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Magnetotransport Properties of Graphene Nanoribbons with Zigzag Edges
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The determination of the electronic structure by edge geometry is unique to graphene. In theory, an
evanescent nonchiral edge state is predicted at the zigzag edges of graphene. Up to now, the approach used
to study zigzag-edged graphene has mostly been limited to scanning tunneling microscopy. The transport
properties have not been revealed. Recent advances in hydrogen plasma-assisted “top-down” fabrication of
zigzag-edged graphene nanoribbons (Z-GNRs) have allowed us to investigate edge-related transport
properties. In this Letter, we report the magnetotransport properties of Z-GNRs down to ~70 nm wide on
an h-BN substrate. In the quantum Hall effect regime, a prominent conductance peak is observed at Landau
v = 0, which is absent in GNRs with nonzigzag edges. The conductance peak persists under perpendicular
magnetic fields and low temperatures. At a zero magnetic field, a nonlocal voltage signal, evidenced by
edge conduction, is detected. These prominent transport features are closely related to the observable
density of states at the hydrogen-etched zigzag edge of graphene probed by scanning tunneling
spectroscopy, which qualitatively matches the theoretically predicted electronic structure for zigzag-edged
graphene. Our study gives important insights for the design of new edge-related electronic devices.
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A peculiar aspect of a finite-sized graphene sheet is that
its electronic properties strongly depend on the edge
configuration [1], especially when its physical dimensions
are reduced to the nanometer scale [2,3]. A nondispersive
single-electron band localized near the zigzag edge exists,
hosting the so-called “edge states,” with energies at or close
to the Dirac point [4-6]. Most often, these localized edge
states are predicted to have exotic properties, leading to
edge magnetism [7], spin ordered state-induced gap open-
ing [8], and charge accumulation at the edges in the
quantum Hall effect [6,9], to mention a few.

Thus far, zigzag-edged graphene has been mostly probed
by scanning tunneling microscopy (STM) on cleaved or
STM-tip cut graphite and “bottom-up” chemically syn-
thesized samples [10—13]. However, in terms of transport
studies, device fabrication is a bottleneck for these zigzag-
edged graphene materials on conductive substrates.
Additionally, graphene nanostructures fabricated by standard
top-down fabrication techniques [e-beam lithography (EBL)
and etching, e.g., oxygen plasma etching] exhibit disordered
edges; thus, the electrical transport properties for a zigzag-
edged graphene structure are sparsely reported. To obtain
well-defined zigzag edges via a top-down fabrication
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process, the etching has to be anisotropic within graphene
basal plane [14,15]. In this study, we investigate the magneto-
transport properties of monolayer zigzag-edged graphene
nanoribbons fabricated using hydrogen-plasma anisotropic
etching on hexagonal boron nitride (4-BN) substrates.

To characterize the atomic structure of the etched edge of
graphene, we first carried out hydrogen-plasma etching for
epitaxial graphene on a conductive 6H-SiC(0001) sub-
strate (heavily n doped) [16]. Hexagonal pits enlarged from
the defects in graphene can be found after anisotropic
etching [15,17,18]. A typical one is shown in Fig. 1(a).
Based on reported results [19,20], as well as the enlarged
STM topography of the etched graphene edge with atomic
resolution [Fig. 1(b)], we can distinguish edges that are
dominated by zigzag orientation and hydrogen terminated.
The edge consists of zigzag segments (each segment is
several nanometers long), with one or two atomic steps
showing. Predominantly zigzag segments are expected to
preserve the zigzag edge property [10]. The hexagonal bulk
graphene lattice, together with a (v/3 x v/3)R30° super-
structure near the edge, is clearly resolved in Fig. 1(b) and
verified by the fast Fourier transformation (FFT) image
[inset in Fig. 1(b)] [20-23].
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FIG. 1. STM images of the hydrogen-plasma etched graphene
on 6H-SiC(0001) and atomic force microscopy (AFM) images of
Z-GNRs on h-BN before and after hydrogen-plasma etching.
(a) STM overview (V, = —1.0 V,I = 100 pA,T = 4.9 K) of the
etched graphene, showing an intact hexagonal pit. (b) Englarged
STM image (V, = =500 mV, I =300 pA, T = 4.9 K) of the
dotted area in (a). The black superimposed graphene lattice shows
that the etched edge is predominantly in a zigzag orientation. Inset
shows the FFT image of the top-layer graphene near the edge,
where bulk graphene lattice and the (v/3 x v/3)R30° superstruc-
ture are highlighted by yellow and green hexagons, respectively.
(c) AFM image of circular dot patterns in MLG on #-BN created by
EBL and oxygen-plasma etching. The scale bar is 500 nm.
(d) AFM image of hydrogen-plasma etched hexagonal hole arrays
in graphene on i-BN. The scale bar is 500 nm.

