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ABSTRACT: Layer-stacking domain wall in bilayer graphene is one type of topological defects that can greatly affect the electronic
properties of bilayer graphene and therefore lead to nontrivial transport behaviors. An outstanding question on the layer stacking
domain wall is how the electrons hop between two adjacent stacking domains. Here we report the first experimental observation of
electronic transport across bilayer graphene domain walls by combining near-field infrared nanoscopy and scanning voltage
microscopy techniques. We observe markedly different electron transport behaviors across the tensile- and shear-type domain walls.
The tensile-type domain wall is highly reflective of low-energy incident electrons, but becomes more transparent when the electron
density and the Fermi energy are increased by electrostatic gating. In contrast, the shear-type domain wall is always highly
transparent at different gate voltages. Such soliton-dependent electronic transport can open up new routes to engineer novel
nanoelectronic devices based on layer-stacking domain walls in bilayer graphene.
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■ INTRODUCTION

Layer-stacking domain walls in bilayer graphene are one-
dimensional solitons that exhibit distinctive electrical,1−10

optical,11,12 and mechanical13−16 properties. For example,
transport along the domain walls has been shown to feature
topologically protected quantum valley Hall edge states, which
provides the ways to control the valley degree of freedom for
valleytronic devices. In addition, twisted bilayer graphene,
which can be viewed as a domain wall network of AB/BA
graphene domains, has been shown to exhibit novel electrical
transport behavior. They are formed between AB and BA
domains, where one of the graphene layers moves with respect
to the other by a single carbon−carbon bond along the
armchair directions.11,13,17 Periodic lattices of layer stacking
domains in twisted atomically thin crystals, such as AB and BA
stacking domains in twisted bilayer graphene, give rise to a
moire ́ superlattice that can dramatically modify their
electrical18−27 and optical12 properties. Detailed study of the
coupling between adjacent stacking domains across the layer
stacking domain wall is of critical importance for quantitative

understanding of the various emerging domain wall physics in
different bilayer graphene systems.
Different types of domain wall can form based on its

crystallographic orientation and the Burgers vector, which
represents the magnitude and direction of the lattice distortion
in crystals. Two limiting cases are tensile- and shear-type
domain walls: the orientation of a tensile-type domain wall
(Figure 1a) is perpendicular to its Burgers vector, and the
orientation of a shear-type domain wall (Figure 1b) is along its
Burgers vector. Distinct electrical and optical properties can
exist at different types of domain wall solitons. For example,
the reflection of the two-dimensional plasmons at a bilayer
graphene domain wall has been found to be soliton-
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dependent.11 The anisotropic movement of the domain wall by
mechanical force is also determined by their types.14 Electron
transmission across the domain wall, which determines the
electrical coupling between adjacent layer-stacking domains, is
also expected to be strongly soliton-type dependent.28

However, the experimental study of the electronic transport
across the extremely narrow domain wall has been challenging
because the bulk graphene transport can easily dominate over
the domain wall contribution to the resistivity in a typical
graphene device. It is even harder to distinguish the
contribution from different types of domain walls by the
conventional transport measurement.
In this Letter, we report the soliton-dependent electronic

transport across the stacking domain walls in bilayer graphene.
We first identify different types of domain wall solitons using

near-field infrared nanoscopy. Then we obtain real-space image

of the electronic transport through individual domain walls

using scanning voltage microscopy (SVM), which can extract

the local voltage drop induced by the domain walls. Our study

reveals distinctive transport behaviors across the tensile- and

shear-type domain walls. The tensile domain walls exhibit

much lower transparency compared to the shear domain walls.

The tensile domain walls show highly reflective feature at low

doping and the carrier transmission will monotonically increase

with increasing carrier density. In contrast, the shear domain

walls remain highly transparent at a large range of gate

voltages.

