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ABSTRACT Two distinct configurations of the monovacancy in
graphene have been observed using aberration-corrected transmis-
sion electron microscopy (AC-TEM) at 80 kV. The predicted lower

energy asymmetric monovacancy (MV), exhibiting a Jahn—Teller ,‘\’,J L |
reconstruction (r-MV), has been observed, but in addition, we have P .. J\' ,‘
imaged instances of a symmetric monovacancy (s-MV). We have used ‘ ‘ J

geometric phase analysis (GPA) to quantitatively determine the
strain in the lattice surrounding these two defect configurations and
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show that the Jahn—Teller reconstruction generates significant
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extra strain compared to the symmetric MV case. Density functional theory calculations demonstrate that our experimental images of the two different

monovacancies show good agreement with both the low energy r-MV and the metastable structures.
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o usefully deploy graphene in elec-

tronic applications,’ 3 it is essential

to understand the behavior of point
defects. This has already been the subject
of extensive research over the decades for
silicon devices, due to the influence of
vacancies on doping and semiconducting
properties.** Prior to the development of
graphene, irradiation studies of graphite
surfaces constituted the bulk of established
research into point defects in sp? carbon,® 8
primarily motivated by the use of graphite
in nuclear reactors.’ This has more recently
been extended to include studies of defects
in carbon nanotubes'® and has subsequently
developed to include several theoretical
studies demonstrating the magnetic char-
acter of certain graphitic defects.' ' It has
been shown that the most fundamental of
these defects, the monovacancy, can diffuse
and coalesce to form more complex va-
cancy structures' and, as such, is a logical
starting point for studies of graphene point
defects.

The graphene monovacancy, formed by
the ejection of a single carbon atom from
the lattice, has been studied theoretical-
ly in graphene, carbon nanotubes, and
graphite.’*'*~22 These have demonstrated
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that the monovacancy can exhibit a Jahn—
Teller distortion, causing an initially sym-
metric monovacancy (s-MV) to reconstruct
into a closed five- and nine-membered pair
of rings. The s-MV configuration has three
under-coordinated C atoms that each bond
to only two neighbors, whereas the recon-
structed monovacancy (r-MV) has been
shown to lower the energy of the vacancy
structure, due to a combination of the sat-
uration of two initial dangling bond states
in the reconstruction and an apparent out-
of-plane displacement of the third under-
coordinated C radical.?® Prior studies of the
monovacancy have relied on data from
scanning tunneling microscopy (STM) studies
of graphite and lacked the atomic resolution
required to conclusively confirm the structure
as symmetric or reconstructed.”®® With de-
velopments in high-resolution (HR) and,
more recently, aberration-corrected trans-
mission electron microscopy (AC-TEM),2~2’
it is now possible to characterize individual
vacancy defects in graphene at atomic re-
solution, enabling the direct verification of
theoretically predicted structures by experi-
ment. A detailed understanding of the
behavior of vacancies will be important for
the practical exploitation of graphene in
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devices, with regard to how they influence local and
long-range properties and in the potential for them
to act as dopant sites.'>?® Accordingly in this paper,
we present studies of the graphene monovacancy
observed by AC-TEM together with density functional
theory (DFT) calculations to interpret the atomic
structure.

RESULTS AND DISCUSSION

To create monovacancies, we have utilized our pre-
viously reported method of controllable defect crea-
tion, which uses a high current density electron beam
of 80 kV to sputter a selected area of graphene for a
predetermined exposure time.® This method for con-
trolled defect creation allowed us to image multiple
instances of monovacancy defects. Moreover, operat-
ing the AC-TEM at 80 kV, we were able to image the
resultant graphene point defects at low beam current
density while minimizing further radiation damage.
The Oxford-JEOL 2200MCO fitted with CEOS third-
order probe and image correctors was used to obtain
atomic resolution images of graphene vacancies. Some
images presented here (Figures 4a,e and 5h,i) were taken
using a monochromated electron beam with ~0.3 meV
energy width, providing sufficient spatial resolution
to resolve individual atoms.® For the experiments re-
ported here, chemical vapor deposition (CVD) gra-
phene was used, synthesized according to ref 30,
before transfer to a holey SisN, TEM grid by using a
PMMA scaffold. Schematic atomic models were con-
structed within Accelrys Discovery Studio Visualizer,
and AC-TEM image simulations were calculated
using multislice method within the JEMS software.'
AC-TEM images were subsequently filtered using a
nearest neighborhood (3 x 3) operator to reduce
high frequency noise. DFT calculations with the PBE
functional®® were conducted using the CRYSTAL
code.**3* The numerical approximations adopted,
and the triple valence with polarized local Gaussian
basis set, have been described previously.>* Defects
were represented in a periodic 10 x 10 supercell
of the graphene primitive unit cell. In the supercell,
the eigensolutions were sampled on a 9 x 9 Pack-
Monkhorst grid.

