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he successful growth of graphene, a
Tnovel two-dimensional allotrope of

carbon with unique electronic pro-
perties,' > by chemical vapor deposition
(CVD)** promises for the potential to feasi-
bly incorporate graphene into future appli-
cations, such as transparent conducting
films in displays. An unavoidable conse-
quence of CVD growth is the attachment
of the graphene to the surface of the metal
catalyst, such as nickel or copper, which
must then be removed in order for the
graphene to be isolated and transferred
to a desired substrate. A transfer method
that is widely used is to apply poly(methyl
methacrylate) (PMMA) as a supporting scaf-
fold for the graphene to adhere to, while the
underlying metal catalyst is etched.** =8 The
PMMA—graphene film can then be trans-
ferred to an appropriate substrate, where
the PMMA is removed. The nature of the
transfer procedure tends to lead to the
graphene film being partly cracked’” and
folded,'®~ "2 arising from the flexible nature
of the PMMA—graphene thin film at transfer
or from the relaxation and adhesion of the
graphene to the new substrate being im-
perfect. The energetics of the graphene fold
system have been found to be dependent
on a combination of the van der Waals
forces between the overlapping sheets
and the stress in the sheets from the bend,
with folds along armchair or zigzag direc-
tions being energetically preferable.'’ Un-
derstanding the atomic structure of defects
that form at creases and pleats in graphene
layers that develop from the transfer pro-
cess could be important for future elec-
tronic and mechanical applications, where
the effects of such defects could be deleter-
jous to their performance.'®'> We show that
a crease termination in a few-layer gra-
phene (FLG) system acts to induce rota-
tional faults between the layers, or turbo-
stratic stacking, in the region nearby. The
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ABSTRACT

Folds and creases are frequently found in graphene grown by chemical vapor deposition (CVD),

due to the differing thermal expansion coefficients of graphene from the growth catalyst and

the flexibility of the sheet during transfer from the catalyst. The structure of a few-layer

graphene (FLG) crease is examined by aberration-corrected high-resolution transmission

electron microscopy (AC-HRTEM). A study of 2D fast Fourier transforms (FFTs) taken about the

region of the crease allowed for the crystal stacking structure of the system to be elucidated. It

was found that strain-induced stacking faults were created in the AB Bernal-stacked FLG bulk

around the region proximal to the crease termination; this is of interest as the stacking order of

FLG is known to have an effect on its electronic properties and thus should be considered when

transferring CVD-grown FLG to alternate substrates for electronic device fabrication. The FFTs,

along with analysis of the real space images, were used to determine the configuration of the

layers in the crease itself and were corroborated by multislice atomistic TEM simulations. The

termination of the crease part way through the FLG sheet is also examined and is found to

show strong out of plane distortions in the area about it.
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stacking configuration is known to signifi-
cantly affect the electronic properties of
FLG,'®"” such as theoretical calculations
demonstrating dependence of the Fermi
velocity on the rotational angle between
layers,'® and the opening of a band gap
due to electronic interactions in ABC con-
figured trilayer graphene systems.'®

RESULTS AND DISCUSSION

Creasing in the graphene system is evi-
dent even before transfer. Figure 1a shows a
SEM image of as-grown few-layer graphene
on copper foil, with the micrometer-sized
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Figure 1. SEMimages of (a) FLG as grown on copper, (b) FLG transferred to silicon dioxide, (c) FLG transferred to a holey silicon
nitride TEM grid (tilted at 54°). White crease marks (red arrows) are clearly visible in both (a) and (b), and the creasing in (c) is
most marked on the left of the hole. (d) TEM image of a crease leading to a single pinch at the top right. The crease is
highlighted in green. The numbered blue boxes denote appropriately designated high-magnification regions that are further
analyzed later. (e,f) Low-magnification images of the region of the crease, again highlighted in green.

