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ABSTRACT We use scanning tunneling microscopy and spectroscopy to examine the
electronic nature of grain boundaries (GBs) in polycrystalline graphene grown by chemical vapor
deposition (CVD) on Cu foil and transferred to Si0, substrates. We find no preferential orientation
angle between grains, and the GBs are continuous across graphene wrinkles and Si0, topography.
Scanning tunneling spectroscopy shows enhanced empty states tunneling conductance for most
of the GBs and a shift toward more n-type behavior compared to the bulk of the graphene. We
also observe standing wave patterns adjacent to GBs propagating in a zigzag direction with a
decay length of ~1 nm. Fourier analysis of these patterns indicates that backscattering and
intervalley scattering are the dominant mechanisms responsible for the mobility reduction in the

presence of GBs in CVD-grown graphene.
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raphene is a two-dimensional, zero

band gap semimetal with excep-

tional electrical properties.” Wafer-
scale growth of monocrystalline graphene
with a controllable number of layers is a
primary challenge to integrating graphene
into nanoelectronic devices and circuits
which exploit these properties. Therefore,
many researchers are investigating large-
scale graphene synthesis by thermal de-
composition of Si from SiC(0001)? surfaces
and transfer to other substrates,® as well as
by chemical vapor deposition (CVD) on
noble and transition metal substrates.* 2
Among these, CVD growth of graphene on
Cu is interesting due to the ability to grow
predominantly monolayer graphene® and
transfer it to other substrates. Since gra-
phene growth on Cu is not epitaxial, this
process leads to the formation of randomly
oriented grains with shapes based on hy-
drogen etching, carbon diffusion, and other
growth conditions.®~'* When these indivi-
dual graphene grains coalesce into a film,
graphene grain boundaries (GBs) form.
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Recent theoretical studies of GBs'*~'¢ pre-

dict modified electronic structures and
transport barriers at certain periodic bound-
aries. Transmission electron microscopy
(TEM) and atomic force microscopy (AFM)
studies of graphene GBs show that the
resulting GBs are aperiodic'’ ' with differ-
ing grain sizes.?® Recent experiments de-
monstrate the deleterious effects of GBs
on carrier transport,'®*' and recent reports
imaged graphene GBs on Cu(111)?? and Cu
foil.2* While a recent paper’* reported scan-
ning tunneling microscopy and spectrosco-
py (STM/S) data for GBs in graphene grown
by CVD on Cu, the study was performed
in ambient conditions with the graphene
still on the Cu foil growth surface. Direct
measurements performed under ultrahigh
vacuum (UHV) conditions, and after high-
temperature annealing, of the graphene
GB electronic structure and carrier scattering
from GBs in CVD graphene on insulators
such as SiO, have not been reported yet.

In this work, we investigate GBs in trans-
ferred CVD graphene on SiO, using UHV
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Figure 1. Graphene characterization after growth and transfer to SiO,/Si. (a) Optical image, with location of Raman spectra
indicated and a 5 um scale bar. Contrast differences indicate regions of monolayer and bilayer graphene. (b) Raman spectra
taken at the locations marked in (a) with /(G')/I(G) ratios of 1.05, 1.08, and 1.88 for curves 1, 2, and 3, respectively. The curves
are offset for clarity. (c) A 10 um x 10 um tapping mode AFM scan of the graphene sample after cleaning and scanning with
the STM, showing some tears in the film and some debris. The scale bar is 2 um. (d) Small STM scan of the graphene clearly
showing the graphene honeycomb lattice. The scale bar is 1 nm.

scanning tunneling microscopy (UHV-STM) and spec-
troscopy (STS). In agreement with the recent TEM
studies of graphene GBs,'””~'° we find that the GBs
are aperiodic, as expected from non-epitaxial growth
on Cu. We easily distinguish GBs from the growth
versus wrinkles caused by the growth process*>% or
induced post-growth by the transfer process.2?® The
GBs significantly alter the graphene electronic struc-
ture, with most showing enhanced empty states tun-
neling conductance, and lead to localized states at the
GBs. Additionally, the local doping of the GBs shifts
from p-type in the bulk to lower-doped p-type or
n-type doping. We also observe decaying standing
waves propagating in the zigzag directions and super-
structures immediately adjacent to the GBs. Analyzing
these patterns shows a decay length on the order of
~1 nm. Fourier transforms of the STM images show
that intervalley scattering and backscattering are the
dominant scattering mechanisms from these aperiodic
GBs, which lead to the decrease of carrier mobility in
CVD-grown graphene.

