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transistors display a current modulation 
ratio of typically less than 10, making them 
not useful for most applications. There is, 
however, a strategy to induce a bandgap 
into graphene, namely by shrinking one 
of its dimensions to below 10 nm, thus 
creating a graphene nanoribbon (GNR). 
Its bandgap is in general inversely pro-
portional to its width, but depends also on 
the nature of the edges of the nanoribbon. 
Random defects at the edges or irregulari-
ties in the width of the nanoribbons result 
in uncontrollable variations in the elec-
tronic properties. 

 Experimental strategies for forming 
GNRs can be broadly categorized into 
top-down approaches and bottom-up 

approaches. Top-down techniques usually involve some form of 
subtractive patterning, cutting or unzipping of larger graphene 
entities or carbon nanotubes into GNRs. For example, electron-
beam lithography and plasma etching techniques have been 
used to pattern GNRs to a width down to 10 nm from mechani-
cally exfoliated [ 3,4 ]  or epitaxially grown graphene. [ 5 ]  As-fabricated 
GNRs showed the opening of an energy gap of about 0.14 eV 
at cryogenic temperatures. At room temperature, devices based 
on such top-down-produced GNRs with a width of about 10 nm 
have a current modulation ratio of less than 10, a high charge-
carrier mobility of 1000 cm 2  V –1  s, and large drain currents of 
28 mA µm –1 . [ 5 ]  The advantage of lithography-based GNR fab-
rication methods is their scalability to large wafer sizes using 
processes which are commonly applied in industrial protocols. 
Alternatively, GNRs as narrow as 3 nm produced by liquid exfoli-
ation from graphene have been shown to have sizable bandgaps 
up to 0.4 eV and current modulation ratios in a fi eld-effect tran-
sistor up to 10 7 . [ 6 ]  Finally, GNRs have also been produced by the 
unzipping of carbon nanotubes along their long axis. [ 7 ]  

 The main drawback of the abovementioned top–down 
methods is the poor reproducibility and limited control over 
the structure of the GNRs, especially with respect to their 
edge confi guration, and this poses a high entry barrier for 
their application in electronic devices. [ 8 ]  In contrast, bottom-
up methods can reproducibly lead to GNRs of high structural 
perfection, i.e., with uniform width and edge termination and 
hence uniform electronic properties. Bottom-up GNR fabrica-
tion methods rely on synthetic organic chemistry and involve 
either surface-assisted or wet chemical strategies. With these 
methods, the most critical GNR parameters, including geom-
etry, width, length, edge structure and mass of the repeating 

 The electronic properties of chemically synthesized graphene nanoribbons 
(GNRs) are investigated in a fi eld-effect transistor (FET) confi guration. 
The FETs are fabricated by dispersing GNRs into an aqueous dispersion, 
depo siting the GNRs onto an insulating substrate, and patterning of metal 
contacts by electron-beam lithography. At room temperature, the GNR FET 
shows a large drain current of 70 µA, very good charge injection from the 
contacts, saturation of the drain current at larger drain-source voltages, and 
an on/off current ratio of 2. The small on/off current ratio can be explained by 
either the unfavorable transistor geometry or by the unintentional agglomera-
tion of two or more GNRs in the channel. Furthermore, it is demonstrated 
that, by quantum-chemical calculations, the bandgap of a GNR dimer can be 
as small as 30% of the bandgap of a GNR monomer. 

  1.     Introduction 

 The unusual electronic properties of graphene have spurred 
signifi cant interest for its use in electronic devices, such as 
touchscreens, light-emitting diodes, sensors, and logic cir-
cuits. [ 1 ]  In particular due to its high charge-carrier mobility and 
high saturation velocity, graphene is of great interest for use as 
the channel material in next-generation high-frequency tran-
sistors. [ 2 ]  Application of graphene in fi eld-effect transistors for 
digital device or circuit applications has, however, proven to be 
challenging. Due to the lack of a bandgap, graphene fi eld-effect 
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unit, can be conveniently “written” into the graphene nano-
ribbon, leading in principle to predictable electronic properties. 
1D GNR growth at surfaces is based on the reactive coupling 
of molecular precursors on single-crystalline metal substrates 
in ultra-high vacuum. [ 9,10 ]  The electronic properties of such 
surface-grown GNRs have recently been measured after a 
poly(methyl methacrylate)-based transfer of the GNRs onto a 
Si/SiO 2  substrate. [ 10 ]  Since the GNRs used for that study were 
less than 30 nm long, only devices based on random networks 
comprising a large number of GNRs were characterized. FETs 
based on such random GNR networks showed on/off ratios 
of 10 3  at room temperature, but very small on-state drain cur-
rents of less than 0.1 nA at a drain-source voltage of –1 V. [ 10 ]  
Surface-grown GNRs do have the advantage of atomic precision 
of the edges. However, GNRs produced by the surface-assisted 
approach are not easily dispersible in common liquids, and 
complex transfer methods are required in order to deposit the 
GNRs onto insulating device substrates. Such transfer usually 
leads to contaminants that degrade the electrical performance 
of the devices, and it also renders the large-scale integration of 
such GNRs challenging. Finally, such transfer processes typi-
cally result in unintentional doping with concomitant degrada-
tion of the electrical parameters. [ 11 ]  