Figure 1. Infrared nanoimaging of domain wall solitons in bilayer graphene. (a,b) The schematics of shear (a) and tensile (b) domain walls in
bilayer graphene. The black arrows represent the Burgers Vector of the domain wall solitons. The shear type domain wall is parallel with its Burgers
Vector, while the tensile domain wall is perpendicular to its Burgers Vector. (c) The schematic of the infrared nanoscopy technique used to identify
different types of domain walls in bilayer graphene. (d) AFM topography image of a bilayer graphene flake on SiO2/Si substrate, which is almost
featureless. (e) The corresponding near-field infrared image taken simultaneously with the topography image. The obvious bright lines in the near-
field image are layer-stacking domain walls. In the near-field image, the shear domain wall exhibits a single-line feature (upper segment) and the
tensile domain wall exhibits a double-line feature (lower-left segment).

Figure 2. Imaging the voltage drops across single domain walls. (a) Schematic of the scanning voltage microscopy technique used to map the
potential distribution of bilayer graphene transistors. (b) Voltage map of the same area as in Figure 1d,e. The average current flow is along the
dashed arrow. (c) Line profiles of the voltage across the shear (red line) and the tensile (blue) domain walls which are shown in (b) (averaged in
white dashed areas to increase the signal-to-noise ratio). The magnitude of the extra voltage drop at the tensile domain wall is stronger than that at
the shear domain wall.
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■ RESULTS AND DISCUSSION

We first employ near-field infrared nanoscopy to locate the
domain walls in the exfoliated bilayer graphene flakes, which
are invisible in topography images. Figure 1c displays the
infrared nanoimaging technique which is based on a tapping
mode atomic force microscopy (AFM) and coupled an
infrared light onto the tip apex.29,30 It can visualize the
domain walls in bilayer graphene due to their interaction with
graphene plasmons excited by the AFM metallic tip (see
Methods for details). In addition, we can also identity the types
of the domain walls due to the distinct features of the tensile
and shear domain wall in the near-field infrared images.11

Figure 1d,e shows the AFM topography image and near-field
infrared image of a bilayer graphene flake with the domain
walls inside. The topography image (Figure 1d) is almost
featureless. Yet the near-field infrared image (Figure 1e) shows
obviously bright lines in a homogeneous background. These
bright lines are domain walls in bilayer graphene. There are
two domain walls which are close to each other in the left part
and then separate in the right part as shown in Figure 1e. The
lower right domain wall segment shows a double-line feature,
indicating it is a tensile-like domain wall while the upper

segment shows a single-line feature, indicating it is a shear-like
domain wall.
After locating and identifying the domain walls, we fabricate

the bilayer graphene which is on SiO2(285 nm)/Si substrate
into a field-effect transistor (FET). The source and drain
contact electrodes are evaporated by using shadow masks to
avoid contamination on the graphene surface from nano-
fabrication. Figure 2a shows the experimental scheme used to
map the voltage distribution of the bilayer graphene device
with domain walls. The AFM is working under contact mode.
A bias voltage is applied between the source and drain
electrodes to generate current flow through the bilayer
graphene channel. A back-gate voltage is applied between the
Si substrate and the source electrode to change the carrier
concentration in bilayer graphene. By using the metallic AFM
tip as a local scanning voltage probe, we record the voltage
distribution of the whole device with resolution limited by the
radius of the tip apex (∼25 nm) (see Methods for details). The
voltage distribution of the bilayer graphene without domain
walls exhibits linear slope along the average current direction
(Figure S1 in Supporting Information). To focus on the
voltage variation induced by the domain wall, we subtracted
the linear voltage drop. An extra voltage drop at the domain