RESULTS AND DISCUSSION

Figure 1a shows an optical image of our transferred
graphene sample on SiO,/Si. The sample displays areas
of differing contrast, which we attribute to multiple
graphene layers. Figure 1b gives point Raman spectra
taken at the locations marked in Figure 1a, indicating
definite variation in the G'/G (also called 2D/G) peak
intensity ratio. The ratio for curves 1, 2, and 3 are 1.05,
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1.08, and 1.88, respectively. On the basis of the optical
contrast and the G'/G intensity ratios, spectrum 1 is
near a monolayer and bilayer graphene transition,*”
spectrum 2 is bilayer graphene, and spectrum 3 is
monolayer graphene. Thus, the Raman data and
the optical contrast show that the growth yielded a
mixture of monolayer and bilayer graphene. High-
resolution STM scans of the sample reveal that the
growth parameters yielded predominantly turbostratic
graphene (see Supporting Information). Figure 1c
shows a 10 x 10 um AFM scan of the graphene after
transfer to the SiO,/Si substrate and surface prepara-
tion (i.e.,, degas at 600—700 °C for 24 h) for the UHV-
STM system (see Methods). Clearly, there is debris
remaining from the graphene growth or transfer pro-
cess that was not removed during the sample prepara-
tion. The surface also displays graphene film ripples
and wrinkles. The smaller line features on the surface
are graphene wrinkles?>2>2%28 and not GBs, as they are
too tall compared to GBs observed by STM. A small-
area STM image shown in Figure 1d and taken in a
region without wrinkles shows the characteristic gra-
phene honeycomb lattice against the underlying SiO,
topography.

Unlike prior STM studies of GBs in HOPG,**° the
graphene GBs in CVD-grown graphene studied here
are generally aperiodic. They also show no pre-
ferential misorientation angle between the different
graphene domains. Further, we note that these GBs
occur in regions of turbostratic bilayer graphene
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Figure 2. STM images of graphene grain boundaries (GBs). The scale bars are 2 nm. (a) STM image of a GB between two grains
misoriented by ~29°. The debris within the scan center is likely remnant PMMA contamination from the graphene transfer. (b)
Smaller STM scan of the GBs formed at the meeting point between three different graphene grains misoriented by ~9° (lower
left and top), 22° (top and lower right), and 29° (lower left and lower right), respectively. (c) Larger STM scan of a different set
of GBs formed at the meeting point between three different graphene grains. The misorientation angles between the grains
are ~6° (right and lower left), 20° (lower left and upper left), and 26° (upper left and right), respectively. (d) Smaller STM scan
of a GB formed between two grains misoriented by ~27°. Note the very clear (v/3 x v/3)R30° superstructure to the left of the
GB. (e) Another GB between two graphene grains misoriented by ~10°. This scan also showed superstructures on both sides

of the grain boundary. (f) Plot of average apparent GB height versus graphene grain misorientation angle.

(see Supporting Information). Figure 2 shows several
GBs, contrast-enhanced by taking spatial derivatives of
STM topographs. The misorientation angles between
the graphene grains for the GBs shown in Figure 2 are
~6,9,10, 20,22, 26,27, and 29°. Due to the curvature of
the graphene induced by conformation to the under-
lying SiO, surface, there is a mosaic spread of ~1—2°in
the measurements. The misorientation angle between
the two graphene grains shown in Figure 2a is ~29°,
and the resulting GB is well-ordered with the excep-
tion of transfer-induced contamination. The triple GB
shown in Figure 2b illustrates the difference in disorder
and structure of the GBs for three different graphene
grain misorientation angles. The misorientation angle
between the lower left and upper graphene grains is
~9°, the upper and lower right grains is ~22°, and the
lower right and lower left grains is ~29°, respectively.
Figure 2c shows another triple GB with misorientation
angles between the right and lower left, lower left
and upper left, and upper left and right graphene
grains of ~6, 20, and 26°, respectively. The GBs shown
in Figure 2d,e have relative misorientation angles of
~27 and ~10°, respectively. These images also have
(v/3 x +/3)R30° superstructures on both sides of the
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GBs in each image. The comparison of the heights of
the different GBs studied with grain misorientation
angle displayed in Figure 2f shows that most of the
GBs are around 1—2 A tall with the GBs with smaller
misorientation angles generally having larger and
more varied apparent heights in the STM. The average
value for all of the GBs measured was ~1.9 A. The
apparent height can also vary by a few angstroms even
for GBs with very similar grain misorientation angles.
The error bar on the first point for the misorientation
angle illustrates the variation in the graphene lattice
directions due to the graphene conformation to the
SiO, topography.

