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Atomic Defects in Two Dimensional Materials

Haider I. Rasool, Colin Ophus, and Alex Zettl*

Atomic defects in crystalline structures have pronounced affects on their

bulk properties. Aberration-corrected transmission electron microscopy has
proved to be a powerful characterization tool for understanding the bonding
structure of defects in materials. In this article, recent results on the charac-
terization of defect structures in two dimensional materials are discussed. The
dynamic behavior of defects in graphene shows the stability of zigzag edges
of the material and gives insights into the dislocation motion. Polycrystalline
graphene is characterized using advanced electron microscopy techniques,
revealing the global crystal structure of the material, as well as atomic-reso-
lution observation of the carbon atom positions between neighboring crystal
grains. Studies of hexagonal boron nitride (hBN) are also visited, highlighting
the interlayer bonding, which occurs upon defect formation, and characteri-
zation of grain boundary structures. Lastly, defect structures in monolayer
polycrystalline transition metal dichalcogenides grown by CVD are discussed.

optics dramatically minimizes the affects
of intrinsic spherical aberrations of elec-
tron lenses and chromatic aberration cor-
rectors or monochromators can reduce the
energy spread of the electron beam illumi-
nation for sub-dngstrom imaging.'? One
critical factor has been the development of
imaging at low accelerating voltages of 80
or 60 kV, which dramatically reduces dam-
aging affects of the illuminating electrons
on sample specimens.>3! In addition,
the electron-ion scattering cross-section
increases as voltage decreases, producing
more contrast for a given illumination
dose. Lastly, electron scintillator cameras
have lower point-spread-functions at lower
operating voltages, leading to sharper

1. Introduction

Characterization of atomic defects is important for funda-
mental understanding of material properties. The nature of the
atomic bonding structure gives direct information regarding
the bulk electronic and mechanical properties. For high spa-
tial resolution studies, both scanning probe microscopy (SPM)
and aberration-corrected high-resolution transmission electron
microscopy (AC-HRTEM) can give insights into the bonding
structure of atoms as well as local properties such as electronic
structure information.'! For two-dimensional (2D) mate-
rials, such as graphene,[®® TEM is an ideal characterization
tool since it can image the materials with both high spatial
and temporal resolution without a supporting substrate.’] In
addition, large area imaging and diffraction can be performed
to gain information regarding the crystallinity of synthesized
materials.[1011]

Several advances have been critical in the field of electron
microscopy which have allowed for atomic resolution imaging of
defects in 2D materials. Hardware aberration corrector electron

images.

In this article, we discuss recent studies
of atomic defect structures in 2D mate-
rials. We start by looking at defect dynamics of graphene holes
and dislocations under the influence of an electron beam
energy bath.’'?) The atomic rearrangement processes provide
valuable insight into the stability of graphene edge structures.
Further observations of dislocation movement through the
carbon lattice with single atom resolution provides fundamental
information regarding plastic deformation of the 2D sheet,!!
which is necessary for understanding the failure behavior of
the material. In addition, characterization of polycrystalline gra-
phene grown by chemical vapor deposition (CVD) is discussed.
Advanced electron microscopy techniques have been used to
map the large scale crystal structure and the atomic structure
of grain boundaries (GBs) which stitch together neighboring
crystallites.'®!! Imaging extended stretches of the GBs has
revealed that they are comprised of conserved atomic bonding

sequences with similar strain profiles.'¥
Beyond graphene, we visit work on the related material,
hexagonal boron nitride (hBN). The bulk material has a lay-
ered structure, similar to graphene, with boron and nitrogen
occupying each sub-lattice of the hexagonal structure.’” The
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Figure 1.

