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We employ the sub-atomically focused beam of a scanning transmission electron microscope
(STEM) to introduce and controllably manipulate individual dopant atoms in a 2D graphene lattice.
The electron beam is used to create defects and subsequently sputter adsorbed source materials into
the graphene lattice such that individual vacancy defects are controllably passivated by Si substitu-
tional atoms. We further document that Si point defects may be directed through the lattice via e-
beam control or modified (as yet, uncontrollably) to form new defects which can incorporate new
atoms into the graphene lattice. These studies demonstrate the potential of STEM for atom-by-
atom nanofabrication and fundamental studies of chemical reactions in 2D materials on the atomic
level. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4998599]

Fabrication of structure atom-by-atom has remained one
of the longest-held dreams of nanoscience, as a key element
of nanotechnology and penultimate step for understanding
physics and chemistry on the atomic level. The development
of scanning tunneling microscopy (STM) in the early 1980s
has demonstrated the potential of an atomically sharp tip to
induce atomic motion on a surface, originally perceived to
be detrimental to microscope operation. However, the work
by Eigler at IBM in the early 1980s demonstrated that tip
induced atomic motion can be used for the assembly of func-
tional atomic structures,lf5 an accomplishment believed to
be one of the key factors that lead to the nanotechnology rev-
olution of the last decades. However, STM operation neces-
sitates low temperature ultra-high vacuum environments and
typically results in structures confined to reactive surfaces.
Correspondingly, it took over 20years to transition from
atomic manipulation by STM to viable pathways for single-
atom devices, as demonstrated by Simmons and others.®™®
This, in turn, necessitates the search for alternative methods
for single atom manipulation and atom-by-atom assembly.

By necessity, such methods must combine both the imag-
ing and manipulation steps, to affect matter on the atomic
level and to observe initial, intermediate, and final stages of
the system on the atomic level. Beyond scanning probe
microscopies, the natural candidate for this is the scanning
transmission electron microscope (STEM), based on the atom-
ically focused electron probe, the position of which can be
controlled with picometer precision.”™" Since the early days
of atomically resolved STEM, it has been realized that elec-
tron beams can strongly affect the crystalline lattice, leading
to a broad range of transformations typically associated with
damage and degradation of the material.'*'* However, in the
last several years it has been shown that the e-beam can intro-
duce much more subtle changes in a material’s structure that
can be resolved on the atomic level,"* 2! including vacancy
ordering,'”**™* single dopant atom motion in 2D and 3D
materials,Z(k30 and chemical reactions.®'*?
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Here, we explore the potential of the atomically focused
e-beam to manipulate single Si atoms on a graphene lattice,
including incorporation in the lattice and directed motion. As
a key enabling component, we utilize direct e-beam
control.26%7

As a model system, we have chosen chemical vapor
deposition (CVD)-grown graphene, transferred from the Cu
foil growth substrate to a TEM sample grid followed by a Ar-
O, anneal at 500 °C for removal of volatile adsorbents. The
Cu foil was spin-coated with poly(methyl methacrylate)
(PMMA) to stabilize the graphene and the Cu foil was etched
away in a bath of ammonium persulfate-deionized (DI) water
solution. The graphene/PMMA layer was transferred to a DI
water bath to remove residues of ammonium persulfate. The
graphene was transferred to the final TEM substrate by scoop-
ing it from the bath and letting it dry at room temperature.
Following the recipe of Garcia et al.,>® TEM samples were
baked in an oven under an Ar-O, environment to remove
residual PMMA and volatile organic compounds. Imaging of
the samples was performed in a Nion UltraSTEM 100 at an
accelerating voltage of 100 kV and 60kV in either high angle
annular dark field (HAADF) or medium angle annular dark
field (MAADF) imaging modes, as indicated in the text.

