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Graphene has attracted extensive research interest in recent years because of its fascinating physical
properties and its potential for various applications. The band structure or electronic properties of
graphene are very sensitive to its geometry, size, and edge structures, especially when the size of
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graphene is below the quantum confinement limit. Graphene nanoribbons (GNRs) can be used as §
a model system to investigate such structure-sensitive parameters. In this review, we examine the 2,
fabrication of GNRs via both top-down and bottom-up approaches. The edge-related electronic and é
transport properties of GNRs are also discussed. c.s
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nating system for studying physical phenomena in con-
densed matter physics, such as the half-integer quantum
Hall effect [2], Klein tunneling [3], and ballistic trans-
port [4, 5]. Graphene is also recognized as one of the
most promising candidates for future applications in na-
noelectronics owing to its high carrier mobility [6].

Despite its high carrier mobility [6] and numerous ex-
traordinary properties for electronic applications, one of
the biggest challenges in utilizing graphene in nanoelec-
tronics is the lack of a sizable band gap [2]. The absence
of a band gap makes it difficult to switch off a graphene
field effect transistor (FET), leading to a rather small
on/off ratio. One solution to this problem is to engineer
graphene into nanostructures. In particular, a sizable en-
ergy gap can be achieved in graphene by patterning it as
graphene nanoribbons (GNRs) [7-9], nanomesh (GNM)
[10, 11], or quantum dots (GQDs) [12]. GNRs are the
most widely studied graphene nanostructure. When the
size of the material becomes equivalent to the length
that characterizes electron motion in the material, the
properties of the material depend strongly on its size
and shape. Owing to the quantum confinement induced
by the GNR structure, a sizable band gap can be intro-
duced, making it possible to use GNRs in nanoeletcron-
ics. GNRs can gradually transform from semimetals to
semiconductors, as the energy gap is inversely propor-
tional to the width [7]. Moreover, GNRs can be catego-
rized as zigzag GNRs (ZGNRs), armchair GNRs (AG-
NRs), or random edge GNRs based on their edge config-
urations (Fig. 1). Random edge GNRs can be character-
ized as combination of zigzag and armchair sites. As the
electronic and transport properties of GNRs are greatly
edge-dependence, exploring the electronic and transport
properties of GNRs based on different edge geometries is
of intense research interest.

Herein, we present an overview of recent work on GNR,
structure engineering and an exploration of their elec-
tronic and transport properties. We particularly focus on
engineering the edge termination of GNRs and the result-
ing properties from both theoretical and experimental
points of view. First, we briefly review the engineering
of GNRs based on top-down and bottom-up approaches
in Section 2. Then, in Sections 3 and 4, we focus on the
electronic properties and transport properties of GNRs,
respectively.

(b) ——— Armchair

Fig. 1 (a) Zigzag graphene nanoribbon. (b) Armchair
graphene nanoribbon.
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2 Nanostructure engineering of graphene

Various synthesis routes in view of either top-down
or bottom-up point have been established to engineer
graphene into nanostructures.

2.1 Top-down approaches

2.1.1 Ozygen-assisted lithography with different masks

The most widely employed method for preparing GNRs
is based on a top-down approach that utilizes lithography
in combination with plasma etching processes. Various
types of lithographic methods, such as electron beam
lithography (EBL) [13] and nanosphere [14, 15], block
copolymer (BCP) [10, 16, 17], and nanowire [18-22] tem-
plated lithography, have been demonstrated for mask
patterning, while oxygen plasma generated in a reactive
ion etching (RIE) system is usually used to remove un-
masked areas, leaving narrow stripes of graphene.

EBL plus oxygen plasma etching is the most widely
adopted approach for the fabrication of graphene nanos-
tructures [7]. Although precise EBL can give a line width
of less than 10 nm, the narrowest GNRs fabricated using
this approach is ~20 nm owing to the violent nature of
oxygen plasma etching. As-fabricated GNRs are likely to
be passivated by O— or OH- at the edges after etching,
which will degrade the electronic properties. Moreover,
the edge orientation cannot be controlled using this ap-
proach. An alternative lithographic method employing
self-assembled BCPs as an etch mask has been developed
to make GNM without the EBL process. In 2010, Bai
et al. utilized a BCP (P(S-b-MMA)) as an etching tem-
plate, followed by CHF3-based RIE to form a nanomesh
hard mask. Subsequently, the unprotected graphene was
etched using oxygen plasma, as shown in Fig. 2 [10]. A
neck width of ~5 nm could be fabricated by choosing
appropriate molecular weights of P(S-0-MMA) and ag-
gressive over-etching conditions. GNM can sustain cur-
rents that are approximately 100 times larger than those
tolerated by a single GNR device at room temperature,
while the on/off ratio of GNM is comparable to that of a
GNR. However, controlling the ultra-narrow neck width
without breaking the interconnected GNM network is a
challenge owing to the standard deviation of the harsh
over-etching process, and this uncertainty may be much
more stringent in larger GNM devices. Soon after, Kim
et al. fabricated GNM with sub-20 nm features across
>1 mm? using a similar BCP lithography method [16],
indicating the potential of the BCP approach for fabri-
cating graphene nanostructures on a large scale.

Compared with EBL technology, the BCP approach
can realize both high resolution and scalability with
low cost [23]. However, similar to the EBL and oxygen

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)
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Tllustration of fabrication of graphene nanomesh (GNM) using BCP lithography. (a—g) The procedure of BCP

lithography to form GNM. (h—j) Electrical properties of a graphene nanomesh device. Reproduced from Ref. [10].

plasma etching fabrication technique, graphene nanos-
tructures fabricated using BCP lithography also have
poor electrical performance. This rather low quality,
caused by the doping effect and impurities, makes GNRs
fabricated by BCP lithography less favorable for elec-
trical transport studies and FETs. Another approach
for obtaining GNRs is to use nanowires as an etch
mask. Nanowires with smooth edges and widths of 1-2
nm can be synthesized using various chemical vapor ap-
proaches, which have shown promise for obtaining GNRs
down to a few nanometers in width [24-27]. Duan’s
group fabricated GNRs with sub-10 nm width by utiliz-
ing silicon nanowires as an etch mask in oxygen plasma
etching [28]. The resulting width of GNRs depends on
the diameter of the silicon nanowire and can also be
tuned by the oxygen plasma etching time. Interestingly,
if oxide nanowires are chosen as masks [19-21], the
nanowires can be directly used as a top gate in GNR
device fabrication. This group has also used Si/HfO,
core—shell nanowires as a mask to fabricate GNR FETs,
as illustrated in Fig. 3 [19]. Using this method, high-
performance FETs with the core—shell nanowires as a
top gate have been obtained, with transconductance of
~3.2 mS-uS~!. This method reveals a new strategy for
obtaining high-performance top-gate GNRs, which can
integrate GNRs with a dielectric of controllable thick-
ness.

