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ABSTRACT: Graphene nanoribbons (GNRs) have recently emerged as
promising candidates for channel materials in future nanoelectronic devices
due to their exceptional electronic, thermal, and mechanical properties and
chemical inertness. However, the adoption of GNRs in commercial
technologies is currently hampered by materials science and integration
challenges pertaining to synthesis and devices. In this Review, we present
an overview of the current status of challenges, recent breakthroughs
toward overcoming these challenges, and possible future directions for the
field of GNR electronics. We motivate the need for exploration of scalable
synthetic techniques that yield atomically precise, placed, registered, and
oriented GNRs on CMOS-compatible substrates and stimulate ideas for
contact and dielectric engineering to realize experimental performance
close to theoretically predicted metrics. We also briefly discuss unconven-
tional device architectures that could be experimentally investigated to
harness the maximum potential of GNRs in future spintronic and quantum information technologies.
KEYWORDS: one-dimensional carbon, semiconductors, low-power logic, radio frequency devices, CMOS technologies, more than Moore,
monolithic 3D integration, tunnel field-effect-transistors, contact engineering, high-κ dielectrics

INTRODUCTION

For over 50 years, unparalleled strides in microelectronics have
been fueled by relentless miniaturization1 and innovation in
interconnect, dielectric, and contact materials.2,3 Meanwhile,
the composition of the semiconductor channel of field-effect
transistors (e.g., Si and III−V compounds in logic and high-
speed communication devices, respectively) has remained
relatively unchanged. Now, more than ever, there is an urgent
need for disruptive materials that can complement or even
replace these conventional semiconductors in field-effect
transistor (FET) devices in order to increase performance
as gains derived from dimensional scaling diminish because of
short-channel effects4 and the limits of lithography.5

The International Roadmap for Devices and Systems
(IRDS)6 has identified several promising alternatives to Si
such as III−V compound semiconductors (e.g., InAs, InGaAs,
etc.),7 Ge,8 SiGe,9 carbon nanotubes (CNTs),10 graphene
nanoribbons (GNRs),11 and layered transition metal dichalco-
genides (TMDCs) (e.g., MoS2 and WSe2). GNRs, which are
narrow strips of graphene, are especially appealing for logic
microprocessors because their electronic properties have the
potential to exceed those of Si (e.g., high carrier mobility,
current-carrying capacity, and saturation velocity), thereby
enabling higher performance at a lower power supply.12 In

addition to logic, semiconducting GNRs are also attractive for
low-power radio frequency (RF) technologies, and for a range
of emerging devices for thin-film electronics (e.g., flexible
devices and sensors), spintronics, and quantum infor-
matics.13−22

However, the adoption of GNRs in transistor technologies is
inhibited by a range of fundamental synthesis, integration, and
materials science challenges. This paper reviews the electronic
properties of GNRs, the production of GNRs, and the
materials science challenges that must be overcome before
GNRs can be exploited in commercial technologies. While
GNRs are also being investigated for interconnects,23−27

photovoltaics, and optoelectronics,28−30 in this Review, we
primarily focus on the application of GNRs as a channel
material in transistors.
GNRs can be primarily classified based on their width and

the crystallographic direction along which they are sliced from
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a graphene sheet, viz., zigzag (i.e., ribbon long edge
perpendicular to C−C bonds), armchair (i.e., ribbon long
edge parallel to C−C bonds), or chiral (Figure 1a). Both width
and direction profoundly impact the GNR band structure,
leading to varied electronic properties.31−33 Unlike graphene,
but similar to CNTs, GNRs can exhibit tunable, technolog-
ically relevant band gaps≫ kBT at room temperature, where kB
is the Boltzmann constant, and T is temperature.34−37 Zigzag
and armchair GNRs have been experimentally explored most
often because these edges tend to be favored in synthesis, and
the largest band gaps occur for armchair GNRs. The electronic
properties of GNRs are further classified by width, w. For
example, based on the number of rows of carbon atoms (n)
along their width, armchair GNRs are classified into n = 3p, 3p
+ 1, and 3p + 2 families, where p is an integer. Theoretical
calculations35,38 and experimental data39,40 indicate that the
band gap (Eg) of armchair GNRs decays inversely with width
(Eg ∝ w−α, α ≈ 1), but with magnitude, that depends on the
width family, with the 3p + 1 family exhibiting the largest band
gaps. Although band gaps can be significantly perturbed by the
surrounding media due to renormalization of quasiparticle
energy levels, roughly speaking, for armchair GNRs isolated in
vacuum, 0.8 ≤ Eg,3p+1 ≤ 3 eV, 0.5 ≤ Eg,3p ≤ 2 eV whereas 0.25

≤ Eg,3p+2 ≤ 1 eV (Figure 1b) for widths ranging from 1.0 to 5.0
nm.35,41 Narrow zigzag GNRs (w < 5 nm) are also predicted to
exhibit an inverse band gap relationship with width wherein 0.4
≤ Eg ≤ 1.3 eV,35 whereas wider zigzag GNRs are expected to
exhibit a small, width-independent band gap.33,42,43 Addition-
ally, zigzag GNRs exhibit peculiar localized edge states, which
are absent in armchair GNRs.44 These localized states at the
edges of zigzag GNRs couple ferromagnetically at the edges
and may couple antiferromagnetically or ferromagnetically
between opposite edges (depending on carrier density),43,45−47

and coherent topological modification, e.g., via introduction of
defects and passivation with functional groups is expected to
impart stable edge magnetism and half-metallicity in such
GNRs.48−55

Thus, depending on the desired Eg, GNRs can be adapted
into a myriad of applications ranging from high-performance
logic to optoelectronics. For instance, 3p + 1 armchair GNRs
with w < 2 nm are potential candidates for short-channel FETs
(channel length, Lch < 20 nm) wherein a large Eg (nominally >
0.8 eV)56 would be needed to suppress source-to-drain
tunneling. Conversely, wider 3p or 3p + 1 armchair GNRs
with 2 ≤ w ≤ 5 nm (0.2 ≤ Eg ≤ 1 eV) and sub-5 nm wide
zigzag GNRs are suited for low-power analog/RF applications

Figure 1. (a) Classification of GNRs based on the angle between the GNR long axis, defined by the vector Ch, and the zigzag crystallographic
direction of the graphene lattice. (b) Theoretically predicted band gaps of armchair GNRs (AGNRs) and zigzag GNRs (ZGNRs) in a vacuum
as a function of width. Data extrapolated from ref 35.

Figure 2. Theoretically projected performance of GNR FETs for logic and RF applications. (a) Plot of drain saturation current density versus
drain voltage for 2.2 and 4.2 nm wide ideal ballistic GNR MOSFETs compared to the ballistic Si MOSFET. Reproduced with permission
from ref 57. Copyright 2007 IEEE. (b) Simulated cutoff and maximum oscillation frequencies versus gate length for an n = 16 armchair GNR
MOSFET compared to the experimental performance of InP high-electron-mobility transistors. Reproduced with permission from ref 62.
Copyright 2017 Wiley-VCH.
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wherein the lower Eg is expected to maximize on-state
conductance and therefore speed of operation.41,57 Even
wider armchair and zigzag GNRs with 5 ≤ w ≤ 10 nm are
likely to be suited for additional applications requiring high
conductance, such as interconnects, optoelectronics, printed
electronics, quantum, and high-power devices.28,57−60

At the forefront of potential applications of GNRs are logic
technologies, which are currently dominated by Si-based
FinFET and silicon-on-insulator (SOI) technologies.61 Here,
semiconducting armchair GNRs with sub-5 nm widths are
promising candidates due to their potential to achieve twice as
high on-current density and up to 10−15% lower subthreshold
swing than Si in metal−oxide−semiconductor (MOS) FETs at
10 nm gate length (Figure 2a).57,62 For a comparable channel
thickness (tch ∼ 1 nm), GNRs exhibit nearly 100 times higher
carrier mobility than ultrathin channels of bulk semiconductors
such as Si or Ge. The atomically thin body of GNRs also
enables superior electrostatic gate modulation, thereby
reducing short-channel effects, improving the energy-delay
product, and making GNRs promising candidates in ultra-
scaled FETs.63−65 Furthermore, band gap engineering of
GNRs affords an additional degree of freedom to circuit
designers to tailor GNR FETs for both high-performance and

low-power applications.66 As a consequence of graphene’s
semimetallic, gapless band structure, graphene FETs exhibit
low conductance modulationprecluding their use in logic
and exhibit poor current saturation and large output
conductance, resulting in degraded RF performance (i.e.,
poor oscillation frequencies and gains). GNR FETs, however,
are expected to exhibit cutoff frequencies ( f T) and oscillation
frequencies ( fmax) approaching the terahertz (THz) range,
nearly 2−3 times higher than state-of-the-art Si RF MOSFETs
and comparable to III−V high-electron-mobility transistors
(e.g., GaAs, InP, GaN, etc.; Figure 2b).62,67,68 Moreover, unlike
III−V semiconductors, GNRs are compatible with comple-
mentary MOS (CMOS)69 and can be directly integrated on
group IV semiconductors such as Ge, SiC, and Ge-on-Si70−74

without the constraints of needing a lattice-match, which can
improve functionality and performance and reduce costs of
integrated RF/analog and logic system-on-chip (SoC)
technologies. Considering the lower barrier to entry for new
materials in analog/RF electronics compared to logic, GNRs
might enable breakthrough technologies demanding high
speed and linearity, e.g., 5G, 60 GHz Wi-Fi, and wireless
video that operate in millimeter-wave frequencies.14,75 Addi-
tionally, the excellent mechanical strength and flexibility of

Figure 3. Top-down methods for GNR fabrication. (a) Overview of sequence of steps to produce GNRs by electron-beam lithography. (b)
STM of GNR edges on SiC fabricated by electron-beam lithography and reactive-ion etching of monolayer graphene. Reproduced with
permission from ref 111. Copyright 2016 Institute of Physics. (c) Atomic-resolution STM topography image of GNRs fabricated by STM
lithography. Reproduced with permission from ref 105. Copyright 2008 Springer Nature. (d) Sub-10 nm wide GNR arrays fabricated using
block copolymer lithography. Reproduced with permission from ref 97. Copyright 2013 Wiley-VCH.
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Figure 4. GNR fabrication via top-down nanocutting techniques. (a) Creation of GNR arrays using nanoparticle-catalyzed etching of
graphene. (b) Solution-phase sonochemical unzipping of graphite to produce GNRs and graphene crystals of different shapes. (c)
Conceptual schematic of unzipping CNTs to produce GNRs. Unzipping can be initiated by catalytic nanoparticles, oxidizing agents, or
plasma. (d) Atomic force microscopy (AFM) image of arrays of GNRs created by nanoparticle-assisted etching of graphene. GNRs are
indicated by white arrows. Adapted with permission from ref 126. Copyright 2014 Elsevier. (e) GNRs of varied shapes and widths obtained
by sonochemical unzipping of graphite. Adapted with permission from ref 90. Copyright 2008 AAAS. (f) Transmission electron microscopy
(TEM) image of GNRs produced by unzipping CNTs via electrochemical oxidation. The GNR edge structure is highlighted in green and
orange. Reproduced with permission under a Creative Commons CC-BY 4.0 license from ref 136. Copyright 2016 Springer Nature.
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GNRs facilitate integration on flexible platforms for wearable
and stretchable applications.76,77 While armchair GNRs are
promising for conventional electronics, zigzag, heterostruc-
tured, and doped GNRs, due to their exotic magnetic and spin-
polarized edge states, could enable graphene-based spintronic
devices in memory, logic, neuromorphic, and quantum
computing.48,53,78−82 Considering the increasing shift of
industry toward system scaling, i.e., heterogeneous integration
of varied functionalities on a single chip,83 GNRs may meet the
performance requirements of diverse logic, non-Von Neuman,
and beyond-CMOS technologies.84,85 Moreover, the utility of
GNRs is not limited solely as a channel in the front-end-of-line
(FEOL). In fact, a key issue throttling the performance of
contemporary integrated circuits is the interconnect delay (τ =
RC) in the back-end-of-line (BEOL) due to enhanced
resistivity and electromigration of Cu at sub-20 nm widths,
and this issue has stalled interconnect scaling in recent years.86

Atomically thin GNRs exhibit not only an order of magnitude
higher current carrying capacity (∼108 A cm−2 versus 107 A
cm−2 for Cu)23,26,87 but also much higher resistance to
electromigration (i.e., longer time-to-failure)23 and thermal
conductivity (∼2000 versus 400 W m−1 K−1 for Cu),88 making
them prospective successors to Cu in BEOL.
Despite such promising theoretical and experimental

data,36,37,56,59,89−91 several significant materials science chal-
lenges need to be overcome for GNRs to be adapted into
mainstream electronics.92,93 Analogous to the hurdles that have
challenged the field of CNT electronics for more than two
decades,10,94,95 these can be classified as follows:

(1) Production challenges: the scalable production of
monodisperse assemblies of narrow GNRs with
controlled crystallographic orientation (i.e., armchair,
zigzag, or chiral) and smooth edge structures and their
rational placement and alignment on arbitrary substrates
with nanometer precision.

(2) Integration and device engineering challenges: the integra-
tion of GNRs into devices with small contact resistances
at metal−GNR interfaces, uniform dielectric environ-
ments, and encapsulation.

In this Review, we present a brief overview of the recent
advances in GNR fabrication and electronics, challenges that
must be overcome, and a vision for the field going forward.

CURRENT STATE OF GRAPHENE NANORIBBON
RESEARCH AND CHALLENGES
Production. Lithography. The fabrication of GNRs has

significantly evolved over the past 12 years. Initial attempts at
producing GNRs involved top-down lithographic patterning of
continuous graphene sheets using electron-beam lithography in
conjunction with reactive-ion etching.62,96 Electron-beam
lithography is conceptually simple and potentially scalable
and yields GNRs with precise placement, allowing for the
wafer-scale integration of GNRs into devices (Figure 3a).
Additionally, arrays of nanoribbons with well-defined perio-
dicity (i.e., identical pitch), which will be paramount in
multichannel FETs, can be easily fabricated by this
approach.97,98 However, GNRs obtained by electron-beam
lithography are generally more than 10 nm wide, which is
insufficient to induce a technologically relevant band gap ≫
kBT of 25 meV at room temperature.35 Even narrower GNRs
have been reported via exploratory lithographic techniques
such as helium ion beam lithography,99−101 meniscus mask

lithography,102 block copolymer lithography,97,98,103 graphene
edge lithography,104 and scanning tunneling microscopy
(STM) lithography.105 However, these nonconventional litho-
graphic techniques are either unscalable or unexplored for
high-volume manufacturing.106 Another approach to achieve
narrower GNRs via lithography is to add a secondary post-
lithography gas-phase or plasma-etching step.107−109 However,
when fabrication of GNRs with sub-5 nm widths is attempted,
these etching approaches frequently result in discontinuous
GNRs due to pre-existing non-uniformities along the GNR
edges.107,110

In general, lithographic patterning lacks atomic resolution,
which causes a mixture of armchair edges, zigzag edges, and
dangling bonds; results in high line-edge roughness; and
functionalizes the GNR edges (Figure 3a, step vi; and Figure
3b). Such inhomogeneities and disorder lead to severely
degraded carrier mobility and thermal conductivity, Coulomb
blockade, and high off-currentswith effects that become
increasingly detrimental with decreasing GNR width.34,112−118

For example, the room-temperature carrier mobility of 12 nm
wide, lithographically patterned GNRs of <102 cm2 V−1 s−1 is
over 2 orders of magnitude lower than the theoretically
predicted value of ∼104 cm2 V−1 s−1.119 Similarly, the largest
on/off current ratio (Ion/Ioff) measured in ∼5 nm wide,
lithographically patterned GNRs at room-temperature is <200
[whereas Ion/Ioff > 5 × 103 should be possible based on
theoretical predictions of a relationship between band gap and
Ion/Ioff (see logic figures of merit in the Integration and Device
Engineering section, below) and experimental results (see the
section on Bottom-up Organic Synthesis, below)], limiting the
potential applications of GNRs fabricated by these techni-
ques.120−124 Some recent device studies have realized high on-
state conductance in lithographically patterned ∼10 nm wide
GNRs, albeit with comparatively low Ion/Ioff.