While the recent TEM studies of graphene GBs
resolved the exact structure of some graphene GBs, the
GB electronic structure information was absent. Stud-
ies of hexagonal graphene grains measuring the resis-
tances of individual GBs'%?" have demonstrated their
impediment to carrier transport. Here, our ultraclean,
UHV-STS measurements of GBs in CVD graphene
transferred to SiO, fill the knowledge gap between
the TEM studies and the individual GB device measure-
ments. The GBs described here (Figures 3 and 4) occur
in regions of turbostratic graphene (see Supporting
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Figure 3. Scanning tunneling spectroscopy (STS) of graphene GBs. (a) STM image of the grain boundaries formed at the
meeting point of three graphene grains. The yellow arrow indicates the locations of the spectra. (b) Map of tunneling
conductance as a function of tip—sample bias and position from bottom to top of the arrow direction in (a). The vertical,
dashed black line indicates the location of the GB. The spectra map shows a marked enhancement of the tunneling
conductance in empty states at the GB. (c) Comparison of tunneling conductance for a point on the GB (solid, black line) and a
point away from the GB (dashed, red line) to illustrate the enhanced empty states tunneling conductance at the GB. The solid,
black and dashed, red arrows in (a) indicate the locations of the respective individual spectra shown in this plot. (d) Larger STM
image of the same set of GBs as shown in (a), with the locations of the spectra across the lower GB indicated by a yellow arrow.
(e) Map of tunneling conductance as a function of tip—sample bias and position from left to right along the red line shown in
(d). The vertical, dashed black line in (e) also indicates the location of the GB. Again, there is a marked enhancement of the
empty states tunneling conductance at the GB. (f) Comparison of tunneling conductance for a point on the GB (solid, black
line) and a point away from the GB (dashed, red line) illustrating the enhancement seen in (e). The solid, black and dashed, red
arrows in (d) indicate the locations of the respective individual spectra shown in this plot. The scale bars in (a) and (d) are 2 nm.

Information). Figure 3a shows the same triple GB from
Figure 2b with a yellow arrow indicating the location of
a -V spectra line. The calculated tunneling conduc-
tance (d//dV) spectra map from this spectra line is
shown in Figure 3b, with a vertical, dashed black line
marking the location of the GB. There is clear enhance-
ment of empty states (d//dV) between the spectra at
and near the GB versus that of the graphene further
away from the GB. Figure 3c compares individual
(dl/dV) spectra taken on (solid, black line) and off
(dashed, red line) the GB, showing strong empty states
(di/dV) enhancement at the GB. This asymmetric, en-
hanced empty states tunneling conductance at the GB
is seen in most of the GB spectroscopy studied.
Figure 3d shows a larger STM image of the same triple
GB as in Figures 2b and 3a with lower resolution than in
Figure 3a. The yellow arrow in Figure 3d indicates the
location of a line of I—V spectra taken across the GB
between the lower left and lower right graphene
grains. Figure 3e shows the calculated (d//dV) tunnel-
ing conductance map for the GB marked in Figure 3d. A
vertical, dashed black line on the map indicates the GB
location. Similarly, these data show enhanced empty
states (d//dV) at the GB as compared to the surround-
ing graphene. Individual spectra in Figure 3f highlight
this observation. Constant tip—sample bias cuts of the
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spectra map from Figure 3e (shown in Supporting
Information Figure S4) illustrate the lateral extent of
this enhancement of empty states (d//dV). We extract
decay lengths for the enhanced empty states (d//dV)
from the spectra map shown in Figure 3e, giving an
average decay length on the order of 1T nm (see
Supporting Information Figure S5).

To first order, normalization of the tunneling con-
ductance by the normal conductance, or (di/dV)/(I/V),
should remove the dependence on the transmission
coefficient leaving the normalized surface density of
states (DOS) plus a background term.3' Figure 4a
shows the (dI/dV) spectra map from Figure 3b after
normalizing the data by //V,> with a vertical, dashed
black line indicating the GB location. The asymmetric
enhancement present in empty states for the tunnel-
ing conductance is not present after normalization by
I/V.The individual point comparison in Figure 4b shows
the (dI/dV)/(I/V) for the same two points as the (d//dV)
comparison in Figure 3c. This point comparison reiter-
ates that the overall, asymmetric enhancement of
empty states in the (d//dV) data at the GB is not present
in the normalized data. Figure 4c,d also shows the (dI/
dV)/(I/V) spectra map and individual point comparison
for the (un-normalized) (d//dV) data from Figure 3ef,
respectively. Again, the vertical, dashed black line
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Figure 4. Normalized tunneling conductance of grain boundaries (GBs). (a) Normalized tunneling conductance map for the
same spectra as the (non-normalized) tunneling conductance map from Figure 3b. The vertical, dashed black line in (a)
indicates the location of the GB. The enhancement seen in empty states for the tunneling conductance data is not present
when the data are normalized to the tunneling current. (b) Comparison of the normalized tunneling conductance for a point
on the GB (solid, black line) and a point away from the GB (dashed, red line) illustrating the lack of any overall empty states
enhancement at the GB. There is a state in (b) at approximately +0.24 V on the GB that is not present away from the GB. (c)
Normalized tunneling conductance map for the same data as the (non-normalized) tunneling conductance map from
Figure 3e. Here the vertical, dashed black line also indicates the location of the GB. Again, the strong enhancement seen in
empty states for the (non-normalized) tunneling conductance data from Figure 3e is not present when the data are
normalized to the tunneling current. (d) Normalized tunneling conductance comparison for a point on the GB (solid, black
line) and a point away from the GB (dashed, red line). There is no overall enhancement in empty states at the GB as there was
for the non-normalized tunneling conductance. However, there is a state at approximately +0.15 V at the GB, which is not
present away from it.

