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Advancing Graphene Imaging for Clear Identification of Lattice
Defects: The Application of Revolve Sphere Levelling to Scanning
Tunnelling Microscopy Images
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effective image processing tool for enhancing scanning tunnelling microscopy ! 1.:
(STM) images of graphene atomic lattices is presented. Low-cost, ambient, and non- |} 4 J ;", 41
invasive STM methods overcome limitations of traditional imaging methods like 1 L
. c . . . Raw Image
scanning transmission electron microscopy (STEM) and transmission electron
microscopy (TEM) that can introduce or alter defects in graphene. Utilizing high-
quality graphene synthesized via Paragraf’s patented Metal-Organic Chemical Vapor Deposition (MOCVD) method, RSL, which is
easily implemented via the Gwyddion software package, effectively highlights the hexagonal lattice structure and specific defect
structures. This provides clarity of the atomic structure that traditional methods struggle to achieve. This research emphasizes the
utility of RSL in materials science for defect identification in graphene, and points to future research in optimizing RSL for a broader

Direct defect identification with
Revolve Sphere Levelling

range of defects and applications in other 2D materials.

B INTRODUCTION

Graphene, a two-dimensional material renowned for its unique
properties, has attracted significant attention in materials
science. Key to its diverse applications are the atomic scale
defects present within its lattice, which critically influence its
chemical, physical, and electrical properties. These defects,
ranging from point to line imperfections, act as scattering
centers for electrons and phonons, thereby affecting graphene’s
optoelectronic performance.’ Notably, certain defect groups
induce local electric and strain fields due to charge
redistribution across the lattice. Research by Balasubramanian®
and Zambudio et al.” highlight how defect distribution and
monovacancies impact carrier mobility, reactivity, and
mechanical properties in graphene. Such insights underscore
the importance of defect identification in optimizing
graphene’s electrical, mechanical, and chemical stability.
Further emphasizing this point, Sun et al.* demonstrate
enhanced stability and charge storage in anode construction
using sulfur-rich graphene nanoboxes, a direct result of
structural chemical defects.

Traditionally, the atomic lattice structure of graphene has
been studied using high-resolution imaging techniques such as
high-angle annular dark field (HAADF) imaging mode in
scanning transmission electron microscopy (STEM),” as well
as transmission electron microscopy (TEM).6 However, these
techniques present significant limitations. The sample
preparation involves placing the graphene sample on a TEM
grid, potentially introducing defects and dislocations in
chemical vapor deposition (CVD)-grown graphene. This
process, coupled with the need for thin-layer exfoliation and
transfer to the TEM grid, can introduce further defects and
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alter the lattice structure, as explored by Hettler et al.”
Additionally, these techniques are invasive, with the beam
energy needed for high-resolution imaging causing radiation
damage.®

In light of these challenges, scanning tunneling microscopy
(STM) emerges as a viable, noninvasive alternative.”'’ STM
leverages a tunneling current between a probe and the sample
surface to glean topography and density of states information.
Its advantages include lower operational costs and the ability to
function in atmospheric conditions."'"*

Additionally, directly interpreting atomic structures, espe-
cially defect structures, requires sophisticated image processing
and comparison with computer-simulated models."”” To
accurately achieve atomic scale imaging, high vacuum and
low temperature systems are typically required.'® Regardless of
the robustness of the experimental set up, sophisticated image
processing methods such as Fast Fourier Transforms (FFT)
are required to transform the data and compare it to computer
simulations of defect structures to evaluate the material.'*~"”
Table S1 provides more detail for data collection in the current
state of art. The methods rely heavily on postimaging
processing and simulations. These multiple image processing
steps could introduce errors or biases based on the models
used. The inability to directly detect and resolve certain
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structural features indicates a gap that future technological
advancements need to address.