white creases clearly visible. The folds likely occur during
the cooling from 1000 °C, with the differing thermal
expansion coefficients of graphene to copper leading to
the formation of the creases. The transfer process is
expected to lead to further creasing due to the flexible
nature of the graphene, even when backed with a
polymer scaffold. Figure 1b demonstrates this to be so,
with a FLG film transferred to a Si:SiO, substrate showing
multiple creases. From the SEM images, it is evident that
the creases all have terminations; it is almost impossible
for the typically micrometer-sized creases to form com-
plete folds along the centimeter scale of the complete
graphene film. An exception to this is the case where a
crease forms with one end terminating at the film edge.
A number of creases appear to terminate in the same
region, as can be seen in the areas about the red arrows
in Figure 1a,b. To study the folds and terminations in
more detail, FLG was grown by atmospheric CVD on
copper and transferred by the use of a supporting
PMMA layer to a holey silicon nitride TEM grid (2 um
diameter holes) (SEM image shown in Figure 1¢).>%°
Further method details are presented in the methodol-
ogy section. Figure 1d shows a HRTEM image of a crease
running across a region of FLG, low-magnification
images of which are in Figure 1e,f. The crease diverges
from a pinch approximately 500 nm into the film and
extends away to the edge, seen on the left of Figure 1e.
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To better understand this nontrivial system, it is
useful to first investigate some models that could
conceivably describe a FLG crease by modeling and
TEM simulation. In Figure 2a—i, atomistic models are
demonstrated for three different conceivable types of
four-layer graphene crease. The first set (Figure 2a—c)
shows a simple upward buckle, the second (Figure 2d—f)
an overlapping back fold, and the final (Figure 2g—i) a
skewed back fold, with a rotation between the layers of
the fold. Figure 2j,k,0 shows multislice TEM image simula-
tions performed at 7 nm defocus on supercells large
enough to fully include the model. The buckle model
does notyield the two sets of four interference lines along
the fold edges that are observed in the other two
simulations; these interference fringes require a complete
fold, whereas the buckle model produces a pair of single
blurred bands along the steepest regions of the deforma-
tion. The inset to Figure 2j shows a 2D fast Fourier
transform (FFT) taken from the central area of the crease,
showing a single set of six spots at 0.21 nm spacing in a
hexagonal configuration, resulting from the six-fold sym-
metry of the graphene lattice. The angle of the spots in
the FFT can be used to determine the armchair direction
of the graphene.® The back fold model shown in
Figure 2d—f yields a pair of interference fringe sets in
the simulation, with the FFTs shown displaying a single
set of spots with no rotational variation across the crease
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Figure 2. (a—i) Atomistic models of three types of crease, with (a—c) showing an upward buckle in the FLG, (d—f) showing an
overlapping back fold, and (g—i) showing a skewed overlapping back fold; a skew of —10° for the bottom layer and 15° for the
top with respect to the zigzag direction orthogonal to the middle sheets edge. (j,k,0) Multislice TEM simulations of the buckle
(j), overlap (k), and skewed overlap (o) taken at 7 nm defocus. The inset of (j) shows an FFT taken from the central region of
the simulation. (I—n) FFTs taken from the left, center, and right parts, respectively, of the simulations in (k). (p—r) FFTs similarly

for (o).

region. The model illustrated in Figure 2g—i is skewed
such that the bottom layers are rotated by —10° with
respect to the middle sheets and the top layers by 15°.
The FFTs to the left and right of the fold (Figure 2p,r) show
a 25 and 20° rotation from the vertical, with the central
region exhibiting a group of blurred spots from approxi-
mately 19 to 27°, which likely arises due to the super-
position of the two sheets plus a further angle for the
intermediate sheet. Unfortunately, the simulation resolu-
tion is insufficient to adequately delineate this.

