
images,*”*® but the speed of such measurements is limited.
Atomically resolved EDX maps were first reported by D’Alfonso
in 2010.*

The first single-atom EELS studies were published by
Suenaga in 2000°° on gadolinium atoms confined within full-
erenes filling single-walled carbon nanotubes (Fig. 1), and EEL
spectra of single covalently bound lanthanum lattice impurities
in CoTiO; were recorded by Varela in 2004.>" More recent work
has shown that single-atom sensitivity can be retained even for
vibrational excitations in suitable samples.>* Single-atom X-ray
analysis was first reported in 2012 for erbium inside fullerene
cages by Suenaga®® and for silicon and platinum substitutions
in graphene by Lovejoy.”® Analysis of the EEL fine structure has
even allowed the spin states of individual atoms to be
determined,””® and light elements down to lithium be
identified.>

Covalently bound lattice impurities in metallic - and thus
radiation-resistant — one-atom-thick graphene provide arguably
the ideal system for single-atom studies. Silicon impurities
were measured by Chisholm and by Zhou in 2012,°”°" soon
followed by N and B by Bangert.®” A detailed comparison of
first-principles EEL spectrum simulations with single-atom
experimental spectra makes it possible to infer even the
three-dimensional structure of the impurity site,”>* which
can be verified using tilting experiments.>® Thus, single lattice
impurities in graphene are some of the most carefully char-
acterized systems, and due to their importance for the discovery
of atom manipulation using STEM, the available literature is
summarized in Table 1.

However, when direct and atomically resolved spectroscopic
evidence is not available, caution must be taken in assigning
the identity of elements observed in images, and especially
when phase contrast is involved even in atomically thin mate-
rial such as graphene. Numerous studies have assigned ele-
mental identities to individual atoms based on their contrast,
but extreme sensitivity to imaging conditions compounded by
the lack of an atomically localized spectroscopic probe con-
tinues to hinder reliable identification of single atoms using
HRTEM. As we shall see later in Section 3.3.1, this concern may
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Fig. 1 Identifying single atoms with scanning transmission electron
microscopy and spectroscopy. (A) EEL spectrum maps of gadolinium
atoms (Gd N edge signal, red) encapsulated in fullerenes filling a single-
walled carbon nanotube (C K edge, blue). The scale bar is 3 nm. From
ref. 50. Reprinted with permission from AAAS. (B) Annular dark-field STEM
image of CoTiOs3, with atomic-column EEL spectra showing a La M4 s edge
signature on site 4 (numbered white square). Adapted with permission
from ref. 51. Copyright (2004) by the American Physical Society. (C) Core-
loss EEL signal integrated over a three-coordinated silicon impurity in
graphene (inset shows the corresponding ADF signal), and spectrum
simulations for a flat and out-of-plane distorted structure compared to
the Si L, 3 edge signal. Adapted with permission from ref. 52. Copyright
2013 American Chemical Society. (D) Two-tilt tomographic reconstruction
of the out-of-plane distortion of the Si site. Adapted from ref. 53, with the
permission of AIP Publishing.

have played an unappreciated role in the discovery of transmis-
sion electron microscopy based single-atom manipulation.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Identification of individual impurity atoms in graphene with
transmission electron microscopy, and the type of imaging and spectro-
scopic evidence presented in each case. “Indirect’” indicates that spectra
were collected elsewhere on the sample

Element(s) Contrast Spectroscopy Ref.

Pt, Au Phase — 28

Pt, Co, In Phase — 64

Si, Pt ADF Single-atom EDX 56

Si, Fe ADF Single-atom EELS 60

Fe Phase — 65 and 66
Si ADF Single-atom EELS 52, 61 and 67
N & B ADF Single-atom EELS 62

N ADF Single-atom EELS 68

N, Fe, Cr ADF Single-atom EELS 57

N, Fe ADF Single-atom EELS 69

Ni ADF Indirect EDX 70

P ADF Single-atom EELS 63, 71 and 72
Ge ADF Indirect EDX 73

(¢} ADF Single-atom EELS 53

Si, Pt ADF Indirect EELS 74
Several metals ADF Indirect EELS 75

Mn ADF Single-atom EELS 58

Au ADF Single-atom EELS 76

Al phase Areal EELS 77

Al ADF Single-atom EELS 40

Before discussing atom manipulation, we need to consider
another prominent family of atomic-resolution techniques,
namely scanning probe microscopies. Although the challenges
in identifying individual atoms are even greater in this case,
until recently these were the only tool at our disposal to
controllably manipulate them.