The methods mentioned above can produce GNRs
with widths down to a few nanometers and as a re-
sult, sizable band gaps can be opened owing to quan-
tum confinement. However, it is still difficult to de-
fine the edge structure of the resulting GNRs because

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)

the orientation of graphene is unknown. More impor-
tantly, as considerable edge disorder exists owing to the
harsh etching process, the carrier mobility of GNRs is
greatly reduced. Considering the disordered edge struc-
tures formed by above-mentioned approaches, the carrier
transport mechanism in these GNRs can be broadly ex-
plained by a thermally activated carrier hopping mech-
anism. Thus, top-down fabricated GNRs can be con-
sidered as a series of small graphene fragments with
heavily disordered edge structures [29]. To obtain high-
quality GNRs with controlled edge structures, various
approaches for fabricating GNRs without using harsh
oxygen-plasma-assisted etching have been demonstrated.

2.1.2 Hydrogen-assisted etching without masks

Hydrogen is another option for graphene etching because
carbon atoms can be removed from graphene edges by re-
action with hydrogen gas catalyzed by metal nanoparti-
cles, such as Ni, Fe, and Co [30-32], at elevated temper-
atures. Ajayan’s group eported that graphene cutting
can be promoted using a multistage cutting technique
by lithographically prepatterning edge steps in graphene,
resulting in improved edges and shape control [33]. Sub-
10 nm GNRs and nanostructures, such as equilateral
triangles, have been obtained using this catalytic etch-
ing method, which may open new avenues for studying
novel electronic behavior owing to the crystallographi-
cally oriented edge. Catalytic etching with metal par-
ticles shows great potential for fabricating GNRs with
crystallographically oriented edges. However, GNRs ob-
tained using this method are often in disarray. More-
over, metal particle residues degrade the electrical per-
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Fig. 3 (a—d) Procedure in top gate GNRs fabrication using Si/HfO2 core/shell. (e—g) Electrical properties of the top-

gated GNR device. Reproduced from Ref. [19)].

formance of GNRs, impeding their utilization in further
electronic and transport research.

Hydrogen etching can also occur without the assis-
tance of catalytic nanoparticles. Recently, our group has
achieved anisotropic etching of the graphene basal plane
via a facile hydrogen plasma etching technique [34, 35].
Our results show that zigzag edges are the most sta-
ble edge structures under hydrogen plasma etching, as
shown in Fig. 4. The etching mechanism is attributed
to hydrogenation and volatilization of carbon atoms,
and the etching rate can be controlled by tuning the
plasma intensity, temperature, and etching time. No-
tably, anisotropic hydrogen etching only occurs at edges
and inherent defects and does not induce additional
defects owing to the mild nature of hydrogen plasma,
whereas the harsh nature of oxygen plasma usually intro-
duces additional defects. GNRs with atomically smooth
zigzag edges could be achieved by taking advantage of
this anisotropic etching effect [35].

This fabrication approach consists of two main pro-
cesses: first, creation of lithography-defined artificial
defects; and second, enlargement of these artificial de-
fects by anisotropic etching. Lithography-defined cir-
cular holes can act as artificial defects to seed hexag-
onal growth during anisotropic etching. This technique
is favorable for obtaining scale-up patterned graphene
nanostructures with controllable sizes and, more im-
portantly, well-defined zigzag edges. In addition, vari-
ous patterned graphene nanostructures can be obtained
by utilizing this approach, such as honeycomb-like net-
works, arrays of isolated triangular dots, and waved rib-
bon arrays (Fig. 5).

GNRs with widths down to 6 nm can be obtained us-
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Fig. 4 Etching anisotropy in the graphite basal plane. (a)
Typical constant current STM image of monolayer hexagonal
pit on graphite. (b) Atomic resolution for the region marked
in (a). (c) The Fourier transform spectrum. (d) Illustration
of etching speed. Reproduced from Ref. [34].

ing this method. The on/off ratio is ~3 through +40 V
at room temperature and is independent of width, in-
dicating the quasi-metallic conduction behavior of our
ZGNRs. The high quality of these GNRs is indicated by
the high carrier mobility achieved of ~2000 cm?-V~1.s71
in GNRs with a width of 10 nm, which is the high-
est reported value for GNRs with similar widths. For
graphene on SiO, substrates, this method is only suitable
for bilayer and multilayer graphene owing to the surface
roughness and charge inhomogeneity of SiO4 substrates.

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)
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Fig. 5 Hydrogen-assisted anisotropic etching of various patterned graphene nanostructures. (a—c) Various patterned
graphene nanostructures. (d) Zigzag-GNR with width ~5 nm. (e) AFM image of 10 nm ZGNRs devices. (f) Carrier

mobility against ribbon width. Reproduced from Ref. [35].

Most recently, our group has optimized this etching
process for monolayer graphene by using an atomically
flat and inert hexagonal boron nitride (h-BN) substrate
[36]. Mobilities up to 3000 cm?-V~1.s™1 can be achieved
for ZGNRs with a width of 25 nm, demonstrating their
high quality (Fig. 6). This method provides a simple and
controllable way to fabricate large-scale GNRs with well-
defined, uniform widths and atomically smooth zigzag
edges.

2.1.83 Scanning probe lithography

Scanning probe lithography (SPL) is another straightfor-
ward approach for patterning graphene with controlled
crystallographic orientation and fine structure down to
several nanometers. As a kind of SPL, atomic force
microscopy (AFM)-based local anodic oxidation (LCO)
lithography has been used to fabricate GNRs [37—40].
AFM-based LCO lithography has the capability of fab-
ricating small features. However, the downscale features
are limited by the radius of the tip and the edge chirality
cannot be tailored specifically.

To avoid the limitations of AFM-based LCO lithogra-
phy, Tapaszté et al. used scanning tunneling microscopy
(STM) lithography to pattern graphene by applying a
bias potential and simultaneously moving the STM tip
to etch the unwanted area [41]. It is possible to cut
GNRs with specific edge chirality by adjusting the litho-
graphic parameters, such as the bias potential and tip
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velocity (Fig. 7). Beyond the precise engineering of the
edge structure in STM lithography, another advantage
is the possibility for downscaling. Strikingly, GNRs with
widths down to ~2.5 nm and energy gaps up to 0.5 eV
can be obtained. Further, the local density of states
(LDOS) of the predefined GNRs can be detected in situ
to unveil physical phenomena.

Beam-induced cutting and reshaping of graphene,
called beam lithography, is another way to pattern
graphene down to few nanometers. Beam lithography
employs the focused ion beam in transmission electron
microscopy (TEM) [42] or helium and neon ions in scan-
ning ion beam microscopy [43, 44]. Both methods are
suitable for producing graphene patterns in the range
of tens of nanometers, but damage introduced by beam
lithography cannot be avoided and the edges of the pat-
terned samples are quite rough. However, these ap-
proaches can provide a facile way of cutting graphene
into desired patterns with high efficiency.

