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raphene is a two-dimensional car-

bon material that has attracted in-

tense interest due to its remarkable
electrical properties.! "' Chemical vapor
deposition (CVD) growth of large-area
mono- and bilayer graphene sheets is rap-
idly improving,'#'* and it will likely be the
preferred route, coupled with lithography,
to generate very large-scale integrated de-
vices of the future. However, presently most
graphene device properties are painstak-
ingly assessed using exfoliated graphene
flakes. These flakes require micro- and
nanoscopic characterization and process-
ing, and statistically significant measure-
ments are only laboriously obtained. In this
paper we demonstrate that recently discov-
ered graphene nanoribbons (GNRs),'* pro-
duced by the chemical unzipping of carbon
nanotubes, can be conveniently used from
solution to hand-paint unidirectional arrays
of GNRs atop silicon oxide. We show that
with a simple alignment technique, numer-
ous graphene-based field-effect transistors
(FETs), sensors or memories can be easily
fabricated on a single chip, and statistically
important device behaviors can be rapidly
recorded. These devices were recently
shown to be useful in studies ranging from
GNR electrical measurements' and investi-
gation of their chemical reactivity with dia-
zonium salts,'® to the probing of the mor-
phology of the GNR corrugation atop SiO,."”

Several different approaches have been

used to fabricate GNRs, including
lithography,®>'® masking graphene with in-
organic nanowires,'% a sonochemical
method,?' a bottom-up approach,? and un-
zipping of carbon nanotubes.'**~% For
this study we used the graphene oxide (GO)
nanoribbons (GONRs) obtained by the oxi-
dative unzipping of multiwalled carbon
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ABSTRACT We demonstrate that graphene nanoribbons (GNRs), produced by the chemical unzipping of

carbon nanotubes, can be conveniently used from solution to hand-paint unidirectional arrays of GNRs atop silicon

oxide. Through this simple alignment technique, numerous GNR-based devices, including field effect transistors,

sensors, and memories can be easily fabricated on a single chip, and then used to generate statistically relevant

device assessments. Such studies immediately give insights into, for example, multilayering properties on

conductance, the profound effects that atmospheric adsorbates have upon the transfer characteristics of graphene,

and other phenomena affecting the performance of GNR devices.

KEYWORDS: graphene - graphene nanoribbons - carbon nanotubes - field-effect
transistors - nonvolatile memories.

nanotubes (MWCNTS) in a sulfuric acid solu-
tion of potassium permanganate, as re-
ported in our previous work.' These rib-
bons benefit from simple, bulk, scalable
fabrication with nearly 100% yield, which
makes them an interesting and promising
object to study, although, as we show be-
low, the GNRs produced by reduction of
GONRs have electrical properties inferior to
those of the GNRs produced by approaches
that do not involve oxidative chemistry.
The GONRs have a structure similar to
that of GO: a multifunctional organic net-
work containing mostly epoxy and hydroxyl
functionalities on basal planes with carbo-
nyl and carboxyl groups at the edges. As-
prepared GONRs are poor conductors,'
similar to GO flakes prepared by conven-
tional methods.?®~3* The MWCNTs have
starting diameters of 40—100 nm and up
to ~30 nanotube layers; hence, once un-
zipped, they produced stacks of multiple
GONRs. These stacks of GONRs are prone
to aggregation, and despite the numerous
functionalities they bear, they could not be
dispersed as few-layered structures in
deionized (DI) water. Thus the GONRs were
treated with hydrazine, which has previ-
ously been shown to be an effective agent
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for the deoxygenation of GO and increasing its
conductivity.?? 3 In a typical procedure, GONRs were
dissolved in aqueous ammonia at pH 9—10, thus pro-
ducing a brown dispersion. Further addition of hydra-
zine turns the dispersion black due to the formation of
extended aromatic domains in the exfoliated nano-
ribbons. Interestingly, the hydrazine treatment not only
reduces the nanoribbons and helps to disperse them
in agueous media, but it also facilitates their exfoliation
from thick stacks to mono- or few-layered GNRs. The
easier exfoliation may be explained by partial removal
of hydroxyl groups responsible for strong hydrogen
bonding between neighboring GONR layers by hydra-
zine reduction. However, near-complete reduction re-
sults in the increased interaction between graphene
layers, forming a graphite-like structure. Therefore, to
produce the minimum interaction between the indi-
vidual graphene layers within the stacks, thus enabling
their separation, the “almost-reduced” GNRs, with small
amounts of remaining oxygen-containing groups act-
ing as spacers between graphene layers, are the pre-
ferred product. Indeed, the highest concentration of
mono- and bilayer reduced GNRs can be achieved
after 40—50 min of the hydrazine treatment at 85 °C
and subsequent gentle bath ultrasonication for 1 min
(the more intense cup-horn or probe sonication will cut
the nanoribbons). A smaller fraction of thin GNRs was
found in the solutions treated with hydrazine for longer
times. Reduction for more than 2 h caused complete ag-
gregation of the colloidal mixture.