125

Top-Down Cutting of Graphene, Graphite, or Carbon
Nanotubes (CNTs). Besides lithography, GNRs can be derived
from several other allotropes of carbon. Three major
approaches falling under this umbrella are (1) catalytic
nanocutting of graphene (Figure 4a,d),126−128 (2) top-down
sonochemical unzipping of graphite (Figure 4b,e),37,90,129 and
(3) solution- or plasma-mediated unzipping of CNTs130−135

(Figure 4c,f). In approach 1, GNRs are derived by metal
nanoparticle-assisted etching of graphene. Generally, this
technique yields zigzag-edged GNRs since nanoparticles
predominantly etch along zigzag directions of graphene.
While it is possible to fabricate dense GNR arrays using this

technique, control over GNR width, placement, array pitch,
and alignment remains a formidable challenge due to lack of
control over the trajectory along which nanoparticles etch. In
approach 2, GNRs are obtained via gas-phase exfoliation of
bulk graphite crystals followed by sonication-assisted solution-
phase rupture of graphene sheets into shapes with varied
morphology. Analogous to approach 2, in approach 3, GNRs
can be derived by unrolling CNTs along their length,
commonly accomplished via plasma treatment, oxidative
reagents, or electrochemistry. Although, in principle, both
approaches 2 and 3 can be scaled for bulk production of
GNRs, challenges remain pertaining to low-yield, width-
polydispersity, chirality control, and placement- and align-
ment-control. An additional challenge with these is also the
potential for defect creation and/or inadvertent functionaliza-
tion during plasma treatment and sonication, which need to be
studied in more detail.
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Despite these challenges, a major benefit of some of these
methods is that they can yield GNRs with lower line edge
roughness and therefore demonstrate better electronic
performance than lithographically defined GNRs.137 For
instance, GNRs derived from sonochemical unzipping of
graphite in refs 37 and 90 demonstrated room-temperature
carrier mobility of 200 cm2 V−1 s−1 and an impressive Ion =
2000 μA μm−1 at Ion/Ioff of 106−107. While some of the
challenges mentioned above might make it difficult for GNRs
produced by these techniques to be incorporated in high-
performance semiconductor electronics, there are several other
applications wherein these GNRs might play an important
complementary role.96,138 For instance, self-assembled GNR
films achieved via unzipped CNTs are promising for low-cost
electronics such as gas sensors and thin-film transistors.136

Bottom-Up Organic Synthesis. The critical need to achieve
narrow GNRs with smooth edges has motivated the
exploration of bottom-up synthetic routes,139 wherein the
idea is to couple or polymerize tailored organic monomers in
order to synthesize atomically precise GNRs on the surface and
in solution. For example, one common organic synthesis route

involves aryl−aryl coupling of 10,10-dibromo-9,9 bianthracene
(DBBA) on a metallic surface (e.g., Ag, Au, or Cu) followed by
cyclodehydrogenation and graphitization to yield atomically
precise GNRs (Figure 5a).140,141 The promise of these
techniques lies in the ability to achieve sub-2 nm widths
with atomic precision and the ability to tune the GNR
structure and edge topology and, therefore, properties by
rational choice of the monomeric building blocks. Con-
sequently, armchair,39,142−146 zigzag,147 chiral,148,149 topolog-
ical,150−154 edge-functionalized,155−158 doped,29,159−161 and
heterostructured162−167 GNRs and several others with intricate
edge topologies (e.g., chevron,168 cove,169 fjord,170 etc.) have
been synthesized. While the surface-mediated organic synthesis
of GNRs was initially demonstrated in ultrahigh vacuum
(UHV),171 it has now been reproduced at ambient pressures
by sublimating or drop-casting precursors followed by chemical
vapor deposition or thermal annealing, improving the facility
and scalability of this technique for the production of
atomically flat GNRs.93,172,173 FETs fabricated from GNRs
grown by bottom-up organic synthesis have demonstrated
promising performance, yielding Ion ∼ 1 μA at Ion/Ioff ∼ 105.59

Figure 5. Bottom-up production of GNRs via organic synthesis and lateral heteroepitaxy. (a) On-surface polymerization of 10,10′-dibromo-
9,9′-bianthryl and subsequent cyclodehydrogenation to synthesize n = 7, armchair GNRs. STM shows polymerized GNRs on Au(111)
terraces. Reproduced with permission from ref 171. Copyright 2016 Springer Nature. (b) Solution-phase polymerization to produce chevron
GNRs and interfacial self-assembly to obtain uniform thin films of GNRs. Reproduced with permission from ref 194. Copyright 2017
American Chemical Society. (c, i−iv) Schematic of GNR synthesis in etched h-BN trenches; and (v-vii) corresponding AFM friction images
demonstrating trench fabrication and GNR growth. Reproduced with permission under a Creative Commons CC-BY 4.0 license from ref
196. Copyright 2017 Springer Nature.
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Additionally, gram quantities of GNRs have been produced by
various solution-phase approaches.174,175 Conceptually similar
to surface-mediated polymerization, here, polyphenylene
precursors (commonly prepared by coupling similar or
dissimilar aromatic monomers) are polymerized and graphi-
tized to yield GNRs in solution (Figure 5b).175,176 Since such
GNR dispersions can be dip-coated or drop-cast on arbitrary
surfaces, this versatile technique could be used for facile
fabrication of thin-film transistors, biosensors, organic photo-
voltaic devices, composites, and coatings.177−183

There are, however, a few challenges. Most GNRs
synthesized by surface-mediated organic synthesis are rather
short in length (<50 nm) due to interruption of the
polymerization process by surface defects and step edges.
The short lengths make it challenging to contact the GNRs
with metal electrodes for their integration into devices and
especially challenging to form low-resistance contacts due to
the resulting short length of the GNR−metal contacts.184 With
this said, encouraging advances in increasing GNR length to
>100 nm have been recently reported in some instances by
engineering surface step-topology and reconstruction.185,186 A
recent report has also demonstrated that some edge roughness
might be present in some of these GNRs due to missing
benzene rings at edges, degrading Ion by up to an order of
magnitudenecessitating an even more careful choice of
precursors.187 Additionally, organic synthesis has been
primarily confined to metallic surfaces, although practical
realization of GNR-based electronics requires direct synthesis
on or high-yield, residue-free transfer to CMOS-compatible
substrates. Furthermore, so far, most surface-mediated
approaches yield randomly oriented GNRs with relatively
poor control over placement and density. In contrast, aligned
assemblies of GNRs with rational placement are needed for
most semiconductor applications.188,189 Aligned GNR syn-
thesis on stepped Au surfaces, for instance, is an impressive
step in this direction.190 Another challenge lies in synthesizing
super-1.5 nm wide GNRs, which is primarily due to difficulties
in synthesizing and processing large monomers. However,
wider GNRs with smaller band gaps could be advantageous for
forming low-resistance contacts in GNR FETs and for a broad
range of high-conductance applications.
Solution-mediated polymerization offers some advantages

over surface-mediated polymerization, while also introducing
additional challenges. For example, GNRs with lengths >500
nm have been demonstrated, and improved control over
length-polydispersity has recently been attained.170,175 More-
over, liquid-phase processability has enabled the uniform
deposition of conducting GNR films, which may be useful for
thin-film applications.174,191 However, GNRs derived by
solution-phase synthesis can be challenged by agglomeration,
and in some casessimilar to CNTsit has proven
challenging to reliably disaggregate individual GNRs or deposit
their aligned assemblies on arbitrary substrates, which is crucial
for FETs.192 Some studies have reported improved dispersi-
bility in solution via introduction of functional substituents
(e.g., polymer or bulky 3D chains) on the GNR edges, and
alignment within films has been achieved via self-assembly
approaches. However, the electronic characteristics of devices
fabricated from such films are decreased by GNR−GNR
screening effects, which reduce electrostatic control over the
channel and lead to high inter-GNR resistance, leading to
degraded performance of long-channel devices in which charge
carriers must percolate between GNRs within the film.193,194

Experimentally, the impact of edge functionalization on
intrinsic GNR electronic properties is not well-understood,
even though theoretically it is believed that in some cases edge
functionalization could profoundly impact band structure,
doping, and transport properties.195

Lateral Heteroepitaxy in Hexagonal Boron Nitride (h-BN)
Nanotrenches. GNRs laterally embedded within sheets of
hexagonal boron nitride (h-BN) have been synthesized by two
approaches: (1) chemical vapor deposition (CVD) within
trenches of h-BN created by metal nanoparticle-assisted
etching196,197 and (2) alternating in-plane heteroepitaxy of
graphene and h-BN.198 Graphene and h-BN have the same
crystal structure and similar lattice constants; therefore, lateral
GNR−h-BN heterostructures provide a promising avenue for
passivating GNR edges, thereby preventing inadvertent doping
or edge functionalization (Figure 5c). Notably, GNRs
fabricated in h-BN trenches have exhibited the highest field-
effect mobilities (μ ≈ 1500 cm2 V−1 s−1) reported for sub-10
nm wide GNRs in the literature, while simultaneously
exhibiting impressive Ion/Ioff ∼ 105. These high-performance
device metrics are possibly due to passivation of the GNR
edges by h-BN or shielding of the SiO2 gate dielectric by
underlying h-BN concurrently transferred with the
GNRs.196,197,199 For example, related work has demonstrated
improved stability of graphene quantum dots embedded in h-
BN, which was attributed to edge passivation,200 and graphene
on h-BN exhibits an increase in mobility compared to
graphene on SiO2 (due to the smooth h-BN surface with
low trap density and reduced scattering).201 Therefore, it is
conceivable that these two factors are important to realize
superior GNR electronic behaviors in FETs.196

Templated Synthesis. i. CVD on Patterned Templates of
Nickel. CVD on lithographically patterned metallic templates
on dielectrics (e.g., Ni nanobars on SiO2) has also been
explored to achieve site-specific GNR synthesis. In this process,
the metallic template is removed after GNR synthesis by
sublimation or wet etching, yielding GNRs directly on a
dielectric.202,203 However, this strategy has not yet yielded sub-
10 nm wide GNRs with well-defined edges due to the
resolution limits of the lithography that is used to pattern the
metallic templates and due to the instability of sub-10 nm
metal stripes at the high temperature required for GNR
growth. Moreover, CVD on Ni yields multilayered GNRs with
mixed edge-chirality. Consequently, GNRs produced on Ni
templates have poor Ion/Ioff, which limits their utility in most
FET applications. The presence of residual metal might further
inhibit integration in semiconductor processing tools, which is
also a challenge in other production methods that utilize a
metal surface.188,204 Additional research is required to elucidate
the GNR edge structure and reduce the GNR width.

ii. Synthesis on SiC Nanofacets. The synthetic techniques
discussed above have a common limitation; i.e., none facilitate
bottom-up growth of GNRs directly on a technologically
relevant platforma key factor for industry to adopt a new
materials technology, as transfer techniques present scaling,
yield, and cleanliness challenges. Epitaxial growth on SiC is a
metal- and transfer-free, bottom-up approach for synthesizing
GNRs that avoids these challenges.72 In this process, SiC
sidewall nanofacets are first generated by annealing litho-
graphically patterned SiC trenches at ∼1200 °C. Then, the
nanofacets undergo a second anneal at a higher temperature of
∼1450 °C in an appropriate Si vapor pressure environment,
which causes selective controlled sublimation of Si atoms,
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leaving C atoms that self-organize into GNRs on the
nanofacets (Figure 6i−iv). Besides allowing for improved
control over GNR placement, this strategy allows facet-specific
tuning of GNR chirality; e.g., SiC(0001) trenches parallel to
⟨1100⟩ yield GNRs with zigzag edges whereas those parallel to
⟨1120⟩ yield GNRs with armchair edges.205 Furthermore, the
specific SiC polytype (i.e., 4H-SiC versus 6H-SiC) profoundly
influences the structural and electrical properties of the
resulting sidewall GNRs due to intricate differences in
GNR−substrate interactions, termination, and facet morphol-
ogy.206,207 For instance, trenches that yield armchair GNRs on
4H-SiC (i.e., parallel to ⟨1120⟩) predominantly evolve into a
single (1107) facet upon annealing, bordered by (1105)
minifacets at the top and bottom terraces,208 whereas trenches
that yield zigzag GNRs on 6H-SiC (i.e., parallel to ⟨1100⟩)
evolve into an array of 2−3 nm wide (11222) minifacets
yielding decoupled GNRs (termed miniribbons) with different
widths and densities. Similarly, whereas zigzag GNRs on 6H-
SiC exhibit ballistic transport, zigzag GNRs on 4H-SiC are
diffusive conductors (i.e., GNR conductance inversely
correlates with length).206 Since the GNRs synthesized on
such nanofacets are typically more than 20 nm wide, they are
semimetallic. However, in the miniribbon portion of GNRs,
signatures of electronic confinement are observed in angle-
resolved photoemission spectroscopy (ARPES), indicating the
presence of a local band gap. For example, in the case of
armchair GNRs synthesized on 4H-SiC, an appreciable band
gap (>0.5 eV) is observed in regions of the GNR draped over
(1105) minifacets due to the binding of the edge of the GNR
to the buffer layer graphene, whereas the central region of the
GNR draped over the central (1107) facet exhibits room-
temperature ballistic transport with no significant band
gap.208,209 Consequently, it might be possible to realize

dense FET arrays wherein the semimetallic portion of the
GNRs is utilized as source−drain contacts to the semi-
conducting regions of the GNRs.72,210 Charge transport
through the semiconducting regions, however, has not yet
been measured.
Although GNRs greater than 20 nm wide could be used as

interconnects,208 their BEOL integration would be challenging
due to the high thermal budget of synthesis.211 To utilize
GNRs grown on SiC nanofacets as a semiconducting FET
channel material, it will be necessary to either (i) reduce the
overall GNR width to less than 10 nm to open an appreciable
band gap in the semimetallic GNR region or (ii) learn how to
exclusively synthesize miniribbons isolated from the semi-
metallic regions. Promising strides have been made to reduce
the GNR width by tuning the depth of the lithographically
patterned trenches in SiC to yield narrower sidewall facets212

and by conducting synthesis on vicinal SiC (0001) surfaces,
which naturally contain narrow, well-aligned facets.213 These
approaches can yield arrays of ∼10 nm wide GNRs with
armchair edges; however, FETs from these GNRs have not yet
been demonstrated. A combination of substrate miscut and
etching could be explored to fabricate narrower facets. One
challenge is that large miscuts in SiC are known to facilitate the
growth of few-layered graphene, leading to variable device
characteristics.214,215 Furthermore, the presence of natural
steps on SiC(0001) is known to facilitate inadvertent GNR
growth, reducing the control over their placement, and
elimination of such steps requires additional high-temperature
processing.216

CVD on Germanium. Initially demonstrated by our group
in 2015, CVD on Ge(001) has emerged as another attractive
bottom-up technique to synthesize GNRs directly on a
technologically relevant platform.70 Catalytic decomposition

Figure 6. Bottom-up synthesis of GNRs on SiC. (i−iv) Schematic of synthesis of GNRs on SiC (110n) nanofacets formed by annealing-
induced reconstruction of lithographically patterned trenches. STM images of miniribbons formed on SiC nanofacets are shown at different
scales in panels v and vi, wherein the graphene lattice is distinguished. Reproduced with permission from ref 208. Copyright 2015 American
Chemical Society.
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of a hydrocarbon precursor (e.g., methane) at high temper-
atures on the Ge(001) surface causes nucleation and growth of
graphene.217 At slow growth rates (i.e., low supersaturation of
hydrocarbon precursors), the graphene evolves anisotropically,
yielding self-defining GNRs that are oriented along Ge⟨110⟩
and possess long segments of smooth armchair edges (Figure
7). The resulting GNRs have a semiconducting band structure
and competitive charge transport properties, simultaneously
exhibiting Ion/Ioff ∼ 2 × 104 and Ion ∼ 0.5 μA at a relatively low
source-drain bias of 0.1 V.89,218 Using this approach, GNRs
with widths down to 1.7 nm have been demonstrated, and the
width can be tuned simply by varying growth time and/or
precursor concentration during CVD.219 Although sponta-
neous nucleation yields GNRs that are polydisperse and
randomly placed on the surface, progress toward overcoming
these challenges has recently been made by initiating synthesis
from deterministically placed sub-5 nm graphene nanoseeds on
the Ge(001) surface, which have resulted in substantial
improvements in dimensional monodispersity and unidirec-
tional alignment.71,220 It has also been demonstrated that
growth of unidirectionally aligned GNRs can be achieved on
vicinal Ge(001).73,221 Furthermore, these breakthroughs can
be extended to CMOS-compatible Ge/Si(001), which is a
promising approach toward front-end-of-line (FEOL) integra-
tion of GNRs on a Si platform for both logic and analog/RF
applications.222