We then fabricated a zigzag-edged graphene nanoribbon
on an h-BN substrate for a transport study. Both monolayer
graphene and multilayer-layer #2-BN were produced via
mechanical cleavage. Graphene/h-BN-stacked structures
were fabricated through a dry transfer process [16]. We chose
the #2-BN substrate because it is chemical inert, atomically flat
and smooth, resulting in less charged impurity scattering and
higher carrier mobility [24,25]. Similar to the hydrogen-
etched hexagonal pits in graphene on 6H-SiC(0001), circular
dots in monolayer graphene (MLG) on h-BN [Fig. 1(c)],
created by EBL and oxygen-plasma etching [14,16,26],
are enlarged into hexagonal holes by anisotropic etching
[Fig. 1(d)]. In between two parallel hexagonal holes, a zigzag-
edged graphene nanoribbon (Z-GNR) is fabricated. In addi-
tion to the atomic structure of the edge probed by STM, the
high quality of the Z-GNRs can be characterized by Raman
spectroscopy, Fig. S1 in the Supplemental Material [16].

As-fabricated Z-GNRs show predominantly zigzag
edges terminated with hydrogen, as discussed above.
These well-defined Z-GNRs thus allow us to investigate
their edge-related magnetotransport properties. Here we
focus on those Z-GNRs with a width ranging from 60 to
120 nm to avoid drastically decreased carrier mobility or
the Coulomb blockade effect [27,28].

Figure 2(a) shows a schematic illustration of the two-
terminal Z-GNR device for transport measurements. The
magnetotransport properties of a typical Z-GNR device
(sample #t116) with a channel length of / ~ 240 nm and a
width of w ~ 68 nm were shown in Fig. 2(b), illustrating the
Landau fan diagram for G as a function of V, and B. We can
clearly label the filling factorv = 1,0, —2, —6 in the Landau
fan diagram according to the quantized Hall conductance.
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FIG. 2. Magnetotransport of the Z-GNR device. (a) Schematic
diagram of a Z-GNR device with two terminals. A typical
7-GNR/h-BN device with width ~68 nm shown as inset AFM
(scale bar is 300 nm). (b) Landau fan diagram G(V, B). (c) The
typical transfer curves at several B from a (~3 kQ contact
resistance was subtracted). (d) The AFM image of a control
sample#tp20. The scale bar is 300 nm. (e) Landau fan diagram of
sample#tp20 G(V,, B). Color scale is the same as Fig. 2(b).

Unlike the recently reported two-terminal quantum Hall
effect (QHE) profile of GNRs [29,30], we can observe a
nontrivial conductance peak (V, =~ =5 V) persistently in the
middle of v = 0 regime at B > 4 T. The detailed evolution
for the conductance peak as well as the v = O states for
varying B is extracted and plotted in Fig. 2(c). In the Landau
filling regime, we labeled the conductance peak and con-
ductance valleys on both sides as Gpeaxs Grin 1> and G,
respectively. This additional peak is also observed in other
Z-GNR devices (Fig. S2) [16] but is absent in the control
sample, such as the edge-disordered GNR with [ ~ 260 nm
and w ~ 86 nm [sample #tp20, Fig. 2(d)] fabricated by a
standard oxygen-plasma-etching based fabrication process.
Note that oxygen plasma etches graphene and 4-BN isotropi-
cally and the etched edge is random oriented (Fig. S3) [16,31].
Since the sample aspectratio //w > 1, we can rule out that this
additional conductance peak at Landau filling v = O origi-
nates from the deformed quantized Hall plateaus caused by
the size effect [32,33]. For the control sample, the minimum
conductance at Landau filling v = 0 is labeled G iy 0. In
the QHE regime, Gyni, Gminz, and Gy, oo decrease
significantly with increasing B, which indicates the existence
of a v = 0 bulk state. However, the magnitude of the Gy
located in the gapped v =0 state shows little change.
Moreover, the position of G, remains unchanged, which
is different from the shift in the position of quantized Hall
conductance observed for increasing magnetic field.
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Although the quantum Hall effect is universal among GNR
devices, the additional conductance peak can only be
observed in high quality Z-GNR devices.