The GNRs were deposited onto Si/SiO, substrates
for further studies. Two different approaches were em-
ployed for the deposition. Samples with uniform thick
(>0.1 wm) coatings of densely packed GNRs for the
Raman and X-ray photoelectron spectroscopy (XPS)
studies were prepared by casting concentrated solu-
tions of GNRs onto the substrates and removing the sol-
vent. For the device fabrication, isolated individual or
thin-layered GNRs were desired, and another approach
was developed for their deposition. A droplet of a dilute
solution of GNRs was put onto the substrate and spread
over it by repeated unidirectional (i.e., repeated “north-
only” as opposed to “north—south”) strokes with a soft
paintbrush while the surface was permitted to dry (see
the inset in Figure 1a). The paintbrush-induced shear
forces upon the long and thin structures produced di-
rectional alignment of the GNRs. After drying, the sub-
strate was washed by a stream of DI water directed in
the same direction as that used for the brushing. The
van der Waals interaction of the GNRs with the SiO, sur-
face was strong enough to retain the nanoribbons on
the substrates.

SEM studies suggest that after 40—50 min of the hy-
drazine treatment, a significant proportion of GNRs
could be found as mono- or bilayer nanoribbons; typi-
cally 3—10% were monolayer and 3—10% were bilayer
nanoribbons of the total number analyzed in a given
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substrate area. The remainders are either multilayer
GNRs or elongated aggregates of several GNRs with a
total width of up to 1 wm and length of up to 20 pm.
Most of the tracked monolayer GNRs had widths of ca.
180—320 nm. The simple brushing technique induced
the alignment of the GNRs on the substrate, as shown in
Figure 1a, where the majority of the GNRs and stacks
have the same orientation. Individual mono- and bilayer
GNRs cannot be seen at such low magnification, but
for them we have observed a similar alignment effect
as well. Such alignment of the GNRs is very useful for
the device fabrication, since only orthogonal litho-
graphic patterns of electrodes are required for making
a large number of devices. Interestingly, other ap-
proaches producing a sufficient shear force also en-
able an alignment of GNRs. For instance, Figure 1b
shows a sample that was prepared by blowing a drop-
let of GNR solution over a Si/SiO, substrate with a
strong flow of nitrogen. Alignment of the GNRs, similar
to the case of paint-brushing, is clearly seen. We antici-
pate that other conventional approaches such as elec-
trophoresis could also be used for the alignment of
GNRes.

