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ABSTRACT: Line defects, including grain boundaries and wrinkles, are commonly seen in graphene grown by chemical vapor
deposition. These one-dimensional defects are believed to alter the electrical and mechanical properties of graphene.
Unfortunately, it is very tedious to directly distinguish grain boundaries from wrinkles due to their similar morphologies. In this
report, high-resolution Kelvin potential force microscopy (KPFM) is employed to measure the work function distribution of
graphene line defects. The characteristic work function variations of grain boundaries, standing-collapsed wrinkles, and folded
wrinkles could be clearly identified. Classical and quantum molecular dynamics simulations reveal that the unique work function
distribution of each type of line defects is originated from the doping effect induced by the SiO2 substrate. Our results suggest
that KPFM can be an easy-to-use and accurate method to detect graphene line defects, and also propose the possibility to tune
the graphene work function by defect engineering.
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1. INTRODUCTION

Growth of large-area graphene by chemical vapor deposition
(CVD) is currently the most promising way for practical
applications of graphene-based devices.1 During the growth
process, neighboring graphene grains are stitched together
through disordered grain boundaries (GBs), resulting in a
polycrystalline film. It is widely accepted that GBs alter the
electrical and mechanical performance of graphene,2−4 while
demonstrating exciting potential in sensing applications due to
a high chemical reactivity.5 The nonhexagonal carbon rings
along GBs usually lead to out-of-plane buckling in order to
minimize the strain energy.6 On the other hand, another type of
line defect, “wrinkles”, is often observed on CVD-grown
graphene films, mainly due to different thermal expansion
between graphene and metal substrate.7−9 Qualitatively speak-
ing, the competition between bending and van der Waals
binding energy leads to two types of wrinkles, namely “standing
collapsed wrinkles” and “folded wrinkles”.10 The schematic
structures of these line defects are illustrated in Figure 1 a−c.
Direct visualization of GBs usually requires atomic-resolution
scanning tunneling microscopy (STM)11 and transmission
electron microscopy (TEM),12 but the field of view is limited to
tens of nanometers. At micrometer length scale, GBs has been
indirectly determined by dark field TEM through mapping of

individual grains.13 However, other types of line defects such as
wrinkles cannot be easily captured by this method. Liquid
crystal coating14 and selective oxidation of metallic substrate15

also can resolve GBs at lager length scale from microns to even
millimeters. But these methods requires chemical modifications
of either graphene or the substrate. Recently, simultaneous
visualization of GBs and wrinkles was achieved by deposition of
Au nanoparticles on graphene surface.16 In this method, the
line defects are believed to disrupt the diffusion of nano-
particles, so single-line and double-line patterns could be
formed along GBs and wrinkles, respectively. However, the
nanoparticle deposition requires carefully selected annealing
conditions, and this method also modifies the graphene surface.
The destructive nature of the current techniques limits the
employment in many applications where direct character-
izations of GBs and grains are needed before and after
experiments, such as electronic devices and catalyst applica-
tions.
Kelvin potential force microscopy (KPFM)17 can detect the

contact potential difference between an AFM probe and the
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sample surface. It has the advantage of contactless electrical
mapping down to the nanometer scale.18 Therefore, it has been
widely used to characterize monolayer, bilayer, and multilayer
graphene due to substrate-induced work function varia-
tions.19−21 Briefly, during KPFM measurement, the sample is
grounded while a bias ΔV = VDC + VAC is applied to the AFM
cantilever, where VDC and VAC are the DC and AC
components, respectively, as shown in Figure 1d. The
frequency of VAC is chosen at the resonant frequency of the
cantilever. The AFM controller nulls the cantilever amplitude
due to periodic electrostatic force by adjusting VDC. If the work
function of the cantilever tip Φtip is known, then the sample
work function Φs can be given as Φs = Φtip − eVDC. The
variables Φs and VDC are opposite in sign, so the work function
Φs has inverse contrast with KPFM mapping.
Although line defects such as GBs and wrinkles are believed

to modify the local electrical properties of graphene, to our best
knowledge, no KPFM study on CVD graphene defects has
been reported. One probable reason could be the low spatial
resolution in the work function mapping due to the parasitic
electrostatic contribution of the relatively large cantilevers (up
to hundreds of microns), which leads to the averaging of
signals. To suppress this averaging effect22 and increase the
spatial resolution of KPFM, AFM probes with much smaller
cantilever size are selected in our experiments. As a result, we
successfully achieved enough resolution for surface potential
mapping of graphene line defects (see Methods).
In this study, the graphene samples are synthesized on

copper foils by the ambient pressure CVD technique,4,23 and
then transferred on Si/SiO2 substrate using the poly(methyl
methacrylate) (PMMA)-assisted technique as previously
described.5 Scanning electron microscopy (SEM) and Raman
spectroscopy are employed to check the sample morphology
and defects before KPFM measurements.