2.1.4 Unzipping of carbon nanotubes

Another promising approach to obtain GNRs for mass
production is the unzipping of carbon nanotubes (CNTs)
[8, 9]. In this top-down method, CNTs act as the start-
ing material, and the width of the produced GNRs is
determined by the circumference of the CNTs. Tour et
al. [9] obtained GNRs by the lengthwise unzipping of
multiwalled CNTs through treatment with sulfuric acid
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Fig. 6 Patterning of monolayer graphene on h-BN. (a) AFM images of patterned monolayer graphene nanostructures.
(b) Measured conductance of ZGNR at various temperature. (c) High mobility of the patterned ZGNRs. Reproduced from

Ref. [36].
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Fig. 7 GNR patterned by STM lithography. (a) 3D STM image of GNRs with 10 nm width and 120 nm length. (b) A 30°
GNR junction with 8 nm width connecting armchair GNRs and zigzag GNRs. (¢) STS of the obtained ribbon. Reproduced

from Ref. [41].

and potassium permanganate. However, the quality of
these GNRs was low owing to the presence of oxygen-
containing functionalities at the edge and on the surface
[45]. Various improved methods have been described for
enhancing the quality of GNRs by reducing the oxidative
edge defects caused by chemical unzipping.

Unlike the oxidative method mentioned above, Dai’s
group developed the oxidative method mentioned for ob-
taining GNRs with a narrow width distribution (10-20
nm) and smooth edges [8]. CNTs were first embedded in
poly (methyl methacrylate) (PMMA), which acted as an
etch mask, and then argon plasma was used to remove a
longitudinal strip of carbon atoms from the side walls of
the CNTs, as shown in Fig. 8. The edges of the obtained
GNRs were smooth at the resolution of AFM imaging.
The width distribution of the obtained GNRs was 10—
20 nm, and narrower GNRs could be obtained utilizing

127206-6

this method by using CNTs with narrower diameters.
In addition, Dai’s group constructed well-ordered arrays
of GNRs and GNR-CNT crossbars by unzipping CNTs
[46]. Recent progress in the synthesis, size control, and
alignment control of CNTs in combination with argon
plasma unzipping of CNTs might pave the way to fab-
ricating GNR arrays in a controlled manner. As argon-
assisted unzipping of CNTs is limited to the formation
of GNRs on the substrate, the same research group de-
veloped a two-step method to obtain high-quality GNRs
[46]. The quality of the achieved GNRs was exemplified
using aberration-corrected TEM and quantum transport
measurements, including Coulomb blockade, Kondo ef-
fect, and inelastic cotunneling [47, 48]. Because of their
high quality, these samples show potential for exploring
new physics, such as magnetic edge states [49] and spin
qubits [50].

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)
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measurement of the obtained GNR. Reproduced from Ref. [8].

While these unzipped GNRs show promise, their struc-
tures depend highly on the raw CNT materials, and ob-
taining of GNRs with well-defined edge structures is very
difficult to achieve as CN'Ts have many different chirali-
ties.

2.2 Bottom-up approaches

In addition to the various top-town approaches men-
tioned above for fabricating GNRs, another route for
GNR fabrication is the bottom-up approach, which is
briefly summarized in the following sections.

2.2.1 Self-assembly of organic molecules

Self-assembly of organic molecules using solution-
mediated [51, 52] or surface-assisted cyclodehydrogena-
tion reactions [53] is a promising method for obtaining
GNRs with ultra-narrow widths. This method was first
reported by Cai et al. [53], who used surface-assisted
coupling of molecular precursors into linear polymers
to obtain AGNRs (Fig. 9). Recently, the same group
reported the fabrication of ZGNRs by choosing a
different precursor [54]. This method requires two ther-
mal activation steps, described as dehalogenation and
cyclodehydrogenation, which are achieved by annealing
the samples at different temperatures. Notably, differ-
ent types of GNRs can be obtained by choosing different
molecular precursors. This method may even provide
a route to the controlled growth of GNR heterojunc-
tions by using two different monomers designed for facile
heteromolecule coupling and cyclodehydrogenation. The
same group fabricated intraribbon heterojunctions and

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)

(a)
Br
200°C 400°C

Fig. 9 GNRs formation through surface-assisted. (a) Re-
action scheme to form N = 7 straight GNRs. (b) STM im-
ages of the GNRs on Au(111) surface. (c) Reaction scheme
to form chevron-type GNRs. (d) STM images of the GNRs
on Au(111) surface. Reproduced from Ref. [53].

PN graphene heterojunctions via partial cyclodehydro-
genation of monomers, which was controlled using differ-
ent annealing temperatures or by combining the pristine
precursors with their nitrogen-substituted equivalents
[55, 56]. Later, Crommie and co-workers fabricated 7—
13 GNR heterojunctions using the surface-assisted bot-
tom up approach by choosing different molecular blocks
[57]. STM and scanning tunneling spectroscopy (STS),
as well as first-principle calculations, revealed molecular-
scale band engineering [58, 59]. These GNRs have atom-
ically well-defined structures and large band gaps are
detected owing to quantum confinement.
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Besides the above-mentioned precursors, a number of
studies have been based on the solution synthesis of
GNRs from polyphenylene [51, 52, 60]. Most recently,
Miillen and co-workers developed a new bottom-up so-
lution synthesis method via Diels—Alder polymerization
[52]. GNRs with lengths of more than 200 nm, the longest
reported to date for self-assembly of organic molecules,
can be synthesized by employing this approach. However,
these GNRs require post-synthesis transfer to other sub-
strates through the above-mentioned surface-assisted or
solution-mediated methods in order to be used for de-
vice fabrication. Moreover, these ribbons are too small
to investigate their transport properties.

2.2.2  Growth of graphene nanoribbons on templated
substrates

A major limitation of the bottom-up synthesis of GNRs
by self-assembly of organic molecules lies in the dif-
ficulties in fabricating GNRs on insulating substrates.
Growth of GNRs directly on insulating substrates is
more favorable, as further investigation of their elec-
tronic properties is straightforward. Epitaxial growth
of graphene on silicon carbide and chemical vapor de-
position (CVD) growth of graphene on catalyst sub-
strates are two of the most popular methods for wafer-
scale graphene production [5, 61]. A common feature of
these methods is that the substrate guides the growth
of graphene, as the morphology of graphene is highly in-

(a) ® (1100
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fluenced by the structure of the underlying substrate.
Therefore, bottom-up growth of GNRs on templated
substrates is extremely promising. The exploitation of
direct growth of GNRs on templated silicon carbide
substrates was first demonstrated by de Heer’s group
(Fig. 10) [62]. GNRs as narrow as 40 nm can be grown
at specified positions on the substrate. The as-grown
GNRs exhibit on/off ratios of ~10 and mobilities of up
to 2700 cm?-V~1.s~! at room temperature. Importantly,
pretailoring of silicon carbide substrates, in general, is a
promising approach for fabricating high densities of GNR,
devices. Soon after, single-channel ballistic transport at
room temperature was observed in epitaxial GNRs on
silicon carbide, a signature of the high quality of such
GNRs [4].