We have compared SEM and AFM images for >30
GNRs and found that it is possible to distinguish mono-,
bi-, and multilayer GNRs simply by their appearance in
the SEM images. Monolayer GNRs are half-transparent
to the electron beam, so that their brightness is very
close to that of a substrate; any rare foreign objects,
such as microscratches and nanoparticles, are clearly
visible through the nanoribbons. Most importantly,
monolayered GNRs have their long edges parallel to
each other. These properties of monolayer GNRs are il-
lustrated by Figure 1c—g. The difference in appearance
of mono- and bilayer GNRs is demonstrated in Figure
1 panels h and i, which show the GNRs with coexisting
mono- and bilayer fragments. Bilayer GNRs appear
darker in the SEM images though they are still partially
transparent. Importantly, the top and bottom layers of
bilayer GNRs never perfectly coincide since they origi-
nate from different shells of MWCNTSs. Therefore, mono-
layer portions are always observed in the SEM images
of bilayer GNRs, which ensures their reliable identifica-
tion; this is illustrated by Figure 1j,k. After initial AFM
correlation, mono- and bilayer GNRs can be identified
by routine SEM; no laborious AFM measurements are
required for the height analysis, thereby streamlining
device fabrication. It is difficult to estimate the thickness
of the stacks of GNRs with more than three graphene
layers, appearing in the SEM images as dark nontrans-
parent strips with randomly shaped edges (Figure 11);
they were not considered for electrical measurements.
Figure 1 panels m and n show the images of a fragment
of the same monolayer GNR, obtained by SEM and
AFM, respectively; such pairs of images obtained for dif-
ferent mono-, bi-, and multilayer GNRs were used to
identify the above features. After 40 min of hydrazine
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Figure 1. Images of the hydrazine-reduced GNRs deposited on a Si/SiO, substrate. Low-magnification SEM images of the
GNRs aligned by the paint-brushing technique (a) and by blowing a droplet of GNR solution over a substrate with a strong
flow of nitrogen (b). The alignment of the GNRs in panel a was achieved by simple paint-brushing strokes during drying, as
schematically shown in the inset in panel a; red arrow in panel b shows the direction of the N, flow. Magnified SEM images of
monolayer nanoribbons (c—g), GNRs with coexisting mono- and bilayer fragments (h,i), bilayer nanoribbons (j,k), and a mul-
tilayer stack of GNRs (I). All GNRs in panels c—I had the same orientation on a Si/SiO, substrate; the images were not ro-
tated for this Figure. Arrows in panels h, i, and k show the number of layers in the corresponding areas of the GNRs; the re-
gion in panel k with effective trilayers arises due to the folding of the upper layer in a bilayer GNR. Scale-bars for panels c—I|
are 250 nm, except for panel f at 500 nm. All GNRs in panels c—k have a width of 180—320 nm, they can be up to several
m long, as shown in panels f at 6.1 pum and g at 3.2 pum. (m,n) Images of a fragment of the same monolayer GNR, obtained
by SEM and AFM, respectively. (o) Height profile measured along the black line in panel n.

reduction, the monolayer nanoribbons typically had a tion of the number of layers in the GNR stacks, such
thickness of 0.7—1.1 nm (Figure 10), whereas bi- and analysis prior to the device fabrication should be done
trilayer GNRs were proportionally thicker. The determi-  carefully, without using high acceleration voltages and
nation of the exact number of layers in the thick stacks  unjustifiably long exposures, because a recent micro-
of GNRs by AFM was also challenging due to the uncer-  Raman spectroscopy study revealed that extensive
tainty of the thickness of a single-layer nanoribbon. De-  electron-beam irradiation results in damage to the
spite the convenience of using SEM for the identifica- graphene.®
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Figure 2. Reduction of GONRs and electrical testing. (a) C1s XPS and Raman (inset) spectra and (b) logarithmic IV curves for
the nanoribbons with different degree of reduction. (c,d) Source-drain current (/;4), source-drain voltage (Vg;) and gate volt-
age (V) dependencies (p-doped silicon was used as a back gate) for the same device based on a N;H,;-reduced monolayer

GNRs before (c) and after (d) annealing in H,/Ar at 300 °C for

30 min. The transfer characteristics in the insets were recorded

at the pressure of 107> Torr after <1 h of evacuation; see below for details.