2. METHODS
2.1. Synthesis Process. The graphene growth was carried out in

an ambient-pressure chemical vapor deposition (AP-CVD) method,
similar to our previous reports.5,24 In this approach, single crystalline
graphene flakes with predominant zigzag edges grow discretely and
eventually merge together forming grain boundaries. In short, the
synthesis process starts with preparation of the copper substrates (Alfa
Aesar, product 46365). The foils were initially treated for 10−20 min
in 10% hydrochloric acid (in deionized water), rinsed in acetone and
isopropanol, dried under N2 flow, and loaded into the CVD chamber.

The chamber was then evacuated (to 1 mTorr) and then purged with
forming gas (5% hydrogen diluted in Ar) to the atmospheric pressure.
The samples were heated to 1050 °C under the same flow for 60 min.
Next, 20 ppm of methane (CH4) was introduced for 40−90 min
(depending on the desired surface coverage). The chamber was then
quenched and samples were taken out for characterization. The as-
grown graphene films were then coated with PMMA and floated on
copper etchant (CE-100). After 24 h, the copper was completely
dissolved and the samples were transferred to several other DI water
baths to remove the solvent residue. A bath of 5% hydrochloric acid
was also used to remove the etchant residue. Finally, the floating
samples were scooped out by the target (Si/SiO2) substrates and
annealed in vacuum at 350 °C for 2 h under flow of 5% forming gas to
remove the polymer residue and enhance the adhesion to the surface.

2.2. AFM Experiment. All AFM experiments were carried out with
Dimension ICON system (Bruker, CA) in ambient conditions.
PFQNE-AL cantilevers (Bruker, CA) were selected for the improved
spatial resolution in surface potential measurements. The nominal
spring constant was 0.8 N/m and resonant frequency was 300 kHz.
Two-pass technique (also known as “liftmode”) was applied in KPFM
experiments. In the first pass, the AFM scanned the surface in tapping
mode and the line profile of the topography was recorded; the tapping
amplitude was estimated to be 4−6 nm. In the second pass, a bias ΔV
= VDC + VAC was applied to the AFM cantilever, where VDC and VAC
are the DC and AC components, respectively. The frequency of VAC
was chosen at the resonant frequency of the cantilever. The AFM
scanner lifted the tip ∼10 nm away from the surface, and scanned the
sample in parallel fashion with respect to the recorded line profile.
This two-pass technique can effectively remove the artifacts induced by
topography, thereby increasing the resolution and accuracy of the
electrical measurement.

2.3. SEM. All SEM images were obtained with an integrated Carl
Zeiss microscope in a Raith e-LiNE plus electron beam lithography
system. We used the acceleration voltage of 10 kV and working
distance of 10 mm for imaging.

2.4. Raman Spectroscopy. The Raman spectra were obtained
with a Horiba LabRAM HR Evolution confocal Raman microscope
with a 532 nm laser wavelength, 1200 g/mm grating, and a 100×
objective lens. The laser power was in the range of 1−4 mW.

2.5. Molecular Dynamics Simulation. The classical molecular
dynamics (MD) simulations were performed with NAMD25,26 and the
CHARMM32 force field.27 The temperature was kept fixed at T = 300
K in our simulation by the Langevin dynamics. The switching distance
for nonbonded interactions was set to 7 Å, and the cutoff was set to 10
Å. The systems were simulated in an NVT ensemble (the ensemble
with constant number of particles, constant volume, and constant
temperature), where the particle mesh Ewald summation28 was used to
describe a long-range Columbic coupling. Quantum MD simulations
were performed using TeraChem29−31 with restricted Hartree−Fock