Notwithstanding these promising results, there are chal-
lenges. Synthesis of GNRs via CVD requires high temperatures
(∼900 °C) and slow growth rates (length growth rate ∼ 40 nm
h−1). Currently, atomic-scale control over GNR widths and
edge structures is lacking; this control is paramount for
precisely engineered band gaps, as the band gap fluctuates with
each additional atom along the width in the sub-5 nm width
regime (Figure 1b). Seed-initiated growth also needs to be
improved to further reduce width-polydispersity, while still
achieving high yield and maintaining control over placement
and alignment. Other potential concerns are the nanofaceting
and roughening of the Ge surface during the CVD
growth,223,224 which might degrade GNR carrier mobilities in

applications utilizing the GNRs directly on the Ge surface.225

Moreover, currently, the fabrication of GNR devices requires
transfer to a dielectric surface (e.g., HfO2 or SiO2) due to
doping of the Ge during CVD, whereas fabrication of GNR
devices directly on Ge would be much more suitable for
CMOS integration.226

Integration and Device Engineering. Key Competitive
Metrics/Figures of Merit (FOMs) for Applications. i. Logic.
While the GNR research community has made impressive
strides in overcoming synthesis bottlenecks, GNRs still need to
demonstrate power−performance−area−cost (PPAC, i.e.,
lower power and higher performance for a given footprint at
reduced cost), reliability, and yield metrics that are competitive
with current state-of-the-art Si FinFET and SOI technologies
to be viable contenders in high-volume commercializa-
tion.227,228 Primarily, GNR FETs should be able to achieve
higher performance and/or lower stand-by power, where the
former is related to the maximum on-state current (Ion), and
the latter is in part determined by the ratio of transistor drain
currents in “on” and “off” states (Ion/Ioff). Generally, for logic
applications, Ion/Ioff must exceed 104translating to a channel
band gap (Eg) of at least 0.4 eV [(Ion/Ioff ≈ exp(Eg/2kBT)),
where kB is the Boltzmann constant and T is temperature].229

For high-performance logic (e.g., personal computers, data
centers, high-end mobile, graphics processing units (GPUs),
etc.), it is critical to have a large Ion to minimize delay (or
maximize the transistor switching speed, where switching delay
τ = CVDD/Ion, in which VDD is the supply voltage, and C is the
gate capacitance),230 whereas for low-power logic (e.g., cell
phones, tablets, Internet of things (IoT) devices, etc.), it is
paramount to minimize the static power consumption by
minimizing Ioff.

84,231

Until a few years ago, when FET channels were several tens
of nanometers long (Lch > 20 nm), a channel material with
high charge carrier mobility (μ) (e.g., with long scattering
length and low carrier effective mass (meff)) was preferred to
achieve high Ion.

232 This is because carrier drift velocity is
directly proportional to μ (vdrift = μE, where E is the applied
electric field), and faster carriers yield larger Ion (current, I = q

Figure 7. Synthesis of GNRs on Ge(001). (i−iii) Schematic of CVD of armchair GNRs on Ge(001) at ambient pressure. (iv−vi) STM images
at different scales, showing GNRs synthesized on Ge(001) with high-fidelity edges. Reproduced with permission from ref 222. Copyright
2019 American Chemical Society.
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× A × vdrift, where q is the carrier charge, and A is the cross-
sectional area of the conduction channel). However, in the
short-channel regime, typical of contemporary ultrascaled
FETs (Lch < 20 nm), the effect of μ on Ion is less important
due to quasiballistic or ballistic transport across the channel
and the relative predominance of parasitic capacitances and
resistances.233 For Lch < 10 nm, channel materials with higher
meff are needed to suppress quantum-mechanical source-to-
drain tunneling.234,235

Other relevant metrics are (1) subthreshold swing (SS),
which characterizes the swiftness with which a transistor can
turn on or off, and (2) drain-induced barrier lowering (DIBL),
which is related to the gate’s electrostatic control over the
channel. It is important to minimize these parameters to
ensure continuous downscaling of VDD while minimizing Ioff.
As a benchmark, industry-leading 5 nm node Si FinFETs
exhibit Gon ≈ 1.5−2 mS μm−1, Ion/Ioff ≈ 105− 107, SS ≈ 68 mV
dec−1 (Boltzmann limit being 60 mV dec−1 at room
temperature), and DIBL ≈ 35 mV V−1 at VDD ≈ 0.75
V.86,236 The actual parameters might differ depending on the
specific application (e.g., high performance or low power).
ii. Analog/Radio Frequency (RF). For analog applications,

such as low-power wireless receivers and low-noise amplifiers,
two important figures of merit are transconductance (gm) and
intrinsic gain (or self-gain) (Gint), which determine the
maximum speed and/or gain that a transistor can achieve. In
RF applications, relevant metrics are cutoff frequency ( f T) and
maximum oscillation frequency ( fmax), which correspond to
the frequency at which the small signal current gain and power
gain of the transistor, respectively, drop to 0 dB and are
indicative of the maximum possible operational frequency of
the transistor.237 Since both gm and f T are directly proportional
to μ, a channel with high μ is advantageous. However, in high-
performance RF transistors, which typically have short
channels (Lch < 30 nm), electron velocity saturates; therefore,
μ is no longer a useful metric, and instead, device performance
is determined by the saturation velocity (vsat) and meff.

84

Besides a high μ or vsat, it is also critical to achieve satisfactory
drain saturation to maximize Gint and fmax. This saturation
necessitates a semiconducting channel with a band gap > 0.17
eV.238,239 Furthermore, other critical parameters such as the
noise figure (i.e., the noise that the RF device adds to the
signal), impedance mismatch, and linearity (i.e., how linear is
the change in output with respect to change in input) must

also be considered. As a benchmark, Si-based devices
(FinFET/SOI with Lg ≈ 20−30 nm) can exhibit f T and fmax
≈ 300−400 GHz, Gint ≈ 40, and gm ≈ 3 mS μm−1.240,241

Meanwhile at similar gate lengths, HEMTs of III−V materials
such as InP have attained f T and fmax values approaching 1
THz with gm ≈ 3 mS μm−1.242 Noteworthy is the fact that RF
circuits are less complex than logic, and therefore, the barrier
for commercial adoption of new materials may be lower than
in logic.

iii. Thin-Film/Flexible Electronics. GNRs could also face
fewer obstacles to commercialization in thin-film electronics
(e.g., FETs in the backplane of displays, chemical and biological
sensors, and printed, flexible, stretchable, and bioelectronics)
due to the much lower process complexity and performance
required for these applications.181 Although thin-film elec-
tronics encompass a wide range of applications, generally a
high μ and Ion/Ioff are desirable.243,244 For instance, current
thin-film transistors in displays, which are based on indium
gallium zinc oxide (IGZO), have μ of around 10 cm2 V−1 s−1

and Ion/Ioff > 108 in commercial implementations (with μ up to
70 cm2 V−1 s−1 in the laboratory).245 Generally, thin-film
electronics applications require μ ∼ 0.1−100 cm2 V−1 s−1 and
large Ion/Ioff ∼ 106 to minimize power dissipation.246−248

Benchmarking Theoretical GNR Performance and Cur-
rent State-of-the-Art Experimental Performance. Keeping
these benchmarks in mind, it is worth comparing the predicted
performance of GNRs in logic, RF, and thin-film applications
to the performance of existing state-of-the-art technologies.
(See Table 1.) Theoretical calculations predict that GNR FETs
with top gates can achieve high Ion/Ioff > 106 and Ion in the
range 1−2.5 mA μm−1 (depending on pitch), meeting or
exceeding the 2030 ITRS target of Ion = 1.5 mA μm−1 for low-
power logic at Lg of 10 nm.249−251 Moreover, the atomic
thickness and narrow width (≈2 nm) of the GNR channel
afford improved gate electrostatics and are predicted to yield
SS of 68 mV dec−1 and DIBL of 62 mV V−1 at Lg ≈ 20 nm,
better than SOI MOSFETs and comparable to Si Fin-
MOSFETs scaled to a similar Lg.

62,236 A concern, however,
arises with the suitability of GNRs for aggressively scaled logic
FETs at sub-10 nm channel lengths due to relatively small
effective mass (e.g., meff for 1 nm wide armchair GNR in the 3p
+ 1 family is ∼ 0.2mo versus 0.29mo for Si), which has been
predicted to lead to source-to-drain tunneling, although such
tunneling effects in GNRs have not been studied exper-

Table 1. Summary of Key Metrics for Different Applicationsa

Application Relevant metric Current state-of-the-art technology
Theoretically predicted or simulated values for

GNRs

Logic On-state current (Ion) 1.8 mA μm−1 (10 nm Si FinFET)236 at 0.7 V 1−2.5 mA μm−1 (depending on pitch)249,250 at
0.5 V

On/off ratio (Ion/Ioff) 104−107 106 (wGNR = 2.1 nm)249,250

Subthreshold swing (SS) 68 mV dec−1 (5 nm Si FinFET)86 68 mV dec−1 (n = 16 armchair GNR FET)62

Drain-induced barrier lowering
(DIBL)

35 mV V−1 (5 nm Si FinFET)86 62 mV V−1 (n = 16 armchair GNR FET)62

Radio-frequency Transconductance (gm) 3 mS μm−1 (14 nm Si FinFET)240 9 mS μm−1 (wGNR = 1.1 nm)253

Cut-off frequency ( f T) 314 GHz (14 nm Si FinFET),240 610 GHz (InP
HEMT)242

∼1 THz (n = 16 armchair GNR FET)62

Maximum oscillation frequency
( fmax)

299 GHz (22 nm FDSOI),241 1.5 THz (InP
HEMT)242

∼1 THz (n = 16 armchair GNR FET)62

Thin-film
electronics

Mobility (μ) 10 cm2 V−1 s−1 (IGZO) ≥100 cm2 V−1 s−1

Interconnects Maximum current density 107 A cm−2 (copper)87 108 A cm−2 (wGNR = 16 nm)26

Thermal conductivity 385 W m−1 K−1 (copper)87 2000 W m−1 K−1 (1.5 nm wide ZGNR)88

aTheoretically predicted values for GNRs are compared with current state-of-the-art technologies. (FDSOI = fully depleted silicon-on-insulator).
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imentally.63,252 In RF applications, GNRs are predicted to
exhibit gm ≈ 9 mS μm−1 due to their high intrinsic μ, vsat, and
semiconducting band structure, yielding f T and fmax values of
1−2 THz.253 While the projected RF performance is
comparable to III−V’s, GNR FETs (like carbon nanotube
FETs) are expected to offer superior linearity and more facile
routes to integration onto Si without lattice-matching
constraints.254 Furthermore, assuming longer and/or cova-
lently interconnected GNRs can be made, they should be able
to easily meet the requirements of thin-film technologies,
owing to the large predicted μ (≥100 cm−2 V−1 s−1) and Ion
(≥1 mA μm−1) at Lch > 1 μmthe typical Lch of modern thin-
film devices.37,90,255

However, experimentally it has been challenging to realize
GNR FET metrics close to these projected values (Figure 8).

For instance, GNR FETs with acceptable Ion/Ioff (i.e., >10
4)

fabricated from chemo-mechanical cutting of graphite have
exhibited an Ion = 4 μA (or Gon = 8 μS or Gon/w = 1 mS μm−1)
at Lch of 236 nm,73 which is ∼10 times lower than the quantum
conductance limit of 77 μS (2e2/h).256 In this technique, SS
and gm have also been subpar, with the best values reaching
only 210 mV dec−1 and 0.9 mS μm−1, respectively.37 GNRs
fabricated by lateral heteroepitaxy in h-BN trenches have
exhibited better performance in terms of on-current. In this
case, ∼5 nm wide GNRs exhibit a Gon = 27 μS (or 5.4 mS
μm−1) and Ion/Ioff of 10

4 at Lch of 300 nm.196 It is possible that
passivating the edges of GNRsone distinguishing feature of
the devices in refs 196 and 197might lead to a substantial
increase in the performance of GNRs fabricated by other
techniques (e.g., bottom-up organic synthesis, CVD, electron-
beam lithography, etc.). However, it is also worth considering
other extrinsic factors that can deteriorate the performance of
GNR FETs and the means to overcome those factors, which
are discussed next.
Extrinsic Barriers to GNR Electronics. i. Contact Resist-

ance. Similar to the fields of CNT and transition metal
dichalcogenide (TMD) electronics, a large disparity between
theoretical and actual performance of GNR devices can be
attributed in part to large contact resistances (Rc) at metal−
GNR interfaces and substrate- and dielectric-induced disor-
der.257,258 Rc throttles device performance by degrading Ion,
photoresponsivity, and fmax

92,259−261 and is the main parasitic
resistance in ultrascaled FETs (Lch < 20 nm) in which Rc starts

to dominate the total device resistance (due to ballistic
transport across the channel, i.e., Rch → 0).
To date, every GNR device in the literature has been either

top- or bottom-contacted (i.e., source/drain metal contacts are
deposited on top of GNRs,89 or GNRs are placed on top of the
pre-patterned electrodes).262 In both of these cases, the GNRs
do not form covalent bonds with the contact metal due to their
inert basal plane, resulting in poor coupling and a long
characteristic “transfer length” (LT) of ∼200 nm (Figure
9a).263 LT is the distance over which 1 − e−1 ≈ 63.21% (where,
e is Euler’s number ≈ 2.718) of the total current is transferred
from the contact metal to the semiconducting channel and
characterizes the strength of coupling between the contact and
the channel (smaller LT indicates better coupling).264 If the
contact length (Lc) ≪ LT, then poor contacts are obtained in
which Rc scales inversely with Lc and is given by R

Lc
c

c
= ρ

,

where ρc is the contact resistivity.
265 Poor top-contacts and Lc

≪ LT can be problematic under two scenarios. The first
scenario occurs when the GNRs are short, and therefore Lc ≪
LT, which is common in GNRs that are derived from bottom-
up organic synthesis and CVD on Ge(001), as their lengths are
only 20−100 nm.59,89 The second scenario can more generally
be problematic for GNRs of any length and occurs when the
device footprint must be reduced, for example, to increase FET
density in logic circuits. In this case, both Lc and Lch must be
reduced to meet geometrical scaling constraints. In both
scenarios described above, Rc can become a significant fraction
of Rtotal and much larger than the minimum possible intrinsic
quantum resistance (Rc,int) of 12.9 kΩ per GNR.266,267 Another
challenge arises when the fabrication of GNR devices involves
transfer of GNRs from a catalyst (e.g., Au or Ge) to a dielectric
substrate (e.g., SiO2), which is typically assisted by a polymer
layer and etching of the catalytic substrate. The transfer
process introduces adsorbates and contaminants (e.g., polymer
and etchant residues) that degrade interfacial quality, add an
insulating barrier for charge injection, and/or cause uninten-
tional doping and Fermi-level pinning, each of which further
increases Rc.

258,268

ii. Dielectrics. In addition to contacts, the substrate and/or
the gate dielectric can also profoundly impact the performance
of GNR FETs. First, the composition and thickness of the gate
dielectric impact the electrostatic integrity of the channel and
determine the ultimate scalability. The scalability is para-
metrized by the electrostatic length, λ, which is given as

t t
N ch ox

ch

ox

ε
ε where εch and εox are the dielectric constants of the

channel and gate oxide, respectively, N is the number of gates,
and tch and tox are the thicknesses of the channel and gate
oxide, respectively.265 Generally, a channel remains immune to
short-channel effects (primarily DIBL and degraded SS) if Lch
≥ 3λ, and therefore, smaller λ is desirable.269 From the
expression, it is evident that a small λ can be achieved via
reducing tox and/or increasing εox.

