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ABSTRACT: Graphene nanoribbons (GNRs) are promising
building blocks for high-performance electronics due to their
high electron mobility and dimensionality-induced bandgap.
Despite many past eﬀorts, direct synthesis of GNRs with
controlled dimensions and scalability remains challenging.
Here we report the scalable synthesis of GNRs using
electrospun polymer nanoﬁber templates. Palladium-incorporated poly(4-vinylphenol) nanoﬁbers were prepared by
electrospinning with controlled diameter and orientation.
Highly graphitized GNRs as narrow as 10 nm were then
synthesized from these templates by chemical vapor
deposition. A transport gap can be observed in 30 nm-wide GNRs, enabling them to function as ﬁeld-eﬀect transistors at
room temperature. Our results represent the ﬁrst success on the scalable synthesis of highly graphitized GNRs from polymer
templates. Furthermore, the generality of this method allows various polymers to be explored, which will lead to understanding of
growth mechanism and rational control over crystallinity, feature size and bandgap to enable a new pathway for graphene
electronics.

■

INTRODUCTION
Graphene has attracted broad interest due to its superior
electronic properties, such as high charge carrier mobility and
conductivity. These properties make it an exciting material in
radio frequency (RF) electronics, ﬂexible touch screen displays,
high-performance sensors, supercapacitors and batteries.1−8
However, graphene is a zero-bandgap semimetal,9 which limits
its application as channel material for ﬁeld-eﬀect transistors
(FETs). To make graphene truly usable in digital electronics, it
is thus crucial to introduce a bandgap in this material.
Constraining two-dimensional (2D) graphene into one-dimensional (1D) graphene nanoribbon (GNR) can be a very
eﬀective way to create a bandgap.10 Several eﬀorts have been
made to create GNRs. For example, GNRs can be etched from
2D graphene sheets using both self-assembled and lithographically deﬁned masks.11,12 These etching methods,
however, usually introduce rough edges and defects into the
GNRs, which undermines their electrical performances. Highquality and narrow GNRs can be produced by unzipping
carbon nanotubes (CNTs),13−15 but the low throughput of this
approach severely limits its scalability. On the other hand,
© 2014 American Chemical Society

GNRs can be directly synthesized on 1D templates. For
example, GNRs with 40 nm width can be epitaxially grown on
the step edges of SiC,16 although the lack of bandgap in these
GNRs has hindered their incorporation as FETs in digital
electronics.
Chemical vapor deposition (CVD) is a powerful tool for
large-scale production of graphitic structures.17,18 In analogy to
the CVD growth of 2D graphene on metal sheets, GNRs can be
directly grown from 1D metal catalysts such as nickel edges and
nanobars.19,20 However, the high surface mobility of the metal
catalysts during the high-temperature CVD process can lead to
metal agglomeration on the growth substrate, resulting in short
discontinuous GNRs. On the other hand, metal catalysts in the
form of cations can be chemically anchored on 1D
nanostructures such as DNA chains to prevent their
agglomeration. Indeed CVD on such metal-incorporated 1D
templates can lead to the growth of GNRs,21 although the
abundant heteroatoms (nitrogen and phosphor) in DNA
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Figure 1. Schematic process of CVD synthesis of GNRs from electrospun polymer templates. (a) Deposition of random nanoﬁber networks on the
growth substrate. (b) Formation of aligned nanoﬁbers on a metallic rotor with a gap and subsequent transfer onto the growth substrate. (c)
Photograph of a Si/SiO2 wafer with GNRs. A ruler is placed on top for size comparison.

controlled widths. Interestingly, we discovered a positive
correlation between the width of the GNRs and their resistivity.
Resistivity as low as 10−6 Ωm can be achieved in GNRs of 50
nm width, which is comparable to that of bulk graphite and
GNRs derived by etching methods.14,22 Furthermore, by
decreasing the width of the ribbons to ∼30 nm, a transport
gap can be opened, enabling these narrow GNRs to function as
active elements of FETs, with an on/oﬀ ratio of ∼14 and ﬁeldeﬀect mobility as high as ∼28 cm2/(V s) at room temperature.
These results represent the highest quality GNRs synthesized
from polymer templates. Further advancement can be made
through exploration of diﬀerent electronspun polymers as well
as precise size control of the electrospun polymer templates.
We believe this generic and scalable method is promising for
the large-scale production of high-quality GNRs with rationally
controlled bandgap and conductivity, which will enable allGNRs circuits, and pave a new road for the graphene
electronics.