Since GO is known to have poor conductivity, we
used different approaches for the reduction of GONRs.
In addition to the 40—50 min hydrazine treatment (as
we noted, the largest fraction of mono- and bilayer
GNRs was produced at that duration of treatment,
though a higher degree of reduction could be possibly
obtained by longer hydrazine treatment), we have also
employed annealing in Ar/H, atmosphere at different
temperatures. The C1s XPS spectra show the decrease
in the amount of oxygen-containing functionalities in
the GONRs upon reduction (Figure 2a). The peak at
284.8 eV corresponds to the C—C bond, whereas the
overlapping peaks at 286—289 eV correspond to the
carbon in different oxygen-containing functional
groups. As expected, these peaks are still seen after
40—50 min reduction with hydrazine, though their in-
tensity decreased dramatically. After annealing the re-
duced nanoribbons in Ar/H, at 300 °C for 30 min, the
peak at 286.8 eV (C—0 bonds) diminishes, and only a
small shoulder at 288.8 eV is still observed, which prob-
ably corresponds to the edge carboxylic acid moieties.
After annealing the same nanoribbons in Ar/H, at 900

O
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°C for 1 h, the C—C peak at 284.8 eV is the nearly exclu-
sive remaining feature.

The inset in Figure 2a shows the evolution of the Ra-
man spectra of the nanoribbons upon reduction.
GONRs, containing abundant oxygen functionalities, ex-
hibit a D band at 1363 cm ™' and G band at 1594 cm ™'
with comparable intensities. After reduction the /(D)/
I(G) ratio slightly increases, a tendency that was previ-
ously reported for the reduced product of GO.?° This is
not particularly surprising, considering that sp?/sp? ratio
is not the only factor that determines the /(D)//(G) ratio
in carbon materials, and the latter may either decrease
or increase with increasing sp? content, depending on
the initial size and distribution of sp? domains.3 For ex-
ample, such effects of the sp? content on the /(D)//(G)
ratio was observed in the Raman studies of electron-
beam-irradiated graphene.3> Monolayer graphene ob-
tained by micromechanical exfoliation exhibited no D
band. The irradiation resulted in the decreasing crystal-
line quality of graphene and appearance of a pro-
nounced D band, but further amorphization of
graphene upon continuous irradiation was accompa-
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nied by a decreasing /(D)/I(G) ratio.>* In our case the in-
creasing /(D)/I(G) ratio upon the reduction of GONRs to
GNRs suggests that the average size of sp? domains in
GONRs is very small. This conclusion seems to be rea-
sonable, considering the harsh oxidative conditions in
which GONRs are produced, and also the fact that even
in the reduced GO materials the sp? domains are also
typically considered to be on the order of a few nano-
meters.3' Another factor affecting the /(D)//(G) ratio in
the Raman spectra of GO materials, is the possible pres-
ence of nanoscopic holes in the basal planes of GO
and GONRs caused by the oxidative treatment of graph-
ite or MWCNTSs, respectively. It was demonstrated by
micro-Raman spectroscopy that even graphene flakes
prepared by micromechanical cleavage can exhibit a
pronounced D band due to the edge effect.3”3® Obvi-
ously, for GO material with nanoscopic holes, such edge
effects would remain even after reduction since the
holes would still exist.

All of the reduction conditions resulted in increased
conductivity of the GNRs. Individual GNRs, mostly with
mono- or bilayers, aligned on a silicon wafer (heavily
doped p-type Si with 200 nm thermal SiO, layer), had
Pt electrodes fabricated on top of them by standard
e-beam lithography wherein the electrodes were de-
posited orthogonal to the paintbrush stroke direction.
In a typical device, a GNR bridged two electrodes sepa-
rated by 350—400 nm and the p**-Si was used as a
back gate. Exploiting the ease of device fabrication us-
ing MWCNT-unzipped GNRs, >300 of these two-
terminal devices were obtained and the device statis-
tics recorded. Figure 2b shows IV curves for the devices
based on monolayer GNRs with different degrees of re-
duction; each curve is the average of =20 similar de-
vices. The increase in conductivity after each reduction
step is further illustrated by Figure 2 panels c and d,
which display the electrical properties for the same de-
vice based on a N,H,-reduced monolayer nanoribbon
before (Figure 2c) and after (Figure 2d) annealing in
H,/Ar at 300 °C for 30 min. The electrical properties of
the annealed devices were qualitatively the same
though their conductivity increased by 10—100-fold
after annealing.