Figure 3a,b shows representative HRTEM images
taken from the crease, here corresponding to regions
1and 5, as defined in Figure 1d. Figure 3c shows a polar
map (see inset) of the angle of rotation of the hexago-
nal spot patterns obtained by FFTs at various locations
about the crease, with the rotation vector normalized
such that a 60° rotation of spots from the FFT vertical
axis corresponds to a 360° rotation in the graphic. FFTs
taken from the numbered boxed regions in Figure 3a,b
are shown in Figure 3d—k, with Figure 3d—g taken
from boxes 1—4 in Figure 3a and Figure 3 boxes 1—4
from Figure 3b. Figure 3d,f,g shows the characteristic
set of six spots at 0.21 nm spacing expected for AB
Bernal-stacked graphene; however, there is a notable
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splitting of the spots evident in the FFT shown in
Figure 3e, which can be seen from Figure 3a to
originate from a region nearer to the central pinch of
the fold. The majority of FFTs from Figure 3b, nearer still
to the central pinch, demonstrate similar splitting in
showing two sets of six spots. This second set of spots
originates from the presence of a rotational stacking
fault between the graphene layers, with the angle
between the spots corresponding to the angle of
rotation between the sheets.?' The stretching of some
spots into lines, particularly noticeable in Figure 3h,
coincides with a distortion of the graphene sheet such
that it is no longer normal to the direction of the
electron beam. This arises due to apparently “smaller”
lattice spacing in this region, akin to the curved edges
of carbon nanotubes.?® Further discussion of this is
presented later. Figure 3a shows two sets of four
interference fringes (high-magnification for the top
set shown in Figure 3l and the bottom set in Figure 3m)
tapering to a single set of four fringes in Figure 3b
before terminating (high-magnification in Figure 3n).
This result demonstrates that the FLG is four layers
thick at the crease.'?
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Figure 3. (a,b) HRTEM image of regions 1 and 5, respectively, as defined in Figure 1d. Boxed regions denote areas from which
a FFT was taken. The greek letter labels in (a) are used to refer to a particular side of the fold structure. (c) Polar representation
(see inset) map of the relative angular rotation of the FFT patterns from the vertical, with the angle normalized to 360°.
(d—g) FFTs taken from the corresponding numbered boxes in (a); (h—k) FFTs taken from the numbered boxes in (b). Insets for
d—k show intensity line profiles taken across the FFT spots. (I—n) Magnified images from region 1 (,m) and 5 (n) showing the

interference fringes arising from the folding of the graphene.

The map of the relative angles of rotation of the FFT
spots shown in Figure 3¢ demonstrates a splitting of
the spots from FFTs taken from either side of the crease
within approximately 200 nm of the pinch node. There
was no further correlation found between distance
from the pinch node and the scale of the rotational
misalignment. To further characterize the fold, it
becomes necessary to introduce a notation deno-
ting the different areas of the crease. In Figure 3a, the
labels o, 5, and y are shown in the top left, bottom
right, and central region of the crease, respectively, and
shall be referred to when describing FFT angles on
different sides of the crease folds. The mean rotation of
the spots clockwise from the vertical was found to be
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o, =11.5+0.2°and 8, = 13.3 £ 0.3° for the top left and
bottom right side of the crease, respectively, further
from the crease end and before the splitting, with the
splitting leading to an extra set of spots appearing at
o = 6.0 = 0.3° for the left and 5, = 19.1 + 0.2° for the
right side. These values are summarized in Table 1. The
appearance of the second spot set proximal to the
pinch node suggests that the strain in the FLG film
about this area is sufficient to induce a shifting in
between the layers, resulting in a rotational fault. Some
theoretical work has suggested that the translational
energy between mutually rotated layers leads to a
reduction in the sliding energy between the two
layers.” As such, it could be that the overall energetics
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TABLE 1. Mean of Measured FFT Rotations on the Left (a), Right (§), and Central (y) Part of the Crease (o, and 3, Denote

the FFT Spots That Are Present before Splitting)

angle from

(deg) Oa [ Ba B

Xb e Xd Xe Xf

vertical 15402 60£03 133£03 191402 69+£05 113£03 1444+03 188405 366+£02 412+£05
Q, 0 —55+04 18£04 76+03 —46+05 —02+£04 29£04 73£05 2514+03 29705

Figure 4. HRTEM image taken from region 3 (Figure 1d). The highlighted areas have corresponding FFT patterns shown
underneath, showing two sets, six sets, and two sets of hexagonal spots for a, , and 3, respectively. Four of the spot sets in y

correspond to the same rotation as the sets seen in oc and j.

of the system are made more favorable by the incor-
poration of this rotational stacking fault, as it would
allow for the layers to more freely move across one
another to relieve the strain caused by the pinch. FFTs
taken further from the pinch node show no such
splitting, with the action of the bulk graphene negating
the localized strain of the pinch, thus inhibiting the
formation of a stacking fault.