interfere with the formation of highly crystalline graphitic
structures, resulting in high ratio of sp3- to sp2-carbon as well as
relatively low conductivity and carrier mobility in these GNRs.
Besides, DNAs are unsuitable for large-scale production of
GNRs. To enable the mass production of high-quality GNRs, it
is thus crucial to establish a generic method to synthesize
GNRs from alternative 1D templates. To this end, electrospinning is a powerful tool to create 1D polymer structures
with high scalability. A large variety of polymers with metalbinding functional groups can be electrospun, allowing metal
catalysts to be stably incorporated while avoiding excessive
amount of heteroatoms. Polymer nanoﬁbers as narrow as 5 nm
and much longer length (∼ cm scale) can be formed by
electrospinning, with dimensions suitable for the growth of
GNRs with sub-10 nm width.
In this report, we demonstrate the CVD synthesis of highquality GNRs from metal-incorporated electrospun polymer
nanoﬁbers. First, palladium-incorporated poly-4-vinylphenol
(Pd@PVP) nanoﬁbers with uniform and tunable diameters
were fabricated by electrospinning. These nanoﬁbers can be
aligned on the growth substrate. Methane CVD on these
nanoﬁber templates yielded highly graphitic GNRs with well-

■

EXPERIMENTAL SECTION

Synthesis of GNRs. The Pd@PVP nanoﬁbers were electrospun
from a tetrahydrofuran (THF) solution of PVP, Pd(OAc)2 and
17285
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Figure 2. Morphology characterizations of electrospun Pd@PVP ﬁbers and postgrowth GNRs. (a,b) Typical SEM image of electrospun PVP@Pd
ﬁbers on SiO2/Si (a) and GNRs after CVD process (b). (c,d) SEM images of aligned electrospun PVP@Pd ﬁbers on SiO2/Si (c) and GNRs after
CVD process (d). Insets of c, d are their corresponding FFT patterns. (e,f) AFM images of electrospun PVP@Pd ﬁber on SiO2/Si (e) and GNR after
CVD process (f). (g,h) Width histograms of electrospun Pd@PVP ﬁbers (g) and GNRs (h). (i,j) Height histograms of electrospun Pd@PVP ﬁbers
(i) and GNRs (j). All the widths and heights (g−j) were measured by calibrated AFM probes.
myristyl trimethylammonium bromide (MiTMAB). Growth of GNRs
was performed in a low-pressure thermal CVD system using methane
and hydrogen as the carbon source and carrier gas, respectively. Details
of the experimental methods can be found in the Supporting
Information.
Characterizations. Dimensions of the GNRs were measured by
atomic force microscopy (AFM, Nanoscope-III, Digital Instrument)
operated in tapping mode. The convolution eﬀect of the AFM tip was
calibrated using a carbon nanotube sample. Raman spectra were taken
on a confocal Raman system (WiTec 500) using 532 nm laser

excitation. Transmission electron microscopy (TEM) images were
taken on a Titan system (FEI) with spherical aberration correction at
80 kV acceleration voltage. Energy-dispersive X-ray spectroscopy
(EDS) and electron energy loss spectroscopy (EELS) were carried out
on a Tecnai TEM system (FEI) with 200 kV acceleration voltage. Xray photoelectron spectroscopy (XPS) was carried out with PHI 5000
Versaprobe equipped with monochromatic Al K source. Roomtemperature electrical transport was characterized on a probe station
with a semiconductor analyzer (Keithley 4200-SCS) and low17286
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Figure 3. (a) SEM image of a thin GNR with electrodes used for the Raman measurement. (b) Raman spectrum of the GNR taken at the center of
the ribbon as shown by the arrowed in (a). (c−f) Integrated Raman intensity mappings of the D peak (1250−1450 cm−1) (c), 2D peak (2450−2750
cm−1) (d), G peak (1500−1700 cm−1) (e) and Si peak (500−550 cm−1) (f) of the region marked by red dotted rectangle in (a).
temperature transport was measured in a Physical Property Measurement System (PPMS, Quantum Design) with a4He cryostat.