To further investigate the transport properties of thisv = 0
conductance peak, we performed a series of measurements at
different temperatures under a certain fixed magnetic field,
e.g., B=9 T [Fig. 3(a)]. Similar measurements were also
performed for the control sample, with the data shown in
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FIG. 3. Temperature dependence behavior of Geqxs Gyin 1> and
Gmin2- (a),(b) The typical transfer curves for #t116 and #tp20 at
several temperatures B = 9 T. (¢) T dependence of Gpeqxs Gin 15
and G ;. The straight lines are linear fits to the data at the high-
temperature activation range. (d) Activation energy estimated by
T dependence of Gpin1s Guing, and Gin 00 as a function of
applied magnetic field B. The blue dashed line is fitted to B. The
red dotted line and black dot-dashed line are fitted to v/B.

Fig. 3(b). The Gk Gmin 1> Gmin 2 Values for sample#116 and
the Gin o value for sample#tp20 as a function of inverse
temperature (1/7) are extracted and plotted in Fig. 3(c). We
find that the Gy value remains nearly constant with
decreasing temperature. This weak metallic behavior for
the conductance peak suggests that the peak position at
which electrical field drives electrons drifting instead of
hopping exhibits electronic states. In contrast, the G, 1,
Gmin2, and G i drastically decrease and show insulating
behavior. The thermal activation gaps A for the v = 0O state
can be estimated from Arrhenius fitting, G ~exp(—A/2kpT),
at varying B, as shown in Fig. 3(d). Ay, 20 shows a linear
dependence on B, consistent with previous experimental
results obtained for graphene on #-BN [34]. A i1 and A i
are scaling with VB. A VB dependence for v = 0 in the
Z-GNR is consistent with the theoretical models based on e-e
interactions scaling with Coulomb energy scale e? /el [35],
where is the dielectric constant and /p is the magnetic length
proportional to 1/+/B.

It has been shown above that magnetotransport mea-
surements of Z-GNR show discernible features that are not
observed for the nonzigzag GNR with a similar geometry.
We assume that the observed conductance peak is related to
the zigzag edge property. The temperature and magnetic
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FIG. 4. Nonlocal measurement (1,3//2,4) of Z-GNR.
(@) AFM image of the typical Z-GNR/h-BN device
(I ~280 nm, w ~ 65 nm) and the nonlocal measurement geom-
etry; scale bar is 250 nm. (b) Nonlocal resistance (red curves) and
longitudinal resistance (blue curve) measured in Z-GNR device.
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field dependence of the conductance peak indicates that the
zigzag edge can facilitate conduction. To evidence and isolate
the edge conduction from bulk conduction, a nonlocal
measurement for the Z-GNR at zero magnetic field is
performed. As shown in Fig. 4, the electrical current was
passed through the terminals 1 and 4 while detecting the
voltage across terminals 2 and 3. Near the charge neutrality
point (CNP) (V, ~ —3.0 V), we observed an increase in the
nonlocal resistance (R 4//, 3) at approximately V,~ 1.2 V.
The position of the nonlocal voltage signal relative to the
CNP, qualitatively consistent with edge conduction behavior,
is in agreement with that of the magnetoconductance peak.
When the Fermi level lies at the zigzag-energy band, electrons
move along the edges (from 1 to 2 or from 3 to 4) and
accumulate at the other terminal, thus generating a voltage
potential. From the above STM characterization, we can see
that etched edges can show a certain roughness. Hence, the
edge conduction s likely affected by scattering from the atom
steps or bulk carriers in such a channel length, which results in
degradation of the nonlocal voltage amplitude.

We have already demonstrated the magnetotransport
properties of graphene nanoribbons with zigzag edges and

confirmed edge conduction through nonlocal measurement.
It is expected that the origin of transport behavior observed
for the zigzag edge is related to its electronic structure. We
probed the electronic structure of hydrogen-etched zigzag
edge of graphene on a 6H-SiC(0001) substrate through
scanning tunneling spectroscopy (STS) (Fig. 5). Figure 5(a)
shows an atom-resolved STM image of the etched zigzag
edges; the corresponding atomic lattice model for the
top layer graphene with hydrogen termination is shown in
Fig. 5(b). In differential conductance (dI/dV) spectra mea-
surements [Fig. 5(c)] along the line perpendicular to the
zigzag edge [green line in Fig. 5(a)], a peak appears
(—6.0 meV) near the Fermi level at the zigzag edge, con-
firming the existence of a density of states (DOS). The
intensity of this state drastically decreases when the tip moves
into the interior of the top-layer graphene, as evidenced for the
bulk electronic state of bilayer graphene (Fig. S4 [16]) and
eventually disappears at a distance of ~12.5 A. Note that the
localized state on the bottom graphene layer is not detectable
even at a short distance of ~9 A from the edge. The amplitude
of the DOS in Fig. 5(c) shows an exponential decay with
distance from the zigzag edge, with the decay length
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Edge states at hydrogen-etched edge of graphene. (a) Atomically resolved STM topography (V,=-500mV, I = 100 pA,