As a first step toward demonstrating atomic-level con-
trol of single atoms, single impurity atoms must be intro-
duced into the graphene lattice. While obtaining impurity
atoms on the surface of graphene is rather trivial (obtaining
clean graphene is the real challenge), introducing them into
the graphene lattice in a controllable way at the atomic scale
is less obvious. To this end, we note that the amorphous
source/contaminant material is comprised of mostly amor-
phous carbon and silicon atoms. The Si atoms may be intro-
duced from the glassware used or may be a contaminant
already present in the PMMA or solvents or introduced from
the furnace during the heat treatment. Whatever their source,
Si atoms are often observed in the contaminant material on
graphene.'*'%** This material is readily sputtered away

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4998599
http://dx.doi.org/10.1063/1.4998599
http://dx.doi.org/10.1063/1.4998599
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4998599&domain=pdf&date_stamp=2017-09-14

113104-2 Dyck et al.
with a 100keV beam and Si atoms are scattered across the
surface of the graphene. Since the beam has a higher energy
(at 100keV) than the knock-on energy for graphene, defects
are concurrently created in the graphene, and silicon substi-
tutional atoms can be incorporated randomly into the lattice.
The Si atoms that are freed from the source but have not
bonded to the graphene lattice show up in the image as eva-
nescent streaks as they move readily under the beam.

Progressing toward more precise control of this process,
we demonstrate introduction of a single Si substitutional
defect at a specific lattice site (instead of randomly). To
achieve this, we made use of graphene’s ability to self-
heal.'****? The 100keV STEM beam was placed on the
desired lattice site, which was briefly (~1-2s) exposed to
the beam, to create a defect site [Fig. 1(a)]. Once a defect
was created, (b), a small (~1-2nm) scan area was selected
over the Si/C source material and sputtered away from the
beam onto the graphene lattice, shown in (c). Since the
source material is composed of mainly amorphous carbon
and silicon atoms, and since graphene tends to self-heal,
there is a high likelihood of the lattice healing by incorporat-
ing the source atoms. Thus, a single Si atom is introduced
into the graphene lattice.

Figures 1(d)-1(f) show the region of interest cropped
from (a)—(c) and filtered to more clearly show the graphene
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lattice during the above described procedure. Limiting beam
exposure, particularly after the creation of a hole is important
to prevent continued hole growth or introduction of new
defects within the area of interest.

As a further demonstration, we were also able to intro-
duce silicon dimers into the graphene lattice as well. Figures
1(g)-1(1) show an example. Using the same procedure, we
first created a small hole, (g), then performed a sub-scan
over a small area of source material and allowed the gra-
phene lattice to heal with the scattered source atoms, shown
in (h). Finally, the graphene fully healed, incorporating a sili-
con dimer, shown in (i). Figures 1(j)—1(1) were cropped from
(g)—(1), respectively, and filtered to show the lattice more
clearly at each stage.

Controllable motion of single silicon substitutional
defects in graphene was also accomplished, shown in Fig. 2.
A Si atom’s motion through a graphene lattice is caused by
the temporary removal of a neighboring carbon atom when
absorbing energy from the beam. The Si atom moves over to
fill the vacancy while simultaneously pulling the ejected car-
bon atom into the lattice behind it. This process is detailed
by Susi et al.*® To instigate directed motion of the silicon
atom, a small scan was performed with a 60keV electron
beam over the Si defect and the nearest neighbor carbon
atoms in the desired direction of motion, Figs. 2(g) and 2(h).