To tackle these challenges, image processing with Revolve
Sphere Levelling (RSL) presents an innovative solution to
detect lattice edges directly using a singular leveling step.
Historically used in gravitational field modeling to process
residual disturbance potentials,"*™* RSL addresses the noise
and disturbances inherent in graphene sheets as well as
contributions from the environment. These disturbances arise
from a multitude of factors including thermal vibrations, edge
instabilities, and strain in 2D crystals.”’ By applying RSL as an
image processing step, noise and substrate contributions are
filtered out, enhancing the visualization of the expected
hexagonal lattice structure.

To address the limitation of RSL in processing highly
defective graphene images, the use of high-quality graphene
synthesized through Paragraf’s patented Metal—Organic
Chemical Vapor Deposition (MOCVD)** approach is
beneficial. This method ensures the production of graphene
with fewer defects, making it more suitable for effective RSL
analysis.

In this paper, RSL as an image processing method is
explored to resolve atomic resolution defect structures in
graphene. Using an affordable benchtop STM system under
atmospheric conditions, we demonstrate the effectiveness of
RSL in revealing theoretical defect structures and visualizing
the intricate lattice structure of graphene. This advancement in
image processing paves the way for a deeper understanding of
graphene’s defects and their implications in material science
and nanotechnology.

B METHOD

Experimental Section. The STM microscope used for
imaging was the Nanosurf NaioSTM system operating in
ambient air. Imaging was performed under constant current
mode with set point of 1 nA and tip voltage 50.1 mV. The tip
was mechanically prepared from a Pt 80%-Ir20% wire.
MOCVD grown graphene on sagphire substrates produced
by Paragraf’s patented technology”” was imaged.

Samples were prepared by cleaving wafers into squares of
sides 1.2 cm. These were attached to STM magnetic stubs with
silver paint (AGG3692 electrodag 1415 supplied by Agar
scientific) and contacts were painted on with the same silver
paint.

Image Processing. The RSL process convolutes a sphere
of set radius with the image and subtracts this value as a
background style reduction. As the sphere rotates, any
irregularities in its levelness will cause the reference point to
deviate from a consistent path. By precisely monitoring the
deviations and analyzing the collected data, the exact amount
and direction of the sphere’s nonlevelness can be determined,
highlighting the underlying graphene lattice. The methodology
and rationale for this type of image processing have been
explored by Hartley and Zisserman.”> A mathematical
description about the leveling technique is included in the
Supporting Information.

An output of a hexagonal shape characteristic to graphene
confirms that this filter can process residual disturbance
potentials in the data. Z axis range decreases as the number of
the processing steps increases, and therefore, these values
become nonphysical for the RSL image in Figure lc. A
consequence of this filtering is a lowered signal-to-noise ratio

reducing the STM data from 3D to 2D since the output z scale
range decreases post processing.
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Figure 1. Image processing steps for clear view of individual hexagons
within the lattice on Paragraf’s synthesized graphene sample. (a) Raw
image of pristine graphene. (b) 2D FFT filtered image of (a). (c) RSL
applied to (b).

A two-dimensional topographical landscape can be con-
structed from an STM image. In this landscape, each pixel’s
height correlates to its brightness in the original STM image.
RSL operates by deducting a specific value at each pixel, which
is determined by the trajectory of a sphere of a predefined
radius as it traverses the landscape derived from the prelevelled
image.

The sphere’s path is determined by the sphere radius and
irregularities in the landscape. As it revolves over the surface,
any deviation from a level path is indicative of variations in the
surface topology. These deviations are considered background
and what remains are considered topographical features of
interest, such as the graphene lattice structure.

However, the RSL method is not without limitations. The
accuracy of RSL is contingent on the chosen sphere radius; a
radius too large overlooks finer details, while a too-small radius
overemphasizes minor irregularities. Additionally, RSL assumes
a certain degree of uniformity in the landscape, which means it
does not perform optimally on images with extreme topo-
graphical variations or high levels of noise.