125 Second, the substrate and
the gate dielectric impact the performance of GNR devices by
introducing long-range and/or short-range charge disorder
(e.g., roughness and dangling bonds), which degrade μ and
cause variation in threshold voltage (VT).

270,271 GNRs
interfaced with common dielectrics, such as SiO2, Si3N4,
HfO2, Al2O3, and SiC, show reduced μ (sometimes by several
orders of magnitude) compared to theoretically predicted
phonon-limited values, which is due to extrinsic scattering
from ionized impurities, charge puddles, ripples, surface

Figure 8. Plot of on-state conductance versus on/off conductance
ratio reported for GNR FETs produced by different techniques.
Data are partly adapted from ref 73.
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dangling bonds, and dielectric remote phonons (Figure
9b).74,117,272−278 Furthermore, GNR FETs on oxide substrates
measured in ambient laboratory conditions exhibit hysteresis,
which likely originates from adsorbed H2O or O2 from ambient
air and/or traps in the substrate or gate dielectric.279−281

Therefore, engineering smooth, trap-free interfaces and
improved passivation schemes is critical to reduce extrinsic
scattering, increase μ, and reduce variation in VT.

PERSPECTIVES

Overarching Goals in Synthesis. The primary synthesis
challenge is to scalably create GNRs with monodisperse widths
and smooth edges in tightly packed arrays, with registered
placement and alignment on technologically relevant sub-

strates. No existing synthetic method has simultaneously met
all these criteria. It is important to emphasize that even an ideal
single GNR cannot provide the Ion required for most
applications. Therefore, GNR FETs need to be fabricated
from closely spaced, highly ordered arrays of GNRssimilar
to the arrays of CNTs currently being developed for
electronics.227,282−287 Furthermore, precise control over the
GNR width and pitch is paramount to achieve uniform FET
behavior (e.g., same VT, Ioff, and Ion), at least for logic and RF
applications, while some variability might be acceptable for
thin-film/optoelectronic applications.288,289 The ideal pitch of
GNRs is not yet clear; however, modeling of CNT arrays has
shown that the ideal pitch of CNTs is 5−10 nm, balancing the
need to increase the number of conducting pathways for a

Figure 9. Extrinsic factors affecting the performance of GNR devices. (a) Structure of a typical top-contacted GNR device and the factors
causing increased contact resistance: (i) lack of covalent bonding at the interface, (ii) presence of interfacial contamination, and (iii)
insufficient contact length (Lc < LT). (b) Combination of factors at the dielectric surface, such as scattering due to phonons, surface
roughness, and adsorbed dopants, that cause degraded performance of GNR devices. The sizes of species and features are not to scale and
are for representation purposes only.
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given channel width with the need to limit inter-CNT
screening effects that occur when the pitch is small.290

Although some top-down techniques have been able to realize
array GNR FETs,97,103,291,292 thus far, no GNR array FETs
have been realized with high Ion and high Ion/Ioff,
simultaneously.
Lithography. Unless a scalable lithography technique with

much improved resolution is developed, it is not clear if
lithography will ever yield sub-10 nm wide GNRs with smooth
edges, needed to harness superior electronic properties. There
have been a number of promising efforts to pattern sub-10 nm
features: notably, directed self-assembly (DSA) of block
copolymers, extreme ultraviolet (EUV) lithography, and self-
aligned quadruple patterning (SAQP).293,294 While most
experimental and simulation studies agree that edge roughness
is detrimental to the performance of GNR FETs,289,295,296

other works have concluded that a small amount of edge
roughness is acceptable and will not significantly degrade the
Ion/Ioff or Ion.

249 This dichotomy is further evidenced by the
demonstration of superior FET performance using GNRs
grown heteroepitaxially in h-BN trenches that may possess
mixed edge character.196 Research toward reducing edge
roughness, similar to that demonstrated using helium ion
lithography101 and neutral beam etching (instead of reactive-
ion etching), could prove useful.297 Reduction of edge
roughness, increased width uniformity, and improved
electronic performance might also be achieved, for instance,
via post-lithography edge-annealing (Figure 10a),298,299

controlled gas-phase/plasma etching,107,108 and passivation
schemes such as hydrogenation.300,301

In-Plane Heteroepitaxy with Hexagonal Boron Nitride (h-
BN). As discussed previously, sub-10 nm GNRs grown in h-BN
trenches exhibit among the best combination of Gon and Ion/Ioff

observed in the literature.196,197 Therefore, the in-plane
heteroepitaxy of GNRs from the edges of h-BN, of GNRs in
h-BN nanotrenches, and of h-BN from the edges of GNRs
could all be promising routes toward high-performance GNR
electronics. Moving forward, the field needs to move beyond
single GNRs embedded in h-BN toward creating tightly
pitched, aligned arrays of embedded GNRs (Figure 10b),
which will be paramount for increasing Ion for high-perform-
ance applications. It may be possible to exploit directional,
metal nanoparticle-assisted etching to create such arrays.
However, particularly significant challenges are that (i) the
nanoparticles may etch stochastically along several directions,
and (ii) the nanoparticles themselves are polydisperse.302

Significantly improved control over trench-orientation, edge
topology (armchair versus zigzag), placement, and width is
needed. As a first step toward this end, arrays of GNRs have
been created by the directional metal-assisted etching of
graphene303although these arrays have not yet offered the
control over width, pitch, and placement required. An
alternative may be to use lithography to define trenches,
coupled with recent advances in the CVD of graphene from
the edges of h-BN and vice versa.304,305 Increased research
activity focusing on lateral heteroepitaxy within the 2D
materials community306 may yield additional strategies for
synthesizing GNR−h-BN lateral heterojunctions in the future.
Theoretical modeling of electronic properties will also be
needed to reconcile the differences in band gaps observed
between GNRs embedded in h-BN and GNRs synthesized by
polymerization and graphite/CNT unzipping.196,307−309 This
modeling will be critical for developing a comprehensive
understanding of the effects of edge termination, lattice
strain,310−312 and edge passivation300,313 on h-BN/GNR FET

Figure 10. Potential approaches toward overcoming contemporary bottlenecks in lithography and lateral heteroepitaxy for realization of
high-performance GNR FETs. (a) Edge-annealing is a potential route to reduce edge roughness in GNRs created by lithography. (b)
Lithography can be used to create unidirectional, rationally pitched trenches in h-BN followed by GNR growth to realize FETs with
increased Ion due to the higher packing density compared to ref 196.
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behavior302,314−316 in addition to discerning the role of the
underlying substrate.
Bottom-Up Organic Synthesis. The fields of on-surface and

solution-mediated organic synthesis have made impressive
advances toward producing complex and atomically precise
GNRs, yet the FETs from these devices have significant room
for improvement. Whether extrinsic factors or possible intrinsic
edge roughness in these GNRs is the predominant cause of
suboptimal performance is a question that will require more
comprehensive studies.187 If edge roughness is present, its
reduction will necessitate a careful evaluation of precursor
selection and control over reaction chemistry.
Next, even though the synthesis and self-assembly of densely

aligned GNRs have been reported on Au(788) and Au(111),
respectively,148,189 better control over pitch and placement is
still needed (Figure 11). Improved control over pitch is
especially important because if the pitch is too high, crosstalk
and screening effects degrade gate control of the channel,
leading to poor Ion, Ion/Ioff, SS, DIBL, and fmax.

190,290,317 When
top-contacts are used, longer surface-polymerized GNRs are
required to improve 2Rc by ensuring Lc ≫ LT. Direct synthesis
on dielectrics (as opposed to metallic surfaces) would also be
needed for electronics applications. Toward this end, ref 318
has recently demonstrated the catalyst-independent synthesis
of polyaromatic azaullazine chains via polymerization of
polycyclic aromatic azomethine ylides on h-BN, and ref 319
has recently shown the synthesis of armchair GNRs on
insulating TiO2 surfaces, both of which are promising
breakthroughs motivating further research into engineering
monomers that polymerize on nonmetallic surfaces. The use of
polymerized GNRs in thin-film transistors, in which the
channels are longer than the individual GNRs, necessitates
synthesis of longer GNRs and networks of GNRs interlinked
via covalent bonds to achieve a satisfactory μ.320,321 Here, it is
particularly attractive to use an on-surface polymerized
graphene nanomesh as a channel, which is easier to transfer

from Au(111) to a target substrate than arrays of isolated
GNRs and can exhibit electronic properties (Gon and Ion/Ioff)
comparable to those of individual GNRs.322−324

Meanwhile, advances in shear-assisted wafer-scale alignment
of CNTs from bulk solution or liquid/liquid interfaces,325−327

Langmuir−Blodgett assembly of dense and aligned CNT
films,328 dielectrophoretic self-assembly of graphene,329 and
electric-field-induced alignment of GNRs330 could be explored
for the alignment and self-assembly of solution-polymerized
GNRs, although control over pitch might still be challenging. A
significant improvement in alignment and density, and
consequently the charge transport through such random
networks of GNRs, might be achieved by appropriate non-
covalent surface functionalization or substrate modification, as
seen in drop-cast CNT thin-film FETs fabricated on substrates
grafted with self-assembled monolayers.331−333 Clearly, more
research into tailoring surface chemistry to achieve high
density, uniformity, and alignment of deposited GNR thin
films is needed.334 Furthermore, as recently demonstrated for
CNTs, it may also be possible to precisely deposit GNRs from
solution with controlled placement via directed self-assembly
strategies with DNA nanotrenches.284,285 It is also important to
note that improved strategies are needed to inhibit side-
reactions that generate a mixture of GNR structures in some
solution-phase syntheses (e.g., preventing isomerization during
Diels−Alder polymerization reactions), and eventually, the
effect of extrinsic impurities on the charge transport properties
of GNR thin films will need to be clarified.335−338 Lastly,
standardized protocols for the unambiguous characterization of
the structural (e.g., length and defects) and electronic (e.g.,
band gap) properties of polymerized GNRs, on surfaces and in
solution, are also currently underdeveloped but
needed.174,339,340

CVD on Ge. Regarding CVD synthesis on Ge or similar
surfaces that might promote anisotropic growth, challenges
include (1) obtaining more accurate control over width with

Figure 11. Primary challenges blocking integration of (a) surface-polymerized GNRs and (b) solution-polymerized GNRs into technology.
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less GNR-to-GNR variation; (2) realizing densely packed
arrays of aligned GNRs; (3) improving the transport properties
of these GNRs; (4) reducing the CVD thermal budget; and
(5) transfer-free integration on CMOS-compatible platforms.
With regards to challenges 1 and 2, significant progress has
been made toward fabricating aligned GNR arrays on Ge(001)
with reduced polydispersity via seeding and conducting growth
on vicinal Ge(001) surfaces.73,341 However, the seed-initiated
GNRs demonstrated on Ge(001) have been super-10 nm wide,
can rotate as the GNR width decreases, and still suffer from
GNR-to-GNR variation in width due to challenges in achieving
small and uniform seeds via lithography.342 More work is
needed to reduce pitch, decrease seed size, and improve seed
uniformity in order to realize dense unidirectional arrays of
more monodisperse sub-5 nm GNRs (Figure 12). One
approach to realizing tightly pitched sub-5 nm seeds could
be to exploit directed self-assembly using block copolymers in
combination with infiltration synthesis.294,343−345 Regarding
challenge 3, devices realizing high Gon approaching the
quantum conductance limit of 77 μS (2e2/h) still need to be
demonstrated. The GNRs synthesized on Ge have long
segments of smooth armchair edges, but more work is needed
to elucidate the potential effect of the minor edge roughness
that may exist on charge transport properties. For challenge 4,

methodologies to reduce the catalytic barrier for the
decomposition of hydrocarbon precursors on the Ge(001)
surface need to be explored. Here, advances in low-temper-
ature synthesis of graphene could provide useful guidance.
Possible solutions include exploration of liquid precursors,
such as benzene and toluene, that have been utilized to
synthesize graphene at temperatures as low as 300 °C346 and
the use of energy-assisted CVD techniques [e.g., microwave
plasma (MPCVD), photothermal (PTCVD), plasma-enhanced
(PECVD), and inductively coupled plasma (ICPCVD), etc.]
that have been utilized to synthesize graphene at temperatures
below 500 °C.347−350 Regarding challenge 5, more work is
needed to fabricate and measure GNR devices directly on Ge
or Ge-on-Si(001). Specifically, it is critical to decouple GNRs
from the Ge surface and minimize the vacancy-induced doping
of the Ge substrate at the high temperatures used in CVD.226

The latter could enable the direct fabrication of top-gated
GNR devices on Ge(001). The formation of stable, uniform
films of Ge oxide underneath GNRs via thermal oxidation or
electrochemical intercalation could be explored.351 Alterna-
tively, for GNRs synthesized on Ge-on-Si(001), alignment-
preserved transfer to Si(001) via chemical vapor etching of the
Ge epilayer or via wafer-bonding could be investigated (Figure
12).352 The latter could be feasible considering the recent

Figure 12. Initiating synthesis of tightly packed arrays of sub-10 nm armchair GNRs via CVD by deterministically placing sub-5 nm graphene
seeds, followed by direct fabrication of top-gated devices on Ge(001) or transfer to dielectric surfaces for fabrication of back-gated devices.
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demonstration of a stacked Ge-based gate-all-around FET
(GAAFET) PMOS layer atop Si-based FinFET NMOS via a
wafer-bonding process.353

Materials and Device Integration. Contact Resistance.
Major approaches to reduce Rc include (1) developing a
contamination- and residue-free method to transfer GNRs to
technologically useful dielectric substrates, (2) reducing the
metal−GNR contact resistivity (ρc), and (3) reducing Schottky
barriers by work-function engineering of the contact metal or
doping of the contact area.
With regards to approach 1, it is crucial to develop a

scalable, clean, and automated transfer technique that
preserves the intrinsic properties of GNRs synthesized on
non-dielectric surfaces (e.g., organic synthesis, CVD, etc.). A
possible reason behind the superior charge transport properties
of GNRs synthesized on SiC nanofacets, when compared to
other techniques such as on-surface polymerization and CVD,
could be the absence of a transfer step in these techniques,
ensuring a relatively cleaner GNR interface. Several promising
techniques for support-free transfer of graphene have been
developed but have not yet been explored for transfer of
GNRs.354,355 Meanwhile, other approachessuch as exposure
to low-power plasma, UV/ozone treatment, use of sacrificial
layers, and postannealinghave been beneficial in reducing
resist residues and adsorbed contaminants on graphene,
reducing Rc by up to 5000 times in graphene devices.356−358

Rc in graphene devices has also been shown to significantly
diminish by implementing “metal-on-bottom” (i.e., graphene is
placed on top of predeposited metal contacts) or “double
contact” (i.e., graphene is sandwiched between metal contacts)
architectures, which lead to much cleaner interfaces and
enhanced contact area, respectively, compared to typical

“metal-on-top” contact architectures. These concepts might
also lead to reduction of Rc in GNR devices.359,360 GNR
transfer and device fabrication could also be simplified via
adhesion engineering (i.e., engineering delamination of GNRs
from the catalyst) and leveraging recent breakthroughs in
robot-assisted assembly of van der Waals heterostructures
reducing the possibility for inadvertent extrinsic contamina-
tion.361 In general, an improved understanding of the effect of
residue (including its thickness and composition) on Rc is
needed.362

Regarding approach 2, low Rc can potentially be realized by
degenerate doping of the contact area. Doping of the contact
area using layers of dopant species has been demonstrated to
yield low-Rc metal−graphene contacts by reducing the tunnel
barrier width and increasing the density of states;363 however,
so far, such doping has been difficult to control or has long-
term stability issues and can consequently lead to variation in
VT and high Ioff.