Cho and co-workers presented another facile and ef-
fective approach for fabricating width-controlled GNRs
in a more efficient way [63]. By tuning the annealing
temperature and gas pressure, steps can be formed on
the surface of silicon carbide and used for GNR growth.
Recently, Nevius et al. showed asymmetric growth of
armchair- and zigzag-terminated GNRs from the differ-
ent silicon carbide step facets [64]. Further, the desired
chirality of preferential precipitated GNRs can be ob-
tained by selecting an appropriate silicon carbide side-
wall facet.

CVD is a powerful and effective approach for grow-
ing monolayer graphene on catalytic metal substrates.
Through patterning of the catalytic metal substrates,
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Fig. 10 Scalable templated growth GNRs on SiC. (a, b) Etch to form SiC step and specific facet. (c) Self-organized
GNRs formation in the step facet. (d) Illustration of top gate GNRs device. (e, f) Electrical properties of the obtained

GNR. Reproduced from Ref. [62].
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it is also possible to directly grow GNRs. Metal cata-
lysts that having steps or twin boundaries are reported
to stimulate GNR, growth [65]. In addition to Co and
Cu, Ni can also act as a catalyst for GNR growth. To
date, several routes based on Ni catalysts for direct
growth of GNRs have been reported [66-68]. In their pi-
oneering work, Kato and Hatakeyama achieved site- and
alignment-controlled growth of GNRs by directly con-
verting Ni nanobars into GNRs via rapid heating plasma
CVD (RH-PCVD) [66]. The widths of the obtained
GNRs depend on the initial width of the Ni nanobar,
and more importantly, do not exceed the width of the
Ni nanobar, indicating the formation of width-controlled
GNRs, as shown in Fig. 11.

In addition to Ni nanobars, vertical and planar Ni films
can act as catalyst films to template GNR growth. Zhang
and co-workers demonstrated precise control of the po-
sition and width of GNRs based on surface catalytic se-
lectivity at the vertically Ni template, with the width
defined by the thickness of the catalyst film [67]. The
obtained GNRs have widths as narrow as 20 nm and
show high carrier mobilities of up to 1000 cm?-V~1.s71,
Recently, Hibino and co-workers reported the catalytic
growth of GNRs on a planar Ni film [68]. GNRs with
widths of 20-30 nm can be formed by annealing a thin
Ni film, deposited with PMMA, at 1000 °C.

Jacobberger et al. reported the direct growth of
AGNRs on the insulating substrate germanium. This
method allows fabrication of GNRs down to 10 nm in

(@ (b)

R ——

— -
Rapid Rapid
heating cooling
()
1.8 1 3K
V4s =500 mV
Nanoribbon .
(33 nm) il 17
3
1.6

width with smooth armchair edges and controlled crys-
tallographic orientation [69].

Recently, our group exploited the epitaxy of GNRs
on h-BN substrates to obtain GNRs with widths rang-
ing from 15 to 150 nm [70]. Strikingly, the as-grown
GNRs on h-BN show ultra high quality with a carrier
mobilities of up to ~20000 cm?-V~1.s7! at low tempera-
ture and ~4000 cm?-V~1.s~1 at room temperature owing
to effective reduction of charge impurities and phonon
scattering for epitaxy on the atomically smooth h-BN
surface (Fig. 12). Moreover, this growth approach pro-
vides an ideal platform to investigate GNRs with clean
interfaces as well as quasi-one-dimensional superlattice
systems.

2.3 Challenges in electronic-grade graphene
nanoribbon processing

Sections 2.1 and 2.2 summarized the reported methods
for GNR fabrication. In addition to different scalabil-
ity and controllability, each of these methods generates
graphene nanostructures with different widths and edge
structures, which greatly influence their electronic prop-
erties, such as energy band gap, on/off ratio, and carrier
mobility.

Table 1 lists the feature size, on/off ratio, band gap,
and edge structure of the various types of GNRs. The
feature size is characterized by the narrowest width of
GNRs fabricated by a certain method. To utilize GNRs

(@)

—
Rapid
cooling

(® Nanoribbon

Ni_
Nanoribbon
23 nm
( J )
40 20 0 20 40
Vs (V)

Fig. 11 Direct conversion of Ni nanobar to GNRs via PH-PCVD. (a—d) Schematic illustration of GNRs formation. (e, f)
SEM image of 33 nm GNR and its electrical performance. (g, h) SEM image of 23 nm GNR and its electrical performance.

Reproduced from Ref. [66].
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Fig. 12 Epitaxy of GNRs on h-BN substrate. (a) Schematic illustration of growth mechanism. (b) Contact mode AFM
image of 15 nm GNRs. (c) Statistic mobility of as growth GNRs versus ribbon width. (d) Two-terminal magnetoresistance.

Reproduced from Ref. [70].

as semiconductor devices at room temperature, a techno-
logically relevant band gap that is substantially greater
than kpT = 26 meV is required, while preserving high
carrier mobility. Numerous efforts have been dedicated
to induce band gap in GNRs using quantum confinement.
The band gaps of GNRs caused by quantum confinement
are inversely proportional to the width of the ribbons, as
shown in Table 1. Sizable band gaps as large as 500 meV
can be achieved.

To utilize GNRs in logic devices, a width-controlled
band gap is not sufficient, as the carrier mobility, which
is related to the smoothness of the edge structures,
also needs to be considered. Figure 13 shows the car-
rier mobilities of GNRs obtained using the reported ap-
proaches. The carrier mobilities of GNRs are smaller
than that of pristine graphene flake owing to edge scat-
tering. Rougher edge structures decrease the carrier mo-
bility and thus reduce the quality of GNRs. Consider-
ing these two characteristics, the current methods have
not shown great potential for utilizing GNRs as logic de-
vices at room temperatures. However, GNRs with zigzag
edge termination show great potential for application in
spintronics as well as valleytronics, as already proposed
by theorists and experimental researchers. High-quality
GNRs with well-defined edges are the ideal platform for
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further explorations of electronic and transport proper-
ties. Therefore, fabrication of GNRs with defined edge
terminations and controllable widths that maintain high
carrier mobility is still a challenging and interesting re-
search topic.