Despite these challenges, RSL’s capacity to reveal detailed
surface features without complex or expensive equipment
makes it a valuable tool in nanoscale material analysis. The
principle and effectiveness of this method, as well as its
theoretical underpinnings, have been investigated by Hartley,”
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laying a solid foundation for its application in STM image
processing.

Raw data was processed using Gwyddion v2.63.”* Mean
plane subtraction was employed to level the surface by
eliminating any apparent tilt or shadow effects in the image.
Row alignment is critical due to the inherent nature of STM
scanning. As the STM probe moves across the surface row by
row, it can experience slight tilts or systematic shifts,
particularly when transitioning between rows. Aligning the
rows compensates for these disturbances, smoothing out
inconsistencies across pixels and enhancing the overall image
quality.

After completing the initial preparatory steps, we imple-
mented RSL with the sphere’s radius set to 0.123 nm.”® This
radius was specifically chosen to correspond with the periodic
spacing characteristic of the graphene lattice, namely the
distance between the centers of adjacent hexagons. Such
precise alignment with the lattice’s periodicity enables the RSL
algorithm to correct radial distortions in the image. It does this
by adjusting areas of the image where these distortions match
the sphere’s radius, thereby enhancing the visibility of the
lattice structure without altering its inherent properties. It is
important to note that RSL targets only those distortions that
match this set radius; therefore, if the original STM data does
not contain radial distortions at this specific scale, the RSL
processing will not introduce linear features to flatten the
signals at the distortions in the image. Essentially, RSL fine-
tunes the image to more accurately represent the graphene’s
structural details, particularly its hexagonal lattice, by
minimizing distortions that are of the same scale as the
chosen radius. This also underscores the importance of the
radius choice in RSL, as it directly influences the detection and
representation of specific structural characteristics in the
graphene lattice.

B RESULTS

In the raw STM image of a pristine graphene sample (Figure
la), the hexagonal atomic lattice of graphene is recognizable.
Application of a 2D FFT filter effectively eliminates low-
frequency features, such as the vertical fringes, resulting in a
clearer visualization of the lattice, as demonstrated in Figure
1b. The observed blurring in the FFT-processed image edges is
attributed to the incomplete lattice (hexagons) at the edge of
the raw image. As FFT relies on the periodicity of the image,
the break of periodicity of the hexagons at the edges of the raw
image not only causes problems in the FFT-processed clearly
showing the incomplete hexagons at the edge, but also the
surrounding lattice. Subsequently, the implementation of RSL
unequivocally reveals individual hexagons within the lattice, as
depicted in Figure 1c. It is noteworthy that all images in Figure
1 exhibit the same lattice orientation and an equal number of
carbon hexagonal ring structures, indicating that these image
processing steps neither introduce nor remove lattice
structures.

Figure 2 demonstrates the enhanced clarity of a STEM
image of graphene using RSL. Figure 2a presents the FFT-
processed and smoothed STEM image from the study by
Huang et al,'” featuring manually annotated defects that map
out the polygonal structures along a grain boundary, annotated
by the authors in Figure 2b. The application of RSL to Figure
2a is depicted in Figure 2d, where the lattice structures are
brought into sharper contrast, facilitating the precise
identification and labeling of polygonal connections at the

Figure 2. Enhancement of a STEM graphene image from'" of a
graphene grain boundary using Revolving Sphere Levelling (RSL) on
image of grain boundary in literature.'> (a) An FFT-smoothed STEM
image of a graphene grain boundary. (b) Manual outlining of
polygons along the grain boundary. (c) Image of the superimposition
of the RSL-processed image onto (a), illustrating enhanced lattice
clarity and the validity of RSL, that it does not create artificial defects.
(d) RSL-processed image with labeled polygons at the grain
boundary, facilitating a more precise analysis. Both (b) and (d)
depict an identical sequence of polygons and present a misorientation
angle of the grain boundary that is consistent, validating the RSL
method. (a) and (b) from ref 12. The scale bar length is S A. Adapted
with permission from Nature[1502270—1]. Copyright [2011]
[Nature Research].