364 Therefore, better doping species and
methods that yield improved control and stability are needed.
For example, GNRs synthesized by polymerization can be
substitutionally doped by utilizing tailored precursors.365,366

For less aggressively scaled applications (e.g., low-power RF
and thin-film transistors), longer contact lengths could help
reduce Rc. This is because for Lc ≫ LT, Rc saturates invariant of
Lc, and this could explain the superior Ion in FETs with
relatively long GNRs (and therefore long Lc) that are
fabricated from top-down sonochemical unzipping of graphite
and in-plane heteroepitaxy in h-BN trenches.
However, for ultrascaled GNR FETs (Lch < 20 nm), where

ultrashort Lc is required to maximize the FET density, large Rc
is a major roadblock. In this case, edge contacts, in which
GNRs are covalently bonded to the contact material, or a

Figure 13. Edge-bonded schemes to achieve contacts with low Rc in GNR devices. (a) Forming a covalently bonded GNR−contact interface
by deposition of Mo electrodes followed by annealing, which forms interfacial carbides. (b) Forming seamless junctions between arrays of
semiconducting armchair GNRs and semimetallic monolayer graphene.
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combination of top and edge contacts must be explored
(Figure 13a). Edge contacts can enable aggressive contact
scaling since carrier injection is independent of Lc, enabling
lower Rc than contemporary top-contact schemes by an order
of magnitude, as predicted theoretically367,368 and demon-
strated experimentally for graphene369−372 and CNT devi-
ces.373 For example, Mo373 and Co−Mo227 yield interfacial
Mo−C carbides upon annealing on graphene and CNTs at
150−800 °C, facilitating formation of edge contacts.371 Mo-
based edge contacts have resulted in low Rc with CNTs, even
down to Lc < 10 nm,373 and therefore could be a promising
route to reduce Rc and enable aggressive contact scaling in
GNR devices (Figure 13a). Ni/Al edge contacts to graphene
have also resulted in low Rc, which is particularly appealing
because these materials are CMOS-compatible.372 MoO3−x,
another high-work-function contact material that exhibits far
superior hole-injection to transition metal dichalcogenides
than Pd, and that has been recently demonstrated to yield low
Rc edge contacts to graphene, could also be exploited for GNR
devices.371,374 However, engineering edge contacts for GNR
devices has not yet been reported, necessitating further
research in this direction. Controlled plasma treatment can
also be utilized to create dangling bonds at the short edges of
GNRs, which are required to form covalently bonded edge
contacts.375 Another option is to create seamlessly bonded
junctions between semiconducting armchair GNRs and
metallic zigzag GNRs or graphene376−379 (Figure 13b), similar
to phase-engineered contacts in MoS2 or intramolecular
CNT−GNR junctions.267,380,381 In recent studies, devices
consisting of polymerized GNRs contacted with monolayer
graphene were demonstrated; however, the GNR−graphene
junctions were not covalently bonded but were instead in van
der Waals (vdW) contact.92,172,262 However, even such
contacts might provide the possibility of achieving sub-60
mV dec−1 SS similar to the recent demonstration of CNT
devices consisting of graphene as a Dirac source to achieve an

SS of 35 mV dec−1,382 and some computational studies have
predicted an astonishingly low LT = 10 nm for such GNR−
graphene van der Waals contacts.383

Lastly (approach 3), the choice of metal for the source/drain
electrodes, method of deposition, and deposition conditions
ostensibly impact Rc due to the formation of interfacial traps,
Schottky barriers (SB), and modification of the graphene sheet
resistance under the contacts (due to charge-transfer doping
and Fermi-level pinning).364,384−386 For GNR FETs measured
on SiO2, p-type conduction is observed, presumably due to
doping during transfer, inadvertent edge-functionalization
during solution processing, and/or exposure to ambient
air.172,387 Therefore, high-work-function metal contacts are
used to make good p-type contacts with low SBs. It is however
also believed that the apparent p-type conduction might be due
to adsorbed H2O adlayers on the SiO2 that suppress n-type
behavior.388 A better understanding of the underlying
mechanisms, improved encapsulation schemes,389 and/or
surface treatment techniques390 is needed to overcome the
above issues in order to select the best contact metal.391 Next,
the carrier transmission probability from metal to graphene,
which depends on coupling between metal and graphene,
greatly affects the Rc.

268 Metals such as Ni, Co, Pd, and Ti that
chemisorb on graphene form much lower Rc contacts, as
opposed to metals such as Au and Pt that physisorb.391,392 Pd,
in particular, has been the preferred choice for contact metal in
GNR devices due to its deep work function, which leads to low
SBs with GNRs that are presumably p-doped, as discussed
above.72,90,196,393,394 Often, a thin layer of Cr, Ti, etc. is also
used to enhance adhesion between Pd and the GNR, although
it is not clear if these interfacial layers play a role in modifying
Rc. Ohmic contacts may even be possible by either utilizing
contact materials that form a negative SB to GNRs or by
intercalating oxides, such as Ta2O5, TiO2, or MgO, that can
unpin the metal Fermi-level at the contact interface.395,396

Alternate metallization schemes (e.g., atomic layer deposition)

Figure 14. Integration of high-κ dielectric top gates on GNR FETs via atomic layer deposition (ALD), adapted from refs 404, 408, 409, 416,
and 428. An analogous method has been experimentally demonstrated for ALD of high-κ dielectrics on graphene and CNTs. (i, ii)
Pretreatment with gaseous H2O to promote conformal nucleation. (iii, iv) Cycle ALD precursors (trimethylaluminum (TMA) and H2O) to
nucleate Al2O3. (v) Grow Al2O3 via ALD. (vi) Deposit top-gate metal.
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instead of evaporation/sputtering can also be explored to
improve the morphology of the deposited metal in order to
enhance the coupling between the metal and the GNR.397

High-quality contacts may also be fabricated by utilizing
thermal scanning probe lithography, which has a comparable
throughput and resolution as electron-beam lithography.398

Optimization of source/drain geometry in GNR FETs is also a
promising route to reduce Rc.

399

Substrate and Dielectric. Another challenge in GNR
electronics is the optimal selection of substrate and/or gate
dielectric. So far, nearly all GNR FETs in the literature utilize a
SiO2 global back gate due to relative ease of fabrication; top-
gated GNR FETs remain largely unexplored. However, top
gates are paramount in order to switch individual FETs,
independently in an integrated circuit. Although some studies

have demonstrated GNR devices with core−shell nanowires as
top gates and achieved large transconductance, it is not clear if
control over the position/orientation of these nanowires can
be realized on prefabricated GNR arrays.124 Generally, the
fabrication of top gates requires conformal deposition of
ultrathin dielectrics, which is typically accomplished by atomic
layer deposition (ALD). However, uniform ALD on pristine or
uncontaminated surfaces of graphene/CNTs/GNRs/2D ma-
terials is challenged by their inert basal planes and the absence
of dangling bonds and defects.287,400,401 Surface treatments
such as UV/ozone, electron-beam irradiation, and plasma
exposure have been used to seed the growth of dielectrics on
graphene and CNTs. These treatments introduce defects in the
sp2 basal plane that enable chemical adsorption/bonding of the
dielectric precursors.402−405 The ensuing distorted lattice of

Figure 15. Possible approach toward fabricating GNR arrays encapsulated in h-BN, similar to the one demonstrated in ref 369 for monolayer
graphene. This technique also allows for 1D edge contacts to be formed.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c07835
ACS Nano 2021, 15, 3674−3708

3691

https://pubs.acs.org/doi/10.1021/acsnano.0c07835?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07835?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07835?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07835?fig=fig15&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07835?ref=pdf


the CNT or GNR is known to degrade the transport properties
of these transistor channels. Therefore, such treatments are
likely to be unacceptable for GNRs since the integrity of the
basal plane and edges is paramount to retaining intrinsic charge
transport properties. A possible solution here might be using
H2 plasma to seed the deposition of dielectrics, wherein the H-
functionalization of the graphitic lattice is reversible upon
annealing.406 However, full reversibility of the damage by the
annealing is unlikely in large-scale integration. Consequently,
clever nucleation engineering solutions based on physical
adsorption of precursors are necessary. Some reports have
indicated that in situ pretreatments or noncovalent surface
functionalization (e.g., introducing pulses of H2O, O3, NO2/
trimethylaluminum (TMA)) prior to ALD can significantly
improve the homogeneity and quality of the deposited films on
graphene and CNTs, leading to superior device performance
without affecting the quality of the channel; however, it is not
yet clear if such approaches would work for GNRs (Figure
14).407−411 The use of organic (e.g., perylene tetracarboxylic
dianhydride (PTCDA), hydrogen silsesquioxane (HSQ), etc.),
polymer (e.g., polyvinyl alcohol (PVA)), ultrathin metal seed
(e.g., Ti), or metal-oxide (e.g., yttrium oxide (Y2O3)) interlayers
can also improve the quality of the dielectric films,412−414 and a
recent report has achieved an equivalent oxide thickness
(EOT) of 1 nm using PTCDA to seed ultrathin hafnium oxide
(HfO2) on graphene and MoS2.

415 On CNTs and graphene,

deposition of a metal (which coats the inert sp2 lattice more
uniformly than its corresponding metal oxide) followed by
oxidation has been used to create a seed layer for dielectric
deposition via ALD (e.g., Ti followed by oxidation to TiO2 and
then Al2O3 deposition).416 Alternatively, the oxidized metal
layer can also be directly used as the dielectric layer. ALD of
dielectrics can also be circumvented altogether by transferring
gate stacks and by utilizing pre-embedded gates.417,418

As for materials, the incorporation of high-k dielectrics such
as Al2O3 (ε = 9), Y2O3 (ε = 15), HfO2 (ε = 16.5), and lead
zirconate titanate (PZT) (ε = 350) is paramount for realizing
superior electrostatic modulation of the channel at scaled gate
lengths (to minimize λ and suppress band-to-band tunneling
and for enhancing dielectric screening from charged impurities
to obtain higher μ).225,419,420 Y2O3 in particular is a promising
dielectric material for GNR FETs because it is relatively simple
to deposit on sp2 carbon nanomaterials (deposited as Y and
subsequently oxidized) and has demonstrated high capacitance
while preserving high μ in graphene.421,422 More research is
also needed to identify and incorporate alternative dielectrics,
such as AlN (ε = 9) and ZrO2 (ε = 23), and interfacial
passivation layers, such as BeO, that exhibit reduced phonon
scattering when graphene is placed on these materials
compared to SiO2 or HfO2.

423−426 The addition of a
ferroelectric material such as hafnium-zirconium oxide, which
enables negative capacitance, to the gate-stack may increase

Figure 16. Multitier GNR FETs may increase Ion within a given footprint without needing ultrashort channel length. Concept adapted from
ref 445 which demonstrates a similar idea for MoS2 FETs.
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channel−gate coupling to further reduce the SS below the
Boltzmann limit of 60 mV dec−1 and enhance Ion.

427

Placing GNRs on and encapsulating GNRs in h-BN is
another appealing approach to improve device performance
due to the passivated, clean, flat, and highly crystalline surface
of h-BN with high optical phonon energy, which leads to
higher μ and spin-diffusion lifetimes in graphene429−431 and
GNRs.432 For instance, room-temperature μ of carriers in
graphene placed on h-BN can reach ∼105 cm2 V−1 s−1, which is
close to the theoretical maximum limited by phonon scattering
in graphene, whereas, on SiO2, μ is limited to ∼104 cm2 V−1

s−1.433,434 Encapsulation of graphene with h-BN in combina-
tion with edge-bonded contacts has also dramatically reduced
Rc.

435 Additionally, h-BN can be used as a “contact transfer”
layer, wherein the contact metal can be embedded in
prepatterned h-BN and directly transferred onto the GNR
channel, making via-contacts,436 reducing interfacial contam-
ination and roughness and consequently Rc.

437 The high in-
plane thermal conductivity of h-BN might be particularly
useful for rapid heat transfer from GNRs to metal contacts. h-
BN might also be useful for FETs integrated on flexible
substrates because of its mechanical resilience.438 Therefore,
GNR FETs encapsulated in h-BN could reap several benefits
such as high μ, low Rc, superior thermal management, and
passivation (Figure 15). Substantial improvements in the
scalable production of high-quality h-BN on metallic439 and
dielectric substrates440 have recently been reported, and GNR-
transfer and GNR-transport characterization on h-BN are
actively underway.441 Additionally, an h-BN-assisted “contact
and peel” technique of transferring uniform graphene layers
from Ge(110) to arbitrary substrates has been reported,442

which can be explored for the polymer-free transfer of CVD-
synthesized GNRs from Ge(001) with h-BN encapsulation. A
challenge with h-BN in FETs is its relatively low dielectric
constant, which can lead to leakage currents and prevent the
equivalent oxide thickness (EOT) scaling (∼1 nm) required
for ultrascaled MOSFETs.443 Consequently, more research is
required to identify and integrate other high-k dielectrics that
deliver similar benefits as h-BN.444

Further Device Architectures and Concepts. Beyond
traditional applications, there are several approaches to harness
the potential of GNRs. One option is to stack tiers of GNR
devices vertically, increasing integration density (also known as
monolithic 3D integration or M3D) and performance (e.g.,
higher drive current per footprint) due to effective width
scaling (Figure 16).445 GNRs are front-runners for future
M3D-architectures due to their high thermal conductivity,
enabling efficient heat dissipation, and their atomically thin
bodies, enabling smaller tier thickness and ∼150% higher
packing efficiency than M3D-integrated bulk semiconduc-
tors.446,447 M3D-architectures promise to achieve a high Ion
comparable to ultrascaled FETs but at relatively longer channel
lengths. However, a primary challenge is producing GNRs at
temperatures of <500 °C that are compatible with back-end-of-
line processing, because in M3D-integration, temperatures of
underlying tiers cannot exceed 500 °C. Low-temperature GNR
production has been elusive in many approaches (e.g., CVD,
templated synthesis, lateral heteroepitaxy, etc.). Direct growth
of doped multilayered GNRs at 300 °C has been reported by
pressure-assisted solid-phase diffusion, although more work is
needed to control layer number, width, and edge roughness
and to evaluate the crystalline quality and charge transport
properties.448,449 Parallelly, methods for transferring and

stacking of aligned GNRs (similar to stacked nanowires)
such as contact-printing need to be explored.450,451

Architectures beyond the conventional Schottky barrier
GNR FET design can also be exploited.121 For example,
heavily doped source/drain contacts can be used like in Si
MOSFETs, which could potentially eliminate the Schottky
barrier and increase Gon and gm. Such architectures are
expected to improve f T and reduce intrinsic delay by 30% and
17%, respectively, in RF devices.452 Suppression of short-
channel effects is also expected via the use of dual material
gates,452 side gates,453 asymmetric gates,454 halo-doping,455

and junctionless channels.65 GNR devices based on band-to-
band tunneling (e.g., tunnel FETs (TFETs)) and spintronics
(e.g., spin FETs, spin LEDs, etc.) should also be investigated.
TFETs can achieve SS smaller than the Boltzmann limit of 60
mV dec−1, high Ion/Ioff, and superior drain saturation, making
them promising for low-power logic and RF applications.
GNRs are particularly attractive in TFETs due to their direct
band gap, symmetric band structure, and light meff, which
facilitate band-to-band and intraband tunneling456 and lead to
higher Ion and lower SS than Si TFETs. In fact, GNR TFETs
are predicted to have the lowest energy-delay-product of all
low-power switching technologies.456−458 Experimentally,
TFETs based on 2D materials such as MoS2 and litho-
graphically patterned GNRs have already been demonstrated,
validating the feasibility of this technology.125,459 Future
research should aim to incorporate GNRs with atomically
smooth edges and controllably doped source/drain regions for
improved TFET characteristics such as high Ion and Ion/Ioff.
Spintronics may usher in a distinct era of devices for

memory, spin-configurable logic, and quantum computing.
However, realization of spintronic devices requires long spin
lifetimes (∼100 μs), long spin diffusion lengths, high μ, and
low spin−orbit coupling. Recent breakthroughs in the
synthesis of GNRs with precise edge structures, chemical
functionalization, and topology present a breadth of interesting
opportunities for the exploration of exotic spintronic and
quantum phenomena in GNR devices.43,48,156,460−463 For
instance, recent significant advances in the synthesis of zigzag
GNRs,147 GNRs functionalized with spin-bearing
groups,48,156,462,464,465 and GNRs with engineered magnetic
topological defects have demonstrated the promise of spin
qubits in GNRs. Stable magnetic ordering is also theoretically
predicted in doped-armchair GNRs, and quantum logic gates
harnessing plasmons in GNRs have been proposed.80,466

Moreover, theoretical calculations show that h-BN can induce
spin-splitting in zigzag GNRs, rendering them half-metallic.467