3 Electronic band structure of graphene
nanoribbons

3.1 Differences between the band structures of zigzag
and armchair nanoribbons

Based on the edge structures, GNRs have two typical
edge terminations: armchair and zigzag, as shown in
Fig. 1. Theoretically, the electronic properties depend
strongly on the size and geometry of the GNRs [71, 72].
The electronic states may be understood in terms of
eigenstates of the Dirac Hamiltonian with appropriate
boundary conditions [73]. The energy spectra and wave-
function for zigzag and armchair edges have been widely
explored in theoretical studies. Herein, we briefly review
the electronic states of ZGNRs and AGNRs.

For AGNRs, the ribbon width determines whether the
ribbon is metallic or semiconducting. When the ribbon

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)
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Table 1 Feature size, on/off ratio and band gap of GNRs produced by different methods.

Fabrication method Feature sizes on/off ratio Bandgap Mobility
(meV)  (cm?-V~l.s~1)
E-beam lithography 15 nm ~ 200 ~
Block polymer lithography <20 nm 40(RT); 200(105 K) 100 1
Silicon nanowire lithography 6 nm 160(RT) ~ ~
Core shell nanowire lithography ~10 nm 70(RT) ~ 880
Gas phase chemical etching <5 nm 104 400 ~
Hy plasma etching (bilayer and multilayer) ~4 nm 3 ~ 2000
Hy plasma etching (monolayer) <10 nm  10(>150 K); 103(<10 K) ~ 3000
STM lithography ~2.5 nm ~ 500 ~
Unzipping of CNTs 6 nm >100 ~ 1500
Self-assembly with molecules 0.5 nm ~ ~ ~
Growth with SiC step ~40 nm 10 ~ 2700
Templated by Ni 23 nm 104 58.5 1000
Epitaxy growth on h-BN 15 nm ~ ~ 4000

4000 u
Epitaxy growth on BN

3000 -
b
7 Templaled rowth on SiC
> ,
: ou
\CE_L 2000 | Unzipping C
Z\. I
% Templated growth on Ni =
=

4000

Lk copolym
Graph W
04

H, plasma (SiO, substrate .

Core-ghell nanowire lithography

H, plasma (h-BN substrate)

=5
II/

=
S
=
[¢]
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2.
=3
gQ
Q
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8
g

Fig. 13 Comparison of the mobility of the GNRs from the reported approaches.

width N = 3M — 1, where M is an integer, the sys-
tem is metallic. Otherwise, the ribbons show insulating
characteristics. For semiconducting nanoribbons, the di-
rect band gap decreases as the ribbon width increases,
reaching zero at the limit of very large N.

However, for ZGNRs, a remarkable feature arises in
the band structure, as the highest valence band and low-
est conductance band are always degenerate at k = ,
which does not originate from the intrinsic band struc-
ture of graphene. The electronic states in the almost flat
band can be understood as a localized state on the zigzag

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)

edge, as indicated by the charge density distribution [71].
3.1.1 FEdge state in zigzag graphene nanoribbons

Theoretically, ZGNRs exhibit a special edge state, which
corresponds to partly flat bands [71]. These partly flat
bands were first analyzed by Fujita et al. by using tight-
binding band calculations [72]. A perfectly flat band can
be constructed within the k-space region %” < |kl <.
The edge state were further demonstrated to be a robust
property of zigzag edges and non-negligible edge states
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can survive in ZGNRs, even with less-developed zigzag
edges [71, 74]. Calculations showed that edge states are
exhibited when then average number of sequential zigzag
sites reaches four or five.

The energy dispersion of ZGNRs can be calculated by
the following formula [75]:

k
By, = —2tNDY ™! (—2t+2tcos 2>, (1)

where D = —2cos(k/2) and N represents the ribbon
width. The density of states (DOS) can be calculated
from the dispersion relationship,

ok 1 .
P(5>=§Nﬁfa (2)

where & = 1/N — 1. Notably, the DOS gives a remark-
ably sharp peak related to the edge state at the Dirac
point. The DOS of ZGNRs with different widths (N = 6,
11, and 50, corresponding to widths of 1.1, 2.2, and 10.6
nm, respectively) are shown in Fig. 14.

Zigzag edges are formed by atoms that belong to the
same sublattice: A or B. The partly flat band is of great
significance for the properties of ZGNRs. Theoretical
studies have shown that a flat band can be constructed
by an imbalanced number of sublattice A and B atoms,
that is [Na — Np| # 0, where N4 and Np represent
the number of A and B sublattice sites, respectively [76].
Recently, it was shown that zero-energy states generally
appear when the potential between the A and B sub-
lattices is strongly imbalanced, which can be generated
from edges or defects, even at [Ny — Np| = 0. Wak-
abayashi et al. found that the partly flat band still occurs
at zero energy even under the condition of [Ny —Ng| =0
when edge structures are partially modified [77]. More-
over, the modification of AGNRs also leads to a zero
energy state and partly flat band. These results pave
the way for designing and stabilizing the edge state
by chemical and structural modification of graphene
edges.

Fujita et al. analyzed the magnetic structure of GNRs
using the Hubbard model with an unrestricted Hartree—
Fock approximation [71]. A local ferromagnetic structure

(a) N=6 (b) N=11 (o) N=51
3.0 3.0 3.0
2.0 2.0 2.0
1.0 1.0 - 1.0 -
0.0 1 &3 0.0 1 19 0.0
-1.0 -1.0 -1.0
-2.0 -2.0 -2.0
-3.0 -3.0 -3.0

DOS (E) DOS (E) DOS (E)

Fig. 14 The DOS of zigzag GNR with different width. (a—
c) N =6,11,51. Reproduced from Ref. [75].
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is found to exist at the zigzag edge and spin alignment
is visualized at both edge sites, but AGNRs do not show
similar magnetic behavior. The ground state of a ZGNR
is antiferromagnetic, that is the spin-up and spin-down
states belong to atoms in different edge sublattices. The
unique magnetic properties of ZGNRs ensure that they
are the most promising candidates for spintronics [49].

3.1.2  FEnergy gap engineering in graphene nanoribbons

Theoretical analysis showed that the band gap opening
of GNRs depends on the edge orientation [72, 78]. Based
on the tight-binding model within the nearest-neighbor
or Hiickle approximation, ZGNRs show metallic charac-
teristics, regardless of their widths. Interestingly, the rib-
bon width is critical for determining whether an AGNR
is metallic or semiconducting. These results show that
there is a remarkably similarity between GNRs and
CNTs [78]. ZGNRs and AGNRs are analogous with arm-
chair CNTs and zigzag CNTs, respectively. Namely, all
ZGNRs are metallic, as are all armchair CNTs, whereas
AGNRs with a period of 3 are metallic, as are zigzag
CNTs with a period of 3. Barone et al. showed that the
band gap of AGNRs greatly depends on the width [79].
To obtain GNRs with a band gap comparable to that of
silicon, the width of the ribbons must be reduced to 1-2
nm.