2.3 Scanning probe microscopies

Invented by Binnig and Roéhrer in 1981, initially the probe in
scanning tunneling microscopy (STM) was a sharp metallic tip,
rastering over an atomically clean metallic surface while record-
ing the tunneling current.”® Although STM gives excellent
resolution due to the exponential dependence of the current
on the tip-surface distance, this has no direct chemical sensi-
tivity. Instead, the signal is proportional to the local density of
electronic states (LDOS), which only with the aid of first-
principles simulations can be interpreted as arising from
specific atomic structures.

Alternatively, one can measure the force between an atom-
ically sharp tip and the surface. This has the advantages of not
requiring both (or either) to be metallic and enabling a plethora
of interactions including frictional and magnetic forces to be
used to form images, giving access to a much greater range of
samples and surface properties. Dubbed atomic force micro-
scopy (AFM), this technique was introduced by Binnig in
1986,”° although initially in ambient liquids so that atomic
resolution was convincingly achieved by Giessibl only in 1996.%°
An important further breakthrough was the discovery of mole-
cular tip terminations, most prominent a vertically absorbed
CO molecule, which greatly increased resolution and allowed
even the distribution of electron density in the bonds of
molecules to be resolved.®!

This journal is © The Royal Society of Chemistry 2022

View Article Online

ChemComm

Since the atom at the tip apex interacts with surface atoms
altering its vibration frequency, different chemical elements
can in some cases be distinguished. The elemental composi-
tion can potentially be recovered either via inelastic electron
tunneling analysis of vibrational spectra® or via careful com-
parison to first principles simulations of the LDOS, typically
density functional theory (DFT).**®** 1dentifying substitutional
dopants is further possible in atomically thin materials, where
the latter method has been used to study lattice heteroatoms in
graphene®® and single-walled carbon nanotubes,®® although
interpretation of the contrast can be challenging.®”

3 Manipulating single atoms

Despite lacking chemical sensitivity, scanning probe microsco-
pies, most prominently STM®® but also AFM,*° have been
extremely capable tools for single-atom manipulation—and
until recently, the only techniques capable of that feat. When
an atomically clean surface can be prepared in an ultra-high
vacuum and carefully controlled amounts of a known element
are introduced, lack of direct chemical sensitivity is not a major
issue. However, despite their many stunning successes, techni-
ques based on scanning tips are obviously limited to surface
atoms. Further, due to the limited interaction strength between
the tip apex and the surface atoms, such manipulation almost
invariably can only affect relatively weakly bound surface ada-
toms or vacancies, typically requiring the samples to be kept at
cryogenic temperatures.

3.1 Pioneering scanning probe work and its limitations

The first successful atom manipulation was achieved by Eigler
in 1990,”° using liquid helium (4 K) cryogenic STM to position
xenon atoms on a single-crystal nickel surface with atomic
precision. This was followed by iconic experiments in confining
surface states by rings of atoms into so-called quantum corrals
by Crommie in 1993.°" More recently, manipulation has been
achieved at liquid nitrogen temperatures (77 K) by manipulat-
ing vacancies in surface monolayers. Combined with the auto-
mated operation, this has enabled feats such as the creation of
a kilobyte atomic memory by Kalff in 2016,°> and significant
recent effort has been directed at creating customized quantum
states by atom manipulation of surfaces.”