 An alternative method for bottom-up GNR growth is their 
wet chemical synthesis. [ 12,13 ]  Recently, ultralong GNRs func-
tionalized with solubilizing hydrocarbon side chains have been 
successfully synthesized via a novel Diels-Alder protocol. [ 14 ]  
Dispersions of GNRs can be stabilized in organic solvents, [ 13,14 ]  
allowing for their easy deposition onto insulating substrates. 
FETs based on random networks of such bottom-up-synthe-
sized and solution-deposited GNRs have recently shown on-
state drain currents of up to 100 nA and an on/off ratio of 2 at a 
large drain-source voltage of –20 V. [ 15 ]  

 Here, we report on the successful transfer of bottom-up-syn-
thesized GNRs onto insulating substrates from a water-based 
dispersion by established and scalable methods without the 
need for deposition steps assisted by organic solvents. We dem-
onstrate the electrical characterization of GNRs having a length 
of several hundred nanometers in a fi eld-effect transistor struc-
ture, showing on-state drain currents of up to 70 µA at a drain-
source voltage of –1 V and on/off current ratios up to 2.  

  2.     Experimental Section 

 Dodecyl-functionalized GNRs with a nominal length of 600 nm 
were synthesized following a previously described method-
ology. [ 14 ]  The GNRs were dispersed in deionized water with 
1 wt% of sodium dodecyl sulfate (SDS) as surfactant for stabi-
lization. SDS is a surfactant that is commonly used for the dis-
persion and deposition of carbon nanotubes. [ 16 ]  The dispersion 
was homogenized by tip sonication (20 pulses) and bath sonica-
tion (2 h) and fi nally centrifuged for 3 min at 10 000 rpm. Due 
to the small GNR concentration, the dispersion stayed clear 
during the entire process. Using fi ber-optic quasi-elastic light 
scattering, we confi rmed the presence of particles with a size of 
about 540 nm in the dispersion. To deposit the GNRs, degen-
erately doped silicon substrates with a gate-dielectric stack 
consisting of 100-nm-thick thermally grown SiO 2 , 8-nm-thick 

Al 2 O 3  grown by atomic layer deposition and a 1.7-nm-thick 
hydrophobic self-assembled monolayer of tetradecylphosphonic 
acid [ 17 ]  were immersed into the water-based GNR dispersion for 
12 h. Afterwards, the substrates were blow-dried with nitrogen, 
then rinsed with deionized water, and again blow-dried with 
nitrogen. Use of a hydrophobic SAM allowed for a better depo-
sition yield of GNRs. [ 18 ]  The GNRs were located by atomic force 
microscopy (AFM) and their location on the substrate was ref-
erenced against an array of pre-patterned alignment markers. 
An AFM image of a GNR and the metal alignment markers can 
be seen in  Figure    1  a. Finally, source and drain contacts were 
fabricated on GNRs by electron-beam lithography, deposition of 
0.5-nm-thick Ti and 30-nm-thick AuPd (40/60), and lift-off of 
excess metal. The schematic transistor cross-section is shown 
in  Figure    2  .    