Figure 1. (a−c) Schematic morphology of folded wrinkle, standing collapsed wrinkle, and grain boundary, respectively, on graphene grown by
chemical vapor deposition. (d) Experimental setup of KPFM.
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(RHF) with a 3-21g basis set. To describe nonbonded interactions, we
performed the calculations with dispersion corrections (the revised
DFT-D method), as implemented in TeraChem. The atomic charges
in these systems were calculated within the Mulliken scheme. The
simulation procedures were as follows. First, we deposited all three
uncharged systems on amorphous SiO2 prepared by visual molecular
dynamics (VMD) and ran the simulations for ∼10 ns. Upon
equilibrium, we took the systems and performed density functional
theory (DFT) calculation for each system separately. The calculations
revealed that different systems are differently doped by SiO2 due to
their atomic structures. The atomic charges were then used to calculate
the electrostatic potential. A short Fortran code was written to
calculate the potential as a function of position.

3. RESULTS AND DISCUSSION
As shown in Figure 2a, the large-area SEM image shows
partially covered individual hexagonal graphene grains. In these
samples, the location of the GBs can be estimated from the
geometry of the as-grown grains that is in the merging regions
of the hexagons. Additionally, it is known that the edges of the
hexagonal flakes in this CVD grown samples are mostly aligned
with zigzag crystalline orientation of the grains due to their
higher chemical stability in the growth process.4,5 This can be
used to estimate the crystalline misorientation of the grains, as
also demonstrated in Figure 2b. In SEM images, where the
wrinkle-rich area appears as darker strips, the GBs could not be
directly resolved. To confirm the existence of GBs in the
merging regions of the hexagons, we performed Raman point
spectroscopy in the middle of the hexagons and in their
merging region (Figure 2d). The inset in Figure 2d shows an
enhanced D peak signal at 1350 cm−1, which is due to
dislocations within the GB region. It worth noting that the I2D/
IG ratios of both spectra are close to 2, indicating that the
graphene sample is monolayer.
Tapping mode topography is shown in Figure 3a, where two

grains coalesced with ∼43° tilt angle as indicated. The surface
morphology displays a high density of wrinkles with three of
them highlighted by blue arrows. The heights of these wrinkles
vary from 1 to 5 nm, and they almost align along the same
direction. These wrinkles are referred to as “standing collapsed
wrinkles”10 in the following context. Meanwhile, another type
of line defect is observed as indicated by the yellow arrow. Its
direction is no longer parallel with the standing collapsed
wrinkles, and the height of this line is approximately 0.5−0.9
nm along its length, which is in good agreement with bilayer
graphene (on top of monolayer graphene) considering the ∼0.3

Figure 2. (a) Typical SEM image of CVD-grown graphene after transfer on Si/SiO2 substrate. The hexagonal morphology indicates the single-
crystalline nature of individual graphene flakes. (b) Coalescence of two grains with nonzero mismatch angle. The grain boundary is indicated with
arrows. Wrinkles can also be observed as darker contrast strips. (c) Coalescence of four grains. (d) Two Raman spectra obtained from the single
crystalline graphene and the GB region. Both of them have I2D/IG ratios of ∼2, which is characteristic for monolayer graphene. The inset magnifies
the same spectra at ∼1350 cm−1, which shows the dislocation-induced D peak.

Figure 3. (a) AFM topography and (b) KPFM mapping of monolayer
graphene on Si/SiO2 substrate. The tilt angle between the edges of the
two grains is 43°. Standing collapsed wrinkles, folded wrinkles, and
GBs are indicated by blue, yellow, and green arrows, respectively. (c)
AFM topography and (d) KPFM mapping of standing collapsed
wrinkles with various sizes. (e) The cross section line profiles indicated
by the red line in (a) and (b). The dashed lines indicate the locations
of folded wrinkle, GB, and standing collapsed wrinkle, respectively,
with color coding corresponding to that in (a) and (b). Scale bars in
(a) and (b) are 500 nm, and in (c) and (d) are 200 nm.
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nm roughness of our sample. Therefore, it is reasonable to
assume that this defect has the “folded wrinkle” structure. In
addition to wrinkles, GBs are also expected to form at the
boundary between the two grains. It has been reported by STM
experiment that the average height of GBs is around 0.19 nm.11