grain boundary. This enhanced image clarity allows for a more
accurate determination of the grain misorientation angle,
measured at 30.5°, which refines the initial estimate of 27° by
Huang et al."* In Figure 2c, the post-RSL image (Figure 2d) is
superimposed onto pre-RSL image (Figure 2a) to confirm the
integrity of the lattice features and to demonstrate that RSL
does not introduce any artificial elements, as evidenced by the
consistent alignment in the superimposition. An estimation of
the percentage change in atomic spacing before and after the
RSL process has been included in Supporting Information.

Leveraging the enhanced clarity of lattices in Figure 2d, we
observe that the polygons comprising the graphene lattice are
not equilateral, suggesting variations in the lattice dimensions.
Such alterations could signify the presence of stress or strain at
the defect sites, or they may be indicative of the polygons being
imaged from an oblique perspective. Despite the disruptions at
the grain boundary, the graphene atomic lattice elsewhere
displays a consistent and uninterrupted pattern.

Graphene is noted for its atomic scale defect structures,
often comprising combinations of pentagons, hexagons,
heptagons, and octagoms.11 To detect these defects, STM
was utilized on Paragrafs graphene samples. STM offers
several advantages over STEM in this context: it simplifies
operational demands, reduces costs, operates effectively in a
variety of environments, minimizes the risk of sample damage
due to electron beams, and provides exceptional surface
resolution. After acquiring STM images, RSL was applied for
image enhancement. This processing step enables clear
discernment of the defect structures, as depicted in Table 1.
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Table 1. Visualization of Defects in Graphene via RSL-
Enhanced STM Imaging®

Theoretical simulation
of C atom defects

PG
Single vacancy

i

Stone-Wales defect

it

Double vacancy

FFT processed Revolve sphere
Raw data data levelled image

“Columns display, from left to right, the simulated atomic lattice
structures (adapted from ref 21), the raw data, the initial FFT-
processed STM images, and the images post-RSL processing. The
rows sequentially represent pristine graphene, and graphene with
single vacancy, Stone—Wales, and double vacancy defects. Dots have
been manually added for easier identification of defect structures. Red
dots in the RSL processed images pinpoint the precise locations of
defects, and gray dots indicate the surrounding lattice distortions
caused by these defects.

The enhanced image of the double vacancy defect is in
agreement with its theoretical simulation,® showcasing an
octagon flanked by two pentagons and six hexagons. The
images of the single vacancy and Stone—Wales defects, while
not exact replicas, are close representations of the standard
simulations, indicating potential complexities in the simulated
models that have not been fully accounted for.

B DISCUSSION

The introduction of RSL has the potential to overcome many
challenges of imaging under ambient conditions, particularly
removing the need for high vacuum systems to stabilize STM
probe-sample surface interactions for high resolution imaging.
With the ability to resolve hexagonal honeycomb Ilattice
structures and identify atomic scale defects under ambient
conditions, RSL offers a promising approach to study defect
structures in 2D materials.

For the images in Table 1, the match between the FFT data
and the RSL-enhanced images is clearest for the pristine
graphene (PG) lattice. For the remaining defect structures
depicted in Table 1, the defects cannot be identified clearly
pre-RSL, as the signal is often significantly obscured by noise.
Despite this, the general direction of the underlying lattice
remains perceptible and is retained through the filtering
process. The RSL technique operates on a straightforward
principle: it adjusts the intensity value at each pixel
independently, without inducing lateral modifications. Con-
sequently, it is incapable of distorting the lattice imagery or
introducing spurious defect structures. This assertion is
substantiated by the consistent lattice orientation and the

unchanged count of carbon hexagonal ring structures observed
in both the pre- and post-RSL images shown in Figure 1.
Furthermore, the uniform alignment evident in the super-
imposed RSL images of Figure 2 corroborates this conclusion,
as discussed in the Results section. Such consistency is crucial,
affirming that RSL is a noninvasive image enhancement
technique that preserves the intrinsic structural features of the
sample.

