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ABSTRACT Graphene nanoribbons (GNRs) would be the ideal building blocks for all carbon electronics; however,
many challenges remain in developing an appropriate nanolithography that generates high-quality ribbons in registry
with other devices. Here we report direct and local fabrication of GNRs by thermochemical nanolithography, which
uses a heated AFM probe to locally convert highly insulating graphene fluoride to conductive graphene. Chemically
isolated GNRs as narrow as 40 nm show p-doping behavior and sheet resistances as low as 22.9 K<2/O1 in air, only
approximately 10>< higher than that of pristine graphene. The impact of probe temperature and speed are examined

as well as the variable-temperature transport properties of the GNR.
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raphene nanoribbons (GNRs) have
G been extensively studied as poten-

tial building blocks for all-carbon
nanoelectronics. This interest stems both
from the ability to open a band gap in GNRs
due to size confinement' and from the
potential for greater control over size and
defined interconnectivity between GNR de-
vices. Multiple lithographies for patterning
GNRs have been introduced such as elec-
tron beam lithography (EBL),' shattering
exfoliated graphite by ultrasonication,® un-
zipping carbon nanotubes,® and nanowire
masks.*> These methods achieved signifi-
cant progress in generating narrow GNRs;
however, each has its own drawbacks,
which can include low yield, contamination,
defects, and rough edges.

A generic challenge with these techni-
ques is that, excepting EBL, they do not
provide a robust means to place GNRs with
precision. EBL's high accuracy comes at the
cost of implementing etching and lift-off
procedures that generally damage the GNR
edges and leave extrinsic residues on their
surface. A second challenge is that most
lithographic approaches geometrically iso-
late the GNRs by cutting it out of a larger
graphene sheet rather than chemically iso-
lating the nanoribbons within a larger film
of insulating chemically modified graphene
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(CMG). The benefits of chemical isolation
include stabilization of the nanoribbons
edges to prevent unintentional doping as
well as the potential to reset chemically
the graphene/CMG sheet for rewriteable
electronics.® The search for a nanolithogra-
phy with precise placement capabilities has
inspired the use of scanning probe techni-
ques that first image then modify a gra-
phene film to form GNRs. Recently, Hou
et al’” reported a platinum AFM tip could
locally reduce GO film at 115 °C under a
hydrogen environment. This approach uses
the local catalytic activity of a Pt tip in the
presence of hydrogen to accelerate the re-
duction of GO. In 2010, we introduced ther-
mochemical nanolithography (TCNL), where
a heated probe directly reduces insulating
graphene oxide (GO) to graphene ribbons
with ~12 nm resolution.® This technique
uses robust AFM probes with excellent wear
resistance,® large CVD graphene, and large-
scale chemical functionalization, and so is
a direct fabrication method amenable to
large-scale fabrication.

While conceptually straightforward, our
initial TCNL approach to GNR lithography
faced a significant difficulty in that it used
graphene oxide, which does not reduce
completely to graphene, but rather forms
a compound commonly referred to as
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reduced graphene oxide (rGO), where residual oxygen
(even after thermal annealing at 1500 K) is still incor-
porated into the lattice.'® Given our recent success
in nearly completely restoring graphene fluoride to
graphene with hydrazine,® we sought to improve the
performance of the TCNL approach using this newer
material. Graphene fluoride (GF) can be readily ob-
tained by exposing graphene to XeF, gas in a commer-
cially available system (Xactic etcher)."’ The GF is fairly
stable, but also amenable to subsequent reactions to
modulate the surface chemistry and potentially its
doping.'? Importantly, although there are other che-
mically modified graphenes such as graphane'® and
aminated graphene,'® only oxygenated and fluori-
nated graphene have shown sufficient suppression
of conductivity (resistivity increase > ~10° Q) to gen-
erate electronic devices defined via TCNL.”® Using GF,
Withers et al.'® recently demonstrated direct reduction
via electron beam irradiation. The sheet resistance of
the reduced area could be as low as 100 k€2/00 when
irradiated with an electron dose of 1 C/cm?. Although
this reduction requires a fairly high dose, it represented
significant progress in establishing GF as a facile litho-
graphic platform.