Defect dynamics in monolayer graphene. A) Edge configuration of an electron beam created hole in graphene highlighting the armchair

edge. B) Growth of the hole showing an extended zigzag edge. C) Atomic structure of a hole showing armchair edges during initial stages of a Monte
Carlo simulation. D) Further simulation results showing the faceting of the edge structure into zigzag edges. E) Initial frame of the conversion of an
armchair edge to a zigzag edge. F) Subsequent frame of the conversion. The two atoms marked in blue are removed and four new carbon atoms
shown in red result in the conversion. A-F) Reproduced with permission.ll Copyright 2009, American Association for Advancement of Science.
G) Pentagon and heptagon dislocation pair in monolayer graphene. H) Perpendicular strain field measured by GPA. I-N) AC-HRTEM images and
atomic structures of the dislocation pair movement with the carbon lattice. G-N) Reproduced with permission.['Zl Copyright 2012, American Associa-

tion for Advancement of Science.

two-atom composition of this material and partial ionic bonds
allows for interlayer bonding at single atom defect sites and
edges of holes.'®'”] The closed loops formed at the edges of
holes have distinctly different electronic structure when com-
pared to their non-bonded counterparts. In addition, the atomic
structure of GBs in polycrystalline hBN grown by CVD are
discussed.[819]

The structurally more complex transition metal dichal-
cogenides (TMDs) are discussed in the final section of the
article. These semi-conducting materials have recently gained
attention within the scientific community due to their layer
dependent optical and electronic properties with monolayers
exhibiting a direct bandgap.?22l The added structural com-
plexity comes from the chemical nature of the two different
types of elements comprising the crystal lattice and the three
sets of atomic planes within a single monolayer. The obser-
vation of a variety of unique atomic defect structures, which
include antisite defects, has recently been accomplished in
these materials.’)l Studies of CVD grown polycrystalline
molybdenum disulfide have revealed interesting dislocations at
both tilt and mirror GBs.?#?] The atomic structure of these
boundaries directly influences the optical and electronic prop-
erties of the material.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2. Defect Dynamics in Graphene

Using AC-HRTEM it is possible to gain insights into the
dynamic behavior of defect structures in graphene. During
imaging, the electron beam can be used to create defect struc-
tures while simultaneously providing the necessary energy
required to induce atomic motion of the sample. In this way,
the dynamics of carbon atoms at the edge of an electron beam
induced hole were observed, giving insight into the relative
stability of the zigzag edge versus the armchair edge.’’ Moni-
toring the atomic rearrangements and beam etching of the
edge atoms revealed the higher stability of the zigzag edge
through its slower erosion when compared to armchair edges.
Figure 1A shows an electron beam generated hole with arm-
chair edges highlighted. As the armchair edges erode, the hole
shows a more faceted structure with zigzag edges, which can be
seen in Figure 1B. This observed experimental behavior is con-
sistent with Monte Carlo simulations of hole dynamics which
predict the reconfiguration of a zigzag edge from a hole with
rough armchair edges (Figure 1C and 1D).

The observed stability can be explained by a simple model that
takes into consideration the coordination of active edge sites. In
a zigzag edge, the carbon atoms are bonded to either two or three

Adv. Mater. 2014,
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Figure 2. Grain boundaries in polycrystalline graphene. A) Real space distribution of crystal grains constructed from nanodiffraction data. B) Histo-
gram of relative orientation of tilt boundaries. A,B) Reproduced with permission.'%l Copyright 2011, American Chemical Society. C) Diffraction pattern
taken from a polycrystalline region of graphene. D) Dark field image created from collection of electrons from the selected spot in (C). E) Diffraction
pattern from (C) showing the various locations of the objective aperture used to create a real space map (F) of the crystallites. C—F) Reproduced with
permission.""l Copyright 2011, Nature Publishing Group. G) AC-HRTEM image of a GB. Reproduced with permission.'® Copyright 2011, American
Chemical Society. H) AC-STEM image of a GB. Reproduced with permission.'"l Copyright 2011, Nature Publishing Group. 1,J) EWR intensity of two
regions of a graphene GB with conserved atomic bonding sequences. K,L) Atomic models highlighting the conserved sequence. M,N) Parallel strain
fields illustrating similar strain profiles for the conserved regions. I-N) Reproduced with permission.[¥ Copyright 2014, American Chemical Society.

neighboring atoms. The doubly coordinated sites are expected to
be preferentially removed, leaving behind a vacancy without any
dangling bonds. In contrast, when an atom is ejected from an
armchair edge, a high energy dangling bond is left behind that
must migrate to a nearby vacancy site. As these dangling bonds
erode, so does the armchair edge. Figure 1E and 1F show high
magnification images of the transformation of an armchair edge
to a zigzag edge by atom migration.