Following controlled defect creation, we observed
both s-MV and r-MV defects by AC-TEM imaging.
A smoothed AC-TEM image of a s-MV is shown in
Figure 1a, with an accompanying DFT-calculated atom-
ic model in Figure 1b. The multislice image simulation
of the DFT-optimized geometry (Figure 1c) demon-
strates good agreement with the experimentally ob-
served structure, including regions of darker contrast
on the three edge C atoms. We attribute this darker
contrast to be an edge effect as previously described
by Liu et al.*® Figure 1d shows a smoothed AC-TEM
image of a r-MV defect, together with a DFT atomis-
tic model in Figure 1e and an image simulation in
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Figure 1. (a) Smoothed AC-TEM image of the symmetric
monovacancy, s-MV, with three edge C atoms. (b) DFT-
calculated atomistic model and (c) multislice TEM image
simulation corresponding to the structure in (a). (d)
Smoothed AC-TEM image of the reconstructed monova-
cancy, r-MV, with one edge C atom. Yellow arrows indicate
the zigzag axis containing the reconstruction. (e) DFT-
calculated atomistic model and (f) multislice TEM image
simulation corresponding to the structure in (e). Scale bar
corresponds to 1 nm in all panels.

Figure 1f. Figure 1f also shows good agreement with
the experimental image in Figure 1d, including the
darker contrast at the single under-coordinated C atom
radical. In addition, the r-MV TEM image shows a
contraction along the zigzag axis of the reconstruction
(yellow arrows) compared to the s-MV exposure.

It is possible that the captured images of the s-MV
correspond to a r-MV oscillating between the three
stable r-MV configurations at sufficiently high fre-
quency such that images integrated over a single
exposure (2—3 s) lead to an averaged structure remi-
niscent of a s-MV. This model would be consistent with
the STM data reported in ref 20, and thus it is prudent
for us to consider if this model is also consistent with
our defect images. To explore this, Figure 2a—c shows
multislice TEM image simulations of a DFT model for
the r-MV in each of the three possible 120° rotations,
with the blue arrows marking the reconstructed bond.
A simple equally weighted average of these images,
implying no specific rotation preference, yielded the
image shown in Figure 2d. This shows a good qualita-
tive resemblance to the image of the s-MV in Figure 1a
and to the multislice image simulation of the DFT
optimized s-MV geometry in Figure 2e. Intensity line
profiles measured between pairs of under-coordinated
carbon atoms in Figure 2d,e are shown in Figure 2f,g,
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Figure 2. (a—c) Multislice image simulations of DFT modeled r-MV, rotated to align along the three different 120° zigzag axes
(bond reconstruction denoted by the blue arrows). (d) Averaged image of the three rotated r-MV configurations in (a—c). (e)
Multislice image simulation of a DFT-modeled s-MV. (f,g) Intensity profiles between the under-coordinated atoms in the
averaged image in (d) and the DFT image in (e), respectively. Profiles are taken along the three zigzag axes that cross the gap
between under-coordinated atom pairs, labeled (i—iii) as shown in the inset schematics.

which yield distances of 2.2—2.4 A for the averaged
image, in good agreement with the length of 2.4 A in
the s-MV image. This suggests that it is not possible
to differentiate images of a metastable s-MV or super-
posed rotated r-MVs with the temporal recording
resolution available.

Further insights can be gained by examining the
time-dependent dynamics of the monovacancies un-
der electron beam irradiation. We have seven separate
image series where stable r-MV configurations were
recorded, such as that shown in Figure 1d, which
demonstrate that the reconstruction can be stable for
time periods on the order of seconds, the time required
for a single TEM exposure. This compares with five
distinct image series of the s-MV defect. Furthermore,
time series show stable r-MVs configurations that
persist for significantly longer than a single exposure,
with lifetimes in excess of 90 s (shown in Supporting
Information Figure S1). The lifetime suggested in ref 20
for the reconstruction is 15 ps at room temperature,
which is 11 orders of magnitude lower than the ex-
posure times used here. Our results indicate that the
r-MV does not necessarily undergo rapid oscillations
between the three possible configurations and can
lock into a stable orientation.