  3.     Discussion 

 To confi rm the presence and the chemical integrity of the GNRs 
on the substrate surface, Raman spectroscopy measurements 
with an excitation wavelength of 632.8 nm were performed 
on the same substrates on which the electrical measurements 
had been carried out. Figure  1 b shows representative Raman 
spectra of two intact GNRs on the silicon substrate. The Raman 
spectra exhibit a G band position of ≈1608 cm −1  and a FWHM 
of ≈32 cm −1  which are comparable to those obtained in a pre-
vious report on bulk quantities or individual GNRs. [ 14,15 ]  The 
FWHM is larger in the present work (compared to ≈25 cm −1 ) [ 14 ]  
due to the difference in laser excitation wavelength, which 
results in different excitations within GNRs and other con-
fi ned graphene structures. [ 19 ]  The Raman D band, observed at 
1335 cm −1 , exhibits a high intensity. This is due to the confi ne-
ment of the π-electrons within the GNR structure, a feature that 
is commonly observed within such systems. [ 19,20 ]  

 The transport properties of the GNRs were investigated by 
electrical measurements in which the doped silicon was used 
as a global gate electrode and the electric current through the 
GNRs was determined as a function of the applied gate-source 
and drain-source voltages. These experiments were performed 
in ambient air at room temperature. The transfer and output 
characteristics of a transistor with a lithographically defi ned 
channel length (L) of 100 nm can be seen in  Figure    3  , the AFM 
image of the GNR prior to contacting can be seen in Figure  1 a. 
The current–voltage characteristics indicate a large on-state 
drain current of 70 µA at a drain-source voltage of –1 V. The 
output curves show excellent linearity at small drain-source 
voltages, which suggests that the current through the GNRs is 
not limited by the injection from the metal contacts. For drain-
source voltages beyond about –200 mV, the onset of saturation 
of the drain current due to pinch-off of the carrier channel at 
the drain contact can be observed, which proves that the device 
operates as a fi eld-effect transistor and which is an important 
prerequisite for digital device applications.  

 The width of the GNR measured by AFM is about 50 nm 
(Figure  1 a). However, since it is well known that the lateral 
resolution of atomic force microscopy at such short length 
scales is limited by the fi nite radius of the AFM tip, we take the 
measured height of the GNR also as an estimate of its width. 
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If we assume that the channel width of the transistor is iden-
tical to the width of an individual GNR, i.e.,  W  = 2 nm, then 
the measured drain current of 70 µA corresponds to a width-
normalized drain current (or current density) of 35 mA µm –1 , 
which is similar to the current density previously reported else-
where [ 5 ]  for top–down-fabricated GNR transistors. Using the 
same assumption ( W  = 2 nm), we extract a fi eld-effect mobility 
of 500 cm 2  V –1  s from the transfer curve measured at a drain-
source voltage of –1 V. However, from the AFM measurements 
alone it is not clear whether the transistor channel comprises 
an individual GNR or a small array of spontaneously agglom-
erated GNRs. Therefore, the values calculated for the charge-
carrier mobility and the current density represent upper limits 
and should be taken with care. 

 The on/off current ratio is only about 2, which is smaller 
than what would have been expected based on the bandgap of 
2 eV of the chemically synthesized GNRs. [ 14 ]  The reason for the 
small on/off current ratio of the transistor is unknown, and we 
cannot rule out that it is related to short-channel effects, [ 21 ]  due 

to the fact that the channel length is very short (about 100 nm). 
Also, as mentioned above, it is possible that the transistor 
channel consists not of an individual GNR, but of an array of 
two or more agglomerated GNRs. 

 To understand the impact of the agglomeration of two GNRs 
on the electronic properties of the transistor, we have per-
formed quantum-chemical simulations of the band structure 
of two adjacent GNRs as function of their distance. We have 
based our calculations on VASP 5.2 [ 22 ]  using the PBE func-
tional [ 23 ]  in the PAW-form, [ 24 ]  a cut off of 400 eV, and a k-point 
spacing below 0.25 1 Å –1 . Even though the PBE functional is 
known to underestimate energetic gaps (we fi nd 1.48 eV for 
our GNR structure, while literature reports have calculated a 
gap of 2.05 eV, [ 25 ]  we have chosen it for our calculation as we 
were interested in the impact of the agglomeration of GNRs 
on the bandgap and less so in the absolute value of the band 
structures. For this aim, the PBE functional as a member of the 
GGA family provides a much better result/calculation time ratio 
than hybrid functionals, which provide better absolute values. 
Results are displayed in  Figure    4  a. Since it is a priori not clear 
what lateral overlap adjacent GNRs would have, we have chosen 
three different lateral alignments, namely AA stacking, AB 
(Bernal) stacking, and one intermediate stacking, for our cal-
culations. Cuts along the band structure for the three different 
stacking arrangements as well as an overview of the location 
of the smallest bandgap can be seen in Figure  4 . Surprisingly, 
our calculations show that a GNR dimer does show a different 
bandgap compared with the individual GNR. The bandgap of 
the dimer can be as small as 30% (80%) of the initial bandgap 
in case two GNRs stack in the AA (AB) stacking motive at a 
graphite-like layer distance. In our experimental work, we have 
made every effort (e.g., sonication, centrifugation) to ensure 
that we have contacted an individual GNR. In principle, how-
ever, it is possible that we have contacted a GNR dimer with 
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 Figure 1.    a) Atomic force microscopy (AFM) image of a chemically synthesized graphene nanoribbon (GNR) on a Si/SiO 2 /Al 2 O 3 /SAM substrate. 
Alignment markers that are later used to align the source and drain contacts with respect to the GNR can also be seen. The slightly higher part of 
the GNR near its center is possibly due to remaining surfactant (SDS). Insets: Bottom: Height line trace at the position indicated by the green line. 
Top: Chemical structure of the GNR. b) Raman spectra of two isolated GNRs in two different locations on the same Si/SiO 2 /Al 2 O 3 /SAM substrate. 
Characteristic Raman bands of the GNRs are observed at 1335 cm −1  (D band) and 1608 cm −1  (G band). These Raman spectra were taken with a 100× 
magnifi cation optical lens, yielding a spot size of about 1 µm on the substrate surface. A neutral density fi lter was used to reduce the laser power on 
the substrate to less than 1 mW.