Following the crucial development of non-contact imaging
methods, AFM achieved atom manipulation only later,”* but is
for specific materials able to operate even at room temperature.
The required precise balance between a sufficiently small
diffusion barrier to allow manipulation by a physical probe
tip and a sufficiently high binding energy to avoid desorption
was first achieved for molecules absorbed on metal surfaces,””
then for specific semiconductors,” and finally also for insulat-
ing surfaces.”® More recently, simultaneous detection of forces
and tunneling currents has blurred the boundaries between
AFM and STM, yielding even richer information on the
sample.”” Nonetheless, direct elemental identification remains
arduous.
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Manipulation with STM or AFM is strictly limited to surfaces
since a tip must be brought into their immediate proximity,
though embedded single-atom devices have been fabricated via
hydrogen depassivation lithography by precisely placing dopant
atoms on semiconductor surfaces followed by further semicon-
ductor layer growth.”® While the room-temperature capabilities
of AFM need to be acknowledged,® the vast majority of
published research uses STM and continues to require cryo-
genic temperatures, and thus any manipulated structures are
ephemeral and only survive for as long as they are kept cool.

For these reasons, the discovery of scanning transmission
electron microscopy-based manipulation techniques that oper-
ate at room temperature with strongly bound lattice impurities
has opened exciting new possibilities, but also brought new
tradeoffs and challenges.

3.2 New manipulation tool: focused electron irradiation

The focused electron beam of a modern STEM is an alternative
atomically sharp probe, which can penetrate into the bulk of
materials. However, before atom manipulation became possi-
ble, several technological preconditions had to be fulfilled.
First, it is absolutely vital that the electron beam can be
directed to an atomically small spot so that a desired atomic
site can be selectively irradiated. Aberration correction of the
probe-forming lenses was thus required, and it was also neces-
sary to reach A-sized probes even at sub-80 keV primary beam
energies where undesirable knock-on damage can be sup-
pressed. While current instruments are sufficient for this task,
further reduction of the probe tails and an increase of the beam
current would be highly beneficial.

Although somewhat less critical, the stability of the micro-
scope sample stage, the reliability of the scan coils, and the
suppression of unwanted chemical etching by a reduced resi-
dual vacuum pressure are all factors that can make the differ-
ence on whether manipulation is possible merely in theory, or
actually feasible in practice. Arguably only the Nion micro-
scopes fulfill all of these conditions fully, though certainly,
these are engineering challenges that can be tackled by other
manufacturers as well. In terms of suitable samples, several
preconditions have to be fulfilled: atomically clean surfaces,
sufficient stability under electron irradiation, the availability of
impurities that can be easily identified, and crucially, suitable
dynamics under electron irradiation.

Although single-atom dynamics had been observed earlier,”®
I will focus on the historical development of STEM
atom manipulation, which starts with silicon substitutions in
graphene.

3.3 Silicon substitutions in graphene

Microscopists working with graphene inevitably have to grapple
with surface contamination: any amount will ruin imaging of
the one-atom-thick material, let alone more complicated experi-
ments. Synthesis residues appear as thicker, possibly metal-
containing contamination layers, whereas even brief ambient
exposure can be sufficient to deposit a thin hydrocarbon
layer. Accordingly, many kinds of cleaning strategies have been
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explored and employed.'® In addition to hydrocarbons, silicon
is a ubiquitous contaminant in essentially all graphene sam-
ples, although the use of non-Si-containing glasswares for
sample preparation does appear to reduce it.'°* As another
group IV element, Si has a high affinity to bond with C, and
even substitute into the graphene lattice—indeed, such inci-
dental impurities were the target of all early studies.®™”'%

Si either substitutes a single C atom in a three-coordinated
configuration or instead binds with four neighbors replacing
two C atoms. The former buckles out of the plane due to the
larger covalent radius of Si compared to C, as originally
elucidated via single-atom EELS interpreted in light of first-
principles simulations®® and subsequently confirmed by a few-
tilt tomographic reconstruction® (Fig. 1). Si from the contam-
ination can also be trapped in vacancies purposefully created
using higher-energy electron irradiation,'®® and more recently,
vacancy-mediated substitution with Ar plasma has allowed us
to fabricate better-controlled samples with a higher concen-
tration of Si."**

However, the dynamics of the three-coordinated Si site
under electron irradiation are the reason why it has played
such an important role in the electron-beam manipulation
research. With the benefit of hindsights, there were several
studies that may constitute early hints of these dynamics.
Indeed, I believe that before our foundational work in 2014,%”
the beam-induced movement of Si impurities was observed
several times since as early as 2008, although in each case with
variously mistaken elemental identification.