To demonstrate that it is possible to differentiate
between images of the two types of MV configurations,
geometric phase analysis (GPA) was applied to AC-TEM
images of the defects. The GPA provides a strain field
map of the area around the vacancy and is sensitive to
local variations in the atomic structure.>”® Figure 3a—f
shows GPA of the s-MV defect. Figure 3a shows a
smoothed AC-TEM image of the s-MV used in the
analysis, with a magnified inset highlighting the va-
cancy with a color look-up table (LUT) applied to
enhance visual contrast. Figure 3b shows the Fourier
transform (FT) calculated from Figure 3a, where the
circled reflections denote the two Bragg reflections
which are used for the GPA. Figure 3c—f shows the

ROBERTSON ET AL.

fields of the matrix elements of the symmetric strain
tensor, with a color LUT scale ranging from +100% for
the strain fields and rotations of 1 rad for the rotation
component. These demonstrate negligible strain with-
in the graphene lattice originating from the s-MV
defect. Figure 3i—I similarly shows the GPA-calculated
strain components for the r-MV shown in Figure 3g. For
this defect configuration, the area immediately sur-
rounding the defect exhibits a pronounced strain,
notably different from the s-MV case. This result is
supported by the results from ab initio calculations,
where the necessary bond reconstruction is known to
create a strain in the surrounding graphene lattice.*
The two MV configurations can also be compared
directly by considering the relative atomic displace-
ment between the pristine and defective graphene
lattices, as shown in Figure S2. In this analysis, the r-MV
defect exhibits a stronger displacement field than the
s-MV, supporting the GPA results.

Figure 4a shows a smoothed AC-TEM image of an
r-MV, with the inset showing a magnified view.
The improved resolution in this image compared to
the other AC-TEM images shown here, which enables
the visualization of individual carbon atoms, is due to
the use of a monochromated electron beam. In
Figure 4b, gray scale intensity profiles are shown,
labeled (i—iii), taken between the three edge atoms
of the MV, with (i) corresponding to the reconstructed
bond. These show that the reconstructed bond length
is 1.9 A, in good agreement with our calculations which
yield 1.90 A. The distances between the edge atoms
that are not bonded were measured to be 2.8 + 0.1 A.
In Figure 4c, a smoothed, non-monochromated AC-
TEM image of a s-MV is shown, accompanied by a
magnified view inset. Intensity line profiles between
the edge C atoms are shown in Figure 4d, with mea-
sured distances between 2.3 and 2.6 A, compared to
theoretical predictions of 2.44 A, which is a minor
deviation from the pristine lattice case of 2.46 A.
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Figure 3. Geometric phase analysis (GPA) for the two monovacancy bonding configurations. (a) Smoothed AC-TEM image of
the s-MV used for calculating the GPA maps, with the inset showing a smoothed color LUT image of the vacancy region. (b) FT
of (a), with the two {100} reflections used to calculate the phase maps circled. (c—f) Calculated fields of the symmetric strain
matrix around the s-MV, with the elements (¢,,, ¢, rot,,, and ¢,,) labeled. (g) Smoothed AC-TEM image of the r-MV used for
calculating the GPA maps, with the inset showing a smoothed color LUT image of the vacancy region. (h) FT of (g), with the two
{100} reflections used to calculate the phase maps circled. (i—I) Calculated strain matrix elements around the s-MV. In all
cases, scale bars denote 1 nm. The CLUT palette used covers the range of +-100% for the strain fields and £1 radians for the

rotations, with blue corresponding to zero.