Figure 4 shows an image taken from region 3, with
FFT patterns extracted from the boxed areas. The
patterns in oc and S both show rotations in agreement
with the averages stated in Table 1; however, the area
between the two interference fringes, y, is of interest in
characterizing the nature of the fold type. The FFT

ROBERTSON ET AL.

shows six sets of hexagonal spots, suggesting that
there are six rotational configurations in the actual
crease region, more than the two in the regions on
either side. However, these are not all stacking faults
in asingle set of FLG; rather, it is more likely that they
are three FLG sheets which each have a single
rotational stacking fault, in a configuration similar
to the skewed back fold model shown in Figure 2g.
This is supported both by four of the FFT spots
corresponding with good agreement to rotations
found in the regions on either side of the fold
region (see Table 1) and by the remaining two spot sets
having an average rotation of y. = 36.6 + 0.2° and y; =
41.2 £ 0.5° from the vertical, which when subtracted
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by the rotations of the misaligned sheets to the top left
of the fold (a, and ay,) yields values of 30.6 4 0.4 and
29.7 + 0.5°. This would be in good agreement with the
fold being along a zigzag axis in the sheets. Research
demonstrating that folds along the armchair and

Figure 5. HRTEM image from region 4 including annota-
tions showing the observed rotations in the FLG system
across the skewed back fold, with both a 30 and a 22.4° fold,
leading to an overall skew of 7.6° across the crease. The
yellow dashed lines are orthogonal to the appropriate red
lines describing the FLG orientation and can be seen to
correlate with the interference fringes originating from the
folds in the HRTEM image.

zigzag directions are energetically more favorable
support this."

As mentioned, the observed results support the
skewed back fold model shown in Figure 2g. This
accounts for the fold-induced interference fringes
along either side of the crease, the change in relative
rotation of the sheets before and after the fold, and the
multiple sets of FFT spots observed in the central area
of the crease. Finally, the unique FFT spots in the crease
region have a relative rotation of 30° to the spots
corresponding to the graphene outside the crease,
strongly supporting a zigzag fold. On either side of
the crease, the angle of the induced rotational stacking
fault was found to be 5.5 + 0.4° for the a.sideand 5.8 +
0.4° for the f3 side, suggesting that the same rotational
stacking fault propagates through the fold rather than
the fold causing discrete defects on either side, which
is further supported by the observation of FFT spots
with corresponding rotations in y, as demonstrated in
Figure 4. The overall skew of the fold, calculated from
the mean difference between the FFT angles for
regions o and S, was 7.6 + 0.3°. These angles are
superimposed on a HRTEM image of the converging
crease in Figure 5, showing the correspondence be-
tween angles calculated by FFT and the strong distor-
tion leading to the crease node. The red lines represent
the relative orientation of the FLG across the crease,
with the additional yellow lines taken normal to them
at the folds. These can be seen to closely match the
imaged folds as it converges toward the end of the

Grey scale intensity {au)

Grey scale intensity (au}

Figure 6. (a) HRTEM image taken from region 5. (b,c) Reconstructed FFT images (FFT positive masks shown in the insets) of (a),
showing bending in the graphene lattice lines over and around the shaded region near the fold fringes (circled). (d) Magnified
image of the region at the termination of the interference fringes. Box averaged intensity plots are shown, taken from regions
labeled i and ii. The arrows correspond to the positive x-axis direction.
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crease, with a measured angle of 23.1° extracted from
the HRTEM image comparing reasonably well to the
expected angle of 22.4°,

The low-magnification TEM image of the fold in
Figure 1d shows the fold end part way through the
graphene film. A HRTEM image of the termination of
the fold is displayed in Figure 6a, showing a pro-
nounced band of shadowing to the bottom right of
the interference fringes. Reconstruction of positive
masked FFTs taken from the area (Figure 6b,c), which
selects a specific lattice orientation to display, shows
the lines of the graphene lattice bending across the
shadowed area. The box averaged intensity profiles are
taken from the corresponding labeled boxes in the
high-magnification inset to Figure 6a, from the shadow
(i) and the light fringe (ii), with the arrow indicating the
x-axis direction. The boxes were selected to be ortho-
gonal to the direction of the lattice lines, such that
measurements of the full width at half-maxima of the
peaks from the profiles would yield characteristic
lattice distances for the regions. The light fringe lattice
spacing was found to be 0.12 and 0.08 nm for the dark
fringe. This result is further supported by the streaking
evident in the FFT shown in Figure 3h. It is postulated
that the change in contrast is similar to a thickness
effect, with the out of plane distortion of the graphene
being severe enough to lead to a pronounced appar-
ent reduction in the graphene lattice parameter and