The dynamics of dislocations in graphene has also been
studied in a similar manner.'? A pair of dislocations, each
comprised of an adjoining pentagon and heptagon, was cre-
ated using an electron beam and subsequently used to drive
the movement of the dislocation within the lattice and image
the process with very clear identification of every atom in the
lattice. An AC-HRTEM image of a dislocation pair is shown
in Figure 1G. In this study, the atomic scale strain fields sur-
rounding each dislocation were measured using gradient phase
analysis (GPA). Each dislocation showed strain dipoles cen-
tered at the 5-7 defect structure. On the pentagon side of the
dislocation, the carbon-carbon bonds are contracted, creating a
tensile strain in the surrounding lattice. On the heptagon side,
the bonds are expanded, creating a compressional strain. The
perpendicular strain fields, highlighting the dipoles centered at
the dislocations, is shown in Figure 1H.

After the formation of the dislocation pair, the beam drives
motion of the pair within the lattice. This motion occurs
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through a combination of climb (Stone-Wales bond rotation)
and glide (removal of two carbon atoms) processes and allows
the pair to migrate through the crystal as a united object. The
captured dynamics of both processes and corresponding atomic
models are presented in Figure 11 to 1N.

3. Polycrystalline Graphene

Growth of graphene on copper substrates?*! by CVD produces
a polycrystalline sheet with macroscopic lateral dimensions and
a thickness of one layer of carbon atoms. Each single crystal
region can range from hundreds of nanometers in size to tens
of microns and are covalently connected together at the grain
boundaries of the crystallites. These boundaries are of interest
for fundamental structural studies as well as for practical pur-
pose. The nature of the bonding between crystals??”28l and den-
sity of defects is expected to have pronounced affects on the
materials properties.29-31]

Using nano-diffraction, it is possible to map the spatial
distribution of the single crystal regions by rastering the elec-
tron beam over the sample and collecting the crystal diffrac-
tion pattern at each point within a defined field of view of the
sample.'% Figure 2 shows a constructed real space mapping of
the different crystal regions of a graphene sheet acquired by
scanning diffraction and a histogram of the relative orientations

wileyonlinelibrary.com
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of the crystallites. In addition, standard dark field imaging tech-
niques can be used to visualize the spatial distribution of single
crystal regions of the material.l'!l Briefly, an objective aperture
is placed in the back focal plane of the microscope to image
specific crystalline regions in real space (Figure 2C and 2D).
Selecting different diffraction spots taken from a specific illu-
minated region, allows for the construction of a composite
real space image of the crystal distribution of the material
(Figure 2E and 2F). These techniques can be useful for char-
acterizing growth conditions and can serve as non-destructive
tools to further characterize the electronic and mechanical
properties of the material.[32-34

Once a samples crystal structure is mapped, it is possible to
use AC-HRTEM to image the grain boundaries that join indi-
vidual single crystal regions. For 2D materials the grain bound-
aries that connect adjoining crystals are 1D structures that
depart from the standard bonding of the bulk. In graphene,
tilt grain boundaries that join misoriented crystals are com-
prised of adjoining pentagons and heptagons. These bounda-
ries have recently been observed using bright field AC-HRTEM
and aberration-corrected scanning TEM (AC-STEM). In these
studies short lengths of grain boundaries were imaged and
shown to have significant line curvature (Figure 2G and 2H).
This line curvature persists even after extensive imaging, which
can cause atom dynamics at the boundaries.l*! This departure
from theoretically studied boundaries is likely caused by the
roughness of growing edges prior to crystal stitching during the
synthesis.