In Figure 4e, an average of three consecutive AC-TEM
images of a r-MV is shown, which was executed to
improve atomic contrast and was possible due to
minimal variation in the beam astigmatism between
exposures. This image shows the three atoms opposite
the bond reconstruction, which includes the under-
coordinated carbon, with sufficient clarity to use in-
tensity line profiles to extract the bond lengths of the
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carbon radical. These line profiles, taken across the
appropriate armchair axes to include both the under-
coordinated C bond and C—C bonds from the bulk
lattice, are shown in Figure 4f. From these, we find a
bond compression to 1.37 and 1.21 A for the bonds lying
along armchair axes labeled (i) and (ii), respectively.
These deviate from the bulk C—C bond lengths, found
from the same plots, of 1.52 + 0.02 and 1.58 & 0.02 A,
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Figure 4. (a) Smoothed AC-TEM image of a r-MV, with the highlighted region around the defect magnified in the inset. (b)
Intensity line profiles (i—iii) measured between edge atoms of the MV along three axes, as illustrated in the inset. (c) Smoothed
AC-TEM image of a s-MV, and a magnified view of the defect inset. (d) Intensity line profiles (i—iii) measured for the
interatomic distances between the three edge atoms along the three axes as illustrated in the inset. (e) Average of three
consecutive r-MV AC-TEM images, and a magnified view of the r-MV inset. (f) Line profiles taken along two of the armchair
axes, (i) and (ii), as shown in the inset schematic. These axes each cross one of the compressed C—C bonds with the under-

coordinated C atom of the r-MV. Scale bars denote 0.5 nm.

yielding a respective bond compression of 77 and 90%
for the two cases. However, it is important to note that
the nature of AC-TEM imaging physically precludes the
measurement of any bond length contribution in the
z-axis; thus any out-of-plane displacement of the un-
der-coordinated C would lead to an illusory bond
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compression in the TEM image, due to it corresponding
to the projection of the bond into the 2D x—y plane.
From theoretical studies, the migration of monova-
cancies in graphitic materials is thought to occur by a
switching mechanism.'>'%?" In this mechanism, one of
the vacancy edge atoms switches to the opposite side

A N N
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Figure 5. (a) Smoothed AC-TEM image of a r-MV, which switches lattice positions via an intermediate position, shown in (b),
resulting in a new translated r-MV (c). (d—g) Atomistic models corresponding to the images shown in (a—c), respectively, with
(e) and (f) showing models illustrating the superposition proposed for the image in (b). (h,i) Color LUT of smoothed AC-TEM
images of a r-MV undergoing a lattice shift. The dashed white circles show the migration of the vacancy. (j,k) Atomistic models
corresponding to the AC-TEM images shown in (h,i), respectively. The dark blue highlighted atom is fixed during the
transition, and the dashed blue circles indicate the migration of the vacancy. (I,m) Wide field AC-TEM images, from which (h,i)
were extracted, with the r-MV defect highlighted by the yellow circle. The blue circle highlights a more complex defect used as
an alignment marker to compensate for drift between the two images. Scale bars in all cases are 0.5 nm.

of the vacancy, thus shifting the vacancy to an adjacent
lattice position. This has been observed in our experi-
mental images (Figure 5a—c). Figure 5a shows a
smoothed AC-TEM image of a r-MV, with an accom-
panying atomistic model in Figure 5d. The blue arrow
in the schematic illustrates the motion of the unsatu-
rated C atom, which breaks the reconstructed bond on
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the opposite side of the MV, leading to the configura-
tion observed in Figure 5¢ and modeled in Figure 5g.
In between these two frames, an intermediate frame
was captured (Figure 5b). We hypothesize that this
image is a superposition of the configurations shown
in Figure 5ef. It was found that for two of the three
observed occurrences of this migration there was an
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intermediate superposition frame, with a straight
switch for the third. In addition to this expected migra-
tion, we have also observed vacancy migration by one
zigzag lattice plane. Figure 5h,i shows smoothed
AC-TEM images, captured with a monochromated
beam, of a r-MV undergoing this lattice transition.
The dashed white circles and arrow indicate the migra-
tion path of the vacancy, with equivalent dashed blue
annotations shown on the atomistic model in Figure 5j.
The atom highlighted in dark blue in the atomistic
models of Figure 5],k appears to remain fixed, while the
vacancy structure rotates about it. However, in order to
be certain that the vacancy has actually shifted lattice
positions, rather than the bond reconstruction merely
re-forming between one of the two remaining pairs of
under-coordinated C radicals in the same vacancy and
the shift appearing due to sample drift, it was crucial to
align the two images with respect to other common
features. In Figure 5I,m, a wide field view around the
defects is shown, with Figure 5l,m corresponding
to blown-up views of Figure 5h,i, respectively. The
r-MV is highlighted by the yellow dashed circle, and
the images were aligned with reference to the larger
defect cluster, highlighted by the blue dashed circle
and to the amorphous carbon residue along the lower
part of the image. Using these features to align the
images, in order to compensate for sample drift, it is
clear that the transition observed corresponds to a
lattice transition, rather than just a rotation of the
reconstruction about the vacancy. This migration
type was observed to occur 13 times in our data set,
significantly more frequently than for the simple
switching mechanism in Figure 5a—c. All of these
lattice shifts were imaged to occur immediately in
the subsequent exposure, with no intermediate super-
position state recorded.