indicates the GB location. The normalization of this the room-temperature measurements to ~50 meV,

data also removes the asymmetric, empty states en- typical for thermal broadening at room temperature
hancement present at the GB in the (un-normalized) in the STM sample and tip.

(dI/dV). The |-V spectra for both GBs in Figures 3 and 4 Since no pronounced secondary minima are present
also show higher current in empty states on the GBs in the (dl/dV) spectra shown in Figure 3, the minimum

than on the surrounding graphene. This removal of the of the (dI/dV) corresponds to the Dirac point.>* The plot
enhanced empty states (d//dV) present at the GBs upon in Figure 5a shows the tip—sample bias of the mini-
normalization by I/V suggests that the asymmetric, mum of the (dl/dV) spectra from the line of spectra
enhanced empty states (dl/dV) at the GBs arises from across the GB from Figure 3d, which has a misorienta-
a tunneling transmission coefficient effect due to a tion angle of ~29° and an average apparent height of
change in apparent barrier height at the GBs. The 0.12 nm. From the Gaussian fit (red line), the Dirac point
spectra map in Figure 4c also shows localized states on the GB occurs at —0.044 V and the value in the
near the GB at approximately +0.15 V that decay away surrounding graphene away from the GB is +0.057 V.
from the GB. The individual (d//dV)/(I/V) point compar- We convert these Dirac point values to charge-carrier
ison in Figure 4d also shows these states at the GB near concentration using the equation n= (ER)/(7h2v),
+0.15 V that are not present away from the GB. This where Ep is the energy of the Dirac point,  is Planck's
implies that the states are a local property of this constant divided by 27, and n is the carrier concentra-
particular GB. The presence of localized states at and tion, and v¢ is the Fermi velocity (ve = 10° m/s). We note
near the GB in the data from Figures 4c—d is consistent that this is a fair first order estimate of the
with observations on periodic GBs in HOPG, whose ~ doping.”>?*** This gives a p-type doping of 2.4 x
localized states depend on the GB structure.?**° We 10" cm 2 in the bulk graphene away from the GB
note that the “oscillations” visible in the individual and an n-type doping of 1.4 x 10" cm ™ at the GB. The
(di/dV) and (dI/dV)/(I/V) spectra in Figures 3¢, 3f, 4b, full width at half-maximum for this doping change
and 4d are from noise in the original [V spectra from from the Gaussian fit is ~3.6 nm. So the GB from
which the (di/dV) are calculated and are not from Figure 3d shifts the doping from p-type to n-type,
Landau levels caused by strain within the graphene.® creating a p-n-p junction and changing the local
We also note that our energy resolution is limited by work-function over a distance of ~3.6 nm.
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Figure 5. Voltage of (d//dV) minimum versus position showing a barrier at the grain boundary. (a) Plot of tip—sample bias (V)
of the (d//dV) minimum at each pointin the line of STS across the GB from Figure 3d. The shift of the minimum here indicates a
transition from p-type doping in the bulk to n-type doping at the GB. (b) Plot of tip—sample bias (V) of the minimum of the
(di/dV) at each point in a line of STS across the GB from Figure 2d also showing a shift toward n-type doping. (c) Diagram
illustrating the shift in doping caused by the presence of the GB. This one illustrates a p-n-p doping shift.

