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Abstract
Graphene nanoribbons (GNRs) are narrow strips of graphene with widths ranging from a few nanometers to a few
tens of nanometers. GNRs possess most of the excellent properties of graphene, while also exhibiting unique
physical characteristics not found in graphene, such as an adjustable band gap and spin-polarized edge states. These
properties make GNRs an appealing candidate for carbon-based electronics. In this review, we begin by introducing
the edge geometry and electronic bands of GNRs. We then discuss various methods for fabricating GNRs and
analyze the characteristics of each method. Subsequently, the performance of GNR field-effect transistor devices
obtained from a few representative GNR fabrication methods is discussed and compared. We also investigate the use
of GNRs as quantum dots and spintronic devices. Finally, the challenges and opportunities of GNRs as a quantum
material for next-generation electronics and spintronics are explored and proposed.
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1 Introduction
Ever since the discovery of graphene in 2004, a single layer
of carbon atoms arranged in a honeycomb pattern, its ex-
ceptional properties in terms of electronics, mechanics,
and heat conductivity have made it a highly promising ma-
terial for various applications [1–12]. However, its lack of a
bandgap structure has limited its potential for use in elec-
tronics. Graphene nanoribbons (GNRs) which are narrow
strips of graphene with nanometer-scale widths, have at-
tracted significant attention in the fields of nanotechnol-
ogy and materials science due to their unique properties
[13–16]. One outstanding feature of GNRs is their abil-
ity to possess a bandgap, unlike pristine graphene. By ad-
justing the width and edge configurations of nanoribbons,
their electronic properties can be finely tuned, allowing for
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the creation of semiconducting behavior. This tunability
makes GNRs highly promising for applications in electron-
ics, such as transistors, sensors, and even quantum dots
[17–25]. In light of this, great efforts have been devoted to
the study of GNRs.

Here, we will review the methods developed for fabri-
cating GNRs and their potential applications. We will first
briefly summarize the relationship between the edge types
and band structure of GNRs, and then provide an overview
of the main fabrication methods, categorized as top-down
and bottom-up approaches. The progress of GNRs in field-
effect transistors, quantum dot, and spintronic devices is
also discussed. Furthermore, we will briefly discuss the
challenges and opportunities in this rapidly developing
field.

2 Edge types and electronic band structure of
GNRs

GNRs are narrow strips of graphene that have two long
edges. Based on the edge geometry, GNRs can be classified
into three types: armchair GNRs, zigzag GNRs, and chi-
ral GNRs, as illustrated in Fig. 1(a). Armchair GNRs have
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Figure 1 Edge geometry and electronic band structure of graphene nanoribbons (GNRs). a, Schematics of three types of edge structures of GNRs:
zigzag, armchair, and chiral. b, Theoretical relationship between bandgaps and GNR widths. c, Band structure of N = 12, 13, 14 armchair GNRs. d, Band
structure of a N = 12 zigzag GNR. e, Schematic of applying a transverse gate voltage across a zigzag GNR. f, Density-of-states diagram of the
electronic states of a zigzag GNR with and without an electric field. Panels (a) and (b) are adapted from [32]. Panels (c) and (d) are adapted from [14].
Panels (e) and (f ) are adapted from [31]

edges with an armchair shape, while zigzag GNRs have
edges with a zigzag shape. GNRs with other edge struc-
tures are referred to as chiral GNRs.

The properties of GNRs highly rely on their edge types.
Early tight-binding calculations predicted that armchair
GNRs exhibit either a metallic or semiconducting band
structure, depending on their widths [13, 26–28]. Specif-
ically, an armchair GNR is metallic if N = 3p + 2 (where
N is the number of dimer lines across the ribbon and p
is a positive integer). Otherwise, it is semiconducting. Re-
cent ab-initio calculations have shown that all armchair
GNRs actually exhibit semiconducting behavior [14, 16].
The bandgap of an armchair GNR is inversely proportional
to its width and falls into three categories, with a hierarchy

of gap size represented by �_(3p + 1) > �_3p > �_(3p + 2),
as shown in Fig. 1(b) and (c). The presence of energy gaps
in armchair GNRs is a result of both quantum confinement
and the significant influence of the edges.