Figure 3. Gate-dependent transport across tensile and shear domain walls. (a) The near-field infrared image of a tensile domain wall in bilayer
graphene. (b−f) Voltage images of the tensile domain wall at gate voltage from −140 to 120 V (CNP). The largest voltage drop appears at the
CNP and decreases monotonically with increasing carrier density. (g) The near-field infrared image of a shear-type domain wall in bilayer graphene.
(h,i) Voltage images of the shear domain wall at gate voltage from −140 to 90 V (CNP). The voltage drop is almost zero across the shear domain
wall at the CNP and increases gradually as the carrier density increases. (m,n) Line profiles of the voltage across tensile and shear domain walls at
various gate voltages. The line profiles are averaged along the domain wall over the area within the white dashed lines in (b) (tensile) and (h)
(shear) to increase signal-to-noise ratio.
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wall region is clearly observed, which is shown in Figure 2b.
This demonstrates that the modification of the atomic
structure at the domain wall indeed causes additional electron
scattering. In addition, we found the magnitude of the extra
voltage drop at the tensile domain wall is stronger than that at
the shear domain wall. To quantitatively compare the voltage
drops, we extract the line profiles across the tensile and shear
domain walls and displayed them in Figure 2c. The profiles are
averaged along the domain walls to increase the signal-to-noise
ratio. The voltage drops at the tensile and shear domain walls
are 0.99 and 0.30 mV, respectively. We estimated the extra
resistance induced by the domain wall through the equation
ΔV = jRDW, where ΔV is the extra voltage drop at the domain
wall, j is the current density and RDW is the extra resistance of
the domain wall.31 The calculated resistances of tensile and
shear domain walls are ∼12.6 Ω μm and ∼3.8 Ω μm,
respectively. Note that the presence of domain walls may alter
the current density distribution. The domain wall resistance is
much smaller compared to the channel resistance and
therefore can be regarded as small local perturbation to the
current density distribution. We can use the averaged global
current density for estimation of the domain wall resistance
here. This is also demonstrated in the numerical simulation of

the potential map and current density distribution (see Figure
S2 in Supporting Information for details).
It is also seen that at the two-domain wall (two-DW) area,

the voltage drop looks even slightly weaker than the single
tensile domain wall. We attribute this to the fact that both
domain walls here are close to shear type. In this two-DW area,
the left domain wall segment is still close to a shear type rather
than tensile type because its direction is only slightly away
from the shear domain wall segment on the top; while the right
domain wall segment is also closer to a shear type since its
direction is changed by roughly 90° compared to the tensile
domain wall segment on the right. If we assume the voltage
drop of the two-DW is equal to the sum of each single domain
wall, then it is reasonable that the voltage drop across the two
shear domain walls (close to shear type) is slightly smaller than
the voltage drop across a tensile domain wall.
To further explore the electrical properties of different types

of domain walls, we investigated gate-dependent voltage drops
across the tensile and shear domain walls. We applied a
constant bias voltage to the bilayer graphene transistor and
mapped the voltage distribution at various back-gate voltages.
Since the contact resistance between the source/drain
electrode and the bilayer graphene is affected by the doping
of graphene, we normalized the voltage maps at each back-gate

Figure 4. Gate-dependent transmission probability of tensile and shear domain. (a,b) The transmission probability as a function of the gate voltage
at tensile and shear domain wall, respectively. The transmission probability across the tensile domain wall is relatively low at the CNP and increases
with carrier doping. The transmission probability across the shear domain wall remains rather high over the whole doping range. (c) The schematic
of the energy band structures of AB-stacked bilayer graphene and the tensile-type domain wall. kx and ky represent the longitudinal and transverse
electron momentum that are perpendicular and parallel to the domain wall, respectively. At the tensile domain wall, the Fermi circles of the two
graphene layers split along the ky direction and no electron states with conserved transverse momentum (ky) exist close to the CNP. (d) The
schematic of the energy band structures of AB-stacked bilayer graphene and the shear domain wall. At the shear domain wall, the split is along the
kx direction, so electron states with conserved transverse momentum (ky) always exist at different energy levels.
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voltage by keeping the total voltage drop across the bilayer
graphene sample a constant. Figure 3a displays the near-field
infrared image of a tensile domain wall (double-line feature).
Figure 3b−f shows the normalized voltage maps from −140 to
120 V gate voltages (linear voltage drop is subtracted). The
bias gradient is ∼65 mV/μm. From the transfer curve of the
bilayer graphene transistor (Figure S3 in Supporting
Information), we determined that the charge neutrality point
(CNP) is at ∼120 V gate voltage. At −140 V gate voltage, the
voltage drop at tensile domain wall is ∼0.58 mV. As the carrier
density is decreased by electrostatic gating, the voltage drop of
the tensile domain wall increases monotonically. The strongest
voltage drop of the tensile domain wall appears at CNP, which
is ∼1.8 mV (Figure 3f). Figure 3m shows the line profiles of
the voltage across the tensile domain wall averaged in the white
dashed area at various gate voltages. The dotted curves are
extracted from the experimental data and the solid curves are
the fitting voltage steps.
In marked comparison, the shear domain wall exhibits