Further study of graphene GBs reveal that these structures
are comprised of conserved atomic bonding sequences, where
similar structural building blocks were found to exist along the
length of the boundary.' In the study, exit wave reconstruc-
tions (EWR) were performed on focal series images taken at
GBs. The EWR allows for the calculation and correction of
residual aberrations present in the collected data, which allows
for the precise measurements of the atomic positions. Images
of two different grain boundary regions with conserved dis-
location sequences is shown in Figure 2I and 2] with atomic
models highlighting the regions in Figure 2K and 2L. Measure-
ments of the deviation from the ideal lattice are used to calcu-
late the spatial distribution of the strain fields present at the
boundaries (Figure 2M and 2N). These strain fields are organ-
ized into dipoles of compressive and tensile strain which are
localized at the boundary with a spatial extent of 1 to 2 nanom-
eters. The low strain magnitudes of 1 to 2% contribute to the
high strength of the grain boundaries when compared to the
bulk crystal.l3!

4. Hexagonal Boron Nitride Defect Structures

Hexagonal boron nitride (hBN) is a 2D layered material with
similar structural characteristics to graphite with similar crystal
lattice and layer spacing. In contrast to graphite, a semimetal
with a high in-plane conductivity, hBN is an insulating material
with a large bandgap across and within the stacked layers. Each
individual sheet is comprised of boron and nitrogen atoms
arranged in a honeycomb lattice with partial ionic bonds. The
bulk material is comprised of these individual sheets stacked

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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with boron and nitrogen atoms stacked alternatively down the
column (Figure 3A). This AA'A stacking is in contrast to the
ABA stacking commonly found in graphite, which is known as
the Bernal structure.['”]

Using a combination of EWR phase and image summation,
for increased signal to noise, it is possible to unambiguously
identify the thickness of few layer hBN and the atomic positions
of the boron and nitrogen within the lattice. Once all the atoms
are identified it was found that the boron atoms are predomi-
nately ejected from the lattice due to electron beam damage.
As holes grow larger, they develop into triangular shaped voids
which are terminated by nitrogen atoms. An AC-HRTEM
image of a boron monovacancy and extended triangular hole
with schematic models are presented in Figure 3B to 3D.

When defects and voids are created in bilayer hBN the
material undergoes significant interlayer bonding, which is in
contrast to bilayer graphene where vacancies and holes remain
independent between the layers.['® For a single boron vacancy,
two types of interlayer bonding behaviors have been identi-
fied. In the two configurations, a single bond occurs between
either one nitrogen or two nitrogen atoms in the layer with
the defect and one or two boron atoms from the intact layer.
Experimental images and schematic models of these defect
sites are presented in Figure 3E to 3K. This bonding results
in significant vertical and lateral atomic displacements at the
defect site and is evidenced by the reduction in symmetry of
the vacancy from three to two fold, which is consistent with
simulated images of interlayer bonded structures (Figure 3G
and 3J).

In addition to interlayer bonding due to isolated defects,
hBN undergoes interlayer bonding at the edges of holes in a
bilayer sheet.'”] A row of boron atoms at the zigzag edge of
one layer bonds to the nitrogen atoms of the lower zigzag edge,
creating a closed loop structure that effectively turns the two
sheets into a continuous folded structure. Significant distortion
of the hexagonal structure is observed in AC-STEM images of
these structures (Figure 3L and 3M). This interlayer bonding
maintains the insulating electronic structure of the two sheets,
which is in stark contrast to the predicted metallic behavior that
is expected for zigzag terminated hBN nanoribbons. An atomic
model and calculated unoccupied orbital map of the closed loop
structure are depicted in Figures 3N and 30.

With the ability to accurately determine the layer thickness
and identify atomic species in hBN samples, it opens up the
possibility to study grain boundary defect structures in poly-
crystalline samples.'819 Similar to graphene, hBN can be syn-
thesized on macroscopic length scales on appropriate growth
substrates such as copper or nickel with boron and nitrogen
containing precursors. Individually nucleated islands grown on
metallic substrates, extend over the surface with various crystal-
lographic orientations, and fuse to form continuous 2D sheets.