Early tight-binding calculations predicted that all zigzag
GNRs are metallic, exhibiting a flat band with a high den-
sity of states at zero energy, as well as peculiar edge states
on both sides of the ribbon, regardless of their widths
[13, 26–28]. However, recent ab-initio calculations have
shown that the flat band observed in the tight-binding cal-
culation is not stable when considering spin splitting [14].
It is now predicted that zigzag GNRs have a magnetic in-
sulating ground state, with ferromagnetic ordering at each
zigzag edge and anti-ferromagnetism across the ribbon
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Figure 2 Representative top-down approaches for the fabrication of GNRs. a, GNR fabricated using standard E-beam lithography. b, Chemically
derived GNRs. AFM image shows there are GNRs with a width of sub-10 nm. Scale bar: 100 nm. c, Schematics of the fabrication process of
lithographically patterned GNR arrays with Al lines as masks. d, AFM images showing the process of fabricating GNRs using anisotropic etching. Panel
(a) is adapted from [33]. Panel (b) is adapted from [34]. Panel (c) is adapted from [35]. Panel (d) is adapted from [36]

[14, 29, 30] (Fig. 1(d)). By applying an in-plane transverse
electric field, it is expected that zigzag GNRs can exhibit
half-metallicity by altering energy levels and eliminating
the degeneracy of spin states [31] (Fig. 1(e) and (f )).

3 Top-down approaches: cutting graphene into
GNRs

The synthesis of GNRs forms the basis for their use in elec-
tronic applications. In the past decades, various methods
have been developed to create these nanoribbons. These
methods can be divided into two categories: top-down and
bottom-up.

Top-down methods refer to creating GNRs from graph-
ene or carbon nanotubes. GNRs are essentially narrow
stripes of graphene, which can be achieved by cutting

two-dimensional graphene into one-dimensional nanorib-
bons using various approaches. One way to fabricate GNRs
is through top-down lithographic patterning of graphene
sheets using electron-beam lithography combined with
oxygen plasma etching [33] (Fig. 2(a)), and GNRs obtained
this way are typically wider than 10 nm due to the limita-
tion of lithography resolution. Another method involves a
chemical route that can produce GNRs with a width below
10 nm. Commercial expandable graphite is first exfoliated
by heating it to 1000°C in forming gas. The resulting ex-
foliated graphite is then dispersed in a polymer solution
through sonication to form a homogeneous suspension.
GNRs can be found in materials deposited on substrates
from the supernatant [34] (Fig. 2(b)). GNR arrays can also
be fabricated by lithographic patterning of graphene using
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Figure 3 GNRs achieved from unzipping CNTs. a, Schematics of unzipping CNTs using argon plasma. b, AFM image shows the obtained GNRs. Scale
bar: 100 nm. c, Schematics of unzipping CNTs using a two-step method in gas and liquid phases. d, AFM image shows typical GNRs obtained. e,
Schematics of obtaining GNRs by squashing CNTs. f, AFM image shows typical GNRs obtained. Scale bar: 100 nm. Panels (a) and (b) are adapted from
[39]. Panels (c) and (d) are adapted from [40]. Panels (e) and (f ) are adapted from [41]

aluminum lines as a mask, followed by a gas-phase reac-
tion to narrow the ribbons to a few nanometers in width
[35] (Fig. 2(c)). Another approach, employing artificial de-
fect patterning and hydrogen-plasma etching, can consis-
tently achieve sub-10 nm wide GNRs with smooth zigzag
edges [36] (Fig. 2(d)). Alternatively, GNRs with precisely
controlled crystallographic edge orientations can be fabri-
cated using scanning tunneling microscopy (STM) cutting
[37]. However, the yield is extremely low. In addition, ul-
trathin GNRs can also be achieved through lithographic
etching using nanomaterials as the etching mask, such as
using nanowires and nanospheres [7, 38].

4 Top-down approaches: unzipping carbon
nanotubes

Longitudinal unzipping of carbon nanotubes (CNTs) is an-
other common top-down method used to obtain GNRs
with a very narrow width (< 10 nm). This can be achieved