Experimentally, however, validation of such theoretical models
is lacking, and further investigation of edge magnetism via
characterization tools such as spin-polarized STM or electron
spin resonance (EPR) spectroscopy is needed.141 Furthermore,
the influences of extrinsic factors (e.g., substrate, contaminants,
defects, etc.), edge functionalization, and doping on spin
density and decoherence need to be further studied, and
challenges such as inefficient spin-injection/spin-dephasing
induced by contacts need to be overcome.468

As mentioned previously, integrating GNRs in lower-level
(M0, M1) interconnect layers can enable interconnect scaling
to sub-10 nm wire thicknesses beyond what would be
nominally possible with existing materials such as Cu or Co
that are plagued by electromigration.469 Alternatively, because
graphene acts as an excellent barrier to Cu diffusion, replacing
barrier (or liner) layers (that are several nanometers thick)
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with atomically thin graphene can enhance the percent Cu fill
and reduce the interconnect resistance.470−472 The primary
challenge therefore lies in developing BEOL-compatible
integration solutions that would yield GNRs at deterministic
locations. FeCl3-doped multilayered GNRs have been shown
to exhibit impressive current carrying capacity; however, the
long-term operational stability (over several months) and
impact of such a doping on surface- and line-edge roughness
and functionalization of multilayered GNRs needs to be
studied in more detail.448,473 Although some ideas have been
conceptualized,24,474 it is also not yet clear how such doped
multilayered GNRs might be incorporated vertically in high-
aspect-ratio vias without a wet-transfer process, with high yield,
and control over GNR chirality. Furthermore, formation of
low-resistance end-contacts between GNR-interconnects and
FET contact plugs remains to be explored, as it would be
paramount to ensure that the overall interconnect delay
remains low.475

Computational/Theoretical Modeling. Modeling of the
physics, scaling, and performance of GNR FETs will also
enable future breakthroughs.476 Some computational studies
have predicted that GNR FETs will be plagued by source-to-
drain tunneling in the Lch < 10 nm regime.477,478 However,
similar computational predictions for CNTs were also made
initially but were later invalidated experimentally. This
disagreement has been attributed to a lack of understanding
of carrier transport in/at/through metal−CNT contacts.479

Indeed, more work is needed to understand the role of the
Schottky barrier, metal-induced gap states, and charge transfer
in the vicinity of the interface. Therefore, better modeling of
the metal−GNR interface is needed to accurately predict GNR
FET scaling.480,481 GNR width will also play an important role
in determining the scalability of GNR FETs (narrower GNRs
have higher effective mass and are less susceptible to source−
drain tunneling).66 Furthermore, it will be important to
computationally quantify the tolerable magnitude of edge
roughness as a function of GNR width to improve GNR FET
performance. A synergistic combination of computational
modeling and experimental characterization is required, but
currently, comprehensive experimental device studies are
lacking. For instance, relatively few experimental studies
exploit nondestructive techniques such as Raman and X-ray
photoelectron (XPS) spectroscopies to improve the under-
standing of metal−GNR interfacial properties such as doping,
adhesion, strain, heat dissipation, etc.371,482,483 Thankfully, the
wealth of literature from graphene-, 2D materials-, and CNT-
electronics could provide the necessary guidance in this
regard.484,485

CONCLUSION
We conclude this Review with a message of cautious optimism.
In agreement with the IRDS, we affirm that GNRs are
promising candidates in future CMOS technologies and
breakthrough quantum information sciences but are currently
held back by the aforementioned materials science and
integration challenges. A decade ago, the field of GNR
electronics was plagued by the inability to achieve GNRs with
sub-10 nm widths and atomically smooth edges, casting doubts
on the feasibility of GNR-based technologies.289 However, the
field has evolved substantially since then, and promising routes
for synthesizing narrow GNRs with smooth edges have been
developed, including bottom-up organic synthesis, CVD on
Ge, and lateral heteroepitaxy. The characterization of the

GNRs produced via these techniques has somewhat lagged
rapid developments in synthesis, and many fundamental
questions remain. Importantly, how much edge roughness is
present in these GNRs and how much can be tolerated in
FETs, depending on the application? What are the intrinsic
band gaps of the GNRs and how do these band gaps change in
the presence of surrounding media (e.g., because of dielectric
screening effects)? How do GNR edge terminations change
upon exposure to ambient conditions and/or during
processing, and how do these factors influence transport
properties? It is critical to answer these questions with the help
of theory and experiments to scope out the potential
applications of GNRs synthesized by different techniques.
Next, the field needs to move beyond the synthesis and

study of individual GNRs and find ways to produce arrays of
monodisperse GNRs with well-controlled pitch, alignment, and
placement, with an ultimate goal of realizing these arrays on
technologically relevant platforms. Rising stars are bottom-up
organic synthesis and in-plane heteroepitaxy, yet both have
challenges with placement and alignment. Lithography in
conjunction with edge-annealing could lead to substantial
improvements in the edge roughness of top-down fabricated
GNR arrays, but achieving precise control over width in sub-5
nm GNRs will still be problematic. Direct CVD GNR growth
on Ge or Ge/Si mediated by seeds is another noteworthy
advancement in this field due to its potential CMOS-
compatibility and the rising popularity of seed-initiated
synthesis within the 2D materials community.486 However
the scalable fabrication of sub-5 nm seeds is still a formidable
challenge. Furthermore, the integration of GNRs into devices
is largely unexplored and underoptimized due to an incomplete
understanding of interface effects and challenges associated
with integrating and identifying appropriate contact and
dielectric materials. Here, we believe that exploration of
covalently bonded graphene−GNR or Mo−GNR edge
contacts, integrating top-gate high-k dielectrics such as Al2O3
or Y2O3, and encapsulation with h-BN are low-hanging fruit in
the field that can lead to tremendous improvements in the
performance of existing devices and spur further interest
among device engineers. Lastly, unconventional device
architectures and concepts could be further explored, including
but not limited to tunnel FETs, spin FETs, monolithic 3D
integration, and devices that harness quantum coherence. The
fields of CNT and 2D materials electronics have advanced
tremendously due to concerted efforts by a wide community of
synthetic chemists, materials scientists, and device engineers in
overcoming similar roadblocks. A synergistic effort in the field
of GNR electronics by academic researchers in collaboration
with partners in industry is therefore critical to facilitating the
adoption of GNRs in mainstream technologies.
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VOCABULARY

Armchair graphene nanoribbon (AGNR): Graphene nano-
ribbon with long-axis parallel to armchair crystallographic
orientation and armchair edge topology. Graphene nanorib-
bons with armchair edge topology exhibit substantial width-
tunable band gaps. The armchair crystallographic direction of
the graphene lattice is parallel to C−C bonds; Zigzag
graphene nanoribbon (ZGNR): Graphene nanoribbon with
long-axis parallel to zigzag crystallographic orientation and
zigzag edge topology. The zigzag crystallographic direction of
the graphene lattice is 30° from C−C bond orientation; Pitch:
Spacing between two aligned nanoribbons in a periodic array.
Array nanoribbon field-effect-transistors need identical pitches
to exhibit identical electronic characteristics; On/off ratio:
Ratio of transistor drain currents in “on” and “off” states,
characterizing the extent to which gate can modulate the
current within the channel. On/off ratio is fundamentally
dependent on the band gap of the channel material; Carrier
mobility: The swiftness with which a charge travels in a
material in response to a small, externally electric field. In long-
channel devices, generally, higher carrier mobility leads to
faster devices with higher current density; Contact length:
The length over which contact metal and the semiconducting
channel physically overlap. Generally, increased contact length
leads to reduced contact resistivity in top-contacted devices;
Transfer length: Distance over which 1 − e−1 of the total
current is transferred from the contact metal to the
semiconducting channel (where e is the natural number, also
termed Euler’s number). Transfer length characterizes the
strength of coupling between the contact and the channel, and
smaller transfer length indicates better coupling and therefore
lower contact resistance
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Gröning, O.; Pignedoli, C. A.; Müllen, K.; Liljeroth, P.; Ruffieux, P.;
Feng, X. L.; Fasel, R. Topological Frustration Induces Unconventional
Magnetism in a Nanographene. Nat. Nanotechnol. 2020, 15, 22−28.
(51) Cao, T.; Zhao, F. Z.; Louie, S. G. Topological Phases in
Graphene Nanoribbons: Junction States, Spin Centers, and Quantum
Spin Chains. Phys. Rev. Lett. 2017, 119, 076401.
(52) Adams, D. J.; Gröning, O.; Pignedoli, C. A.; Ruffieux, P.; Fasel,
R.; Passerone, D. Stable Ferromagnetism and Doping-Induced Half-
Metallicity in Asymmetric Graphene Nanoribbons. Phys. Rev. B:
Condens. Matter Mater. Phys. 2012, 85, 245405.
(53) Son, Y. W.; Cohen, M. L.; Louie, S. G. Half-Metallic Graphene
Nanoribbons. Nature 2006, 444, 347−349.
(54) Li, Y. F.; Zhou, Z.; Cabrera, C. R.; Chen, Z. F. Preserving the
Edge Magnetism of Zigzag Graphene Nanoribbons by Ethylene
Termination: Insight by Clar’s Rule. Sci. Rep. 2013, 3, 2030.
(55) Sun, Q.; Yao, X. L.; Groning, O.; Eimre, K.; Pignedoli, C. A.;
Mullen, K.; Narita, A.; Fasel, R.; Ruffieux, P. Coupled Spin States in
Armchair Graphene Nanoribbons with Asymmetric Zigzag Edge
Extensions. Nano Lett. 2020, 20, 6429−6436.
(56) Hur, J. H.; Kim, D. K. Theoretical Investigation of Performance
of Armchair Graphene Nanoribbon Field Effect Transistors. Nano-
technology 2018, 29, 185202.
(57) Liang, G. C.; Neophytou, N.; Nikonov, D. E.; Lundstrom, M. S.
Performance Projections for Ballistic Graphene Nanoribbon Field-
Effect Transistors. IEEE Trans. Electron Devices 2007, 54, 677−682.
(58) Wang, Z. X.; Ding, L.; Pei, T. A.; Zhang, Z. Y.; Wang, S.; Yu,
T.; Ye, X. F.; Peng, F.; Li, Y.; Peng, L. M. Large Signal Operation of
Small Band-Gap Carbon Nanotube-Based Ambipolar Transistor: A
High-Performance Frequency Doubler. Nano Lett. 2010, 10, 3648−
3655.
(59) Llinas, J. P.; Fairbrother, A.; Barin, G. B.; Shi, W.; Lee, K.; Wu,
S.; Choi, B. Y.; Braganza, R.; Lear, J.; Kau, N.; Choi, W.; Chen, C.;
Pedramrazi, Z.; Dumslaff, T.; Narita, A.; Feng, X. L.; Mullen, K.;
Fischer, F.; Zettl, A.; Ruffieux, P.; et al. Short-Channel Field-Effect
Transistors with 9-Atom and 13-Atom Wide Graphene Nanoribbons.
Nat. Commun. 2017, 8, 1−6.
(60) McGill, T. C.; Collins, D. A. Prospects for the Future of
Narrow Bandgap Materials. Semicond. Sci. Technol. 1993, 8, S1−S5.
(61) Weber, O. FDSOI vs FinFET: Differentiating Device Features
for Ultra Low Power & IoT Applications. Proceedings of the IEEE
International Conference on IC Design and Technology 2017, 1−3.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c07835
ACS Nano 2021, 15, 3674−3708

3696

https://dx.doi.org/10.1038/ncomms5253
https://dx.doi.org/10.1038/ncomms5253
https://dx.doi.org/10.1021/acs.nanolett.6b04516
https://dx.doi.org/10.1021/acs.nanolett.6b04516
https://dx.doi.org/10.1109/TED.2018.2822664
https://dx.doi.org/10.1109/TED.2018.2822664
https://dx.doi.org/10.1109/LED.2009.2020182
https://dx.doi.org/10.1063/1.3147183
https://dx.doi.org/10.3390/c4030049
https://dx.doi.org/10.3390/c4030049
https://dx.doi.org/10.1021/nn301478c
https://dx.doi.org/10.1021/nn301478c
https://dx.doi.org/10.1021/nn301478c
https://dx.doi.org/10.1038/nnano.2014.184
https://dx.doi.org/10.1038/ncomms3646
https://dx.doi.org/10.1038/ncomms3646
https://dx.doi.org/10.1103/PhysRevB.54.17954
https://dx.doi.org/10.1103/PhysRevB.54.17954
https://dx.doi.org/10.1038/nnano.2012.169
https://dx.doi.org/10.1038/nnano.2012.169
https://dx.doi.org/10.1038/nmat2378
https://dx.doi.org/10.1038/nmat2378
https://dx.doi.org/10.1038/nmat2378
https://dx.doi.org/10.1103/PhysRevLett.98.206805
https://dx.doi.org/10.1103/PhysRevLett.98.206805
https://dx.doi.org/10.1103/PhysRevLett.99.186801
https://dx.doi.org/10.1038/nature12952
https://dx.doi.org/10.1038/nature12952
https://dx.doi.org/10.1103/PhysRevLett.100.206803
https://dx.doi.org/10.1103/PhysRevLett.100.206803
https://dx.doi.org/10.1103/PhysRevLett.97.216803
https://dx.doi.org/10.1103/PhysRevLett.97.216803
https://dx.doi.org/10.1021/acsnano.7b06765
https://dx.doi.org/10.1021/acsnano.7b06765
https://dx.doi.org/10.1021/nn3021376
https://dx.doi.org/10.1021/nn3021376
https://dx.doi.org/10.1021/acs.jpclett.6b00422
https://dx.doi.org/10.1021/acs.jpclett.6b00422
https://dx.doi.org/10.1021/acs.jpclett.6b00422
https://dx.doi.org/10.1038/ncomms5311
https://dx.doi.org/10.1038/ncomms5311
https://dx.doi.org/10.1038/ncomms5311
https://dx.doi.org/10.1038/nature13831
https://dx.doi.org/10.1038/nature13831
https://dx.doi.org/10.1038/nature13831
https://dx.doi.org/10.1088/1468-6996/11/5/054504
https://dx.doi.org/10.1088/1468-6996/11/5/054504
https://dx.doi.org/10.1103/PhysRevLett.116.236602
https://dx.doi.org/10.1103/PhysRevLett.116.236602
https://dx.doi.org/10.1103/PhysRevLett.102.136810
https://dx.doi.org/10.1103/PhysRevLett.102.136810
https://dx.doi.org/10.1143/JPSJ.65.1920
https://dx.doi.org/10.1143/JPSJ.65.1920
https://dx.doi.org/10.1103/PhysRevLett.125.146801
https://dx.doi.org/10.1103/PhysRevLett.125.146801
https://dx.doi.org/10.1103/PhysRevLett.125.146801
https://dx.doi.org/10.1088/0034-4885/73/5/056501
https://dx.doi.org/10.1088/0034-4885/73/5/056501
https://dx.doi.org/10.1038/s41565-019-0577-9
https://dx.doi.org/10.1038/s41565-019-0577-9
https://dx.doi.org/10.1103/PhysRevLett.119.076401
https://dx.doi.org/10.1103/PhysRevLett.119.076401
https://dx.doi.org/10.1103/PhysRevLett.119.076401
https://dx.doi.org/10.1103/PhysRevB.85.245405
https://dx.doi.org/10.1103/PhysRevB.85.245405
https://dx.doi.org/10.1038/nature05180
https://dx.doi.org/10.1038/nature05180
https://dx.doi.org/10.1038/srep02030
https://dx.doi.org/10.1038/srep02030
https://dx.doi.org/10.1038/srep02030
https://dx.doi.org/10.1021/acs.nanolett.0c02077
https://dx.doi.org/10.1021/acs.nanolett.0c02077
https://dx.doi.org/10.1021/acs.nanolett.0c02077
https://dx.doi.org/10.1088/1361-6528/aab080
https://dx.doi.org/10.1088/1361-6528/aab080
https://dx.doi.org/10.1109/TED.2007.891872
https://dx.doi.org/10.1109/TED.2007.891872
https://dx.doi.org/10.1021/nl102111j
https://dx.doi.org/10.1021/nl102111j
https://dx.doi.org/10.1021/nl102111j
https://dx.doi.org/10.1038/s41467-017-00734-x
https://dx.doi.org/10.1038/s41467-017-00734-x
https://dx.doi.org/10.1088/0268-1242/8/1S/001
https://dx.doi.org/10.1088/0268-1242/8/1S/001
https://dx.doi.org/10.1109/ICICDT.2017.7993513
https://dx.doi.org/10.1109/ICICDT.2017.7993513
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07835?ref=pdf