To determine the highest conductivity of the GNRs,
we fabricated four-terminal devices based on mono-,
bi-, and trilayer GNRs annealed in H,/Ar at 900 °C for 1 h
(see the schematic in Figure 3a). In such a configura-
tion we could employ the four-probe method to elimi-
nate the contact resistance effect and also study the
field-effect by using the p-doped Si as a back gate. The
SEM image of a typical device based on a monolayer
GNR is shown in Figure 3b. Figure 3c shows the results
of the four-probe measurements for a typical device
based on a monolayer GNR. The device exhibits an am-
bipolar field effect typical for graphene.' 3 We have ob-
served the same qualitative behavior for the devices
based on bilayer GNRs, though their conductivity was
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significantly higher. The comparison of the conductivi-
ties of mono-, bi-, and trilayer GNRs is shown in Figure
3d. At least 20 nanoribbons of each group were tested.
We have found that the average conductivity of the re-
duced monolayer GNRs is 35 S/cm, which is significantly
higher than 0.02—2 S/cm reported for reduced GO.*!
This result is surprising, considering the fact that both
these GNRs and the reduced GO sheets are obtained by
similar oxidative chemistries. However, it could be pos-
sibly explained by the fact that hydrogen plasma in-
stead of high-temperature annealing was used in the
work of ref 31 to achieve the highest degree of reduc-
tion. We have also found that bilayer nanoribbons are,
on average, >2X more conductive than monolayer
nanoribbons, featuring an average conductivity of
~115 S/cm. This large difference in conductivity be-
tween mono- and bilayers was previously reported for
the exfoliated graphene and reduced GO sheets,*' and
was attributed to the strong interaction between the
bottom layer and the SiO, substrate.'%313%4% |nterest-
ingly, the addition of the third layer also does not re-
sultin a linear increase in conductivity; trilayer GNRs ex-
hibit an average conductivity of ~210 S/cm, which
suggests that the conduction of the top layer in a bi-
layer nanoribbon is also somewhat suppressed. This can
be rationalized, in part, by the fact that the top and bot-
tom layers of bilayer GNRs never perfectly coincide
since they originate from different shells of MWCNTSs,
and therefore a significant part of the top layer is also
in contact with the substrate. This effect is illustrated by
Figure 3e/f. Figure 3e shows the SEM image of the elec-
tronic device based on hydrazine-reduced bilayer GNR.
Figure 3f shows the same image, where the long edges
of the different layers of the GNR are conveniently
shown by red and yellow dashed lines (note that for
each layer the long edges are nearly parallel). From this
SEM image it is impossible to conclude which of two
layers is the top and which is the bottom. However,
whichever layer is on top, it has a significant portion in
contact with the Si/SiO,, for which the conductivity
should be suppressed due to the interaction with the
substrate.