sive view of the surface morphology before and after growth.
The SEM micrographs (Figure 2a,b) reveal several interesting
features. First, the postgrowth substrate (Figure 2b) shows a
random network of 1D structures, which resembles the
morphology of the polymer ﬁbers before growth (Figure 2a).
Second, the 1D structures on the postgrowth substrates are
extremely long, easily spanning the size of the entire growth
wafer. The length is dependent on the size of the substrate.
This is in clear contrast to the much shorter GNRs obtained
from Ni nanobar or DNA templates.20,21 Finally, the widths of
the 1D structures are uniform along their axial direction. At the
crossing points (arrow, Figure 2b), the 1D structures are fused
together and show locally larger width than the rest of the
ribbons. This is likely due to locally excessive incorporation of
the carbon source. Notably, the electrospun polymer ﬁbers can
be aligned on the substrate,26 providing additional control over
the polymer template morphology. To demonstrate this, we
electrospun nanoﬁbers onto a metallic rotor with a 3 mm gap
and then transferred the aligned nanoﬁbers inside the gap onto
the growth substrate (Figure 1b).26 As shown in Figure 2c, the
Pd@PVP ﬁbers are indeed uniaxially aligned. After hightemperature CVD, the parallel line structures are preserved
(Figure 2d), suggesting that these postgrowth 1D structures are
templated by the polymer nanoﬁbers. The uniaxial alignment is
further conﬁrmed by the fast Fourier transform (FFT) patterns
of the corresponding SEM images (insets, Figure 2c,d). The
aligned nanoﬁbers and postgrowth nanoribbons show highly
anisotropic FFT patterns with narrow angular distribution of
the intensities. On the other hand, the random network of
nanoﬁbers gives more isotropic FFT pattern (Figure S1). This
indicates that by controlling the electrospinning condition, we
are able to modify the orientation distribution of the ﬁbers as
well as the postgrowth nanoribbons.
The key hypothesis in our polymer-templated GNR synthesis
approach is that the width of the polymer templates deﬁnes the
width of the resultant nanoribbons. To test this hypothesis, we
engineered both the electrospinning and CVD processes to
control the widths of the as-spun polymer ﬁbers and the

■

RESULTS AND DISCUSSION
We use electrospinning to achieve 1D polymer templates.
Electrospinning is a scalable and versatile technique for the
fabrication of polymer nanoﬁbers.23 A large variety of polymers
can be electrospun.23 Additionally, the width/diameters of the
nanoﬁbers can be readily tuned between ∼5 nm to a few
hundred nanometers through polymer solution concentration,
viscosity, and electrospinning conditions such as nozzlesubstrate bias.24 In this study, we choose PVP as a model
system for two reasons. First, we found that the interaction
between phenol side groups and metal cations helps to
promote the growth of smooth and continuous GNRs (see
Supporting Information, Figure S6). Second, the benzene
moieties in the polymer may act as nucleation cites for the
graphitization of carbon sources and facilitate the formation of
highly crystalline GNRs. The formation of electrospun PVP
ﬁbers has been reported previously.24 We choose Pd as the
catalyst for its high catalytic activity for graphitization reactions
as well as its high melting point,25 which further prevents
surface migration of the catalyst. Figure 1 illustrates the
schematic of our polymer-templated GNR synthesis. Brieﬂy,
PVP and palladium acetate [Pd(OAc)2] were ﬁrst dissolved in
THF to concentrations of 30% w/v and 4.5−45 mg/mL
respectively. Surfactants (e.g., MiTMAB) were added to tune
the viscosity of the solution. Pd@PVP nanoﬁbers were then
electrospun onto the growth substrate (sapphire, quartz or Si/
SiO2) to form a random network (Figure 1a). Alternatively, the
nanoﬁbers can be collected on a metallic rotor with a gap that
serves to align the nanoﬁbers,26 and then transferred onto the
growth substrate (Figure 1b). The wafers containing electrospun polymers were subsequently placed in a furnace and
subjected to high-temperature CVD treatments (see Supporting Information). GNRs can be grown over a large scale, which
is only restricted by the equipment (Figure 1c).
Morphology Characterizations of GNRs. We ﬁrst use
scanning electron microscopy (SEM) to obtain a comprehen17287
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carried out high-resolution TEM experiments (see Supporting
Information). Figure 4a shows an overview of a representative