3.3.1 Early hints of single-atom dynamics. In a landmark
study, in 2008, Meyer published the first atomically resolved
images of graphene and its defects.'® This was soon followed
by the apparent imaging of the dynamics of light atoms and
molecules on its surface using phase-contrast HRTEM.'*® How-
ever, considering the time required to capture such images
(summed from up to 100 consecutive frames!), it seems obvious
that the proposed atomic configurations—a carbon adatom in a
bridge configuration and an oxygen adatom bound at a top
site—can hardly be responsible for the observed contrast.

Even leaving aside the effect of the electron beam, which at
100 keV can easily transfer several eV of lateral kinetic energy to
any light adatom,'*° their sub-eV migration barriers are easy to
overcome thermally at room temperature'*"""*> and adatoms
cannot in fact be observed in atomically resolved images. Indeed,
extreme care with irradiation dose needs to be taken even to capture
the spectroscopic signatures of oxygen in graphene oxide, at vastly
lower areal doses.'*® It seems instead likely that what the authors
observed were substitutional lattice impurities.

In a similar vein, in 2010, Erni used HRTEM to identify point
contrast at graphene lattice positions as adsorbed O, N, or
C-containing molecules.’®® However, it seems equally implau-
sible that multiple consecutive frames and focal series with
electron doses of 10° e~ nm ™ at 80 keV could be captured of beam-
sensitive admolecules (H is particularly easily sputtered''*), espe-
cially since isolated admolecules also exhibit sub-eV thermal diffu-
sion barriers.""> No spectroscopic evidence was available in either of
these studies.

This journal is © The Royal Society of Chemistry 2022
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I suspect the latter authors may actually have been the first
to detect the motion of Si impurities within the lattice under
electron irradiation:'®® “Although the positions of defects 1 and
2 remain unchanged, the position of defect 3 changes: it moves
from one carbon atom to a neighboring carbon position.” They
took this as evidence against lattice substitutions:'® “Since a
correlated diffusion-based exchange of a substitutional atom
with a graphene carbon atom is unlikely to occur at room
temperature without having a vacancy involved, we conclude
that the defects [...] are due to atoms attached to the graphene
lattice”” (see Fig. 2B). In fact, we now know that precisely this
happens to electron-irradiated Si impurities in graphene.

& °J"w ‘z\ ¥ TeTeT
.

i«.

(B>|||§|} |, T T I

50 100

) &9 ¢

I XX

M1

294 s
0.30x10° enm™

545s

0.25x10° enm® 0.59x10° enm* [l 0.64x10° enm?

Dlsplaced+rotated

Fig. 2 Dynamics of single atoms observed with transmission electron
microscopy. (A) Two consecutive HRTEM phase-contrast images of what
was identified as an admolecule binding over a carbon atom in graphene,
moving from one lattice site to the next under 80 keV electron irradiation.
Adapted with permission from ref. 105. Copyright (2010) by the American
Physical Society. (B) Time series of 19 consecutive jumps of an EELS-
verified Si impurity in graphene recorded with STEM at 60 keV. Adapted
with permission from ref. 67 (CC-BY 3.0). (C) Atom-conserving beam-
induced dynamics of various impurity atoms in graphene (top and bottom
show consecutive ADF frames), from left to right: substitutional Si, Si trimer
in a hexavacancy, Sig cluster in a pore, substitutional B, substitutional N,
pyridinic N in a single vacancy. Reproduced with permission from ref. 106
(CC-BY 3.0). (D) A four-atom In cluster bound to a three-coordinated Si
substitution in graphene undergoing rotation and translation under 60 keV
electron irradiation. Reproduced with permission from ref. 107 (CC-BY 4.0).
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Such an exchange was proposed in 2012 by Robertson, who
presented HRTEM images of what they thought to be three- and
four-coordinated iron substitutions in graphene samples with
FeCl; residues.®® Indirect large-area EELS showed the presence
of Si and C in addition to Fe in the sample, and supplementary
ADF-STEM and EELS data confirmed the presence of Fe impu-
rities at pore edges. However, despite comparisons to image
simulations—which I would argue were overly idealized in
terms of coherence and noise—it is not clear whether the
substitutional impurities in the lattice only imaged by HRTEM
were in fact Fe, as no ADF-STEM or spectra on them was
presented. Notably, in other studies with ADF images and
spectra of confirmed Fe single atoms, these are found as
four-coordinated substitutions in divacancies.”””*>*’ Nonethe-
less, the dynamical mechanism they presented for Fe is strik-
ingly similar to the mechanism for Si manipulation that we
uncovered (see Fig. 3A and B).