T = 4.9 K) shows the edge of the hydrogen-plasma etched graphene on 6H-SiC(0001) substrate. (b) The atomic lattice model of the top-
layer graphene shown in (a) (the gray ones and the white ones are carbon and hydrogen atoms) (¢) dI/dV spectra measured along the green
line in (a). (d) Solid triangles show the zigzag-edge-state amplitude extracted from (c) by Lorentz fitting, as a function of the distance
from the zigzag edge, and red curve is the exponential decay fitting of the experimental data. (e) dI/dV spectra measured along
the graphene edge, as the purple line shown in (a). (f) Solid squares show the zigzag-edge-state amplitude extracted from (e) by Lorentz
fitting, indicating the amplitudes are uniform alone the edge. The spectra in (c) and (e) were measured with tip stabilized at

V, = =500 mV and / = 100 pA.
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determined to be 3.2 A [Fig. 5(d)]. Figure 5(e) shows the
dI/dV spectra along the zigzag edge [the purple line in
Fig. 5(a)], which indicate that the localized state exists at all
sites of the edge and that the amplitude of DOS is almost
homogeneous [Fig. 5(f)]. The peak localized at —6.0 meV is
consistent with the reported results [20], indicating a high
quality for the etched zigzag edges. Moreover, it has been
previously demonstrated that the calculated bands for a
freestanding ribbon and a supported ribbon are similar
[20]. Because of the weak coupling between graphene and
h-BN, the intrinsic electronic properties of graphene on 2-BN
are almost the same as those of freestanding graphene [36].
Note that only the rotational misaligned graphene/A-BN van
der Waals heterostructure is considered here. Moreover, an
edge state in epitaxially grown graphene//-BN heterostruc-
tures on Cu has been previously probed by STS [37] and is in
qualitative agreement with our results. It is reasonably
proposed that a similar edge state exists at the hydrogen-
etched zigzag edge of graphene on 4-BN.

In our case, the width of the Z-GNR ranges from 60—
120 nm. The band gap opening caused by antiferromag-
netic spin-ordered edge states due to electron-electron
interaction cannot occur when the Z-GNR is wider than
8 nm [13]. Since edge states decay exponentially into the
bulk, they can be studied in much wider ribbons as states of
semi-infinite ribbons. The states between two zigzag edges
are uncoupled if the ribbon width is much larger than the
decay length. Based on the reported inverse correlation
between edge-state splitting induced by electron-electron
interaction and the GNR width [38], the edge-state splitting
is determined to be experimentally unresolvable for our
7Z-GNRs with a width ranging from 60—120 nm. In the case
of a semi-infinite ribbon with pristine zigzag edges, the
edge states occur at zero energy [4]. The electronic
structure of the etched zigzag-edges in semi-infinite gra-
phene can be utilized as a characteristic of the electronic
structure of the etched Z-GNRs.

Here, we give a phenomenological description for how the
zigzag-edge state influences magneto-transport behavior. In
theory, zigzag-edged graphene has a nondispersive edge
band at the CNP, which would have a localized edge state.
However, in practical cases, the edge band is not strictly flat
[2], which indicates the existence of delocalized electronic
states. The small curvature of the quasiflat band prevents the
electronic states at the edges from reaching a higher group
velocity (v, ~ dE/dk), which limits the conducting ability of
the zigzag-edge state. Moreover, calculations considering the
effect of edge defects via the inclusion of a periodic edge
roughness indicate significant band opening, resulting a mid-
gap-edge state [39]. When a magnetic field is applied
perpendicular to graphene placed on A-BN, Landau levels
will emerge. The observation of a nearly zero conductance
plateau indicates the occurrence of av = 0 broken symmetry
state, which is related to the upshift (downshift) of electron
(hole) N = 0 Landau level [29,34,40]. The linear depend-
ence of the v = 0 activation gap on B in the control sample

can be explained by the model predicting a linear dependence
in which v = 0 is a spin-unpolarized ground state with an
orbital origin [34]. For zigzag-edged graphene, the quasiflat
edge bands are still located in the gap and are supposed to
produce a conductance peak with 2¢2/ h at the Landau filling
v = 0. Experimentally, the v/B dependence for the v = 0
activation gap indicates a mechanism involving e-e inter-
actions, different from the linear B-dependence mechanism.
Theories have predicted that interacting electrons may have a
suppression effect on conductance quantization in a
perpendicular magnetic field [41]. Up to now, the original
scenario of the v = 0 insulating state remains inconclusive.
The transition of spin texture between the bulk v = O state
and zigzag edge state needs both further experimental and
further theoretical investigation.
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