In this paper, we demonstrate the use of TCNL to
locally reduce GF. The final structures were chemically
isolated GNRs surrounded by GF. The sheet resistivity
of GNRs with widths from 40 to 200 nm could be
lowered to ~22.9 kQ/00, only ~10x higher than that of
the starting CVD graphene. To the best of our knowl-
edge, this constitutes the most effective direct reduc-
tion of a chemically modified graphene reported to
date. The ribbons were also reproducibly p-doped
due to the contiguous GF as shown in prior work.®
Compared with previous TCNL of GO, TCNL could
reduce GF more effectively presumably due to the
greater chemical homogeneity and the inability of
the fluorine to incorporate into the backbone of the
graphene lattice. Finally, we show that the more simple
chemistry enables efficient reduction of the graphene
over a narrower thermal processing window and at
lower temperature than GO.

RESULTS AND DISCUSSION

We fabricated micrometer scale graphene field ef-
fect transistors to serve as base devices by transferring
CVD-grown monolayer graphene onto a SiO,/Si sub-
strate and performing conventional lift-off lithography.
The transport properties of these base devices were
measured, and then the graphene was made insulating
via fluorination such that the base device registered
as an open circuit (resistance >1 TQ). TCNL then locally
restored the graphene and, thus, conductivity along
thin ribbons. Figure 1 shows a graphene nanoribbon
created with a ~600 °C probe moving at 20 nm/s under
N,. All TCNL was performed under inert environments
to minimize possible reactions with water or oxygen

LEE ET AL.

Bheight

c
l1o 14
—_ 12>
<8 10E
=8 =
o4 6 O
22 53
200 400 600
distance (nm)
—~ 2
<
co
82
-4
10 8 6 -4 2 0 2 4 6 8 10
o (MV)
V=10 mV - 80
_ 30 L 60 —
G
< 25 | 40>
b} ®
'’ 20 L 20 v
15 +——1—1—"—7——tT 0
50 -40 -30 -20 -10 0 10 20 30 40 50
v, (V)

Figure 1. Thermochemical nanolithography (TCNL) of gra-
phene fluoride (GF). (a) Schematic diagram illustrating TCNL
on a prefabricated single-layered graphene device. (b) AFM
height image of a reduced ribbon. (c) Cross-sectional profile of
height and friction images. (d) AFM friction image of a reduced
ribbon. (e) IV characteristics of the reduced device by TCNL
shown in (b) and (d). (f) Rsheet Vs gate voltage characteristics of
the reduced device; base device (prefluorination) in black and
reduced device from GF in red. Note that slight hysteresis
produces different values at zero gate bias between (f) and (e).

found in the ambient. The reduced GF nanoribbon was
~120 nm wide and 0.65 nm deep against the back-
ground GF, as shown in Figure 1c. There are several
observations to support that the heated probe removed
fluorine. First, the lower height is consistent with the loss
of pendant fluorine, as well as a flattening of the lattice
as it shifts from sp>- to sp>hybridization. This value
compares favorably to the 0.7 nm height reduction when
fluorine was removed by electron beam exposure.”
Second, the friction image (Figure 1d) shows lower
friction (dark) than background GF (bright), which is
consistent with results from bulk fluorinated and pristine
graphene.'® This reduction in friction was observed
previously with TCNL of GO® and is consistent with recent
reports showing that GF has a higher friction coefficient
than pristine graphene.'® Finally, a more direct indication
of a chemical change to graphene is the decreased
resistivity: the resistance of the reduced line in
Figure 1b was approximately 2.08 MQ versus a starting
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Figure 2. TCNL of GF under 10% hydrogen in argon envi-
ronment. (a) AFM height image of a reduced ribbon with
60 nm width, (b) corresponding friction image of (a), (c)
cross-sectional profile of (a), and (d) Rspeet Vs gate voltage of
the device shown in (a) and (b).

resistance of >1 TQ. In Figure 1f, the sheet resistance
(Rsheet) Versus gate voltage characteristics reveal a
62.4 k€2/O at zero gate voltage (V). Given the starting
Rsheet Of ~2—3 k€2/00 at 0 V, this indicates that the GNR
may be incompletely reduced or that other scattering
defects are introduced during reduction. In addition to
the slight increase in resistance, the Dirac point shifted to
more positive Vg, a result of p-doping by the neighboring
fluorine.® The details of reduced GF were examined with
Raman spectroscopy after writing a large square (see
Supporting Information, S1).