This is within the surface roughness of our sample, making the
GBs difficult to be resolved in AFM topography as indicated by
the green arrow. As one can see, the topography of these
defects is very similar, especially for the folded wrinkles and
GBs with only subnanometer variation in height. This

morphological similarity may lead to inaccurate identifications
of line defects.
On the other hand, the KPFM image in Figure 3b shows

characteristic patterns of standing collapsed wrinkles, folded
wrinkles, and GBs, respectively, with corresponding colored
arrows pointing to the same featured positions. The standing
collapsed wrinkles are displayed as bright lines at both of their
edges and darker contrast in the center part along the axial
direction. Note that in our experiment, brighter contrast
represents lower work function. This suggests that the work
function values have been increased at the center of wrinkle
while decreased at both edges. This “twin peaks” effect is more
obvious for taller wrinkles than shorter ones, as illustrated in
Figure 3c and d. For the folded wrinkles, it is not convincing to
identify their types only from topography data. Interestingly,
their work functions are lower than the defect free graphene
(brighter contrast in KPFM mapping) which can be attributed
to the multilayer nature of their atomic structures as will be
discussed later. Moreover, folded wrinkles are usually longer
than the standing collapsed wrinkles, even spanning across the
whole single grain with tens of microns in length (see
Supporting Information Figure S1). For GBs, although not
obviously resolved in topography, they demonstrate sharp
contrast in the KPFM mapping with decreased work function
than the defect free area of graphene. In summary, each type of
line defects exhibit characteristic work function variations. On
the basis of this observation, we propose a combination of
topography and KPFM data as an easy-to-use and non-
destructive method for confident identification of graphene line
defects (see Figure S2).
Figure 3e demonstrates the line profiles across all three types

of defects. From the topography profile, the standing collapsed
wrinkle is 2.61 nm high, and the folded wrinkle is 0.95 nm. But
it is difficult to resolve the grain boundary. On the other hand,

Figure 4. (a−c) Height profiles of GBs, folded wrinkles, and standing collapsed wrinkles, respectively. Four profiles for each type of defects are
displayed and coded with color. (d−f) The corresponding work function profiles are displayed. The vertical coordinates of work function profiles are
set to the same value in order to emphasize the characteristic patterns. Each profile is averaged along the length of the defect to reduce noise.

Figure 5. Work function change at GBs with various stitching angles.
Considering the 6-fold symmetry of graphene sheets with honeycomb
bonding structure, the stitching angle is measured from 0° to 30°,
where 30° corresponds to the largest stitching angle.24 Accordingly,
the data are fitted with a sinusoidal curve with π/3 period (red solid
line).
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there is a pronounced peak of −27.2 meV corresponding to
grain boundary, and a lower peak of −12.4 meV corresponding
to the folded wrinkle. Meanwhile, the “twin peaks” of −10.4
and −8.8 meV at the edges of the standing collapsed wrinkle
resulted from the work function decrease at both edges and
increase at the center of the wrinkle as discussed previously.
To better illustrate the characteristic work function variations

of the line defects, we measured the topography and KPFM
profiles of line defects from various samples. Figure 4a−c show
the height profiles of GBs, folded wrinkles, and standing
collapsed wrinkles, respectively. Each figure contains four data
sets selected from different samples and coded with color.
Figure 4d−f depict the corresponding work function profiles.
Each profile curve is averaged along the axial direction of the
defect to reduce background noise. In Figure 4a, the height
profiles of the GBs are almost buried in the surface roughness
and the average height is within 0.5 nm; meanwhile the work
function shows obvious decrease from −13.1 to −27.3 meV
compared to the defect free graphene as shown in Figure 4d.
The height of folded wrinkles shows less variation, and the
average is 0.84 nm as shown in Figure 4b. This height value is
close to the theoretical value of double-layer graphene (on top
of monolayer graphene) considering the 0.3 nm surface
roughness. In Figure 4e, the work function decrease of the
folded wrinkles is 9.0−16.1 meV. The standing collapsed
wrinkles are much taller with height 1.6−4.6 nm in Figure 4c,
while the work function profiles show very characteristic “twin
peaks” patterns, in which the work function decreases at the
wrinkle edges and increases along the axial center, as illustrated
in Figure 4f. From Figure 4, we can see that with the
combination of topography and KPFM mapping, GBs, standing
collapsed wrinkles, and folded wrinkles can be identified by
their characteristic patterns.
We also noticed that the work function variation of both