(62) Geng, Z. S.; Hahnlein, B.; Granzner, R.; Auge, M.; Lebedev, A.
A.; Davydov, V. Y.; Kittler, M.; Pezoldt, J.; Schwierz, F. Graphene
Nanoribbons for Electronic Devices. Ann. Phys. (Berlin, Ger.) 2017,
529, 1700033.
(63) Liang, G. C.; Neophytou, N.; Lundstrom, M. S.; Nikonov, D. E.
Ballistic Graphene Nanoribbon Metal-Oxide-Semiconductor Field-
Effect Transistors: A Full Real-Space Quantum Transport Simulation.
J. Appl. Phys. (Melville, NY, U. S.) 2007, 102, 054307.
(64) Zhang, Q.; Lu, Y.; Xing, G. H.; Richter, C. A.; Koester, S. J.;
Koswatta, S. O. Graphene Nanoribbon Schottky-Barrier FETs for
End-of-the-Roadmap CMOS: Challenges and Opportunities. In
Proceedings of the 68th Device Research Conference, South Bend, IN,
21−23 June, 2010; pp 75−76.
(65) Tamersit, K. A Computational Study of Short-Channel Effects
in Double-Gate Junctionless Graphene Nanoribbon Field-Effect
Transistors. J. Comput. Electron. 2019, 18, 1214−1221.
(66) Banadaki, Y. M.; Srivastava, A. Scaling Effects on Static Metrics
and Switching Attributes of Graphene Nanoribbon FET for Emerging
Technology. IEEE Trans. Emerging Top. Comput. 2015, 3, 458−469.
(67) Imperiale, I.; Gnudi, A.; Gnani, E.; Reggiani, S.; Baccarani, G.
High-Frequency Analog GNR-FET Design Criteria. Proc. Eur. Solid-
State Device Res. Conf. 2011, 303−306.
(68) Kliros, G. S. Gate Capacitance Modeling and Width-Dependent
Performance of Graphene Nanoribbon Transistors. Microelectron. Eng.
2013, 112, 220−226.
(69) Saraswat, V.; Yamamoto, Y.; Kim, H. J.; Jacobberger, R. M.;
Jinkins, K. R.; Way, A. J.; Guisinger, N. P.; Arnold, M. S. CVD
Synthesis of Armchair Graphene Nanoribbons on Ge/Si(001). ECS
Trans. 2019, 93, 133.
(70) Jacobberger, R. M.; Kiraly, B.; Fortin-Deschenes, M.; Levesque,
P. L.; McElhinny, K. M.; Brady, G. J.; Delgado, R. R.; Roy, S. S.;
Mannix, A.; Lagally, M. G.; Evans, P. G.; Desjardins, P.; Martel, R.;
Hersam, M. C.; Guisinger, N. P.; Arnold, M. S. Direct Oriented
Growth of Armchair Graphene Nanoribbons on Germanium. Nat.
Commun. 2015, 6, 8006.
(71) Way, A. J.; Jacobberger, R. M.; Arnold, M. S. Seed-Initiated
Anisotropic Growth of Unidirectional Armchair Graphene Nano-
ribbon Arrays on Germanium. Nano Lett. 2018, 18, 898−906.
(72) Sprinkle, M.; Ruan, M.; Hu, Y.; Hankinson, J.; Rubio-Roy, M.;
Zhang, B.; Wu, X.; Berger, C.; de Heer, W. A. Scalable Templated
Growth of Graphene Nanoribbons on SiC. Nat. Nanotechnol. 2010, 5,
727−731.
(73) Jacobberger, R. M.; Murray, E. A.; Fortin-Deschenes, M.; Goltl,
F.; Behn, W. A.; Krebs, Z. J.; Levesque, P. L.; Savage, D. E.; Smoot,
C.; Lagally, M. G.; Desjardins, P.; Martel, R.; Brar, V.; Moutanabbir,
O.; Mavrikakis, M.; Arnold, M. S. Alignment of Semiconducting
Graphene Nanoribbons on Vicinal Ge(001). Nanoscale 2019, 11,
4864−4875.
(74) Hwang, W. S.; Zhao, P.; Tahy, K.; Nyakiti, L. O.; Wheeler, V.
D.; Myers-Ward, R. L.; Eddy, C. R.; Gaskill, D. K.; Robinson, J. A.;
Haensch, W.; Xing, H.; Seabaugh, A.; Jena, D. Graphene Nanoribbon
Field-Effect Transistors on Wafer-Scale Epitaxial Graphene on SiC
Substrates. APL Mater. 2015, 3, 011101.
(75) Cao, Q. Better Radio-Frequency Transistors with Nanotubes.
Nat. Electron. 2019, 2, 495−496.
(76) Liu, C.; Yao, B.; Dong, T. G.; Ma, H. G.; Zhang, S. B.; Wang, J.
Z.; Xu, J.; Shi, Y.; Chen, K. J.; Gao, L. B.; Yu, L. W. Highly Stretchable
Graphene Nanoribbon Springs by Programmable Nanowire Lithog-
raphy. npj 2D Mater. Appl. 2019, 3, 1−9.
(77) Tour, J. M.; Salvatierra, R. V.; Raji, A.-R. O. Graphene
Nanoribbon-Based Materials and Their Use in Electronic Devices.
U.S. Pat. Appl. 20180047519, 2018.
(78) Candini, A.; Klyatskaya, S.; Ruben, M.; Wernsdorfer, W.;
Affronte, M. Graphene Spintronic Devices with Molecular Nano-
magnets. Nano Lett. 2011, 11, 2634−2639.
(79) Yazyev, O. V.; Katsnelson, M. I. Magnetic Correlations at
Graphene Edges: Basis for Novel Spintronics Devices. Phys. Rev. Lett.
2008, 100, 047209.

(80) Alonso Calafell, I.; Cox, J. D.; Radonjic, M.; Saavedra, J. R. M.;
de Abajo, F. J. G.; Rozema, L. A.; Walther, P. Quantum Computing
with Graphene Plasmons. npj Quantum Inf. 2019, 5, 93.
(81) Guo, G. P.; Lin, Z. R.; Tu, T.; Cao, G.; Li, X. P.; Guo, G. C.
Quantum Computation with Graphene Nanoribbon. New J. Phys.
2009, 11, 123005.
(82) Wolf, S. A.; Awschalom, D. D.; Buhrman, R. A.; Daughton, J.
M.; von Molnar, S.; Roukes, M. L.; Chtchelkanova, A. Y.; Treger, D.
M. Spintronics: A Spin-Based Electronics Vision for the Future.
Science 2001, 294, 1488−1495.
(83) Arden, W.; Brillouët, M.; Cogez, P.; Graef, M.; Huizing, B.;
Mahnkopf, R. “More-Than-Moore” White Paper, The International
Technology Roadmap for Semiconductors, 2010. www.itrs2.net/
uploads/4/9/7/7/49775221/irc-itrs-mtm-v2_3.pdf (accessed Dec.
30, 2020).
(84) Schwierz, F.; Pezoldt, J.; Granzner, R. Two-Dimensional
Materials and Their Prospects in Transistor Electronics. Nanoscale
2015, 7, 8261−8283.
(85) Banerjee, S. K.; Register, L. F.; Tutuc, E.; Basu, D.; Kim, S.;
Reddy, D.; MacDonald, A. H. Graphene for CMOS and Beyond
CMOS Applications. Proc. IEEE 2010, 98, 2032−2046.
(86) Hiramoto, T. Five Nanometre CMOS Technology. Nat.
Electron. 2019, 2, 557−558.
(87) Xu, C. A.; Li, H.; Banerjee, K. Modeling, Analysis, and Design
of Graphene Nano-Ribbon Interconnects. IEEE Trans. Electron
Devices 2009, 56, 1567−1578.
(88) Hu, J. N.; Ruan, X. L.; Chen, Y. P. Thermal Conductivity and
Thermal Rectification in Graphene Nanoribbons: A Molecular
Dynamics Study. Nano Lett. 2009, 9, 2730−2735.
(89) Jacobberger, R. M.; Arnold, M. S. High-Performance Charge
Transport in Semiconducting Armchair Graphene Nanoribbons
Grown Directly on Germanium. ACS Nano 2017, 11, 8924−8929.
(90) Li, X. L.; Wang, X. R.; Zhang, L.; Lee, S. W.; Dai, H. J.
Chemically Derived, Ultrasmooth Graphene Nanoribbon Semi-
conductors. Science 2008, 319, 1229−1232.
(91) Tahy, K.; Hwang, W. S.; Tedesco, J. L.; Myers-Ward, R. L.;
Campbell, P. M.; Eddy, C. R.; Gaskill, D. K.; Xing, H.; Seabaugh, A.;
Jena, D. Sub-10 nm Epitaxial Graphene Nanoribbon FETs. 69th
Annual Device Research Conference 2011, 39−40.
(92) Candini, A.; Martini, L.; Chen, Z. P.; Mishra, N.; Convertino,
D.; Coletti, C.; Narita, A.; Feng, X. L.; Mullen, K.; Affronte, M. High
Photoresponsivity in Graphene Nanoribbon Field-Effect Transistor
Devices Contacted with Graphene Electrodes. J. Phys. Chem. C 2017,
121, 10620−10625.
(93) Sakaguchi, H.; Kawagoe, Y.; Hirano, Y.; Iruka, T.; Yano, M.;
Nakae, T. Width-Controlled Sub-Nanometer Graphene Nanoribbon
Films Synthesized by Radical-Polymerized Chemical Vapor Deposi-
tion. Adv. Mater. 2014, 26, 4134−4138.
(94) Franklin, A. D. The Road to Carbon Nanotube Transistors.
Nature 2013, 498, 443−444.
(95) Wang, C.; Takei, K.; Takahashi, T.; Javey, A. Carbon Nanotube
Electronics - Moving Forward. Chem. Soc. Rev. 2013, 42, 2592−2609.
(96) Xu, W. T.; Lee, T. W. Recent Progress in Fabrication
Techniques of Graphene Nanoribbons. Mater. Horiz. 2016, 3, 186−
207.
(97) Son, J. G.; Son, M.; Moon, K. J.; Lee, B. H.; Myoung, J. M.;
Strano, M. S.; Ham, M. H.; Ross, C. A. Sub-10 nm Graphene
Nanoribbon Array Field-Effect Transistors Fabricated by Block
Copolymer Lithography. Adv. Mater. 2013, 25, 4723−4728.
(98) Liu, G. X.; Wu, Y. Q.; Lin, Y. M.; Farmer, D. B.; Ott, J. A.;
Bruley, J.; Grill, A.; Avouris, P.; Pfeiffer, D.; Balandin, A. A.;
Dimitrakopoulos, C. Epitaxial Graphene Nanoribbon Array Fabrica-
tion Using BCP-Assisted Nanolithography. ACS Nano 2012, 6, 6786−
6792.
(99) Lemme, M. C.; Bell, D. C.; Williams, J. R.; Stern, L. A.;
Baugher, B. W. H.; Jarillo-Herrero, P.; Marcus, C. M. Etching of
Graphene Devices with a Helium Ion Beam. ACS Nano 2009, 3,
2674−2676.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c07835
ACS Nano 2021, 15, 3674−3708

3697

https://dx.doi.org/10.1002/andp.201700033
https://dx.doi.org/10.1002/andp.201700033
https://dx.doi.org/10.1063/1.2775917
https://dx.doi.org/10.1063/1.2775917
https://dx.doi.org/10.1007/s10825-019-01375-7
https://dx.doi.org/10.1007/s10825-019-01375-7
https://dx.doi.org/10.1007/s10825-019-01375-7
https://dx.doi.org/10.1109/TETC.2015.2445104
https://dx.doi.org/10.1109/TETC.2015.2445104
https://dx.doi.org/10.1109/TETC.2015.2445104
https://dx.doi.org/10.1109/ESSDERC.2011.6044174
https://dx.doi.org/10.1016/j.mee.2013.04.011
https://dx.doi.org/10.1016/j.mee.2013.04.011
https://dx.doi.org/10.1149/09301.0133ecst
https://dx.doi.org/10.1149/09301.0133ecst
https://dx.doi.org/10.1038/ncomms9006
https://dx.doi.org/10.1038/ncomms9006
https://dx.doi.org/10.1021/acs.nanolett.7b04240
https://dx.doi.org/10.1021/acs.nanolett.7b04240
https://dx.doi.org/10.1021/acs.nanolett.7b04240
https://dx.doi.org/10.1038/nnano.2010.192
https://dx.doi.org/10.1038/nnano.2010.192
https://dx.doi.org/10.1039/C9NR00713J
https://dx.doi.org/10.1039/C9NR00713J
https://dx.doi.org/10.1063/1.4905155
https://dx.doi.org/10.1063/1.4905155
https://dx.doi.org/10.1063/1.4905155
https://dx.doi.org/10.1038/s41928-019-0327-x
https://dx.doi.org/10.1038/s41699-019-0105-7
https://dx.doi.org/10.1038/s41699-019-0105-7
https://dx.doi.org/10.1038/s41699-019-0105-7
https://dx.doi.org/10.1021/nl2006142
https://dx.doi.org/10.1021/nl2006142
https://dx.doi.org/10.1103/PhysRevLett.100.047209
https://dx.doi.org/10.1103/PhysRevLett.100.047209
https://dx.doi.org/10.1038/s41534-019-0211-6
https://dx.doi.org/10.1038/s41534-019-0211-6
https://dx.doi.org/10.1088/1367-2630/11/12/123005
https://dx.doi.org/10.1126/science.1065389
http://www.itrs2.net/uploads/4/9/7/7/49775221/irc-itrs-mtm-v2_3.pdf
http://www.itrs2.net/uploads/4/9/7/7/49775221/irc-itrs-mtm-v2_3.pdf
https://dx.doi.org/10.1039/C5NR01052G
https://dx.doi.org/10.1039/C5NR01052G
https://dx.doi.org/10.1109/JPROC.2010.2064151
https://dx.doi.org/10.1109/JPROC.2010.2064151
https://dx.doi.org/10.1038/s41928-019-0343-x
https://dx.doi.org/10.1109/TED.2009.2024254
https://dx.doi.org/10.1109/TED.2009.2024254
https://dx.doi.org/10.1021/nl901231s
https://dx.doi.org/10.1021/nl901231s
https://dx.doi.org/10.1021/nl901231s
https://dx.doi.org/10.1021/acsnano.7b03220
https://dx.doi.org/10.1021/acsnano.7b03220
https://dx.doi.org/10.1021/acsnano.7b03220
https://dx.doi.org/10.1126/science.1150878
https://dx.doi.org/10.1126/science.1150878
https://dx.doi.org/10.1109/DRC.2011.5994411
https://dx.doi.org/10.1021/acs.jpcc.7b03401
https://dx.doi.org/10.1021/acs.jpcc.7b03401
https://dx.doi.org/10.1021/acs.jpcc.7b03401
https://dx.doi.org/10.1002/adma.201305034
https://dx.doi.org/10.1002/adma.201305034
https://dx.doi.org/10.1002/adma.201305034
https://dx.doi.org/10.1038/498443a
https://dx.doi.org/10.1039/C2CS35325C
https://dx.doi.org/10.1039/C2CS35325C
https://dx.doi.org/10.1039/C5MH00288E
https://dx.doi.org/10.1039/C5MH00288E
https://dx.doi.org/10.1002/adma.201300813
https://dx.doi.org/10.1002/adma.201300813
https://dx.doi.org/10.1002/adma.201300813
https://dx.doi.org/10.1021/nn301515a
https://dx.doi.org/10.1021/nn301515a
https://dx.doi.org/10.1021/nn900744z
https://dx.doi.org/10.1021/nn900744z
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07835?ref=pdf