METHOD DETAILS

FLG was synthesized according to a previously reported
method.” Copper foils (Alfa Aesar, product no. 42189, 99.999%
purity) were loaded into a quartz tube located in a horizontal
split-tube furnace. After purging the system with argon gas, 600
sccm of a hydrogen/argon gas mix (25% hydrogen) was intro-
duced into the system. At a temperature of 1000 °C, the quartz
tube was shifted inward into the furnace, so that the sample
resided in the hot zone, where it was annealed and reduced for
30 min to remove surface oxide. A methane/argon gas mixture
(20% methane), with a flow rate of approximately 5—10 sccm,
was then supplied while continuing to maintain the 600 sccm
hydrogen gas mix flow for 3 min. The sample was cooled to
ambient temperature by shifting the quartz tube from the
furnace and was left to rapidly cool under a hydrogen and
argon atmosphere.

For transfer of graphene from the copper foils, an A8 PMMA
supportive scaffold (8 wt % in anisole, 495k molecular weight)
was spin-coated onto the graphene surface. A spin speed of
4700 rpm was used for 60 s, with the film then cured by heating
on a hot plate at 180 °C for 90 s. The underlying copper was
etched overnight by an iron(lll) chloride solution (concentration
of 0.1 g mL™"). The graphene/PMMA film was rinsed in deion-
ized water and transferred to a concentrated hydrochloric acid
solution (30%) in order to remove residual contaminants, such
as iron from the etching solution. A further thorough rinsing in
DI water was then performed. Transfer of the film to a holey
silicon nitride TEM grid (Agar Scientific number Y5385) was
done by attaching the grid to a lightly sticky pad (Gel-Pak gel-
film WF-40-X8-A), which in turn was attached to a glass slide,
and using this to “scoop” the film out of the DI water. A further
coating of A8 PMMA was applied by drop casting, which acted
to relax the graphene film onto the TEM grid, allowing for better
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hence the darker contrast.®* The strong warping of the
graphene in this region would be due to the presence
of the fold termination, much as a similar fold in a
simple sheet of paper would yield.*®

CONCLUSION

The structure of a FLG crease has been characterized
by HRTEM imaging and simulation. The crease has
been shown to be back folded on itself, converging
from a shallow skew to one with a 30° fold direction
and with a combined skew across the fold of 7.6°. In the
high strain region around the end pinch of the FLG
crease, severe out of plane distortions were observed,
corroborated by direct lattice imaging and measure-
ments, FFT spot stretching, and the observation of
pseudothickness originating contrast. What is prob-
ably the most important observation for consideration
with regards to graphene in applications, however, is the
strain-induced stacking faults that have been demon-
strated to occur near to the fold pinch. Such stacking
faults could have a notable effect on the capabilities of
FLG-based devices and illustrate the importance of the
fold-inducing transfer step when incorporating CVD
graphene grown on copper into a device. Understand-
ing the behavior of folds in graphene is of importance as
part of the wider area of study of graphene defects,
where their macroscopic effect in electrical devices, and
also mechanical systems, will be of interest.

adhesion and a better quality transfer of the graphene.” This
was allowed to dry in air over several hours. The PMMA can be
then removed by first applying acetone solvent and then by
baking in air for 2—3 h at about 350 °C.

The AC-HRTEM was performed using an aberration-corrected
JEOL 2010F microscope operated at 80 kV. Beam current
densities were typically in the range of ~0.0001—0.01
pA nm~2 All shown HRTEM images were subjected to a FFT
bandpass filter (ImageJ) to remove low-frequency component
associated with non-uniform intensity distribution of the elec-
tron beam.

Image simulations were performed using the multislice algo-
rithm in JEMS software using a supercell scaled to include the
entire fold model, with a defocus spread of 8 nm, C; = —0.005 mm.
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