As the aforementioned models are based on simple
tight-binding calculations, more detailed considerations
of the edge effect are needed. Strikingly, Louie et al. em-
ployed first-principle calculations using the local density
approximation (LDA) to analyze the band gap of GNRs
[80]. Their results showed that both ZGNRs and AG-
NRs have energy gaps, with the value of the energy gap
inversely proportional to the width of the nanoribbon
(Fig. 15). The energy gaps of GNRs with different edge
terminations are attributed to different physical mech-
anism. More specifically, the energy band gaps of AG-
NRs originate from quantum confinement while those
of ZGNRs are caused by staggered sublattice potentials
arising from magnetic ordering. Unlike the calculations
based on the tight-binding approximation, the band gaps
of AGNRs calculated using the LDA all correspond to
semiconductor states, with the energy gap decreasing as
the width of the AGNR increases, and no metallic states
exist.

For ZGNRs, the results of the calculations using the
LDA are shown in Figs. 16(a)—(c). Unlike the previ-
ous studies based on the tight-binding approximation
or solutions of these calculations showed that ZGNRs
have energy gaps analogous to those of AGNRs. The en-
ergy gaps of ZGNRs originate from staggered sublattice
potentials resulting from magnetic ordering, as opposite
spin states on opposite edges are located in different sub-
lattices. The theoretical work of Louis’s group demon-

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)
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Fig. 15 (a, b) band gap of AGNRs in tight-binding model and LDA, respectively. (c¢) Band structure of AGNRs with
N, =12, 13, 14, respectively in first principle calculation. Reproduced from Ref. [80].
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Fig. 16 (a) The spatial spin distributions in N = 12
ZGNRs. (b) Band structure of N = 12 ZGNRs. (c) The
variation of A2 and Al as a function of ribbon width. Re-
produced from Ref. [80].

strates that the edge effect is a determining factor for
band gap engineering in GNRs.

3.2 Scanning tunneling microscopy and spectroscopy
observations of edge states and band gaps

3.2.1 Zigzag edge states

Localized zigzag edge states have been extensively stud-
ied, with a substantial amount of experimental work de-
voted to measuring graphene terrace edges using STM
and STS [81-84]. STS measurements are performed
to determine the electronic properties of graphene, as
the dI/dV quantity is proportional to the LDOS. The
LDOS depends on atomic structure and it is a key to
understanding the unconventional electronic structure
of graphene. Therefore, direct observation of the lo-
cal electronic structure near the edges of graphene using

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)

STS measurements is of great significance for clarifying
the edge states. In addition, the atomic resolution of
graphene edges achieved in STM measurements can pro-
vide more detailed information about the edge state from
the experimental perspective. Electronic DOS near the
zigzag edges clearly show a LDOS peak that is several
hundreds of meV above or below the Fermi level energy.
Further, the complicated structures of the edges and
charge transfer from different chemical functional groups
bound to the edges of various samples might be respon-
sible for discrepancies in peak energy [81, 83]. STS data
for zigzag and armchair edges are shown in Figs. 17(a)-
(d) [83]. A clear peak in the LDOS that is several tens of
meV below the Fermi level energy is revealed for zigzag
edges and its magnitude depends on the distances from
the edge. The spatial decay of the edge state can be
viewed as the peak magnitude decreasing, with the peak
finally vanishing when scanning from the zigzag edge to
the interior of graphene. Using STS measurements, Ni-
imi et al. determined that the decay length of the edge
state is about 1.2 nm, in accordance with that calculated
for a zigzag edge that is slightly mixed with an armchair
edge [83]. In contrast, for the armchair edge, no obvious
peak is observed in the LDOS data within experimental
error.

Therefore, the LDOS peaks experimentally observed
near the zigzag edge are indicative of the edge state in
zigzag edge graphene, which has been intensively stud-
ied theoretically. Most recently, Ritter et al. investi-
gated the role of edge states in a mixed edge employing
ultra-high-vacuum STM and STS techniques [84]. The
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Fig. 17 (a, b) dI/dV curve measured near zigzag edges at the surface of ZYX and HOPG. (¢, d) dI/dV curve measured
near armchair edges at the surface of ZYX and HOPG. Reproduced from Ref. [83].

zigzag edge state could be clearly observed in the STS
measurements, in accordance with the previous results.
Moreover, a 2.3 nm wide zigzag-dominant GNR exhib-
ited a smaller band gap than a 2.9 nm wide AGNR, an-
other signature of zigzag edge states, as materials with
zigzag edges are predicted to be metallic by tight-binding
calculations.

3.2.2  Energy gaps

Theorists have widely studied the dependence of the en-
ergy gap on width and edge orientation, but the inter-
play between the precise width and edge structure in
a GNR remains a rich area of experimental research
[80]. The atomic resolution of STM paves the way for
precise engineering of the width and edge structure of
GNRs. In their pioneering work, Tapaszté et al. de-
veloped an STM-based lithography method with true
nanometer precision [41]. As the differential conductance
(dI/dV') quantity can be considered to be proportional
to the LDOS, the value of the energy band gap is given
by the distance between the first pair of van Hove singu-
larities [85]. These STM and STS measurements showed
an energy gap of 0.18 eV for 10 nm wide AGNRs. Further
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downscaling to 2.5 nm achieved an energy gap of up to
0.5 eV, in accordance with tight-binding theoretical cal-
culations, where a gap of 1.2 eV nm/W was introduced
owing to the spatial confinement [80].

To verify the width and edge orientation dependence
of energy gaps experimentally, the same research group
analyzed the band gaps of samples with precise edge
orientations utilizing STM and STS measurements [86].
The measured band gaps as a function of width are plot-
ted in Fig. 18 for AGNRs and ZGNRs. For AGNRs,
the band gap is inversely proportional to the width and
several AGNRs with no detectable band gap have been
observed, which might correspond to the 3n + 2 class
reported in tight-binding calculations. Strikingly, a dif-
ferent phenomenon is observed in ZGNRs. An electronic
band gap of 200-300 meV is detected for ZGNRs with
widths narrower than 7 nm, which can be attributed to
interaction-induced spin ordering along the zigzag edges
[80, 87, 88].

Interestingly, in contrast to density functional theory
(DFT) calculations, a semiconductor to metal transition
is revealed in ZGNRs wider than 8 nm. The discrep-
ancy between theoretical studies and experimental re-

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)
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Fig. 18 (a) Bandgap measured by STS of AGNRs. (b) Bandgap measured by STS of ZGNRs. Reproduced from Ref. [86].

sults might be due to the zero temperature and lack of
doping in DFT calculations, while the experimental data
for ZGNRs are acquired at room temperature and finite
doping. The aforementioned experimental results from
STM and STS measurements indicate that both the edge
configuration and width play important roles in tailoring
the band gaps of GNRs. By specifically controlling the
edge structure and width of GNRs, it will be possible to
design GNRs with predetermined characteristics.