 Figure 2.    Schematic cross-section of the GNR-based fi eld-effect tran-
sistor on which the electrical measurements were carried out. Ti/AuPd 
source and drain contacts were defi ned on the surface of a GNR by elec-
tron-beam lithography, metal evaporation, and lift-off.
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concomitantly smaller bandgap, and it is therefore possible that 
the smaller on/off ratio is related to this smaller bandgap.   

  Summary 

 In conclusion, we have fabricated and characterized fi eld-effect 
transistors based on GNRs. The chemically synthesized GNRs 

were deposited onto insulating substrates 
from a water-based dispersion for the fi rst 
time, rather than from an organic solvent. 
This opens up the possibility of high-resolu-
tion, deterministic placement of the GNRs 
in specifi c, well-defi ned locations on the 
substrate surface, which is an essential pre-
requisite for future large-scale integration of 
GNRs into circuits. [ 26 ]  Our GNR transistor 
shows large on-state drain currents (70 µA), 
good charge injection from the metal source 
and drain contacts, and current saturation at 
larger drain-source voltages. Except for the 
on/off current ratio, which is smaller than 
expected, the process we have demonstrated 
here fulfi lls all requirements for GNR inte-
gration into complex electronic circuits. We 
have taken various experimental measures 
(e.g., sonication, centrifugation) to ensure 

that our transistor indeed consists of one individual GNR. 
However, we cannot rule out that what we intended to be an 
individual GNR is in fact a spontaneously formed arrangement 
of a small number of GNRs. Nevertheless, even the characteri-
zation of a small array of GNRs would represent an important 
advance over previous reports of transistors that were based 
on random networks of a large number of GNRs [ 10,15 ]  Using 
quantum-chemical calculations, we have demonstrated that the 
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 Figure 4.    a) Band structure of an individual GNR (unit cell shown in (b)), and band structure of different GNR dimers with a GNR-to-GNR distance of 
3.35 Å. b) GNR structure used for the calculation and different GNR dimer stacking motives. c) Calculated transport gap of three types of GNR dimers 
as a function of the intra-GNR distance.

Drain-source voltage (V)
-0.5 -0.4 -0.3 -0.2 -0.1 0.0

D
ra

in
 c

u
rr

e
n

t 
( µ

A
)

-50

-40

-30

-20

-10

0

Gate-source 
voltage = -40 V

40 V

Gate-source voltage (V)
-80 -40 0 40 80

D
ra

in
 c

u
rr

e
n

t 
( µ

A
)

0

10

20

30

40

50

60

70

80 VDS = -1.0 V

VDS = -0.5 V

VDS = -0.2 V

VDS = -0.1 V

(a) (b)

 Figure 3.    a) Output and b) transfer curves of the fi eld-effect transistor that was fabricated 
using the GNR seen in Figure  1 a. The transistor has a lithographically defi ned channel length 
of 100 nm. The output and transfer curves were measured in ambient air at room temperature.
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bandgap of GNR dimers can be as small as 30% of the bandgap 
of individual GNRs, providing an explanation for the small 
on-off current ratio of our transistor. This would, however, not 
change the general conclusions of this study.  
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