Similarly, Figure 5b shows the tip—sample bias of the shift in the work function can lead to the formation of a
minimum of the spectra from a line of spectra across graphene p-n-p junction (Figure 5c), where the transi-
the GB from Figure 2d. The GB from Figure 2d has a tion between the doping levels occurs over a width
misorientation angle of ~27° and an average apparent of ~1.8—2.1 nm. We note that the length scale for this
height of 0.17 nm. The Gaussian fit (red line) for this doping shift associated with the GBs is ~1—2 nm, while
data gives a Dirac point in the bulk graphene away the length scale associated with the doping fluctua-
from the GB of +0.13 V and a Dirac point on the GB tions due to charge puddling of graphene on SiO,/Si is
of +0.073 V. The full width at half-maximum of this  closer to 10—20 nm or more.*®*°
Gaussian fit is ~4.2 nm. These correspond to p-type Spectroscopy of a small-angle GB in a region of
doping of 1.3 x 10'2 cm~2 in the bulk graphene away monolayer CVD graphene on mica with water trapped
from the GB and p-type doping of 3.9 x 10'' cm 2 at between the graphene and the mica (Supporting
the GB. Hence this second GB has p-p’-p doping (p'<p). Information Figure S8) suggests that local states may
In both cases, the presence of the GB shifts the doping also play a role in the enhanced empty states (d//dV) at
toward n-type from the bulk, or decreases the work the GB. The particular GB in Supporting Information
function. This decrease in work function would modify Figure S8 has a very small potential barrier on the order
the apparent tunneling barrier height and affect the of the thermal voltage, ~0.026 V, but has slightly

tunneling transmission coefficient. higher (dI/dV) on the GB for both filled and empty

Our results show that the modified topological states than the surrounding graphene grains. Since
structure of the GBs leads localized states and de- there is only a thermally negligible doping shift at the
creases the work function. Normalization of the (d//dV) GB, local states at the GB must lead to the symmetric,
spectra by I/V suggests that the observation of en- locally enhanced (dl/dV). See the Supporting Informa-

hanced empty states (d//dV) at the GBs arises from tion and Figures S10 and S11 for spectroscopic data on
transmission coefficient change due to a change in back-gated graphene GBs on SiO,/Si.

apparent tunneling barrier height, as would occur with In addition to topographic and spectroscopic infor-
the measured work function change at the GBs. Sup- mation, the STM can also study carrier scattering in
porting Information Figure S6 contains a plot illustrat- graphene®®*! by observing electronic superstructures
ing how a shift in doping, with a decrease in work induced by defects, adsorbates, or edges. We achieve

function, could lead to the observed enhanced empty this by means of fast Fourier transforms (FFTs) and FFT
states (d//dV) at the GBs described in Figures 3 and 4. filtering, which elucidate carrier scattering from the
Furthermore, a recent STS study of N-doped CVD  graphene GBs.*>*' Figure 6a shows a topographic STM
graphene also observed enhanced empty states image of a GB between two graphene grains misor-
(dl/dV) near the sites of the dopants compared to the iented by ~29°, with the grain to the left of the GB
undoped CVD graphene.>® The Supporting Informa- labeled “L" and the grain to the right of the GB labeled
tion contains spectroscopy of GBs in CVD graphene on “R.” The false-colored STM topographic derivative
mica with water trapped between the graphene and given in Figure 6b provides better contrast of the
the mica.3” The GBs on this surface, which does not graphene lattice. From this, a linear superstructure is
have the same charge puddling as graphene on SiO,/ apparent on both the left and right sides of the GB, and
5i,%83° also have doping shifts and potential barriers. these superstructures propagate in different directions
Supporting Information Figure S7 shows a large-angle on each side of the GB. The top panel of Figure 6¢
GB with a barrier of ~0.06 V that shifts the doping from shows a small section (dashed, cyan box) of the image
p-type to n-type (see Supporting Information). De- shown in Figure 6b, taken to the left of the GB, and
pending on the GB topology, the misorientation angle, its resulting 2D FFT, showing the six bright outer
and the background doping of the bulk graphene, the points characteristic of the graphene reciprocal lattice.
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Figure 6. Linear superstructure analysis. (a) STM image of a GB between two graphene grains with a misorientation angle of
~29°, showing a linear superstructure observed on either side of the GB. (b) False-colored derivative of the STM topograph
shown in (a) for better contrast. (c) Upper panel shows a section to the left (L) of the GB and the resulting 2D FFT. The six outer
points forming a hexagon correspond to the reciprocal lattice of the graphene; the pair of inner points corresponds to the
linear superstructure observed immediately adjacent to left of the GB. Lower panel shows a section to the right (R) of the GB
and the resulting 2D FFT, similar to the upper panel. (d) FFT filtered version of the L image from (b) using the inset FFT mask,
which filters out everything but the linear superstructure. (e) FFT filtered version of the R image from (b) using the inset FFT
mask, which corresponds to filtering out everything but the linear superstructure. (f) Schematic model of the left side of a
pentagon—heptagon GB, similar to the one shown in (a,b), but with a different misorientation angle. The blue regions
illustrate the interference localization along the C—C bonds, giving a superstructure wavelength A¢ (Fermi wavelength). (g)
Superstructure spatial extent, with line cuts taken perpendicular to the wavefront and offset for clarity. The two curves
labeled with left and right grain FFT were extracted along the lines shown in (d) and (e), respectively. The two curves labeled
with STM were extracted along the lines shown in (b). The decay length of the linear superstructure is ~1.01 nm in the left
grain and ~0.49 nm in the right grain. The scale bars are all 1 nm.