4 Electron transport in graphene
nanoribbons

Electronic transport in GNRs demonstrates a number of
intriguing phenomena, such as zero-conductance Fano
resonances [89], valley filtering [90, 91], half metallic
conduction in ZGNRs [49], the spin Hall effect [92],
and a perfectly conducting channel [93]. Theoretically,
the electronic transport properties of GNRs, both with
rough and regular edges, have been discussed numeri-
cally. Electron scattering is described by the scattering
matrix [94].

4.1 Transport in graphene nanoribbons with different
edges

The electronic transport properties of GNRs depend
greatly on their edges, which are either rough or smooth
[90, 95-97]. Carrier transport through GNRs with rough
edges is dominated by edge defects and can be described
as variable hopping between localized states. In this case,
a transport gap can be detected near the Dirac point. In-
teresting transport properties are predicted to exist for
GNRs with perfect edges [7, 80]. The transport theory
for such GNRs can be roughly divided into several mech-
anisms, including Coulomb blockade and charge impuri-
ties [95, 96]. Moreover, owing to the limitations of fab-
rication processes, unity between experimental research
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and theoretical work remains to be achieved.

4.1.1

Transport in graphene nanoribbons with rough
edges

Han et al. reported that lithographically patterned GNRs
have a transport gap that depends on the ribbon width
[7]. By systematically measuring a series of ribbon de-
vices with various widths, they found that the energy
band gap scales quantitatively and inversely with the rib-
bon width. Remarkably, when the width of the nanorib-
bon is reduced to 15 nm, a band gap as large as 200 meV
can be achieved. No signature of crystallographic direc-
tional dependence is observed, but randomly scattered
values around the average F, value corresponding to the
width are observed. This phenomenon can be attributed
to the disordered edge structure, as the ribbon fabrica-
tion process in their work is less likely to provide atomic
control of the edge structure of GNRs.

Owing to the harsh etching conditions in the litho-
graphic method, the edges of the obtained GNRs are
rough, which could lead to the localization of charges.
The edge roughness can be modeled using two regimes:
weak disorder and strong disorder. Weak disorder can
be considered as geometric fluctuation of the ribbon
width, whereas strong disorder corresponds to small rel-
ative variation of the ribbon width, which occurs when
some atoms are removed or replaced by other atoms in
the fabrication process. In a theoretical study, Sols et
al. attributed the transport gap observed in rough-edge
GNRs to a Coulomb blockade [96]. GNRs with disor-
dered edges, especially strong interface disorder, can be
considered to form necks and dots along the ribbon, and
a Coulomb blockade exists when charge transfer occurs
between islands (Fig. 19). The effective charging en-
ergy of these junctions, renormalized by the charge fluc-
tuation at the junctions, can be explained as the gap
observed in the transport measurement of random-edge
GNRs. In 2008, Ponomarenko et al. investigated the
transport properties of GQDs experimentally and ob-
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served a Coulomb blockade of charge transfer between
the dots, demonstrated by a Coulomb diamond in the
conductance measurement [12].

An alternative explanation of the experimentally ob-
served transport gap in GNRs was proposed in a model
of Anderson localization [98]. In this work, Evaldsson et
al. showed that a strong enhancement of LDOS exists
near defects at the edges, which can be determined ex-
perimentally by utilizing STM/STS. Martin and Blanter
attributed transport in disordered GNRs to effective
one-dimensional hopping between segments with distinct
band structures, as edge disorder leads to segmenta-
tion of the wavefunctions into blocks with lengths on
the order of the GNR width using the tight-binding
method [99]. Briefly, the transport properties of GNRs
with rough edges are described by a combined phys-
ical picture involving charge impurities caused by the
substrate, Coulomb blockage, and Anderson localization
[95, 96, 98].

4.1.2  Transport in graphene nanoribbons with reqular
edges

The transport properties of GNRs with regular edges
are apparently different from those of GNRs with rough
edges. Theorists have investigated the transport prop-
erties of AGNRs and ZGNRs in the universality class

DOT

Fig. 19 TIlustration of GNRs with a disordered edge,
Coulomb blockade takes place when the charge moves from
dot to dot. Reproduced from Ref. [96].
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based on symmetry considerations [90, 91, 97, 100]. Un-
fortunately, experimental investigations on this topic are
extremely rare, partially owing to the difficulties in ob-
taining GNRs with well-defined edge structures.

4.1.2.1 Universality class of armchair and zigzag edges

Wakabayashi et al. investigated the transport proper-
ties of AGNRs using a tight-binding model [97]. The
transport properties of AGNRs can be classified into two
regimes: a low-energy single-channel transport regime
and a multichannel energy regime. They observed a
nearly perfect single conduction channel, even in disor-
dered AGNRs with long-range impurities (LRIs) owing
to the disappearance of the backward-scattering matrix
elements in the lowest order.

As shown in Fig. 20, the average conductance of AG-
NRs with LRIs in the single-channel regime is nearly
equal to 1, whereas for short-range impurities (SRIs),
the conductance decays exponentially, even in the single-
channel regime. In comparison with AGNRs, ZGNRs
have a perfectly conducting channel in the disordered
system with LRIs owing to the peculiar edge state [101].

As seen in Fig. 21, the impurity range is crucial for the
transport properties of ZGNRs. For SRIs [Fig. 21(b)],
impurity scattering connects the two valleys, called in-
tervalley scattering, whereas LRIs restrict the scatter-
ing process and lead to intravalley scattering. For LRIs
[Fig. 21(a)], the average conductance gradually decreases
with increasing length L, and notably, the average con-
ductance converges to 1, indicating the perfectly con-
ducting channel in disordered ZGNRs in LRIs. Inter-
valley scattering in the SRIs causes back scattering, and
the average conductance decays exponentially without
developing a perfectly conducting channel.

A symmetry consideration for regular-edge GNRs with
different impurities has been considered to identify the
universality classes in ZGNRs and AGNRs. The univer-
sality classes describe transport properties according to
random matrix theory based on time-reversal symmetry
(TRS) and spin-rotation symmetry and can be classified
into three categories: orthogonal, unitary, and symplec-
tic [93]. The orthogonal class has both TRS and spin-
rotation symmetry, whereas the unitary class is char-
acterized by the absence of TRS. The symplectic class
features TRS without spin-rotation symmetry.