In all of these cases, ADF-STEM would have been sufficient
to conclusively identify the impurities, although single-atom
EELS should be considered the ideal standard in terms of
evidence.

3.3.2 Beam-induced dynamics and their control. Thus,
although the dynamics of Si impurities in graphene were
arguably observed already in 2010, if not earlier, and a quali-
tative description of such dynamics was proposed for Fe in
2013, I was not aware of these studies when we published our
work on Si in 2014 (submitted on 3 March 2014, released on
arXiv on 16 July 2014, and published on 11 September 2014).%”
In our study, we provided single-atom EELS data to conclusively
identify the impurity atoms as Si and a quantitative model of
the direct exchange mechanism for their movement: a 60-keV
electron can give one of the three C neighbors of Si a “kick’” via
elastic backscattering, causing it to almost but not quite eject
from the lattice. During its out-of-plane dynamics, Si relaxes
into the lattice position vacated by the ejecting C, which then
gets recaptured into the lattice but on the opposite side of its
original position. Effectively, Si has moved by one lattice site,
with no atoms lost from the structure—contrary to what Erni
and colleagues had expected.'®

Most importantly, we appear to have been the first to
explicitly draw the conclusion that Si can be manipulated with
atomic precision using the electron beam: by purposefully
focusing the irradiation onto one selected C neighbor of Si,
the direction of its movement can be controlled. This key
finding was highlighted in the September 2014 issue of Physics
Today."'® However, experimental proof of manipulation was not
actually reported until more than two years later.

3.3.3 Manipulation of silicon impurities. After successfully
applying for funding to pursue this research (the proposal was
published in 2015)"** and delays due to instrument upgrades,
we conducted the first manipulation experiments using a Nion
UltraSTEM100 in Vienna over the summer of 2016. The results
were submitted to Ultramicroscopy on September 30, 2016, and
after a revision on February 24, 2017, published on March 2,
2017. I presented them at the Nion Swift workshop in Austria
on March 7-11, 2017 (Fig. 4), explaining how the manipulation
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Fig. 3 Mechanisms of hon-damaging dynamics of single impurity atoms
under electron irradiation simulated with density functional theory mole-
cular dynamics. (A) The exchanging of places between an Fe substitution in
graphene (gray blue) and one of the three C neighbors (yellow highlight)
being transiently ejected due to an out-of-plane kinetic energy transfer.
Reproduced with permission from ref. 65. (B) Direct exchange (bond
inversion) of a three-coordinated Si impurity with one of its three C
neighbors due to the out-of-plane dynamics following a 15 eV kinetic
energy transfer. Simulation time t; is 70 fs and t, is 140 fs. Reproduced with
permission from ref. 67 (CC-BY 3.0). (C) Direct exchange of a three-
coordinated Si impurity within the lattice of a narrow armchair single-
walled carbon nanotube. Reproduced with permission from ref. 116 (CC-
BY 4.0). (D) Kinetic energy transfer at a 20° angle with respect to the
surface normal leading to the bond rotation at a P substitution in graphene,
and the corresponding simulated activation energies for different impurity
elements. Adapted with permission from ref. 71. (E) Indirect exchange of a
Bi dopant (pink) in crystalline silicon (pale grey) induced by a kinetic energy
transfer of 14.5 eV in the'° lattice direction (black arrows) on either of the
two Si neighbors (top and bottom rows, black highlight). Reproduced with
permission from ref. 117 (CC-BY 4.0).

is done in practice by parking the electron beam at a chosen C
neighbor between acquiring image frames. The meeting was
attended by colleagues from the USA and was soon followed by
the first independent replication by Dyck (submitted on August
1, 2017 and published on September 14, 2017)."* Notably, they
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(A) Swift workshop Il

March 7-11 (Tuesday-Saturday) 2017

Hotel Kogler, Bad Mitterndorf, Austria

T. Susi, J.C. Meyer, J. Kotakoski, Ultramicroscopy
in press (2017). doi:10.1016/j.ultramic.2017.03.005

Blind to changes during irradiation WwF

User-intensive, laborious wniversitit
D+M wien

Fig. 4 (A) Cover of the third Nion Swift workshop (courtesy of Nion Co).
(B) Group photo of the participants (courtesy of A. Kogler'?9). (C) Slide of
the first controlled electron-beam manipulation of a Si impurity in gra-
phene the author presented at the meeting.

used a small subscan window on a selected C neighbor
(Fig. 5A), which arguably resulted in poorer control, but likely
is more amenable for active drift compensation.