Our failure to observe the r-MV swapping the recon-
structed bond around the vacancy site, as proposed to
explain the observation of s-MV in STM images by
ref 20, and discussed earlier, is somewhat surprising, as
the same reference also suggests a low energy barrier
for the bond alternation of 0.13 eV. For such an energy
barrier, one would expect bonding switches to occur
readily under the electron beam. It is possible that the
lack of observed reconstruction swapping is due to the
under-coordinated C atom (highlighted in dark blue in
Figure 5j,k) being functionalized by a low mass con-
taminant, such as hydrogen, precluding the formation

METHODS

Graphene was synthesized according to the liquid copper
catalyst chemical vapor deposition method outlined in ref 30.
Copper foil was placed on top of a molybdenum surface,
inserted into a furnace, and subjected to a 30—60 min anneal
at 1090 °C under Ar (200 sccm) and Hy/Ar mix (25% H, at
100 sccm) gas flow, melting the copper. Ho/Ar mix flow was
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of a third sp? bond and preventing any oscillation
of the reconstruction. In this model, the under-
coordinated C atom in the r-MV is effectively saturated,
offering an explanation as to why the reconstructed
bond is not observed to alternate between the three
edge C atoms of the MV. This hypothesis can be
extended by including the results shown in Figure 2,
which demonstrated that it was not possible to differ-
entiate by AC-TEM between an oscillating r-MV and a
s-MV: It is therefore possible that the imaged s-MVs are
oscillating r-MVs, and the r-MVs we image have been
stabilized from oscillation by the functionalization of
the under-coordinated C radical. If this is indeed the
case, it may be possible to observe a deviation in the
length of the nearby C—C bonds, which presents a
promising avenue for further research; however, the
AC-TEM here cannot be used to categorically confirm
bond compression due to the imaging of the projec-
tion of an out-of-plane displacement onto a 2D plane
leading to a perspective induced shortening. Evidence
to support the functionalization hypothesis may be
obtained in the future by employing techniques such
as atomic resolution electron energy loss spectroscopy
(EELS).

CONCLUSION

We have characterized monovacancy structures in
graphene using AC-TEM imaging and have observed
two configurations for the monovacancy; the sym-
metric (s-MV) and the reconstructed monovacancy
(r-MV). Geometric phase analysis and bond length
measurements have demonstrated that these are
observations of two distinct defect types, with the
reconstruction giving rise to pronounced strain and
displacement in the surrounding lattice. We have also
explored mechanisms by which the observed s-MV
could be a superposition of an oscillating r-MV, and
find that it is not possible to distinguish between them.
However, the observation of stable r-MV over extended
exposures either suggests the stable existence of two
defect types, the s-MV and the r-MV, or that functio-
nalization of an under-coordinated C radical may act to
lock the oscillating r-MV into a stable configuration that
can be subsequently imaged. These studies shed light
on our understanding of defect structures and their
behavior in the graphene lattice, which is fundamental
to the development of doping and nanoengineering
techniques.

reduced to 80 sccm, and CH4/Ar mix (1% CH,) was set at 10 sccm
flow for 90 min. The sample was removed and rapidly cooled at
ambient temperature under a H, and Ar atmosphere. Transfer
was accomplished by using a PMMA scaffold applied to the
graphene/Cu/Mo stack before floating on FeCl; etchant to
remove the PMMA/graphene from the metal, followed by HCI
and DI water rinse stages. The PMMA/graphene film was then
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transferred to a holey silicon nitride TEM grid. The PMMA was
subsequently removed by baking in ambient atmosphere at
350 °C overnight. Prior to TEM imaging, the sample was heated
under vacuum at ~150 °C using a filament heater to remove
residual surface contamination.
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