Interestingly, we discovered that the appearance of
the transfer characteristics strongly depends on the du-
ration of the evacuation time in the probe station.3*
This effect is illustrated in Figure 3g where several trans-
fer characteristic curves for the same monolayer nano-
ribbon device are plotted as a function of the evacua-
tion time at 107> Torr. The first measurement (black
squares in Figure 3g) was performed a few minutes
after the evacuation was started, showing that the GNR
is a p-type semiconductor. However, as the evacuation
continued, the device started exhibiting an ambipolar
field effect, as the hole conductivity decreased and elec-
tron conductivity increased. After 12 h of evacuation,
the hole conductivity was still higher than the electron
conductivity, but as the trend continued for 2 d, the
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Figure 3. Electronic properties of GNRs reduced in Ar/H, at 900 °C for 1 h. (a) Schematic of the electrode arrangement on a
GNR. (b) SEM image of a typical four-terminal device based on a monolayer nanoribbon. The bright horizontal strips are Pt
electrodes and the faint orthogonal vertical line is the GNR. (c) Current—voltage (/;4—V;q) and transfer characteristics (/sa—V,)
for a typical monolayer nanoribbon, recorded in four-terminal geometry. The source—drain distance is 500 nm and the
width of the nanoribbon is 250 nm. (d) Logarithmic plot of the conductivity of the GNR devices versus the number of lay-
ers. Circles show the experimental data points (=20 for each set of data); squares show the mean values. (e) SEM image of
the electronic device based on hydrazine-reduced bilayer GNR. (f) The same SEM image as in panel e with the long edges of
the different layers of the GNR shown by red and yellow dashed lines. The darker part in the middle of the GNR is the re-
gion where the top and bottom layers overlap. (g) The effect of chemical doping on the transfer characteristics of a mono-
layer GNR. The /;4—Vj curves were recorded a few minutes after pumping down the probe station chamber (M) and then at
the pressure of 10~° Torr after 12 h (red circle), 24 h (green triangle), 48 h (blue down triangle) and 72 h (turquoise diamond)
of pumping. The inset shows the same effect for another device to better illustrate the shift of the neutrality point; the I4—V
curves were recorded at the pressure of 107> Torr after 1 h (H) and 48 h (red circle) of pumping. The measurements of panel
g were done in two-probe geometry.

transfer characteristic curve became more symmetri- Vi), but Ve shifts to more negative gate voltages (see
cal. This effect is completely reversible, since the de- Figure 3g and the inset therein) with the desorption of
vice again shows p-type behavior after exposure to am-  the acceptor molecules from the GNR surface; this is
bient conditions. This can be explained by adsorption also in accord with previously reported data for exfoli-
of acceptor molecules, such as water and oxygen from  ated graphene.***2 The reversibility of the field effect

the air, onto GNRs and their gradual desorption in suggests that the GNR devices may prove useful for
vacuum.*? Interestingly, this adsorbate-induced making ultracompact gas sensors.

p-doping does not significantly alter the conductance Recently it has been reported that two-terminal de-
at the neutrality point (minimum conductance point, vices, where conductive carbon materials such as
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monolayer graphene® or CVD-grown carbon**4°
bridges two electrodes, can act as nonvolatile memo-
ries. These carbon layers first undergo electrical cleav-
age at a relatively high voltage, which results in a forma-
tion of a small (a few nm wide) crack across the carbon
material; the conduction through this junction could be
further modulated by applying certain electrical
pulses.*3~% Similar memory behavior was observed
here for the GNR devices. The inset in Figure 4 shows
that the device based on a N,H,-reduced few-layer
(greater than three layers) GNR undergoes voltage-
induced cleavage at ~8 V, which results in a formation
of a crack across the nanoribbon and expansion of the
upper graphene layers. Similar behavior was also ob-
served for the two-terminal devices based on mono-
and bilayer GNRs. Figure 4a shows that after that elec-
trical cleavage event, the device has low conduction,
which then abruptly increases at ~3.5 V and drops at
5 V; the forward and backward scan /—V curves do not
retrace each other as the device ends the double volt-
age sweep in a high-conduction state, exhibiting an
ON/OFF ratio of >10°. The high- and low-conduction
states of device can be achieved through the voltage
pulses in the “Write” and “Erase” regions, respectively;
the potential working ranges of reading, writing, and
erasing are indicated in Figure 4a. Figure 4b shows that
the device could be subjected to 1000 “write—10
reads—erase— 10 reads” cycles with no observable
change in its performance, attesting to its cyclic
endurance.