types of wrinkles is relatively consistent, while that of GBs

varies from sample to sample. We believe this variation in GBs
is due to the different stitching angle between adjacent grains.
To test this hypothesis, we synthesized GBs with different
stitching angles and measured the corresponding work
functions, as shown in Figure 5. For small stitching angles (θ
→ 0°), the work function is close to that of defect free
graphene. Meanwhile, for large stitching angles (θ → 30°), the
work function decreases dramatically to −37 meV. This clear
trend of work function variation agrees well with the increasing
density of defects at GBs with large stitching angles.32 The data
can also be well fitted with a sinusoidal curve with a π/3 period,
as one would physically expect from a 6-fold graphene
symmetry.
To gain insight into the origin of the characteristic work

function variations of graphene line defects, classical and
quantum molecular dynamics simulations are performed on
graphene with a GB, folded wrinkle, and standing collapsed
wrinkle, respectively. The modeling systems are shown in
Figure 6a−c, where the edges are passivated by hydrogen
atoms. All the line defects are deposited on amorphous SiO2.

The GB has mismatch angle of 18°, the folded wrinkle has
height of 18 Å and that of the standing collapsed wrinkle is 32
Å. The corresponding calculated electrostatic potentials are
shown in Figure 6d−f. The curves at various separation above
the defects from 5.5−6.5 Å are prestented. The simulation
curves for each type of line defects in Figure 6d−f show very
similar characteristic variations with those observed by KPFM
as shown in Figure 4d−f. This confirms that the work function
variations observed by KPFM are originated from the intrinsic
electrical properties of line defects, instead of imaging artifacts
induced by morphology.
From the simulation results, we conclude that the character-

istic work function variations can be attributed to the electrical
interaction between graphene and SiO2 substrate.

21,33 For GB
shown in Figure 6a and d, the presence of nonhexagonal defects

Figure 6. (a−c) Molecular dynamics simulation system for GB, folded wrinkle, and standing collapsed wrinkle, respectively. The carbon, silicon, and
oxygen atoms are represented in cyan, yellow, and red, respectively. (d−f) The corresponding calculated electrostatic potentials at various
separations above the sample surface. The simulation results are very similar to the characteristic work function variation observed with KPFM in
Figure 4.
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introduces localized states, which decreases GB work function,
leading to p−p′−p (p′ < p) potential barriers.5 This is in good
agreement with atomic-resolution STM observations.11 For
folded wrinkle shown in Figure 6b and e, due to the multilayer
atomic structure, the Fermi level shift is lower than the
monolayer graphene,21 which introduces the lower work
function. For standing collapsed wrinkles, the characteristic
“twin peaks” work function variation is a result of both doping
and morphology. First, single layer graphene is p-doped on
SiO2 substrate in ambient air. With increasing gap between
graphene and substrate, the doping effect is prohibited.18

Therefore, at the edges of the standing collapsed wrinkle, the
work functions are lower than the wrinkle free graphene. Along
the axial center of wrinkles where the gap between graphene
and substrate is at maximum, the work function is expected to
be minimum according to the doping theory. However, when
probing the electrostatic potential from above the sample, the
measured values are the sum of all the potential of the carbon
atoms underneath. Given the morphology of standing collapsed
wrinkle, there are fewer carbon atoms at the top than at the
edges. This in effect leads to the lower potential at both edges,
and also the local maxima at the top of the wrinkle. All the
simulation results are in good agreement with KPFM
observations.

4. CONCLUSIONS

In summary, line defects are currently inevitable in graphene
grown by CVD method and are believed to affect electrical and
mechanical properties of polycrystalline graphene. Such defects
include wrinkles and GBs. Wrinkles can be further categorized
into standing collapsed wrinkles and folded wrinkles. We
successfully resolved each of these line defects using KPFM.
The characteristic work function variation of each line defect
was investigated and the results are in good agreement with
both theoretical calculations and experimental results obtained
by other microscopic techniques. Our results not only provide
an easy-to-use and accurate method for graphene line defects
detection, but also show the potential to tune the graphene
work function by defects engineering.
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