The GBs between two single crystal regions were found to
be connected via pentagons and heptagons (5|7) defects rather
than square and octagon (4|8) defects (Figure 3P and 3Q),
which are predicted to be more stable primarily because it
avoids homonuclear bonding at the defect sites.'”) While both
structures are energetically stable, the local strain in the sheet
may affect which defects are preferred. In the experimental
structures, noticeable strain is present as evidenced by dynamic

Adv. Mater. 2014,
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Figure 3. Atomic defects in hBN. A) Atomic model of stacking structure in hBN. B) AC-HRTEM image of hBN showing a single boron vacancy and
nitrogen terminated hole. C) Atomic model of hBN vacancy. D) Atomic model of triangular hole with nitrogen atom termination. A-D) Reproduced
with permission.l"”] Copyright 2009, American Physical Society. E) Large area image of hBN showing different single atom boron vacancies. F) Model
of single bond formation generated after a boron vacancy is formed. G,H) Simulated and AC-HRTEM image of the single interlayer bonding structure
depicted in (F). 1) Model of two interlayer bonds created upon boron vacancy creation. J,K) Simulated and AC-HRTEM image of the double interlayer
bonding structure depicted in (I). E-K) Reproduced with permission.['®l Copyright 2011, American Physical Society. L,M) Images of a closed edge of a
bilayer hole in hBN acquired by AC-STEM. Mapping of the atomic positions highlights the distorted hexagons along the edge. N) Top view of closed loop
structure. O) Side view of edge structure with overlaid EELS unoccupied orbital map. L-O) Reproduced with permission.l'”l Copyright 2012, American
Physical Society. P) Tilt GB in polycrystalline hBN with a 21° relative angle. Q) Magnified region from (P) highlighting the pentagons (yellow), heptagons
(red), and hexagons (blue) at the boundary. P,Q) Reproduced with permission.['® Copyright 2013, American Chemical Society.

observations of lattice relaxations and dislocation motion
during imaging, which may favor 5|7 dislocations.

5. Defects in Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are a class of layered
materials that have recently received a great deal of interest
within the scientific community. Of particular interest are
the disulfides and diselenides of molybdenum and tungsten,
which have interesting optical and electronic properties that
depend strongly on the number of layers. These materials are
comprised of a layer of transition metal atoms (molybdenum
or tungsten) positioned between two layers of chalcogen atoms
(sulfur or selenium). In the pristine crystal structures, each
metal atom is six fold coordinated and the chalcogen atom is
three fold coordinated. With these three layers of atoms for
each isolated monolayer, the structures have a greater degree
of complexity when compared with either the monoatomic gra-
phene or diatomic hBN.

Recently, progress has been made on the CVD synthesis of
these materials on insulating substrates for potential device
applications.?*?3] Similar to graphene, the grown films are
polycrystalline and transferrable to a variety of substrates
with appropriate processing. Using low-resolution dark-field
imaging, the real space crystal distribution of grown films
reveals the presence of isolated single crystal and polycrys-
talline monolayer islands with both tilt and mirror grain

Adv. Mater. 2014,
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boundaries (Figure 4A to 4D). Characterization by high-resolu-
tion electron microscopy has also been accomplished to under-
stand the atomic scale defects, which include monovacancies,
multi atom vacancies, and grain boundary structures.?3l Both
tilt and mirror grain boundaries appear frequently, each having
their own unique optical and electronic properties. By using
AC-STEM imaging, the atomic structure of the different defect
and boundary structures provides the necessary information to
understand measured bulk properties.

One unique feature of TMDs when compared to graphene or
hBN is the existence of antisite defect structures where metal
atoms can occupy the sites of chalcogen atom pairs or a pair of
chalcogen atoms can occupy metal atom sites. Antisite defects
in MoS2 reveal that when molybdenum atoms replace a sulfur
pair within the lattice, a break in the symmetry of the hexagonal
network is observed, whereas a sulfur pair will replace molyb-
denum atoms while maintaining the crystal lattice symmetry
(Figure 4E to 4H).