through a masked gas-phase plasma etching process. The
CNTs are first deposited onto a silicon substrate and then
coated with a PMMA film. The PMMA-MWCNT film is
then peeled off the substrate, flipped over, and exposed to
an argon plasma. By adjusting the etching time, tri-, bi-,
and single-layer GNRs can be produced [39] (Fig. 3(a) and
(b)). Another method for unzipping CNTs involves a two-
step process in both gas and liquid phases. In the mild gas-
phase oxidation step, oxygen reacts with pre-existing de-
fects on nanotubes, resulting in the formation of pits on
the sidewalls. In the following solution-phase sonication
step, the pits are enlarged and the tubes are unzipped us-
ing sonochemistry and hot gas bubbles [40] (Fig. 3(c) and
(d)). GNRs can also be obtained by compressing CNTs us-
ing a diamond anvil cell. Under high-pressure and ther-
mal treatment, CNTs are compressed and collapsed, form-
ing closed-edge GNRs [41] (Fig. 3(e) and (f )). Edge-opened
GNRs can be obtained by etching the edges using HNO3.
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Figure 4 GNRs formed through on-surface polymerization of organic molecules. a, Basic steps for surface-supported GNR organic synthesis.
Precursor monomers undergo dehalogenation to form an intermediate. Linear polymers are formed through the covalent interlinking of the
dehalogenated intermediates. Fully aromatic GNRs were obtained through cyclodehydrogenation. b, Reaction scheme from precursor to armchair
graphene nanoribbon. c, Overview STM image of a N = 7 armchair graphene nanoribbon. d, High-resolution non-contact AFM images of armchair
GNR. Scale bar: 1 nm. e, Reaction scheme from precursor to zigzag graphene nanoribbon. f, Overview STM image of N = 6 zigzag graphene
nanoribbon. Scale bar: 1 nm. g, Constant-height high-resolution non-contact AFM images of zigzag GNR. Scale bar: 1 nm. Panels (a-c) are adapted
from [42]. Panel (d) is adapted from [44]. Panels (e-g) are adapted from [43]

5 Bottom-up approaches: on-surface
polymerization

In order to create narrow GNRs with smooth edges, an-
other synthetic route for GNRs called bottom-up was de-
veloped. Bottom-up methods include various approaches,
such as the polymerization of organic molecules on metal
substrates [42–44], epitaxy on SiC nanofacets [45, 46], syn-
thesis using nickel nanobar [46–48], chemical vapor de-
position (CVD) on Germanium substrates [49, 50], cat-
alyzed CVD templated growth on hexagonal boron nitride
(h-BN) [51, 52] and metal nanoparticle catalyzed CVD on
h-BN substrates [53, 54].

On-surface polymerization is a bottom-up method for
producing atomically precise GNRs of various topologies
and widths. The process involves coupling or polymerizing
specific organic monomers to synthesize atomically pre-
cise GNRs on the metal surface. The topology, width, and
edge periphery of GNRs are defined by the structure of the
precursor organic monomers, so a wide range of GNRs
with different structure are accessible using this method.
Figure 4(a) shows the typical process for creating armchair
GNRs [42]. Firstly, precursor monomers undergo dehalo-
genation to form an intermediate product. The dehalo-
genated intermediates then diffuse along the surface and
form single covalent C–C bonds between each monomer,
resulting in polymer chains when annealed at 200°C. Fi-

nally, annealing the sample at 400°C induces intramolecu-
lar cyclodehydrogenation of the polymer chain to form an
N = 7 armchair ribbon. By employing a similar process of
surface-assisted polymerization and subsequent cycliza-
tion, suitably designed U-shaped molecular precursors can
be used to synthesize zigzag GNRs [43]. Figure 4(b) and (e)
are simplified reaction schemes from precursors to arm-
chair and zigzag GNRs. The STM images in Fig. 4(c) and
(f ) show the straight structure of both armchair and zigzag
GNRs on Au surface. Constant-height, high-resolution,
non-contact AFM images in Fig. 4(d) and (g) show atom-
ically precise armchair and zigzag edge structures of the
synthesized GNRs.

6 Bottom-up approaches: templated-CVD growth
The method of templated CVD growth on h-BN can con-
trol over the chirality of monolayer GNRs directly embed-
ded in h-BN nano-trenches [51, 52]. This growth method
can be divided into two steps: etching trenches in h-BN
and growing GNRs embedded in the trenches (Fig. 5(a)).
Metal nanoparticles, such as nickel and platinum, are used
for catalytically etching the h-BN substrate, resulting in
trenches with specific orientations. Nickel (Ni) nanopar-
ticles create trenches aligned along the zigzag direction
of h-BN, while platinum (Pt) nanoparticles form trenches
along the armchair direction. Subsequently, the trenches
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Figure 5 Templated-CVD growth of GNRs embedded in h-BN. a, A schematic of growing embedded GNRs in h-BN. b, Three-dimensional AFM
height images of sub-5 nm ultra-narrow zigzag and armchair nano-trenches taken after nanoparticle etching (left). Three-dimensional AFM height
image of sub-5 nm ultra-narrow zigzag graphene nanoribbon and armchair graphene nanoribbon taken after graphene growth (right). Scale bars:
20 nm. Panels (a-b) are adapted from [52]

were filled with GNRs using gaseous catalyzed CVD.
GNRs with zigzag or armchair edges embedded in h-BN
were achieved using Ni or Pt nanoparticles, respectively
(Fig. 5(b)). The lateral connectivity between the GNRs and
h-BN allows for the creation of in-plane heterostructures
with lattice coherence.