distinctly different gate-dependent transport behavior. Figure
3g shows the near-field infrared image of a shear domain wall
(single-line feature). The voltage maps of the shear domain
wall at different gate voltages are displayed in Figure 3h−l
(linear voltage drop is subtracted). The applied bias gradient is
∼65 mV/μm. At −140 V gate voltage, the voltage drop is
∼0.58 mV. In contrast to the tensile domain wall, the voltage
drop at the shear domain wall slightly decreases as carrier
density decreases. At CNP (90 V), the map does not show
apparent voltage discontinuity at the domain wall region.
Figure 3n displays the line profiles of the voltage across the
shear domain wall at various gate voltages. The different gate-
dependent trend of the voltage drop at tensile (Figure 3m) and
shear (Figure 3n) domain walls demonstrates that the
electronic transport through the domain walls in bilayer
graphene strongly depends on their atomic structures.
Next we estimate the electron transmission probability

across the domain wall as a function of the gate voltage from
the SVM measurements. The domain wall acts as a scattering
source in the bilayer graphene channel and gives rise to
additional resistance in series with the channel resistance. The
transmission probability TDW across the domain wall thus is
closely associated with the additional resistance or voltage drop
it induces. For a conducting channel with mean free path Lm,
the transmission probability across a channel length L is T =
Lm/(L + Lm). Under given bias gradient F, the additional
voltage drop ΔV at the domain wall can be converted into an
effective channel length of Leff = ΔV/F and the transmission
probability across the domain wall can be described by

=
+

T
L

L LDW
m

eff m

σ π= ℏL e n/( )m
2 is the electron mean free path of the

bilayer graphene, where σ is the conductivity, n is the carrier
concentration, ℏ is the reduced Plank constant, and e is the
electron charge. Under given F, the transmission across the
domain wall is related to the voltage drop ΔV as well as the
electron mean free path Lm of the bilayer graphene device. The
value of Lm as a function of the applied gate voltage is shown in
Figure S4 in Supporting Information. In Figure 4a,b, we
plotted the calculated transmission probability across the
tensile and the shear domain walls at different back-gate
voltages. The uncertainty of the measured voltage by SVM δV

∼ ±150 μV is determined by the instrument accuracy of the
voltage meter at room temperature. The error bar for the

transmission probability δT is related to δV as δ = δ−
+ Δ
L F

L F VT ( )
V m

m
2 .

Because of the existence of electron and hole puddles at CNP
and the associated uncertainty in estimating Lm, we calculated
the electron transmission probability only away from the CNP.
The transmission through the tensile domain wall shows an
obvious gate-dependent behavior with a gradual increase as the
carrier density increases under the applied gate voltage range
(from 120 V (CNP) to −140 V). The shear domain wall
remains highly transparent in the whole applied gate voltage
range and has a transmission probability close to 1 near CNP.
Domain-wall soliton-dependent carrier transport in bilayer

graphene has been predicted by theory.28 Briefly, different
atomic configurations inside the domain walls lead to different
local electronic band structures at the domain wall, which can
scatter incident electrons differently. For electrons to pass
through the domain wall elastically, the electron energy and
the transverse momentum have to be conserved. In an
adiabatic picture, the domain wall barriers can be either highly
transparent or insulating depending on whether the domain
walls host continuous states that always conserve the energy
and transverse momentum as the incident electrons. Figure
4c,d displays the schematics of the band structures of AB-
stacked bilayer graphene, the tensile (corresponding to zigzag
SP type in the theoretical work) and the shear (armchair SP
type) domain wall. kx and ky represent the longitudinal and
transverse electron momentum that are perpendicular and
parallel to the domain wall directions, respectively. At the
tensile domain wall, the Fermi circles split along the ky
direction (Figure 4c), which causes the tensile domain wall
to be highly reflective for low-energy electrons because no
electron states with conserved transverse momentum and
energy exist in the domain wall. At higher electron energy, the
transmission probability increases due to the finite phase space
of the electronic states with conserved energy and momentum.
In contrast, at the shear domain wall, the Fermi circles split
along the kx direction (Figure 4d). Therefore, the shear
domain wall always hosts states for electrons to pass through
elastically and will be highly transparent for all gate voltages,
which is clearly observed in our transport measurement. Our
data on soliton-dependent electron transmission across the
domain walls agree qualitatively with this theoretical picture,
except that the transmission probability across the tensile
domain at the CNP remains finite. This might be due to the
presence of electron and hole puddles in our experimental
devices, or due to the rather narrow domain wall which is not
fully captured by the adiabatic approximation.