The complex bonding capability of the atomic constituents
of TMDs allows for interesting boundary structures. In tilt
boundaries, new 4|6 and 6|8 dislocations have been observed
along with conventional 5|7 dislocations and are believed to be
the result of variations in the local concentrations of reactant
species during growth. A collection of dislocation structures
observed in MoS, tilt boundaries is shown in Figure 41 to 4M. In
mirror boundaries, 4|4 and 4|8 line defects exist between neigh-
boring crystalline domains and contain kink sites that have four
fold over coordinated metal atoms junctions. The AC-STEM

wileyonlinelibrary.com
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Figure 4. Atomic defects in polycrystalline molybdenum disulfide. A) False-color DF-TEM images of polycrystalline MoS, islands grown by CVD.
B) False color DF-TEM image of a bicrystal with a tilt boundary. C,D) DF-TEM images of polycrystalline islands with mirror boundaries. A-D) Repro-
duced with permission.?’l Copyright 2013, Nature Publishing Group. E,F) Antisite defects with molybdenum or two-atom sulfur replacement, respec-
tively. G,H) Atomic models of (E) and (F) with molybdenum atoms shown in magenta and sulfur atoms shown in yellow. I) Tilt boundary in MoS, with a
18.5° angle. J,K) 5|7 and 6|8 dislocations taken from (1). L,M) Pristine and molybdenum substituted 4|6 dislocations observed in tilt boundaries, respec-
tively. 2D and 3D models are presented along with AC-STEM images in (J) to (M). N) Image of a mirror boundary in MoS,. O) Kink in an MoS, mirror
boundary with 4-fold coordinated molybdenum atom. P) 4|4 mirror boundary AC-STEM image. Q) Atomic model of boundary in (N). R) 4|8 mirror
boundary structure, representing highest possible kink density. E-R) Reproduced with permission.?3l Copyright 2013, American Chemical Society.

images and atomic structures are shown in Figure 4N to 4R.
Additionally, phase boundaries and their dynamic behavior can
be observed in these materials, where a metallic (1T) and semi-
conducting (2H) phase simultaneously exist in a monolayer.®

6. Conclusions and Outlook

The study of the atomic structure of defects in 2D materials is
a rich field with a bright future. While the provided discussion
is not exhaustive, we have sought to highlight important results
obtained by advanced electron microscopy. Each section illus-
trates how the different materials are related, yet unique and
interesting in their own right. Work on the monoelemental
graphene has served as a strong foundation for future research
on the whole class of 2D materials. For example, the work on
combining the mapping of the large area crystal structure and
high-resolution atomic structure of graphene has inspired

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

recent work on TMDs. These studies built upon previous
work by including electrical device characterization and optical
photoluminescence measurements on single crystal and GB
regions of the CVD grown material.

Knowledge gained from high-resolution imaging will con-
tinue to contribute to our understanding of the bulk properties
of 2D materials. Recent work has shown that graphene’s elastic
stiffness can increase when sparse defects are intentionally cre-
ated in the material.’® It would be interesting to perform sim-
ilar studies on both monolayer and bilayer hBN samples. The
interlayer bonding that occurs during defect creation in hBN
is expected to alter the elastic properties of the material when
compared to defect free layers. Additionally, controlled and pat-
terned fabrication of holes with closed edges in hBN may prove
to have interesting mechanical properties. For TMDs, mechan-
ical measurements of the elastic stiffness and failure strength
of different defect densities and GB structures has yet to be
accomplished. It would be interesting to create and characterize

Adv. Mater. 2014,
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different vacancies and antisite defects in TMDs with the goal
of making mechanical measurements. For example, one could
intentionally create vacancies and subsequently back fill these
sites with the same or different atomic species as the parent lat-
tice and measure the failure behavior.

As the field of 2D materials grows, it is clear that high-reso-
lution electron microscopy will continue to play an important
role in its progress. Additionally, developments within the field
of electron microscopy will make new experiments possible for
characterization of 2D materials. This can be seen in recent
results acquired on hBN, where high-resolution vibrational
spectroscopy is now possible using a newly developed TEM
with an electron beam source that has a remarkable energy
spread of 12meV.’’] Further studies from the developing fields
will surely produce important fundamental knowledge for the
scientific community.
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