We reported significantly improved control in June 2018,
including lowering the beam energy to 55 keV and implement-
ing real-time feedback from the ADF signal."”' However,
despite the obvious interest and theoretical predictions,'*?
multi-atom structures remain a challenge to this day. Inciden-
tal Si structures in graphene pores have been reported,'>*™**
including 2D silicon-carbide,"”® as well as partially controlled
dynamics of imperfect multi-Si configurations’*’ (the tendency
for Si to cluster was noted based on simulations in our original
publication®”). A major practical challenge for scaling up the
method is an unknown chemical process, whereby Si and other
atom impurities get replaced by C during observation or
manipulation,””>"'® presumably due to the thermal diffusion
of C adatoms.""

This journal is © The Royal Society of Chemistry 2022
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(A)

(B)

Fig. 5 Manipulation of impurity atoms (ADF-STEM images). (A) First inde-
pendent replication of Si manipulation in graphene at 60 keV. Adapted with
permission from ref. 103, with the permission of AIP Publishing. (B) High
control over the movement of Si around a graphene hexagon at 60 keV.
Overlaid are the number of 10 second spot irradiations of the C sites where
Si was moved. Reproduced with permission from ref. 121 (CC-BY 4.0).
(C) Direct exchange of a P impurity in graphene induced by 60 keV spot
irradiation on the C site marked by the yellow cross. The insets show
filtered images. Reproduced with permission from ref. 71 (CC-BY 4.0).
(D) Selected frames from an ADF image sequence showing the manipula-
tion of Si along the axis of a single-walled carbon nanotube at 60 keV.
Reproduced with permission from ref. 116 (CC-BY 4.0). (E) Manipulation of
a Bi dopant (white circle) within a crystalline silicon lattice using rapid
200 keV spot irradiations along the desired path (white dashed line).
Reproduced with permission from ref. 137. Copyright 2018 American
Chemical Society.

This journal is © The Royal Society of Chemistry 2022
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As Si was the first impurity to be successfully manipulated, it
is by far the most studied element. Thanks to their similarity to
graphene, in 2019, we were also able to demonstrate manipula-
tion of Si in single-walled carbon nanotubes,'*® and more
recently found that in graphene, they can act as atomically
precise anchors for few-atom In clusters while retaining the
possibility of movement through the lattice™®” (Fig. 2D). How-
ever, other impurities that do not share the same valence as C
are of great potential interest. Accordingly, increasing efforts
have been directed at fabricating suitable samples, studying the
dynamics of the dopants, and in limited cases, even demon-
strating that manipulation is possible. There is also interest in
extending the technique to other materials, although these
present unique challenges. Table 2 lists all of the published
examples of manipulation in graphene as well as other materi-
als, which we will turn to discuss next.

3.4 Other dopants in graphene

Besides silicon impurities, only phosphorus dopants have been
experimentally manipulated, as we reported in 2019 together
with Su.”! However, the competing process of replacement by C
was an even more serious problem here, and only two con-
trolled jumps could be shown. Modeling of the manipulation
mechanism showed that the energy window where the dopant
can be moved but a C neighbor is not knocked out is rather
narrow for P. On the other hand, Al substitution was predicted
to be highly amenable for manipulation,”* which was partially
confirmed by Zagler in 2022, who observed their non-
destructive dynamics.*® However, purposeful manipulation of
Al has not yet been shown.