postgrowth nanoribbons. Smaller width is desired for GNRs in
order to enhance bandgap and enable room-temperature FET
operation. We discovered that the addition of surfactants, the
Pd2+ concentration, the temperature ramping rate and the
CH4:H2 ratio during CVD can all drastically aﬀect the
morphology of the postgrowth nanoribbons (see Supporting
Information, Figure S4−5). Figure 2e and f show the AFM
images of pre- and postgrowth nanoribbons at typical condition
(45 mg/mL Pd(OAc)2, see Supporting Information for other
parameters). Most notably, both the width and height of the
postgrowth nanoribbons are signiﬁcantly smaller than those of
the polymer nanoﬁber templates (Figure 2g−j): the width and
height were reduced by 40 and 90%, respectively. This
shrinkage is likely due to vaporization and/or graphitization
of the polymer template at elevated temperatures. Moreover,
the isotropic cross section of the polymer templates
(width:height = 1.2) became highly anisotropic (width:height
=7.8) after CVD. The resultant nanoribbons have an average
height and width of 11 and 81 nm, respectively; these
dimensions fall in the range of few-layer GNRs. Extremely
narrow nanoribbons with 10 nm width and over 3.5-μm length
can be observed (Figure 2f). On the other hand, we also note
that some of the resultant nanoribbons are substantially thicker
and should be termed graphitic nanoribbons (GraNRs).
Further optimization of the synthetic parameters can be
made to reduce the width/height of the postgrowth ribbons
as well as their distributions. Nevertheless, these observations
clearly indicate that the critical dimensions of the postgrowth
nanoribbons are conﬁned by those of the polymer templates,
and extremely thin nanoribbons can be synthesized by further
shrinkage of the width/height of the templates during the CVD
process.
Structure Characterizations of GNRs. Subsequently, we
gain insight of the structure of the postgrowth nanoribbons
using microscopic Raman spectroscopy. Figure 3a shows a
postgrowth nanoribbon with metal electrodes laid down for
further electrical characterizations (see below). The width and
height of this nanoribbon are 54 and 2 nm, respectively. Raman
spectrum taken at the center of this nanoribbon (Figure 3a)
shows strong D- and G-bands that are characteristic of narrow
GNRs, as well as an obvious 2D band (Figure 3b). The full
width at half-maximum (fwhm) of the G peak is 79.1 cm−1,
which is much smaller than that of amorphous carbon,27
indicating a high graphitization degree in the postgrowth
nanoribbons. The intensity ratio between D- and G-bands is
0.95, comparable to or smaller than that in GNRs from
unzipping CNTs.14,28,29 In literature the D band is usually
attributed to the edge states of GNRs.14,29 The existence of the
2D band further conﬁrms that our postgrowth nanoribbons are
highly graphitized. The broadening of the 2D peak can be
attributed to the large portion of edge atoms or the relatively
small graphitic domain sizes.30,31 We note that the G and 2D
bands of our polymer-derived GNRs are broader than those of
unzipped CNTs or lithographically deﬁned GNRs.14,29 This
broadening is attributed to the relatively small graphitic domain
size, as will be discussed below. Intensity mappings of the D, G
and 2D bands agree well with the morphology of the
nanoribbon on the surface (Figure 3c−e). Taken together,
these evidence conﬁrm that our high-temperature CVD process
on electrospun polymer templates yields GNRs with a high
degree of graphitization.
To further characterize the degree of graphitization of the
GNRs, as well as to directly observe the graphene domain, we

Figure 4. Atomic-resolution TEM images of GNRs grown from
electrospun Pd@PVP. (a) An overview of a representative GNR. (b)
Large-area view of a GNR. (c) Zoom-in view of the region marked by
dotted red square in (b). Two graphitic domains are rendered red and
blue, respectively. The red and blue solid lines are eye guides
highlighting the hexagonal lattices. (d) Large-area view of a GNR
region with Pd nanoparticles. Inset, zoom-in view of the Pd
nanoparticle. (e) Edge structure of a GNR.