In the GNR systems, the range of the impurity poten-
tial is related to the presence or absence of TRS. ZGNRs
and AGNRs differ from each other in terms of the bound-
ary conditions. Two well-separated valleys exist in k-
space for ZGNRs, whereas two valleys merge into a sin-
gle valley at k = 0 for AGNRs. In ZGNRs, SRIs yield
intervalley scattering that restore TRS for both valleys
by incorporating a complete set of pairs of time-resolved
modes. In contrast, LRIs in ZGNRs cause intravalley
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Fig. 20 (a, c) Averaged conductance of AGNRs as a function of length in the presence of LRI and SRI, respectively. (b)
The energy dependence of averaged conductance of armchair GNRs in the presence of LRI. Reproduced from Ref. [97].
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Fig. 21 (a, b) Averaged conductance of ZGNRs as a function of length in LRIs and SRIs, respectively. Reproduced from

Ref. [101].

scattering, which might destroy TRS. Thus, ZGNRs with
LRIs without TRS belong to the unitary class, whereas
ZGNRs with SRIs with well-protected TRS belong to
the orthogonal class. In the case of AGNRs, owing to
merging of two valleys at k£ = 0, TRS is conserved ir-
respective of the impurity potential range. Therefore,
AGNRs belong to the orthogonal class and do not pro-
vide a perfectly conducting channel like that of ZGNRs.
It is quite interesting that the universality class is in-
fluenced by the edge termination of GNRs. Moreover,
with the rapid progress of experiments confirming the
edge orientation at the atomic level, it is of great inter-
est to investigate the transport properties of GNRs with
well-defined regular edges experimentally [34].

4.1.2.2 Unique transport properties of zigzag
graphene nanoribbons

Owing to the existence of edge states, ZGNRs are char-
acterized by a number of interesting transport prop-
erties, such as a half-metallic state and valley filter-
ing [49, 90, 91]. Louie and co-workers predicted half-
metallicity in ZGNRs with an in-plane homogeneous
electric field based on the ab initio pseudopotential den-
sity function method within the local spin density ap-
proximation (LSDA) [49]. By considering the effect of

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)

spin and electric field, energy level shifts of spin-ordered
edge states were observe to be induced by an applied
electric field. They labeled the gap-opening states as
a-spin and the gap-closing states as B-spin. The half-
metallic property of ZGNRs means that the metallic na-
ture of electrons with [B-spin coexists with the insulat-
ing nature of electrons with a-spin, as shown in Fig. 22.
Moreover, they confirmed the robustness of the predicted
half-metallicity with different kinds of defects, such as
dangling bonds, vacancies, and Stone-Wales defects, at
a defect concentration of 6%—12% per edge.

In addition to spin and charge degrees of freedom in
ZGNRs, the peculiar band structure makes it possible to
utilize the valley degree of freedom in ZGNRs. Rycerz et
al. proposed that a valley filter and valley valve could be
obtained in graphene based on a ballistic point contact
with zigzag edges [90]. A schematic diagram of the valley
filter is shown in Fig. 23, in which an electron in the first
valley (filled circle) is transmitted, while an electron in
the second valley (open circle) is reflected. Wakabayashi
and Aoki proposed the polarization of the two valleys
as the origin of the current blocking effect [102]. The
current blocking effect showed that the current is almost
blocked by the potential barrier when the incident energy
is in the range of [0, A], while the barrier potential height,
Vo, is in the range of [A,2A], where A represents the
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spacing of the low-lying modes.

4.2 Quantum Hall effect of two-terminal graphene
nanoribbon devices

An interesting aspect of graphene is the ability of charge
carriers to travel ballistically over hundreds of nanome-
ters. Theoretically, ZGNRs can be a platform to study
the quantum spin Hall effect [92], quantum valley Hall
effect [104, 105], and quantum anomalous Hall effect
[106], which can be tuned by Rashba spin-orbit cou-
pling, exchange fields, and interlayer potentials for mul-
tilayer GNRs. However, experimental observation of
the quantum Hall effect is very challenging as the GNR
system is diffusive, disordered, and lacks uniform dop-

(a) E

L-region L-region

feAV<0

R-region

R-region

a Electric field =0 g E Electric field > 0 ﬁ
L M R L M R

Fig. 22 (a) Oppositely oriented spin states of ZGNRs.
(b) Applied electric fields induce energy-level shifts of oppo-
site signs for the spatially separated spin-ordered edge states.
Reproduced from Ref. [49].

(b)

Fig. 23 (a) Dispersion relations in the wide and narrow
regions. An electron in the first valley (filled circle) is trans-
mitted while an electron in the second valley is reflected (open
circle). (b) Schematic diagram of valley filter. Reported from
Ref. [90].
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ing owing to strong interaction with the substrate [103].
One way to circumvent this problem is to fabricate sus-
pended GNRs to avoid the influence of the substrate and
prepare a constricted length comparable to or shorter
than the width to decrease the edge disorder. Tombros
et al. reported the observation of quantized conduc-
tance for a suspended graphene nanoconstriction in the
ballistic regime [107]. A pronounced feature at 0.6G
(Go = 2€2/h) occurred at magnetic fields as low as ~0.2
T, possibly caused by electron—electron interactions, in-
dicating the high quality of the suspended GNR samples
prepared by a current annealing method. Crossover from
the Coulomb blockade, which originated from geomet-
ric confinement caused by edge disorder, to the quan-
tum Hall effect, which is due to magnetic confinement
in suspended GNRs, was observed by Ki and Morpurgo
in 2012 using a similar current annealing method [108].
As the length of the GNRs presented by Ki and Mor-
purgo is much longer than that of the GNRs fabricated
by Tombros et al., the edge scattering is much severe,
resulting in electron localization and prevention of bal-
listic transport. Though the fabrication of high-quality
suspended GNRs prepared by current annealing meth-
ods paves the way for exploring the properties of confined
Dirac electrons in different transport regimes, the limi-
tation of this method is uncertainty in the actual width
of the GNRs, as brittleness is a known problem of sus-
pended GNRs. Therefore, the relationship between the
subband energy spacing and the ribbon width cannot be
obtained accurately in transport experiments for GNRs
produced using current annealing. As boron nitride has
proved a high-quality substrate for graphene, the prob-
lem of determining the actual width of GNRs might be
solved by patterning high-quality GNRs on boron nitride
substrates [36, 70, 109].

5 Conclusions and outlook

Various methods for fabricating GNRs have been demon-
strated using top-down approaches as well as bottom-up
approaches. In addition, the electronic and transport
properties of GNRs have been discussed in detail, both
theoretically and experimentally. Though the band gap
of GNRs can be opened by the quantum confinement ef-
fect, there are still limitations for application of GNRs in
logical devices, which also require high carrier mobility.
However, GNRs, especially those with zigzag termina-
tions, show great potential in spintronics and valleytron-
ics owing to their unique electronic states. To explore
spin and valley transport in ZGNRs, high-quality GNRs
with well-defined edges and ultra-high carrier mobilities
are essential. We anticipate that the experimental real-
ization of high-quality ZGNRs on boron nitride will make

Tingting Zhang, et al., Front. Phys. 12(1), 127206 (2017)
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it possible to exploit the valley degree of freedom, in ad-
dition to the spin and charge degrees of freedom in the
ZGNRs, as an information carrier in carbon electronics.
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