To improve the reduction process, we examined
the effect of the ambient atmosphere during TCNL.
For graphene oxide, it is known that treatment in an
H,-containing gas mixture enhances reduction.®'""”
Figure 2 shows the writing of a graphene ribbon via
TCNL using the same experimental conditions as
shown in Figure 1 except under 10% H,/Ar gas mixture.
Again, lowered heights and lateral forces indicated
successful fluorine reduction to form a 60 nm wide
line. Critically, the Rsheer at 0 Vg was ~40 kQ, approxi-
mately half that of the GNR produced under N,, which
supports the notion that better reduction occurs under
10% H,/Ar compared to N,. Comparing numerous
devices reduced using either N, or H,/Ar, we find the
lowest Rgheet fOr N is ~47 kQ/0, while those reduced
under 10% H»/Ar achieved resistances of ~22.9 kQ/O1
(Figure 3). Prior reports'"'” have noted that the reduc-
tion of GF could be achieved efficiently with the
presence of hydrogen as compared with their Raman
spectra. Given the improved performance under 10%
H,/Ar, all subsequent experiments were carried out
under that reducing ambient.

To further optimize GNR electrical properties, we
examined the relationship between writing speed and
probe temperature on reduction (Figure 3). To study
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Figure 3. TCNL controls: (a) dependence of Rgpeer UpON tip
writing speeds from 10 to 50 nm/s under 10% hydrogen in
Ar, (b) frictional signal change (A V) in AFM friction image as
a function of tip writing speeds, and (c) the relationship
between the frictional signal change (AVg) and Rgpeet-

the impact of speed, multiple GNR devices were made
while the heated probe was scanned from 10 to 50 nm/
s at 600 °C. Note that this temperature is the cantilever
temperature; the temperature at the probe/surface
interface is considerably less but may be estimated.®
For GF processed under H,/Ar, the Rgheer increased
roughly linearly with tip speed (Figure 3a) within the
above-mentioned range. However, the direct correla-
tion between Rynee: and lattice defect density, and
thus the degree of reduction, is currently unknown.
We note that the minimum Ry, achieved in this work,
22.9 kQ/00, improves on the prior work on GO, which
had Rsheet = 65 kQ/O for multilayered rGO, which would
intrinsically show a lower sheet resistance due to its
greater thickness. Similarly, a reduced GNR (80 nm)
written from GO at the speed of 1 nm/s via catalytic
scanning probe lithography could achieve a much
higher Rgpeet Of only >2.5 MQ/0. Even though thermal
reduction appears to offer a more complete local
reduction, the 10-fold increase in resistivity over the
base devices (Rsneet = 2—3 kQ) suggests that either
some fluorine remains after the process or defects are
introduced during fluorine removal. Finally, Figure 3b
clearly shows that reduction is inversely proportio-
nal to tip speed, as measured by friction differences
between the GNR and the contiguous graphene
fluoride (AVE).

The effect of tip temperature (Typ) on fluorine re-
moval was examined by writing seven 250 x 500 nm?
rectangular areas on a large GF sheet using Ty, = 200 to
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Figure 4. TCNL controlled by probe temperature. (a) Se-
quentially written 250 x 500 nm rectangles with the probe
held at different temperatures. The tip writing speed was
250 nm/s. The reduction was accelerated above the thresh-
old temperature of approximately 400 °C. (b) Plot of the
friction of the reduced GF rectangles relative to the adjacent
GF. The friction data were obtained by subtracting the data
for trace and retrace scan directions.

550 °C (Figure 4). As shown in the friction images,
minimal friction changes are observed at temperatures
between 200 and 400 °C; however, there was a rela-
tively sharp onset of reduction at Ty, = 400—500 °C,
which tapers off after 500 °C. In comparison, GO reduc-
tion initiates at tip temperatures near 150 °C, and the
reduction tapers off only at ~750 °C2 The narrower
thermal processing window was expected since GF
has far fewer types of functional groups (mostly basal
plane C—F with some C—F, at defects) to be removed,
in contrast to GO, where there is a wide range of
oxygen-rich functional groups (carbonyl, epoxides,
hydroxyls, carboxyls, etc.) as well as water, all of which
would be expected to desorb at different tem-
peratures.'® These results show that the kinetics of
TCNL reduction may be controlled but at lower tip
temperatures than for graphene oxide.