GNR which clearly exhibits a ribbon-like morphology. The
width of this ribbon is about 40 nm. Figure 4b is an atomicresolution image of the GNR templated by electrospun PVP.
Multiple crystalline domains are evidently visible suggesting the
polycrystalline nature of our GNRs. Further zoom-in view
(Figure 4c) shows that each single-crystalline domain (red and
blue regions, Figure 4c) has a hexagonal lattice with lattice
spacing (2.46 Å) corresponding to that of graphene. The size of
polycrystalline domain falls in the range of 2−20 nm as
determined from tens of TEM images. Another application of
this technique is to image the interface between metal catalyst
and graphitic structures in GNRs, which shed light on the
catalytic mechanism of graphitization. As shown in Figure 4d,
embedded nanoparticles with average size of 1 nm (yellow
circles, Figure 4d) can be distinguished by contrast from the
carbon matrix. Zoom-in view of an individual nanoparticle
(inset, Figure 4d) shows that it is highly crystalline with lattice
spacing of 2.24 Å that matches the [111] lattice spacing of facecentered-cubic (fcc) Pd. The Pd(OAc)2 in the pregrowth
polymer nanoﬁbers are reduced to Pd likely during the CVD
process. The graphene domains tightly surround the Pd
nanoparticles, suggesting that the Pd catalyzes the graphitization. The fringe spacing in the graphitic regions is ∼0.35 nm,
closely matching the interplane spacing of graphene. Moreover,
the GNRs show quite smooth edge as shown in Figure 4e. To
17288
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Figure 5. Resistivity of single GNRs templated by electrospun-PVP. (a) Resistivity of GNRs as a function of Pd(OAc)2 concentration. The width of
the nanoribbons for 0, 4.5, 13, 30 and 45-mg/mL Pd catalyst are ∼3 μm, ∼117 nm, ∼117 nm, ∼130 nm, and ∼107 nm, respectively. (b) Resistivity
of GNRs as a function of the width of GNR at given Pd(OAc)2 concentrations (black rectangular: 4.5 mg/mL; red circles: 13 mg/mL; blue triangles:
45 mg/mL). (c) AFM images of GNRs with diﬀerent widths synthesized from PVP templates loaded with 13 mg/mL Pd(OAc)2.

are highly discontinuous and should not dominate the transport
behavior of the GNRs. Furthermore, these Pd catalysts can be
removed by chemical etching after the growth (see Supporting
Information, Figure S12).
In addition to the loading of metal ions, we investigated the
correlation between the dimension of GNRs and the resistivity.
Figure 5b shows the resistivity of GNRs as a function of width
at given Pd concentrations (4.5, 13, and 45 mg/mL). It should
be noted that the thicknesses of the GNRs increase with their
widths (Figure 5c). Some of the nanoribbons have thicknesses
more than a few layer of graphene, and should be categorized as
graphitic nanoribbons (GraNRs) instead. Interestingly, we ﬁnd
that for the three concentrations, the resistivity shows a
monotonic decrease as the width of the GNRs shrinks from 350
to 50 nm. This is in drastic contrast to the resistivity of GNRs
etched from graphene sheets, where narrower widths lead to
larger resistivity due to higher density of defects.32 The reversed
trend in our case is possibly due to lower density of nucleation
sites of graphitic domains, as less Pd is present in the polymer
ﬁber. This likely leads to lower density of domain boundaries
and higher degree of graphitization. The lowest resistivity, 4.8 ×
10−6 Ωm, was observed in 50 nm-wide GNRs synthesized with
45 mg/mL Pd catalyst. This resistivity is comparable with that
of the bulk graphite and GNRs derived from etching
methods,14,22 and about 3 orders of magnitude lower than
that of the carbon ﬁbers from pyrolysis.33 Further investigation
of structural diﬀerence in our polymer-templated GNRs of
diﬀerent widths will yield more insight of the mechanism;
however, the lower resistivity of narrower GNRs holds great
promise to create highly conductive GNRs with ultrasmall
dimensions by our approach.
The lateral conﬁnement of graphene within a 1D form as
well as edge- and body-scattering centers can open up a
transport bandgap in GNRs, allowing them to function as
FETs.34 To this end, we fabricated bottom-gated GNR-FETs
from narrow, highly graphitized GNRs. Brieﬂy, the assynthesized GNRs were transferred onto a highly doped Si