Agitate source*
maferial

FIG. 1. Illustration of the introduction
of a single Si substitutional defect. (a)
shows the positioning of the electron
beam over the desired location. The
beam is briefly un-blanked to create a
small hole or defect in the graphene
lattice, (b). Once the defect has been
created, a small sub-scan is performed
over the source material to sputter the
carbon and silicon atoms into the
defect. The graphene lattice spontane-
ously heals using the source atoms.
(d)—(f) are cropped from (a)—(c) and
filtered to provide a clearer view of the
graphene lattice at each step. A further
example of introducing Si defects in a
graphene lattice is shown in (g)—(1).
We first create a hole or defect, shown
in the MAADF image in (g). Second,
we performed a small sub-scan over
the source material to scatter the
desired atoms into the defect site,
shown in (h). Finally, the graphene lat-
tice healed, incorporating a Si dimer,
shown in (i). (j)—(1) were cropped from
(g)—(i) and filtered to more clearly
show the graphene lattice at each
stage.
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FIG. 2. Example of moving a Si atom through the graphene lattice. (a)—(f)
shows the progression through time of a Si atom pushed through a graphene
lattice with a 60 keV electron beam. The gray dot in (b)—(f) marks the original
location of the Si atom from (a). The red dot marks the target lattice site (where
we were trying to get the Si atom to move to). The dotted line tracks the posi-
tion of the Si atom through the lattice for each acquired image. The full image
dataset may be found in the supplementary material. Note: between (d) and (e)
the image acquisition area was shifted to prevent the target lattice site from
drifting out of the field of view. (g) and (h) illustrate the method used to move
the Si atom in (a)—(f). A small sub-scan area is irradiated (boxed in (g)) includ-
ing the silicon atom and the neighboring carbons in the direction of desired
movement. One frame of the sub-scan used is shown in (h).

Although Si atoms typically move at random under the
beam, this procedure increases the probability of transition
toward the sub-scan area. A similar procedure was used by
Susi er al.* to achieve controlled motion of a Si atom in gra-
phene. In Fig. 2, the red dot in (a)—(f) marks the predefined
target atom site to which we move the Si substitutional
defect. The motion of the Si atom through the lattice is, to
some degree, random as shown by the dotted line which
tracks its location through time. Nevertheless, scanning over
the neighboring carbon atoms, illustrated in (g) and (h),
appears to “encourage” the Si atom to transition toward the
scan area, thus providing a way to (slowly) direct the Si
atom to the desired lattice site which was accomplished,
shown in (f).

In addition, we also observed defect evolution under the
prodding of the 60kV electron beam. Figure 3 summarizes
the observed evolution of two 4-fold coordinated Si defects,
both of which began by the removal of an adjacent carbon
atom. Figures 3(a)-3(d) show the evolution of the first exam-
ple with insets illustrating the suggested atomic model. The
atomic models are intended as a visual aid only and do not
represent theoretical simulations. (a) A HAADF image of
the initial state. We note that a 4-fold coordinated Si defect
replaces two carbon atoms from the lattice.

Under the scanning of the 60kV electron beam a C
atom adjacent to the Si is knocked from the lattice, shown in
(b). The image shown in (b) was obtained during a quick
scan normally used for rapid sample viewing and not final
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image acquisition which resulted in a low-quality image.
The lower inset shows a smoothed and brightness/contrast
adjusted version to more clearly show the C vacancy next to
the Si. Attempting to acquire a high-quality image of the
defect resulted in the image shown in (c), where we observe
that the defect was restructuring under the beam irradiation,
which produced streaking of the atoms around the defect
site. The suggested atomic model for this configuration
includes only the most stable atoms and it is unclear where
additional atoms should be drawn based on the acquired
image. Finally, the lattice healed by incorporating a second
Si atom, forming a clover-like shape comprising three 5-fold
rings with the two Si atoms at the core, shown in (d).