Similarly, the bottom panel of Figure 6¢ shows a small
section to the right of the GB from Figure 6b and the
resulting 2D FFT. These two FFTs also have a pair of
inner points that correspond to K and K’ points of
the graphene Brillouin zone (BZ) on their respective GB
sides.*°

By following the 2D FFT filtering procedure in the
Supporting Information and in Yang et al.,*' we filtered
everything but the linear superstructure patterns on
the left and right sides of the GB, leaving only the linear
superstructures. Figure 6d,e shows the filtering results
for the linear superstructure in the left and right
graphene grains, respectively, with the FFT masks that
we use shown in the inset. While the propagation
direction of the linear superstructure to the left of the
GB in Figure 6b is close to perpendicular to the GB
(~83°), the angle between the propagation direction

KOEPKE ET AL.

of the linear superstructure to the right of the GB
in Figure 6¢ and the GB is ~54°. The superstructure
propagation direction in each grain is along one of the
zigzag directions in that graphene grain. From the
image in Figure 6b and the FFTs and filtered images
in Figure 6¢,d, we find that the period of this linear
superstructure is ~3.7 A. This is approximately the
Fermi wavelength, A = 3a/2 = 3.69 A, where a =246 A
is the lattice constant of graphene. Such a value was
reported for linear superstructures observed adjacent to
irregular armchair graphene edges on SiC*'

The observation of Af rather than A¢/2 indicates that
the interference of the scattered carriers is localized
along the C—C bonds, where there are available DOS."’
In contrast, the recent work of Tian et al.** observed
a linear superstructure with period A¢/2 adjacent to
an armchair graphene edge on Cu, suggesting that the
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Figure 7. Intervalley scattering from a grain boundary (GB). (a) STM image of a GB between two graphene grains with a
misorientation angle of ~27°, showing a (\/3 X \/3)R30° superstructure to the left of the GB. The lower left inset shows the FFT
of the entire image. (b) Cropped lower left section of the STM scan (same scale) shown in (a) with just the graphene lattice and
the superstructure. The inset FFT in the lower left corner shows all six points of the Brillouin zone (BZ). (c) Cropped upper right
section of the STM scan from (a) shown at the same scale. The FFT of the image also shows all six points of the BZ. (d) Tight-
binding simulation of a GB with 21.8° grain misorientation showing the local density of states at the Dirac point and exhibiting
a(v/3 x v/3)R30° superstructure pattern. The scale bars in (a) and (b) are 2 nm. The scale bar in (c) is 1 nm. The FFT scales bar in

(a), (b), and (c) are 4 nm™"

substrate electronic structure allows the interference
of the scattered carriers to localize in positions off
the graphene C—C bonds. The schematic shown in
Figure 6f illustrates the localization of carrier interfer-
ence on one side of a type Il GB'* for a GB where the
two grains are misoriented by ~32°. Since the gra-
phene grains are rotationally misoriented, the direc-
tion of the localization would be different on the other
side of the GB, matching our observation for the GB in
Figure 6a.

The observation of a linear superstructure adjacent
to the GB shown in Figure 6a additionally suggests that
each of the graphene grains has an irregular armchair
edge at the point where the defects forming the
GB start.*’ Furthermore, the pair of interior points in
the FFT taken on either side of the GB indicates that
the primary scattering mode for such GBs is back-
scattering.* Figure 6g shows line cuts taken on the
left and right sides of the GB for the filtered images
shown in Figure 5b,c and the topographic derivative
shown in Figure 6b. Fitting the peaks of the interfer-
ence patterns for the line cuts from the filtered images
in Figure 6d,e (the red and blue curves) to a decaying
exponential function gives decay lengths of ~1.02 +
0.10 nm on the left side of the GB and ~0.49 &+ 0.29 nm
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on the right side of the GB. These decay lengths are on
the order of 1 nm and match the order of the average
decay lengths of the enhanced empty states tunneling
conductance shown in Supporting Information Figure
S5 for the GB from Figure 3d—f. They are also on the
same order of magnitude as the doping shifts observed
at the GBs. This suggests that these decay lengths
depend on the electronic structure of the GBs rather
than solely thermal effects or energy spread.*'**
Other GBs predominantly exhibit a (v/3 x +/3)R30°
superstructure on either side of the GB, as illustrated in
Figure 2d,e and Figure 7 (though the pattern is more
dominant along one of the zigzag directions than the
other two in Figure 2d and Figure 7). In these cases, the
FFTs of the STM images show a set of points corre-
sponding to all six K and K’ points of the graphene
BZ. The presence of all six points of the graphene BZ
indicates that intervalley scattering is allowed between
all K and K’ points.*® Figure 7a shows an STM image
of the same GB shown in Figure 2d, which has two
graphene grains misoriented by ~27°, with a 2 nm
scale bar. There is a clear (v/3 x ~/3)R30° structure
present on the left side of the GB. The insetimage is the
2D FFT of the STM image. The FFT shows the expected
two sets of six outer points corresponding to the
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graphene reciprocal lattices on the left and right sides
of the GB. There is also a set of six interior points
forming a hexagon that correspond to the six K and K’
points of the BZ for the graphene grain to the left of the
GB, arising from the (v/3 x +/3)R30° superstructure
resolved to the left of the GB. The superstructure from
the right side of the GB is faint in the FFT since there is
only a small section of the right side of the GB present
in the STM image compared to the left side of the GB.