(100) Bell, D. C.; Lemme, M. C.; Stern, L. A.; Rwilliams, J.; Marcus,
C. M. Precision Cutting and Patterning of Graphene with Helium
Ions. Nanotechnology 2009, 20, 455301.
(101) Schmidt, M. E.; Muruganathan, M.; Kanzaki, T.; Iwasaki, T.;
Hammam, A. M. M.; Suzuki, S.; Ogawa, S.; Mizuta, H. Dielectric-
Screening Reduction-Induced Large Transport Gap in Suspended
Sub-10 nm Graphene Nanoribbon Functional Devices. Small 2019,
15, 1903025.
(102) Abramova, V.; Slesarev, A. S.; Tour, J. M. Meniscus-Mask
Lithography for Narrow Graphene Nanoribbons. ACS Nano 2013, 7,
6894−6898.
(103) Liang, X. G.; Wi, S. J. Transport Characteristics of
Multichannel Transistors Made from Densely Aligned Sub-10 nm
Half-Pitch Graphene Nanoribbons. ACS Nano 2012, 6, 9700−9710.
(104) Xie, G. B.; Shi, Z. W.; Yang, R.; Liu, D. H.; Yang, W.; Cheng,
M.; Wang, D. M.; Shi, D. X.; Zhang, G. Y. Graphene Edge
Lithography. Nano Lett. 2012, 12, 4642−4646.
(105) Tapaszto, L.; Dobrik, G.; Lambin, P.; Biro, L. P. Tailoring the
Atomic Structure of Graphene Nanoribbons by Scanning Tunnelling
Microscope Lithography. Nat. Nanotechnol. 2008, 3, 397−401.
(106) Clark, N.; Lewis, E. A.; Haigh, S. J.; Vijayaraghavan, A.
Nanometre Electron Beam Sculpting of Suspended Graphene and
Hexagonal Boron Nitride Heterostructures. 2D Mater. 2019, 6,
025032.
(107) Wang, X.; Dai, H. Etching and Narrowing of Graphene from
the Edges. Nat. Chem. 2010, 2, 661−665.
(108) Xie, L. M.; Jiao, L. Y.; Dai, H. J. Selective Etching of Graphene
Edges by Hydrogen Plasma. J. Am. Chem. Soc. 2010, 132, 14751−
14753.
(109) Yang, R.; Zhang, L. C.; Wang, Y.; Shi, Z. W.; Shi, D. X.; Gao,
H. J.; Wang, E. G.; Zhang, G. Y. An Anisotropic Etching Effect in the
Graphene Basal Plane. Adv. Mater. 2010, 22, 4014−4019.
(110) Hasan, R. M. M.; Luo, X. Promising Lithography Techniques
for Next-Generation Logic Devices. Nanomanuf. Metrol. 2018, 1, 67−
81.
(111) Celis, A.; Nair, M. N.; Taleb-Ibrahimi, A.; Conrad, E. H.;
Berger, C.; de Heer, W. A.; Tejeda, A. Graphene Nanoribbons:
Fabrication, Properties and Devices. J. Phys. D: Appl. Phys. 2016, 49,
143001.
(112) Xu, G.; Torres, C. M., Jr.; Bai, J.; Tang, J.; Yu, T.; Huang, Y.;
Duan, X.; Zhang, Y.; Wang, K. L. Linewidth Roughness in Nanowire-
Mask-Based Graphene Nanoribbons. Appl. Phys. Lett. 2011, 98,
243118.
(113) Yang, Y. X.; Murali, R. Impact of Size Effect on Graphene
Nanoribbon Transport. IEEE Electron Device Lett. 2010, 31, 237−239.
(114) Mucciolo, E. R.; Neto, A. H. C.; Lewenkopf, C. H.
Conductance Quantization and Transport Gaps in Disordered
Graphene Nanoribbons. Phys. Rev. B: Condens. Matter Mater. Phys.
2009, 79, 075407.
(115) Han, M. Y.; Brant, J. C.; Kim, P. Electron Transport in
Disordered Graphene Nanoribbons. Phys. Rev. Lett. 2010, 104,
056801.
(116) Bae, M.-H.; Li, Z.; Aksamija, Z.; Martin, P. N.; Xiong, F.; Ong,
Z.-Y.; Knezevic, I.; Pop, E. Ballistic to Diffusive Crossover of Heat
Flow in Graphene Ribbons. Nat. Commun. 2013, 4, 1−7.
(117) Fang, T.; Konar, A.; Xing, H.; Jena, D. Mobility in
Semiconducting Graphene Nanoribbons: Phonon, Impurity, and
Edge Roughness Scattering. Phys. Rev. B: Condens. Matter Mater. Phys.
2008, 78, 205403.
(118) Ponomarenko, L. A.; Schedin, F.; Katsnelson, M. I.; Yang, R.;
Hill, E. W.; Novoselov, K. S.; Geim, A. K. Chaotic Dirac Billiard in
Graphene Quantum Dots. Science 2008, 320, 356−358.
(119) Hwang, W. S.; Tahy, K.; Li, X.; Xing, H.; Seabaugh, A. C.;
Sung, C. Y.; Jena, D. Transport Properties of Graphene Nanoribbon
Transistors on Chemical-Vapor-Deposition Grown Wafer-Scale
Graphene. Appl. Phys. Lett. 2012, 100, 203107.
(120) Obradovic, B.; Kotlyar, R.; Heinz, F.; Matagne, P.; Rakshit, T.;
Giles, M. D.; Stettler, M. A.; Nikonov, D. E. Analysis of Graphene

Nanoribbons as a Channel Material for Field-Effect Transistors. Appl.
Phys. Lett. 2006, 88, 142102.
(121) Marmolejo-Tejada, J. M.; Velasco-Medina, J. Review on
Graphene Nanoribbon Devices for Logic Applications. Microelectron.
J. 2016, 48, 18−38.
(122) Arias-Zapata, J.; Garnier, J. D.; Hasan-Al, M.; Legrain, A.;
Salem, B.; Cunge, G.; Zelsmann, M. Engineering Self-Assembly of a
High-χ Block Copolymer for Large-Area Fabrication of Transistors
Based on Functional Graphene Nanoribbon Arrays. Chem. Mater.
2019, 31, 3154−3162.
(123) Bai, J. W.; Duan, X. F.; Huang, Y. Rational Fabrication of
Graphene Nanoribbons Using a Nanowire Etch Mask. Nano Lett.
2009, 9, 2083−2087.
(124) Liao, L.; Bai, J. W.; Cheng, R.; Lin, Y. C.; Jiang, S.; Huang, Y.;
Duan, X. F. Top-Gated Graphene Nanoribbon Transistors with
Ultrathin High-κ Dielectrics. Nano Lett. 2010, 10, 1917−1921.
(125) Hwang, W. S.; Zhao, P.; Kim, S. G.; Yan, R.; Klimeck, G.;
Seabaugh, A.; Fullerton-Shirey, S. K.; Xing, H. G.; Jena, D. Room-
Temperature Graphene-Nanoribbon Tunneling Field-Effect Transis-
tors. npj 2D Mater. Appl. 2019, 3, 1−7.
(126) Ago, H.; Kayo, Y.; Solis-Fernandez, P.; Yoshida, K.; Tsuji, M.
Synthesis of High-Density Arrays of Graphene Nanoribbons by
Anisotropic Metal-Assisted Etching. Carbon 2014, 78, 339−346.
(127) Campos, L. C.; Manfrinato, V. R.; Sanchez-Yamagishi, J. D.;
Kong, J.; Jarillo-Herrero, P. Anisotropic Etching and Nanoribbon
Formation in Single-Layer Graphene. Nano Lett. 2009, 9, 2600−2604.
(128) Ci, L.; Xu, Z.; Wang, L.; Gao, W.; Ding, F.; Kelly, K. F.;
Yakobson, B. I.; Ajayan, P. M. Controlled Nanocutting of Graphene.
Nano Res. 2008, 1, 116−122.
(129) Wang, X. R.; Li, X. L.; Zhang, L.; Yoon, Y.; Weber, P. K.;
Wang, H. L.; Guo, J.; Dai, H. J. N-Doping of Graphene through
Electrothermal Reactions with Ammonia. Science 2009, 324, 768−
771.
(130) Kosynkin, D. V.; Higginbotham, A. L.; Sinitskii, A.; Lomeda, J.
R.; Dimiev, A.; Price, B. K.; Tour, J. M. Longitudinal Unzipping of
Carbon Nanotubes to Form Graphene Nanoribbons. Nature 2009,
458, 872−876.
(131) Cano-Marquez, A. G.; Rodriguez-Macias, F. J.; Campos-
Delgado, J.; Espinosa-Gonzalez, C. G.; Tristan-Lopez, F.; Ramirez-
Gonzalez, D.; Cullen, D. A.; Smith, D. J.; Terrones, M.; Vega-Cantu,
Y. I. Ex-MWNTs: Graphene Sheets and Ribbons Produced by
Lithium Intercalation and Exfoliation of Carbon Nanotubes. Nano
Lett. 2009, 9, 1527−1533.
(132) Jiao, L. Y.; Zhang, L.; Wang, X. R.; Diankov, G.; Dai, H. J.
Narrow Graphene Nanoribbons from Carbon Nanotubes. Nature
2009, 458, 877−880.
(133) Kim, K.; Sussman, A.; Zettl, A. Graphene Nanoribbons
Obtained by Electrically Unwrapping Carbon Nanotubes. ACS Nano
2010, 4, 1362−1366.
(134) Shinde, D. B.; Debgupta, J.; Kushwaha, A.; Aslam, M.; Pillai,
V. K. Electrochemical Unzipping of Multi-walled Carbon Nanotubes
for Facile Synthesis of High-Quality Graphene Nanoribbons. J. Am.
Chem. Soc. 2011, 133, 4168−4171.
(135) Jiao, L. Y.; Zhang, L.; Ding, L.; Liu, J. E.; Dai, H. J. Aligned
Graphene Nanoribbons and Crossbars from Unzipped Carbon
Nanotubes. Nano Res. 2010, 3, 387−394.
(136) Lim, J.; Maiti, U. N.; Kim, N.-Y.; Narayan, R.; Lee, W. J.;
Choi, D. S.; Oh, Y.; Lee, J. M.; Lee, G. Y.; Kang, S. H.; Kim, H.; Kim,
Y.-H.; Kim, S. O. Dopant-Specific Unzipping of Carbon Nanotubes
for Intact Crystalline Graphene Nanostructures. Nat. Commun. 2016,
7, 10364.
(137) Jiao, L. Y.; Wang, X. R.; Diankov, G.; Wang, H. L.; Dai, H. J.
Facile Synthesis of High-Quality Graphene Nanoribbons. Nat.
Nanotechnol. 2010, 5, 321−325.
(138) Xie, L. M.; Wang, H. L.; Jin, C. H.; Wang, X. R.; Jiao, L. Y.;
Suenaga, K.; Dai, H. J. Graphene Nanoribbons from Unzipped
Carbon Nanotubes: Atomic Structures, Raman Spectroscopy, and
Electrical Properties. J. Am. Chem. Soc. 2011, 133, 10394−10397.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c07835
ACS Nano 2021, 15, 3674−3708

3698

https://dx.doi.org/10.1088/0957-4484/20/45/455301
https://dx.doi.org/10.1088/0957-4484/20/45/455301
https://dx.doi.org/10.1002/smll.201903025
https://dx.doi.org/10.1002/smll.201903025
https://dx.doi.org/10.1002/smll.201903025
https://dx.doi.org/10.1021/nn403057t
https://dx.doi.org/10.1021/nn403057t
https://dx.doi.org/10.1021/nn303127y
https://dx.doi.org/10.1021/nn303127y
https://dx.doi.org/10.1021/nn303127y
https://dx.doi.org/10.1021/nl301936r
https://dx.doi.org/10.1021/nl301936r
https://dx.doi.org/10.1038/nnano.2008.149
https://dx.doi.org/10.1038/nnano.2008.149
https://dx.doi.org/10.1038/nnano.2008.149
https://dx.doi.org/10.1088/2053-1583/ab09a0
https://dx.doi.org/10.1088/2053-1583/ab09a0
https://dx.doi.org/10.1038/nchem.719
https://dx.doi.org/10.1038/nchem.719
https://dx.doi.org/10.1021/ja107071g
https://dx.doi.org/10.1021/ja107071g
https://dx.doi.org/10.1002/adma.201000618
https://dx.doi.org/10.1002/adma.201000618
https://dx.doi.org/10.1007/s41871-018-0016-9
https://dx.doi.org/10.1007/s41871-018-0016-9
https://dx.doi.org/10.1088/0022-3727/49/14/143001
https://dx.doi.org/10.1088/0022-3727/49/14/143001
https://dx.doi.org/10.1063/1.3599596
https://dx.doi.org/10.1063/1.3599596
https://dx.doi.org/10.1109/LED.2009.2039915
https://dx.doi.org/10.1109/LED.2009.2039915
https://dx.doi.org/10.1103/PhysRevB.79.075407
https://dx.doi.org/10.1103/PhysRevB.79.075407
https://dx.doi.org/10.1103/PhysRevLett.104.056801
https://dx.doi.org/10.1103/PhysRevLett.104.056801
https://dx.doi.org/10.1038/ncomms2755
https://dx.doi.org/10.1038/ncomms2755
https://dx.doi.org/10.1103/PhysRevB.78.205403
https://dx.doi.org/10.1103/PhysRevB.78.205403
https://dx.doi.org/10.1103/PhysRevB.78.205403
https://dx.doi.org/10.1126/science.1154663
https://dx.doi.org/10.1126/science.1154663
https://dx.doi.org/10.1063/1.4716983
https://dx.doi.org/10.1063/1.4716983
https://dx.doi.org/10.1063/1.4716983
https://dx.doi.org/10.1063/1.2191420
https://dx.doi.org/10.1063/1.2191420
https://dx.doi.org/10.1016/j.mejo.2015.11.006
https://dx.doi.org/10.1016/j.mejo.2015.11.006
https://dx.doi.org/10.1021/acs.chemmater.8b04936
https://dx.doi.org/10.1021/acs.chemmater.8b04936
https://dx.doi.org/10.1021/acs.chemmater.8b04936
https://dx.doi.org/10.1021/nl900531n
https://dx.doi.org/10.1021/nl900531n
https://dx.doi.org/10.1021/nl100840z
https://dx.doi.org/10.1021/nl100840z
https://dx.doi.org/10.1038/s41699-019-0127-1
https://dx.doi.org/10.1038/s41699-019-0127-1
https://dx.doi.org/10.1038/s41699-019-0127-1
https://dx.doi.org/10.1016/j.carbon.2014.07.010
https://dx.doi.org/10.1016/j.carbon.2014.07.010
https://dx.doi.org/10.1021/nl900811r
https://dx.doi.org/10.1021/nl900811r
https://dx.doi.org/10.1007/s12274-008-8020-9
https://dx.doi.org/10.1126/science.1170335
https://dx.doi.org/10.1126/science.1170335
https://dx.doi.org/10.1038/nature07872
https://dx.doi.org/10.1038/nature07872
https://dx.doi.org/10.1021/nl803585s
https://dx.doi.org/10.1021/nl803585s
https://dx.doi.org/10.1038/nature07919
https://dx.doi.org/10.1021/nn901782g
https://dx.doi.org/10.1021/nn901782g
https://dx.doi.org/10.1021/ja1101739
https://dx.doi.org/10.1021/ja1101739
https://dx.doi.org/10.1007/s12274-010-1043-z
https://dx.doi.org/10.1007/s12274-010-1043-z
https://dx.doi.org/10.1007/s12274-010-1043-z
https://dx.doi.org/10.1038/ncomms10364
https://dx.doi.org/10.1038/ncomms10364
https://dx.doi.org/10.1038/nnano.2010.54
https://dx.doi.org/10.1021/ja203860a
https://dx.doi.org/10.1021/ja203860a
https://dx.doi.org/10.1021/ja203860a
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07835?ref=pdf


(139) Tour, J. M. Top-Down versus Bottom-Up Fabrication of
Graphene-Based Electronics. Chem. Mater. 2014, 26, 163−171.
(140) Hartley, C. S. Nanoribbons from the Bottom-Up. Nat. Chem.
2014, 6, 91−92.
(141) Narita, A.; Chen, Z.; Chen, Q.; Müllen, K. Solution and On-
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