In assigning the identified defects found in the RSL-
processed images specifically to the graphene lattice, we must
acknowledge a caveat: STM in principle measures the
variations in the Density of States (DoS) near the Fermi
level, which it then interprets as topographical features. This
technique inherently lacks the ability to differentiate between
alterations in electron density due to chemisorption and the
intrinsic surface features of the material under investigation.”’
Consequently, what appears as a deviation from the expected
eight membered ring structures to seven-membered rings
around a single vacancy in Table 1 may not solely represent a
topographical defect. It is plausible that this observed
irregularity could be attributed to the chemisorption of gases
involved in the graphene synthesis process, or as a result of
graphene exposing to ambient imaging conditions. This factor
demands careful interpretation of STM data, to take chemical
alterations of the surface into consideration. We note that there
appears to be directional distortion of the graphene lattice in
the RSL-processed images. An interpretation could be that
there is directional strain in the graphene lattice that it is
induced from the combined effect of the slightly anisotropic
thermal expansion of the sapphire substrate surface and the
defects breaking the in-plane symmetry, resulting in aniso-
tropic adhesion between graphene and sapphire, leading to
directional sliding of the graphene.

There are further potential constraints for RSL. Samples
characterized by a high degree of disorder or those that are
heavily contaminated might not be suitable candidates for RSL
analysis, as the technique presupposes a certain degree of
symmetry in the raw input image to perform the leveling
effectively. Future research should explore the performance of
RSL on STM images across a spectrum of sample conditions.
This would include analyzing samples with varying levels of
disorder and contamination to evaluate the robustness of RSL
in these circumstances.

Additionally, the practicality of RSL integration is note-
worthy; it can be readily implemented through the Gwyddion
software package, which provides a user-friendly platform for
STM data analysis. Further studies are required to understand
the impact of leveling radius on image processing.

While RSL emerges as the preferred processing technique
for our STM images of graphene with the specifically tailored
sphere size, it is worth noting that alternative leveling methods,
such as median background subtraction and trimmed mean
leveling, may also be effective for detecting lattice defects in
graphene and other 2D materials. Future research should
consider the optimization of kernel sizes for each leveling
method across different experimental conditions and strive to
develop novel approaches for analyzing larger surface areas and
more complicated structures. This progression from simulation
to enhanced imaging elucidates the defect structures within the
graphene lattice.

In practical applications, precise defects identification in
graphene can lead to optimized electronic and optoelectronic
devices. The exploration of RSL, particularly through the
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Gwyddion software’s module, is essential for harnessing the full
capabilities of RSL in the analysis of graphene and other two-
dimensional materials. We further applied RSL to a recently
published image of monolayer MoS2/WS2 to demonstrate its
power in identifying atomic defects in general 2D materials, as
detailed in the Supporting Information.”® We acknowledge
that the ability of RSL to distinguish defects located in different
atomic layers depends on defect density and the resulting
lattice spacing variations.”” Further investigation is needed to
confirm this capability. Future research will be instrumental in
establishing RSL as a fundamental image processing method
for materials characterization.

B CONCLUSION

This study demonstrates the effectiveness of RSL in processing
and elucidating atomic-scale images of monolayer graphene on
substrates. These findings significantly contribute to the field of
surface profilometry, particularly in STM applications. Our
method, using RSL on benchtop STM data, is more accessible
and versatile than conventional techniques, which often require
expensive equipment and stringent conditions. This advance-
ment not only resolves the hexagonal lattice structure of
graphene and identifies defects but also reduces costs and
complexity. This enables broader applications in 2D materials
research and industry, including the manufacturing of next-
generation graphene devices. Moreover, applying RSL to other
materials with intricate atomic arrangements will further
validate its utility as a versatile data processing technique in
material science.

B ASSOCIATED CONTENT
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