There also seems to be a limit on how heavy elements can
still be manipulated with the direct exchange mechanism: the
impurity has to move into the transient vacancy created by the
C atom displaced by the electron impact before it lands back
into the lattice. This is not the case for germanium, which first-
principles modeling revealed does not move sufficiently
swiftly,”® explaining why they could not be manipulated. The
same issue very likely applies to other heavier elements such as
platinum®®”* and gold,”® which have not been observed to

Table 2 Electron-beam dynamics of individual impurity atoms and
dopants, and their atomically precise manipulation in graphene and other
materials. Results include observation of dynamics (D), theoretical descrip-
tion of the mechanism (T), and manipulation (M)

Material  Element Results Note Ref.
Graphene Fe D, T Actually Si? 65 and 128
Si D, T M proposed 67
Si M M demonstrated 134
Si D, M 103, 121 and 127
N, B D 106
N D, T 135
P D, T, M 71
Al D, T 40
SWCNT Si T, M Near axis 116
MoS, Re D, T,M Damaging 131
silicon Bi D, M M in 3D 136 and 137
Bi, Sb T, M Novel mechanism 117
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move under irradiation. Further, the impurity ideally needs to
be stable in a buckled three-coordinated configuration, which
is not typically the case for many metals.”> However, simula-
tions have shown the possibility to manipulate transition
metals including Fe,'”® which could be very interesting for
tunable local magnetic properties.’””>

At the lighter end, we have shown that both nitrogen and
boron can move within the lattice without damage.'°® However,
the required doses are much higher than for Si at the same
electron energy, and the theoretical mechanism is not yet clear.
Since these dopants do not buckle out of the plane, the same
direct exchange mechanism via an impact on a carbon neigh-
bor does not result in it switching places with the dopant.
Potentially, the mechanism here is instead via two bond rota-
tions in quick succession”" (Fig. 3D). Purposeful manipulation
has likewise not yet been demonstrated, and experiments on B
and N are more challenging due to the relative lack of samples
and the low contrast of these elements with respect to carbon
with ADF imaging.

3.5 Dopants in other 2D materials

Graphene is not ideal for many applications due to its metallic
nature, and thus, the possibility to manipulate dopants in other
2D materials is a question of obvious interest. However, this
metallicity is also what gives graphene its extremely high
electron irradiation tolerance at primary beam energies below
80 keV."?? since electron-beam manipulation uses the energetic
electron beam to both image and manipulate, it is crucial that
damage or other unwanted changes in the structure can be
eliminated or at least mitigated. Unfortunately, the most com-
mon alternative 2D materials, such as the semiconducting
MoS, or the insulating hBN, appear to damage via a combi-
nation of inelastic excitations and knock-on damage."*® Thus,
there is no ‘“safe” beam energy that can be selected that
precludes damage to the host material, making such experi-
ments daunting.

Accordingly, there are, to the best of my knowledge, still no
published examples of atomically precise manipulation in
other 2D materials than graphene. The closest to this comes
to the work by Yang in 2019,"*' who observed the vacancy-
mediated movement of Re impurities through the MoS, lattice.
The authors could demonstrate some control over the direction
of their movement, although only at the cost of creating
vacancies along the path. Conceivably, metallic 2D transition
metal dichalcogenides,'®* such as TaS,, NbSe2, or MoTe,, or
other metallic 2D materials,"** could prove suitable for manip-
ulation, but no simulations of atomistic mechanisms or experi-
mental studies have yet been reported. However, another widely
studied bulk system has proven surprisingly amenable for
electron-beam atom manipulation, with potentially exciting
applications that can be envisioned, namely crystalline silicon.

3.6 Dopants in crystalline silicon

A significant limitation of electron-beam manipulation is that
there is a competing mechanism to the controlled movement of
the atoms through the lattice: irradiation-induced sputtering.
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This leads to the removal of either one of the lattice atoms or
the impurity atom after a stochastically determined number of
steps that depends on the electron energy.’*! However, a
similar manipulation process has also been demonstrated for
Bi'*” and Sb'"” dopants in bulk silicon, which may prove more
robust due to the 3D lattice. The contrast of lighter dopants
would present a major challenge, but it also appears that the
same mechanism does not work for P and As''’—highlighting
the value of simulations in guiding experiments.