■ CONCLUSION
In conclusion, we have experimentally visualized the voltage
drop at individual domain walls in bilayer graphene by directly
imaging the voltage distribution of the bilayer graphene FET
devices. We correlate electronic transport across the domain
walls with their local structures characterized by the infrared
nanoscopy. Two distinct transport behaviors at the tensile- and
shear-type domain walls are unambiguously observed, that is,
the tensile domain wall has an energy-dependent electron
transmission while the shear domain wall keeps high
transmission at all measured energy level. Our results suggest
that the local atomic structures of the domain walls could
determine their electrical properties and lead to different

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c01911
Nano Lett. 2020, 20, 5936−5942

5940

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01911/suppl_file/nl0c01911_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01911/suppl_file/nl0c01911_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01911?ref=pdf


transport behaviors. Combining our previous work on domain
wall manipulation,14 we anticipate the soliton-dependent
transport across bilayer graphene domain walls could provide
a valuable way to develop novel nanoelectronic devices based
on such one-dimensional solitons.

■ METHODS

Samples and Devices Preparation. Bilayer graphene
samples were mechanically exfoliated from graphite onto
SiO2(285 nm)/Si substrate. Electrical contacts of Cr/Au (5/50
nm) for source and drain are fabricated by stencil mask
evaporation. The reason that we choose Si/SiO2 substrate is
that the domain walls can be easily moved around on
hexagonal boron nitride (h-BN) substrate during SVM
measurements.
Infrared Nanoimaging of Domain Walls. The infrared

nanoimaging technique is based on a tapping mode AFM
(Model Innova from Bruker). We focus an infrared light beam
(λ = 10.6 μm) onto the apex of a conductive AFM tip. The
enhanced optical field at the tip apex interacts with graphene
underneath the tip and is scattered by the tip, carrying the local
optical information on the sample. An MCT (HgCdTe)
detector is used to collect the backscattered light in the far
field. The metallic tip is modulated at a frequency Ω ∼ 220
kHz with an amplitude of ∼60 nm. The near-field signal is
demodulated at 3Ω by a lock-in amplifier (Zurich Instruments
HF2LI) to suppress the background signal. Near-field images
are recorded simultaneously with the topography information
during the measurements.
Scanning Voltage Microscope Measurements. SVM

measurements are based on a contact-mode AFM (Model
Innova from Bruker) and performed under ambient con-
ditions. A Keithley 2400 source meter is used to apply the bias
between the two electrodes and also measure the generated
current. Another Keithley 2400 source meter is used to apply
the back-gate voltage between the highly doped silicon layer
and the source electrode. The conductive AFM tip acted as a
scanning probe, which recorded the potential maps of the
devices simultaneously with the topography. The voltage meter
recording the potential between the AFM tip and source
channel has an impedance (2 GΩ) much larger than the tip−
sample contact resistance (∼kΩ). Therefore, the presence of
the metallic tip does not alter the voltage distribution of the
device. The uncertainty of the measured voltage ∼±150 μV is
determined by the instrument accuracy of the voltage meter at
room temperature.
With the gate-dependent voltage maps for a measured

region and recorded currents, we can determine the channel
resistance (voltage drop divided by current normalized by the
dimension) at different gate voltages. The dependence of
channel resistance on gate voltage is summarized as a transfer
curve of the device.
The SVM measurements shown in Figure 2b and Figure 3

are performed on a single bilayer graphene device. The
dimension of the whole device is about 20 μm wide by 60 μm
long. There are two domain walls in the whole device. One
domain wall contains a tensile type segment (Figure 3a), and
the other one contains a shear type segment (Figure 3g). The
two domain walls go through the entire current channel. The
current density is defined as a global averaged current density,
assuming that the domain walls have a small effect on the large
sample. The two sets of gate-dependent SVM measurements

for the tensile and shear domain wall segments are done
separately.
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