understand the catalytic eﬀect of Pd, we synthesized nanoribbons from the PVP templates without Pd using identical CVD
conditions. Very diﬀerent from those synthesized with the Pd
catalyst, the postgrowth ribbons are even wider than the
original electrospun PVP (see Supporting Information, Figure
S8). Drastically, only a small portion of the Pd-free GNRs could
be stably imaged under TEM while the majority of them
disintegrate immediately upon electron-beam irradiation. We
further compare the average grain size of the stable
(presumably more graphitic) portion of the Pd-free GNRs to
those with 9 mg/mL Pd loading by using the Scherrer equation
on the FFT patterns of their corresponding TEM images (see
Supporting Information, Figure S13). The 50% increase of the
domain size by the addition of a small amount of Pd further
conﬁrms the critical role of Pd catalysis in the growth of highly
graphitized GNRs.
Electronic Properties of GNRs. To evaluate the
conductivity of the electrospun PVP-templated GNRs, we
performed four-probe resistance measurement on single GNRs
(see Supporting Information, Figure S3). First, we compare the
resistivity (in Ωm) of GNRs with similar widths (∼120 nm)
prepared at diﬀerent Pd2+ concentrations (Figure 5a). We note
that without the Pd catalyst, the resultant ribbons are
substantially wider, and the smallest resistivity measured from
a 3-μm-wide ribbon was plotted. Most noticeably, the resistivity
of the postgrowth GNRs dropped by almost 2 orders of
magnitude by addition of a small amount (4.5 mg/mL)
Pd(OAc)2 to the polymer template. This decreased resistivity is
attributed to the higher degree of graphitization. Indeed, XPS
on the C 1s state reveals a higher sp2- to sp3-carbon ratio in the
GNR samples synthesized with higher Pd concentration (see
Supporting Information, Figure S11). The resistivity of the 120
nm-wide GNRs saturates at >10−5 Ωm with Pd concentrations
beyond 30 mg/mL. This saturation combined with the XPS
data clearly indicates that the decreased resistivity is due to
higher degree of graphitization rather than higher Pd
concentration in the resultant GNRs. The Pd nanoparticles
17289
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Figure 6. Electrical transport properties of GNRs. (a) Semilogarithmic G vs 1/T plot of a GNR with 54 nm width and 4 nm height, measured by
four-probe method at a constant current bias of 1 μA. (b) Ids vs Vg plot measured from the same device in (a) (Vds = −0.1 V). The inset shows the
AFM image of the device (only two contacts are shown. The scale bar is 500 nm). (c) Conductance vs Vg plots of a 30 nm-wide GNR-FET scanned
at diﬀerent Vds. (d) The on/oﬀ ratio as a function of Vds for the device in (c). The inset shows the AFM image of the device and the scale bar is 500
nm. Data in (b−d) were taken at ambient condition.