3.7 Manipulation mechanisms

As already hinted at above, manipulation mechanisms can be
divided into two categories: non-damaging, where the number
of atoms is conserved and which has been the main focus of my
work, and damaging, which involves the loss of atoms from the
material. Purposefully creating vacancies with the electron
beam to fill them with impurities straddles the divide between
the two categories,'®® and several reviews on sculpting and
manipulating structures with electron beams are available for
the reader interested in the latter."?*3%714°

In terms of non-damaging mechanisms, essentially two
kinds have been identified (Fig. 3). The first we originally
dubbed “bond inversion”®” but more recently call “direct
exchange”.”! It involves kinetic energy transfer to an atom
neighboring an impurity, which then in a dynamical trajectory
directly exchanges places with it. A two-step variant can in
graphene occur via an intermittent Stone-Wales bond
rotation.”"**! It is also possible that some observed dynamics
include a transient adatom, as we recently simulated for the
pyridinic N defect in graphene.'*’

The second type of process was identified for the manipula-
tion of substitutional dopants in crystalline silicon,"*” which
involves a more complex coordinated ‘“dance” of the atoms
around the impurity. Here, the host lattice atom originally
neighboring the impurity ends up as its second-nearest neigh-
bor, with another lattice atom taking over the position origin-
ally occupied by the impurity atom. We therefore named this
process “indirect exchange”, where, crucially, vacancies do not
need to be created.’"”

However, it should be mentioned that these studies have
only considered kinetic energy transfers due to elastic scatter-
ing, which is all that it has been possible to accurately model.
Not only is it clear that this is not sufficient to describe electron
irradiation effects in materials that are not metals (including
hBN and MoS,, as discussed in our recent review"*°), we have
recently shown that not even the beam-induced dynamics of
impurity sites in graphene can be correctly quantified by purely
elastic models.'®"*® While very recent theoretical advances
have started to include inelastic excitations,"**™** significant
further work is needed before we can reliably understand the
role they might play in atom manipulation.

To expand the possibilities of electron-beam manipulation
to new impurities and new materials, novel mechanisms may
need to be discovered and exploited. However, it seems safe to
predict that nature has more surprises in store for us yet.

This journal is © The Royal Society of Chemistry 2022
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4 Conclusion and outlook

The use of focused electron irradiation to manipulate single
atoms has developed from a theoretical possibility to a viable
technique in several materials over the past eight years. While
much progress has been made, the challenges that remain will
ultimately determine how far we can expect to advance. The
most immediate hurdle is the availability of clean samples with
a high concentration of substitutional impurities with the right
kind of bonding. Despite clever sample preparation and clean-
ing techniques, the effort required as well as the limited
reproducibility and availability of samples do hinder progress.

From a personal point of view, and with the privilege of
working in a laboratory that houses a unique interconnected
ultra-high vacuum sample preparation and characterization
apparatus,'*® our own work has been most severely affected
by unwanted interactions. In most cases, knock-on damage
competes with the desired non-damaging dynamics, but even
more severely, the replacement of impurities in graphene with
carbon has prevented us from creating larger patterns. The
mechanism for this remains unknown, though diffusing ada-
toms are certainly involved and heating to reasonable tempera-
tures does not help;''* however, stable cryogenic stages
could be a crucial innovation. Should these challenges be
overcome, the increasing trend towards data-driven and auto-
mated transmission electron microscopy appears poised to
enable rapid progress.'*® Automated atom detection using
neural networks'®” running in real-time on the microscope'*®
and combined with real-time feedback of the scattering
signal’*>**® are enabling more than one group to build fully
automated manipulation software."**'** A self-driving electron
microscope®" appears to be finally within reach.

Using focused electron irradiation in a scanning transmis-
sion electron microscope instead of a physical tip in a scanning
probe microscope can confer several benefits. These include
the thermal stability of the manipulated structures due to the
higher interaction energy available to alter strong covalent
bonds, the ability to reach into bulk crystals due to the
transmission of the electrons through the specimen, and the
unambiguous chemical identification of single atoms. Scan-
ning electron beams can also be controlled at a higher through-
put than physically scanning tips, though parallelization of
manipulations will require further breakthroughs in aberration
corrector miniaturization and instrument design.

I am excited to further contribute to these developments and
see how far we will be able to push the limits of physics and
technology—in twenty years, we may look back on this era as a
historical curiosity, or as the start of something greater.
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