7 Bottom-up approaches: nanoparticle-catalyzed
CVD growth

In the past, metal-nanoparticle catalyzed CVD has been
commonly used to grow carbon nanotubes. Recently, a
new method has been developed where micrometer-long,
high-quality narrow graphene nanoribbons (GNRs) can
be directly synthesized on insulating h-BN substrates us-
ing metal nanoparticle-catalyzed CVD [53]. This approach
presents a significant advancement in the efficient growth
of GNRs (Fig. 6(a-d)). For the first time, the elongated
nanoribbons have been grown directly on top of an insu-
lating h-BN substrate, which is a crucial step for their po-
tential application in field-effect electronic and spintronic
devices. The as-grown GNRs can reach lengths of up to
10 μm and have a uniform thickness of one layer. This
generic growth method also allows for the growth of GNRs
on a graphite substrate, which enables further character-
ization using STM. STM results have shown the smooth
armchair edge of the GNRs (Fig. 6(e)). The width distribu-
tion of GNRs was measured using STM, and the average
width of GNRs was found to be around 2 nm, limited by
the size of the nanoparticles (Fig. 6(f )). Scanning tunnel-
ing spectroscopy (STS) results of the GNRs fabricated us-
ing this approach clearly demonstrate that these systems
have controllable bandgaps that strongly depend on their
width, in agreement with theoretical predictions (Fig. 6(g-
i)). For armchair GNRs, experimental observations have
shown that the bandgap is inversely proportional to the

width and falls into three categories (N = 3p, 3p + 1, 3p +
2) (refer to Fig. 6(i)).

This method can be considered a generic approach for
growing both GNRs and CNTs. The ratio of GNRs to
CNTs can be arbitrarily tuned by changing the growth
temperature or hydrogen partial pressures. This allows for
the selective production of pure GNRs, pure CNTs, or a
mixture of GNRs and CNTs with a desired population ra-
tio (Fig. 7(e)). The tunability of the generic growth is well
explained by a competing nucleation theory. The nucle-
ation of GNRs or CNTs by catalysts is determined by the
free energy involved in their formation, which is controlled
by the growth temperature and atmosphere. Planar GNRs
have a larger contact area with the substrate compared to
tubular CNTs, and therefore have larger van der Waals ad-
hesion (Fig. 7(a)). The free energy of formation for CNTs
and GNRs takes into account various factors, including
curvature energy, H-passivated edge energy, and van der
Waals adhesion (Fig. 7(b)). The calculation results show
that the free energy of GNRs changes systematically with
the growth temperature and hydrogen pressure, due to the
corresponding change in edge formation energy (Fig. 7(c)).
A phase diagram of nucleation of GNRs versus CNTs is
drawn based on the free energy calculations. Both the ex-
perimental and theoretical results show that lower tem-
peratures and higher hydrogen pressures favor the growth
of GNRs, while higher temperatures and lower hydrogen
pressures support the growth of CNTs (Fig. 7(d)).

Under the guidance of the theory, the growth of GNR/
CNT intramolecular junctions was successfully achieved
by changing the H2 partial pressures during a single growth
process [54] (Fig. 7(f ) and (g)). The obtained GNR/CNT
heterojunction has potential applications as fundamen-
tal components for future carbon-based electronic and
optoelectronic devices, such as field-effect transistors,
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Figure 6 GNRs synthesized through nanoparticle-catalyzed CVD on h-BN substrates. a, A schematic of GNR growth on an h-BN substrate. b, A
large-scale AFM topography image of as-grown GNRs. Scale bar: 0.5 μm. c, Zoom-in of the dashed square region in b. d, Height profile of GNRs in c.
e, High-resolution STM image of GNRs. Scale bar: 1 nm. f, Distribution of the width of GNRs. g, dI/dV spectroscopy of a 0.5ev bandgap GNR grown on
a graphite substrate. The bandgap as a function of zigzag (h) and armchair (i) graphene nanoribbon width. Panels (a-i) are adapted from [53]

logic gates, and high-performance photodetectors. This
method provides a scalable fabrication technique for pro-
ducing micrometer-long high-quality ultranarrow GNRs
on insulating h-BN substrates, which is crucial for the fur-
ther utilization of GNRs in nanoelectronic devices.