A second example of beam-induced defect evolution is
shown in (e)—(1). The defect began with a 4-fold coordinated
Si as shown in (e). The 60kV electron beam was scanned
over an adjacent carbon, ejecting it from the lattice, (f). The
inset in (f) shows a filtered version of the image to more
clearly show the defect. Upon additional disturbance from
the electron beam (normal scanning), the Si atom was
ejected from the lattice, shown in (g). A filtered version of
(g), shown in (h), indicates that the lattice is no longer miss-
ing three carbon atoms. It appears that while the Si atom was
ejected, two carbon atoms were acquired. We posit that there
is still one C atom missing and a single C atom is quickly
oscillating between two positions at the center of the defect.
This defect appears to most closely resemble the saddle point
described by El-Barbary er al.** addressing vacancy move-
ment. Nevertheless, this defect configuration was relatively
stable, so that several images could be acquired before it
reconfigured to the structure shown in (i). A filtered version
of (i) is shown in (j). This defect appears to involve two new
atoms that are slightly heavier (possibly N), and thus,
brighter in HAADF imaging, indicated by arrows. This con-
figuration may be the result of two adjacent single N pyri-
dinic vacancies.**** Upon continued irradiation from the
electron beam, the structure transformed again into that
shown in (k). A filtered version of this image is shown in (1).
The heavier/brighter atoms have now been incorporated into
the lattice.

These results illustrate that controllable introduction of
specific species of dopant atoms, here silicon, into a gra-
phene lattice is possible. Moreover, once a dopant silicon
atom has been introduced into the lattice, it is possible to
induce directed motion through the lattice with the e-beam.
The silicon defect can also be altered in an (as yet) uncon-
trollable way to produce a variety of other defects which
themselves may incorporate foreign atoms into the graphene
lattice. Importantly, we introduce the idea of a solid-state
source material that may be sputtered into a graphene defect
as a method for introducing foreign atoms into the lattice.
One can easily imagine introducing a variety of source mate-
rials on the carbon lattice and creating different species of
defects that may be brought together for atomic scale fabri-
cation through e-beam modification. Such capabilities would
prove invaluable toward understanding the behavior of few
atom systems which could be built and then characterized, or
the fabrication of nanoscale building blocks for molecular
machines.
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FIG. 3. Evolution of point defects. (a)—(d) show the evolution of a point defect under 60kV electron beam irradiation with the suggested atomic configuration
inset. First a carbon atom is ejected from a lattice location adjacent to a substitutional silicon (indicated by the circle and arrow in (a) and (b)). The inset in (b)
shows a smoothed and brightened version of (b) to more clearly show the defect. This state was fleeting which prevented acquisition of a higher quality image.
The image shown in (c) is the result of acquiring a higher quality image where we observe the graphene lattice restructuring during image acquisition. Atoms
appear torn around the defect indicating rapid motion and the atomic model does not account for at least one atom. Finally, the lattice stabilizes by acquiring a
second substitutional Si, shown in (d). (e)—(1) show the evolution of another point defect. A carbon atom adjacent to the silicon is ejected from the lattice
through e-beam irradiation, indicated by the circle and arrow in (e) and (f). The inset in (f) shows a filtered of the original image to more clearly show the
vacancy. After continued irradiation the silicon atom appears to be replaced by two carbon atoms, shown in (g). (h) shows a filtered version of (g). Further irra-
diation inspires another reconfiguration incorporating two brighter atoms indicated by the arrows in (i). (j) shows a filtered version of (i). Finally, the defect

restructures again, incorporating the two brighter atoms into the lattice, indicated by arrows in (k). (1) is a filtered version of (k).

These studies establish innovative opportunities for explor-
ing beam-induced chemical reactions and properties of dopant
atoms in new and unusual coordination, enabled by highly
non-equilibrium environments. Furthermore, this sets the back-
ground for atom-by-atom assembly. To accomplish this task,
many microscope and sample related problems still need to be
solved, including the separation of imaging and manipulation
stages, e.g., via compressed sensing and artificial intelligence
(AI) assisted imaging, feedback loops for automatic atomic
motion control, the development of theory to establish mecha-
nisms to achieve reasonable fabrication rates, and sample prep-
aration techniques to allow reproducible mesoscale control of
source materials.

See supplementary material for the full dataset corre-
sponding to the movement of the Si atom shown in Fig. 2.
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