Finally, we characterized the electrical properties of
a GNR device both in air at room temperature and in
UHYV, as a function of temperature. The carrier mobility
(hole) of our GNRs measured in air was 30.3 =+
13.8 cm?/(V s) (8 devices). This is approximately 2
orders of magnitude lower than the base SLG devices
(~3000 cm?/(V s)). The mobility of these GNRs are
comparable with GNRs formed from GO via catalytic
scanning probe lithography, estimated to be about
21 cm?/(V s).” Again, we assumed the lower carrier
mobility mainly stems from incomplete reduction by
TCNL. This could be an intrinsic limit due to the thermal
removal of the fluorine; however, we cannot fully rule
out the presence of PMMA polymer residues, which, if
present, would add variability in the reduction process
or could prevent continuous reduction. The clean
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Figure 5. Temperature dependence of a reduced ribbon via
TCNL. The plot clearly shows two distinct temperature-
dependent regions, slow recovery of conductivity in the
low-temperature region and thermally activated recovery
of conductivity in the high-temperature region. Inset shows
the sheet resistance as a function of T~ in the high-
temperature region (T > 180 K).

transfer of CVD graphene is an ongoing effort in the
graphene community.'® 2" For most of the work re-
ported here we found that, if present, a thin residue layer
could be removed by prescanning the area of interest
with contact AFM using low load, a tedious but re-
producible approach. Another limitation in the TCNL
approach is the metal contact/graphene junction. We
typically use ~25 nm of Ti/Au for electrodes, which may
inhibit reduction immediately at the contact junction
where the tall and rough edges at the junction of GF and
electrodes can cause discontinuity in reduction. Such
devices showed no conductivity or high Rgneer due to
poor reduction at the junction. While these skips would
not occur when writing multiple devices on a single
sheet of graphene, it still should be considered for
heterogeneous integration. The use of stepped electro-
des such as those used in anodic oxidation lithography??
may help overcome this issue.

For the variable-temperature measurements, a
120 mm GNR generated via TCNL was loaded into a
UHV nanoprobe system and cooled to 35 K while
continuously measuring its resistance. The GNR was
p-doped due to the contiguous graphene fluoride as
previously reported. The dependence of natural log
of Rpeer at zero bias on 1000/T is shown in Figure 5.
We observe two distinct temperature dependencies: a
plateau region at low temperature below approxi-
mately 80 K and a thermally activated recovery of
conductivity at high temperatures. This behavior sug-
gests that the measured conductivity is a superposition
of two contributions. The low-temperature contribu-
tion, which is practically temperature independent,
might arise from tunneling between high-conductivity
pristine graphene islands separated by disordered
low-conductivity barrier regions, as tunneling does
not require thermal excitations even at zero tem-
perature.*>?* On the other hand, for T > 140 K, the
linear dependence on 1000/T suggests a thermally
activated conduction. The estimated activation energy
from the Arrhenius relation is 198 & 9 meV. Such high
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activation energy indicates a partial reduction of GF
and that the activation energy can be lowered with
even further reduction. We also tested variable range
hopping (VRH) models on the high-temperature
data. The inset of Figure 5 shows that the resistance
could follow a T~ "2 dependence for T > 180 K as well.
According to theory, such a temperature dependence
corresponds to either 1D or 2D VRH in the presence of
a Coulomb gap.’>?® Attempts to fit the data to extract
directly the exponent of the temperature did not
converge. More detailed studies are currently under
way with varied degrees of reduction of the GF.

CONCLUSIONS

We demonstrated the direct fabrication of chemi-
cally isolated GNRs via TCNL reduction of GF by using
a heated probe. We could form GNRs as narrow as
~40 nm (see Supporting Information, S2), and the

EXPERIMENTAL SECTION

CVD-grown, single-layer graphene (SLG) on Cu was trans-
ferred onto a 100 nm SiO,/Si substrate using standard PMMA
transfer techniques.?® The SiO, surface was precoated with the
hydrophobic molecule HMDS to minimize unintentional p-type
doping of SLG by moisture adsorbed from the air.” The
transferred graphene film was then formed into microscale
field-effect transistors (FETs) with Ti/Au source and drain elec-
trodes using conventional photolithography. These base FET
devices were subsequently annealed at 200 °C under flowing Ar
(t & 2—3 h) and screened to ensure that the Dirac point
(or charge neutrality point) was near 0 V gate voltage, indicating
alow-doped state. The average sheet resistance of base devices
was ~2—3 kQ/O with a 4 um channel length between source
and drain. The base graphene devices were then fluorinated
by XeF, exposure for 900 s (Xactic etcher) to form insulating
(>1 TQ/0O) graphene fluoride for TCNL."

Thermochemical nanolithography was performed with the
heated AFM probe (UIUC) at varied temperature in contact
mode AFM (Multimode AFM, Bruker Co. and Cypher AFM,
Asylum Research, CA). The chamber of the AFM was purged
with either N, or 10% H,/Ar during TCNL.
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