8 GNRs-based devices
GNRs have excellent electronic properties, including high
carrier mobility, which they inherit from graphene. Addi-
tionally, GNRs have a finite bandgap, making them attrac-
tive for future nanoelectronics. The electronic properties
of GNRs, such as band gap and carrier mobility, depend
largely on their edge type, edge smoothness, and ribbon
width. The choice of fabrication methods significantly im-
pacts the structure and quality of GNRs. Field-effect tran-
sistor (FET) devices were used to test the electronic perfor-
mance of GNRs, such as carrier mobility and on/off ratios.

GNRs formed through lithographic patterning of graph-
ene can be further narrowed by controlled etching. The
GNR FET device with a width ∼4 nm exhibited ambipo-
lar transport in air, with an on/off ratio > 1 × 10 [4],
clear evidence of bandgap opening through lateral quan-
tum confinement [33]. It was also observed that as the
width decreases, the on/off ratio increases. A similar re-
lationship between the on/off ratio and the width of GNRs
was observed in GNRs obtained through unzipping CNTs
[39, 40, 55]. The mobilities of the GNRs made by both

methods were also similar, approximately 10 times lower
than those of large two-dimensional graphene sheets. The
difference in mobility is likely due to edge scattering in the
GNRs. FET devices fabricated using GNRs derived from
sonochemical exfoliation of graphite exhibited on/off ra-
tios of approximately 1, 5, 100, and greater than 10 [5] for
GNR widths of 50 nm, 20 nm, 10 nm, and sub-10 nm, re-
spectively [34] (Fig. 8(a)). Notably, all sub-10 nm GNRs ex-
hibit an on/off ratio greater than 10 [5] (Fig. 8(c)). Analy-
sis based on electrostatic simulations of gate capacitances
led to an estimated hole mobility of approximately 100 to
200 cm [2]V–1s–1 in the sub-10 nm width GNRs.

GNRs obtained through bottom-up on-surface synthe-
sis of organic molecules need to be transferred onto an
insulating surface in order to subsequently fabricate GNR-
FET device. N = 9 armchair GNR-FETs fabricated by
this method exhibited [17] on-current Ion > 1μA and an
on/off ratio∼10 [5]. Templated-CVD GNRs embedded in
h-BN trenches have high field-effect mobilities∼1500 cm
[2]V–1s–1 and an on/off ratio∼10 [5] for sub-10 nm GNR
devices [52] (Fig. 8(b) and (d)). The scattering mean free
path in these narrow GNRs was estimated to be around
50 nm (Fig. 8(d)).

In addition to traditional field-effect transistors, GNRs
can also be used to create quantum dot devices, which
are important for quantum computing applications. GNRs
exhibit specific quantum transport phenomena, such as
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Figure 7 Competing nucleation between GNRs and CNTs. a, b Schematics of a tubular CNT and a planar GNR. c, Free energy of formation of CNTs
(black line) and GNRs (color lines) GNRs as a function of H2 pressures at a few representative temperatures. d, Theoretical growth phase diagram.
Yellow and blue regions stand for energetically favorable for growing CNTs and GNRs, respectively. Pie charts present experimental distributions of
CNTs and GNRs. e, AFM images of three typical growth results under different conditions. Scale bar: 500 nm. With the continuous increase in
hydrogen pressure, a systematic increase in GNR yield is clearly observed. f, Schematic of the growth of GNR/CNT junctions. g, Topography of a
typical GNR/CNT junction structure. Scale bars: 100 nm. Panels (a-e) are adapted from [53]. Panels (f-g) are adapted from [54]

Coulomb blockade and the Kondo effect [56–59]. Short-
length narrow GNRs can be seen as graphene quantum
dots and potentially be suitable for single-electron transis-
tors. High-quality GNRs could behave like a single quan-
tum dot at low temperature with well-defined Coulomb

blockade diamonds, allowing for distinguishing the ex-
cited states and counting the tunnelling electrons and
holes for quantum transport study [20] (Fig. 9(a)).