The STM image shown in Figure 7b is a smaller
section of the STM image shown in Figure 7a taken
from the left side of the GB with the same scale. The
scale bar is 2 nm. The inset 2D FFT shows the outer set
of six points for the left grain graphene reciprocal
lattice and all six points corresponding to the BZ.
Similarly, Figure 7c shows a smaller section of the
STM image from Figure 7a taken on the right side of
the GB with the same scale and its corresponding 2D
FFT. The scale bar for this image is 1 nm. The FFT of the
graphene to the right of the GB in Figure 7c also shows
a set of six out points corresponding to the reciprocal
lattice of the right grain and all six interior points
corresponding to the BZ. Since the FFTs on both sides
of the GB show all six points of their respective BZs, this
GB causes intervalley carrier scattering.*>*' The results
shown in Figure 6 and Figure 7 indicate that the local
structure of the GBs affect the particular nature of the
carrier scattering from the GBs.

Recent work studying mesoscopic GB transport in-
ferred intervalley carrier scattering at the GBs from a
highly localized D peak in Raman spectroscopy at the
GB and from the observed intergrain weak localiza-
tion."®?" Two recent STM studies of CVD graphene
while still on the Cu growth surface®*** also found the
(v/3 x +/3)R30° superstructures adjacent to GBs that
indicate intervalley scattering from the GBs. A further
STM study of graphene islands grown on Cu foil
showed prominent linear superstructure from abrupt
step edges (graphene—Cu) with a smaller period (A¢/2
rather than 4¢).*? Thus transferring the graphene to an
insulating substrate is important because the conduct-
ing Cu substrate can alter the allowed carrier inter-
ference localization. This could obscure the scattering
mechanisms in a technologically relevant graphene
device with GBs. Our observation of intervalley scatter-
ing of carriers from the GBs is consistent with these
prior studies. However, depending on the GB structure,
we also find carrier backscattering from the GBs. These
results indicate that the local GB topography (e.g.,
heptagons, pentagons, and strained hexagons or any
possible chemisorbed species) and grain misorienta-
tion dictate the predominant carrier scattering modes
from that GB.

While our GBs showed evidence of intervalley
scattering and backscattering, as seen in Figure 6
and Figure 7, we note that most of these observed
GBs occurred on turbostratic bilayer graphene (see
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Supporting Information). Supporting Information
Figure S2 shows the Moiré patterns observed in the
graphene grains, highlighting the turbostratic stack-
ing. From the extracted Moiré patterns' periods, we
find that the rotational misorientation of the top and
bottom layers is ~8.5—9.5°. Theoretical and experi-
mental studies of turbostratic graphene* and gra-
phene grown on the carbon face of SiC***® show
that multilayer graphene behaves like stacked mono-
layer graphene when the layers are misoriented
by more than 5°. Indeed, a study of turbostratically
stacked few-layer graphene grown by CVD on poly-
crystalline Ni also showed that for layers misoriented
by greater than ~3° carriers still exhibited Landau
level spectra indicative of massless Dirac fermions.*’
Furthermore, the plot of the local density of states
(LDOS) at the Dirac point from our tight-binding
simulation of a type Il GB in monolayer graphene
shown in Figure 7d shows a (v/3 x +/3)R30° super-
structure (see Supporting Information). This confirms
our observation of (v/3 x +/3)R30° superstructures
adjacent to most of the graphene GBs. Thus, the
observed backscattering and intervalley scattering
arise from the sharp lattice defects forming the GBs
and not from any turbostratic interlayer interaction.