In summary, we have demonstrated a significantly
streamlined fabrication process for GNR devices by us-
ing GNR solutions from unzipped carbon nanotubes.
With the available shear-force alignment techniques,
numerous graphene-based FETs, sensors, and memo-
ries can be fabricated on a single chip. This provides sta-
tistically relevant device assessments and insights into
multilayering properties on conductance and the pro-
found effects that atmospheric adsorbates have upon
the transfer characteristics of graphene. The electrical
conductivity of the reduced nanoribbons is much lower
than that of the exfoliated graphene sheets but compa-
rable or higher than for the reduced GO. Recent refine-

EXPERIMENTAL SECTION

Synthesis of GONRs. MWCNTSs were used as received from Mit-
sui & Co. (lot no. 05072001K28). The GONRs were prepared ac-
cording to ref 24 where 5 g of KMnO, was used for each 1 g of
MWCNTs. The concentration of KMnO, in H,SO, was 0.5 wt %/vol
(weight of KMnO, to volume of H,S0,) as originally reported.'
Caution: Do not exceed ~0.5 wt %/vol. It is reported that at much
higher concentrations, namely 7 wt %/vol KMnO, in H,SO,, the mix-
ture can explode upon heating.*®

Reduction of GONRs. The GONRs were dissolved in a water solu-
tion of 1 vol % conc. NH,OH and 1 vol % N,H, - H,O. Caution: Hy-
drazine is extremely corrosive and should be handled with care in
an appropriate fume hood. The solution was covered with a thin
layer of silicon oil and then heated at 95 °C for 40—50 min. Fur-

www.acsnano.org

Read | Write ¥ Erase

-V
—_

3 4
Vsd [V]
lErase (7V 1ps) 1000lh Erase[

’ | ]\

10-19] 1 \ J

\
| \ I
3 .l J L - J J ~
1012 ante 45V, 1ps) v \.‘
0 50 100 11900 12000
Operations

Figure 4. Two-terminal memory properties of a GNR device.
(a) Logarithmic /—V curve of the device based on a N;H;-
reduced few-layer GNR after voltage induced cleavage of
the carbon layer; the high- and low-conductance states of
device can be achieved through voltage pulses in the
“Write” and “Erase” regions, respectively. After writing or
erasing, the state of the system is recorded in the “Read”
voltage region. The inset shows SEM images of the device
before and after electrical cleavage at ~8 V. The scale bars
are 300 nm. (b) The cyclic endurance of the same device:
pulses of +4.5V and +7 V for 1 ps were used for writing
and erasing, respectively. After each write/erase operation,
the device current was consecutively read at +1 V 10 times.
After 1000 cycles of write—read (10x)—erase—read (10x)
operations, the memory showed no degradation of its
ON/OFF current readings of >10°.

ments in the synthetic procedure for unzipping nano-
tubes might provide GNRs with diminished oxidative
damage and thereby enhanced electrical properties.?

ther reduction was achieved by annealing the nanoribbons de-
posited onto Si/SiO, substrates in Hy/Ar (1:1, < 1 atm) atmo-
sphere at 300—900 °C for 15—60 min.

Device Fabrication. For the alignment of GNRs on a Si/SiO, sub-
strate, a droplet of a dilute solution of GNRs was put onto the
substrate and spread over it by repeating unidirectional (away
from the painter) strokes of a soft paintbrush while drying.
After drying, the substrate was washed by a strong stream of DI
water in the same direction as the brushing had occurred. Fabri-
cation of graphene devices was performed by tracking indi-
vidual GNRs on the surface of highly doped Si substrates, cov-
ered with 200-nm-thick dielectric SiO,, by SEM (JEOL-6500
microscope), and followed by patterning of 20-nm-thick Pt con-
tacts by standard electron beam lithography.
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Sample Analysis. SEM imaging was performed on a JEOL-6500

field-emission microscope. AFM images were obtained with a
Digital Instruments Nanoscope llla, operating in tapping mode,

using Si tips n-doped with 1—10 Qcm phosphorus (Veeco, MPP-

11100-140) at a scan rate of 0.5 Hz and a resolution of 512 X
512. XPS was performed on a PHI Quantera SXM scanning X-ray

microprobe. Raman spectroscopy was performed on a Renishaw

Raman microscope using a 633-nm HeNe laser. The electrical
transport properties were tested using a probe station (Desert
Cryogenics TT-probe 6 system) under vacuum with chamber
base pressure below 107° Torr. The IV data were collected by
an Agilent 4155C semiconductor parameter analyzer.
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