Zigzag GNRs have the potential to be used as spintronic
devices because of their predicted magnetic order. In spin-
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Figure 8 Performance of GNR-based field-effect transistors. a, Chemically derived GNRs FETs with high on-off ratios at room temperature. b,
Electronic transport through templated-CVD GNR devices on h-BN. c, On-off ratios for chemically derived GNRs of various ribbon widths. d, Mobility
and mean free path extracted from the templated-CVD GNR devices of various ribbon widths. Panels (a) and (c) are adapted from [34]. Panels (b) and
(d) are adapted from [52]

Figure 9 Potential applications of GNRs in quantum-dot devices and spintronic devices. a, Coulomb blockade effect of a GNR. Differential
conductance mapping of the GNR device in the electron branch near the gap region shows regular Coulomb diamonds with excited states. b, The
bandgap measured by scanning tunnelling spectroscopy as a function of ribbon width in zigzag GNRs. c, Spin splitting of nitrogen flat band states
(NFB) of sp [2] lone-pair orbitals in N-6-zigzag-GNRs. Panel (a) is adapted from [20]. Panel (b) is adapted from [37]. Panel (c) is adapted from [60]
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tronic devices, the spin of an electron is as important as its
charge for storing information and performing logic oper-
ations. The unique magnetism of zigzag GNRs is a result
of the topological properties of graphene, which induce lo-
calized electronic states along the edges of the ribbon. The
spins of these states are aligned if they are on the same
edge, and they have antiparallel alignment if they are on
opposite edges. Using a nanofabrication technique based
on STM etching, GNRs with precise zigzag edges and con-
trolled widths have been achieved. Upon increasing the
width of zigzag ribbons, a transition from semiconductor
to metal is observed. This transition indicates a change in
the magnetic coupling between the opposite edges from
an antiferromagnetic to a ferromagnetic configuration [37]
(Fig. 9(b)). To confirm the magnetism of zigzag GNRs,
special GNRs with nitrogen atoms replacing some carbon
atoms along the edges were synthesized. The inclusion of
nitrogen stabilizes the zigzag edges and allows for the in-
vestigation of their unconventional magnetism. Calcula-
tions and spectroscopy reveal a significant spin splitting of
low-lying nitrogen bands induced by the ferromagnetically
ordered edge states of zigzag GNRs, providing evidence for
the predicted emergent magnetic order [60] (Fig. 9(c)).

However, almost all experimental evidence for the spin-
polarized edges in zigzag GNRs so far seems to be in-
direct, and practical spintronic devices based on zigzag
GNRs have not yet been realized. There are challenges in
directly confirming the magnetism of zigzag GNRs in ex-
periments. The magnetic properties of zigzag GNRs are
highly dependent on the specific arrangement of atoms
at the edges. Currently, the most successful method for
synthesizing atomically precise zigzag GNRs is through
on-surface polymerization of organic molecules. However,
GNRs produced using this method are very short and are
on a conductive metal substrate, making them unsuitable
for device fabrication. Additionally, zigzag GNRs are eas-
ily oxidized and chemically unstable in air. Presumably,
encapsulated GNRs with atomically precise zigzag edges
would be ideal for creating GNR-based spintronic devices.

9 Summary and perspective
In this review paper, we start with introducing the edge
structure and band structure of GNRs. Then, we pro-
vide an overview of the current methods for fabricating
GNRs, categorizing them into top-down and bottom-up
approaches, and discussing a few representative methods
in depth. The potential applications of GNRs in field-effect
transistors, quantum dots, and spintronic devices are also
discussed.

Reviewing the development of GNRs in recent decades,
there are still numerous challenges and opportunities in
the fabrication methods and application of GNRs. One
major challenge is the inability of current fabrication

methods to produce high-quality GNRs with precise con-
trol over their length, layers, edge structure, and arrange-
ment. Additionally, the transfer process required for de-
vice fabrication often leads to contamination, which has
a negative impact on device performance. However, the
use of h-BN as a substrate for synthesizing GNRs shows
promise for high-performance devices. This approach
eliminates the need for transfer during fabrication and
improves the electrical performance of graphene devices.
Growing GNRs between h-BN layers provides natural en-
capsulation during the growth process, protecting them
from contamination and offering advantages for creating
extremely high-performance GNR devices. Furthermore,
there are opportunities to discover novel physical phe-
nomena in GNRs, such as the one-dimensional Luttinger
liquid behavior [61]. As one-dimensional moiré patterns
have been observed in GNRs grown on h-BN substrates,
it is worth exploring how the superlattice structure af-
fects GNR properties, especially the Luttinger liquid be-
havior. It is believed that further exploration of GNRs will
lead to significant progress and offer practical solutions for
carbon-based high-performance electronic devices.
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