Although we do not know the exact topological
structure of the GBs in Figures 6 and 7, we can make
some comparative observations about the two in an
attempt to determine how the local structure affects
the nature of the carrier scattering. Both GBs are formed
by the merging of two graphene grains with a large
misorientation angle (~29° for Figure 6 and ~27° for
Figure 7). The electronic superstructures adjacent to
each of the GBs extend approximately the same dis-
tance on either side of each GB and have approximately
the same intensity. However, the scattering for the GB
in Figure 6 is dominated by backscattering, and that for
the GB in Figure 7 is intervalley scattering. The GB in
Figure 6 seems to be a continuous line of defects, while
the GB in Figure 7 has more of a semiperiodic structure
with flat regions between regions that protrude more
from the surface.

The small-angle GB (~6°) in CVD graphene on mica
with water trapped between the graphene and the
mica®” shown in Supporting Information Figure S8 is
more periodic than the GBs given in Figures 6 and 7.
The electronic superstructures adjacent to the GB in
Figure S8 are also much fainter. This matches with
the lack of a substantial potential barrier at this GB
(see Supporting Information Figure S8c). Of the GBs
shown in Figures 6, 7, S7, and S8, the GB from Figure 6
had the largest potential barrier of ~0.1 V. The GB in
Figure S8 had the smallest potential barrier of ~0.02 V.
These data suggest that the GBs which are more
periodic and well-ordered like that in Supporting
Information Figure S8 will have reduced carrier scatter-
ing from the GB compared to the aperiodic GBs
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composed of a continuous line of defects (such as that
in Figure 6).

CONCLUSIONS

In summary, we have studied GBs at the atomic scale
using UHV-STM and STS for graphene grown by CVD
on polycrystalline Cu foil and transferred to SiO,. We
have found that no preferred misorientation angle
occurs between the as-grown graphene grains. The
GBs are aperiodic, in agreement with recent TEM
studies of Cu-grown graphene GBs,'””~'® and have
varying heights, with an average value of 1.9 A. As
expected, the GBs strongly perturb the electronic
structure of the graphene, and the GBs show an
asymmetric, enhanced empty states tunneling con-
ductance with a decay length of ~1 nm on either side
of the GB. Graphene GBs decrease the local work

METHODS

STM Measurements. A summary of our experimental methods
were published in a recent report.>® In brief, our experiments
used a home-built, room-temperature ultrahigh vacuum scan-
ning tunneling microscope (UHV-STM) with a base pressure
of 3 x 107" Torr* and electrochemically etched tungsten tips.
Using direct-current heating through the n™ Si substrate, we
degassed the sample in the UHV-STM system at a temperature
of 600—700 °C for 24 h. In our system, the tip is grounded and
the bias is applied to the sample. The current set points
for the constant current topographs range from 0.1—1 nA with
tip—sample biases between 0.2 and 1 V. We probed the local
density of states (LDOS) of the sample using constant-spacing
scanning tunneling spectroscopy (STS) in which the tip feedback
is turned off at predetermined locations and the tip—sample bias
swept through a specified range while recording the tunneling
current. We measured the graphene grain misorientation angles
from the rotation of the 2D FFT patterns of each graphene grain
and from fitting lines to the zigzag directions of each graphene
grain using the derivative of the STM topograph:s.

Graphene Growth and Characterization. We grew the graphene
on 1.4 mil copper foil purchased from Basic Copper in an
Atomate CVD system. The foils were annealed at 1000 °C under
Ar/H; flow for 45 min, and graphene was subsequently grown
under a 17:1:3 ratio of CH,/H,/Ar flow for 30 min at an operating
pressure of 2 Torr. The resulting substrates were cooled to room
temperature at ~20 °C/min under the same gas flow. After growth,
the graphene was transferred onto a 90 nm SiO,/n* Si substrate by
first coating the graphene with a bilayer of 495K A2 and 950K A4
PMMA (MicroChem). Each PMMA layer was applied at 3000 rpm for
30 s followed by a 2 min bake at 200 °C. An O, RIE plasma removed
the uncoated graphene on the backside of the Cu foil before
etching the Cu foil in 1 M FeCl; overnight. The remaining graphene
film was rinsed in deionized (DI) water to remove residual etchant
before transferring to the SiO,/Si substrate.*® A single gold contact
was shadow evaporated onto the sample to allow the STM
electrical access to the graphene. After STM data were collected,
we used Raman spectroscopy and atomic force microscopy (AFM)
to characterize the graphene topography and quality. Raman
spectroscopy was performed at 633 nm laser excitation using a
Renishaw inVia Raman microscope. AFM data were collected using
a Digital Instruments Veeco AFM with a Dimension IV controller.
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devices such as a Veselago lens.>?
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Note Added in Proof: During the review process, we became
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rates the deleterious effects of GBs on carrier transport (ref 55).
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