curve is 28 cm2/(V s) (see Supporting Information),
comparable to that of GNRs grown from metallic nanotemplates and substantially larger than obtained from DNAtemplated GNRs.20,21 A larger gate modulation can be achieved
from a narrower, 30 nm GNR-FET (Figure 6d inset). We
measured the Ids vs Vg curves on this device at diﬀerent Vds
biases (Figure 6c). It can be seen that the on/oﬀ ratio of the
devices signiﬁcantly increases with decreased Vds (Figure 6d).
The strong dependence of on/oﬀ ratio on Vds suggests that
edge scattering centers and Coulomb blockade eﬀect of the
graphitic domains of our GNRs may contribute to the transport
gap in addition to the lateral quantum conﬁnement.20,34 A
room-temperature on/oﬀ ratio of ∼14 can be achieved with Vds
of −10 mV, comparable to that from GNRs grown on Ni
nanobars.20 Further improvement of the device performance
can be achieved by, for example, using a high-dielectric-constant
gate.
We note that our polymer-templated GNRs consist of a
multitude of graphitic domains, which leads to transport
behavior diﬀerent from unzipped CNTs or lithography-deﬁned
GNRs that have continuous hexagonal lattices. On one hand,
the transport gap observed in our GNR device cannot be
compared directly with those obtained experimentally and
theoretically for single-crystalline monolayer GNRs,10,37 as
defects in our structures can contribute to the transport gap
along with lateral quantum conﬁnement.34 On the other hand,
the grain boundaries serve as scattering centers that limit the
mobility in our GNR-FETs. Further improvement can be made
to increase the domain size polymer templates selection and

substrate with 300 nm SiO2 on top. Source and drain electrodes
(Ti/Pd) were deﬁned by standard electron-beam lithography
and metallization. The Si back plane and the SiO2 layers are
used as the back-gate electrode and gate dielectric, respectively.
We ﬁrst performed temperature-dependent four-probe resistivity characterization on a GNR with 54 nm width and 4 nm
height (Figure 6a,b inset). The Si back-gate was grounded for
this measurement, which set the conductance of this particular
device at minimum (Figure 6b). The monotonic decrease of
conductance (G) as a function of 1/T in the temperature range
of 300 to 10 K (inset, Figure 6a) indicates the semiconducting
nature of the GNR.35 Notably, there is no hysteresis in the G vs
1/T curves when the sample is cycled between 10 and 300 K,
suggesting the absence of mobile charges on the surface.36
Moreover, the linear regime of the semilogarithmic G vs 1/T
curve in the range of 278−100 K can be ﬁtted to an Arrhenius
equation, i.e., G = exp(((−Ea)/(2kBT))), where kB is the
Boltzmann constant and the Ea is the activation energy. The
ﬁtting suggests that the transport is dominated by thermally
activated charge carriers in this temperature range. Fitting of
the data yields an Ea of 15.0 meV, which roughly corresponds
to the transport gap in this range.34 The G vs 1/T curve
deviates from the Arrhenius plot in the temperature range
below 100 K, suggesting a diﬀerent transport mechanism such
as variable range hopping.20,34
Next, we tested the drain-source current (Ids) as a function of
back-gate voltage (Vg) at ambient conditions on the same
device. The GNR-FET shows ambipolar transport characteristics with charge neutrality point at 0 V (Figure 6b). The ﬁeldeﬀect mobility extracted from the linear regime of the Ids−Vg
17290
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further optimization of the growth conditions such as catalyst
type and concentration, growth atmosphere and temperature.

■

CONCLUSIONS
In summary, we developed a scalable method to fabricate
GNRs from electrospun polymer templates. Highly crystalline
GNRs with tunable width down to ∼10 nm and resistivity as
low as 4.8 × 10−6 Ωm can be achieved by Pd-catalyzed CVD
using 1D PVP nanoﬁbers as the growth template. The narrow
GNRs can function as FETs at room temperature. Compared
to GNRs derived from DNA templates,21 our results show
more than 2 orders of magnitude improvement in terms of
conductivity and mobility, as well as much higher scalability.
Moreover, the generality of this method will allow us to explore
a large variety of polymer templates and investigate the eﬀect of
their compositions and structures on the dimension and
electrical characteristics of the GNRs. Coupled with the high
scalability and low cost of the electrospinning technique, this
approach has great potential for mass production of highquality GNRs for a wide range of applications in ﬂexible digital
electronics, electronic skins and sensor devices.
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