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Reducing disorder in graphene nanoribbons by chemical edge modification
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We present electronic transport measurements on etched graphene nanoribbons on silicon dioxide
before and after a short hydrofluoric acid (HF) treatment. We report on changes in the transport
properties, in particular, in terms of a decreasing transport gap and a reduced doping level after HF
dipping. Interestingly, the effective energy gap is nearly unaffected by the HF treatment. Additional
measurements on a graphene nanoribbon with lateral graphene gates support strong indications that
the HF significantly modifies the edges of the investigated nanoribbons leading to a significantly
reduced disorder potential in these graphene nanostructures.

PACS numbers: 777

A major challenge for implementing semiconductor
device-concepts in graphene is the absence of an en-
ergy gap. This problem can be circumvented by etching
nanostructures in bulk graphene, which introduces a size-
dependent effective energy gap, as observed in a number
of experiments on graphene nanoribbons (GNRs) [1-13].
The transport properties of these nanoribbons appear
however to be heavily influenced by disorder and local-
ized states [6-10]. The main contributions to disorder
are most likely due to: (i) interaction with the substrate,
(ii) edge roughness (including dangling bonds or chemical
edge modifications) and (iii) impurities on graphene. The
latter problem can be addressed by annealing techniques.
Substrate induced disorder can be strongly reduced by
placing graphene on hexagonal boron nitride (hBN).
However, while this significantly improves the proper-
ties of bulk graphene [14-16], graphene nanostructures
on hBN have shown very similar transport characteris-
tics compared to those on silicon dioxide (SiO2) [17, 18].
Very similar findings have also been made for suspended
graphene nanoribbons [19, 20]. These measurements pro-
vide strong indications, that edge roughness is the domi-
nant contribution to disorder in graphene nanostructures,
limiting their transport properties. These observations
are also consistent with the improved transport proper-
ties of nanoribbons made from unzipping carbon nan-
otubes [3, 21], where cleaner edges are expected. Edge
modifications of etched graphene nanostructures might
therefore be a very important route for improving the
transport properties of these devices.

Here, we present electronic transport measurements on
etched GNRs before and after a short treatment with
lowly concentrated hydrofluoric acid (HF). A short etch-
ing time is chosen to have only chemical interaction of
the HF with the edge of the GNRs without actually sus-
pending the structure. We investigate several devices
and, for each of them, compare the transport properties
before and after the HF treatment. We show that the
transport gap as well as the doping level are significantly
reduced by the HF dip, while the effective energy gap is
roughly unaffected. Moreover, we consider the effects of
side gates on a nanoribbon that underwent a HF dip. By
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FIG. 1.  (a) Illustrations of fabrication and measurement
steps: Patterning the GNRs by Ar/O; plasma, conductance
measurements and HF dipping. (b) SFM image of an array
of etched GNRs before contacting. The length of the GNRs
are 500 nm and the width vary between 40 and 80 nm. (c) A
SFM image of the same structure after metal contacting and
HF dipping. (d) Cross sections of the SEM images above, (see
dashed lines in panels (b) and (c)), showing the GNRs height
before (black) and after (brown) HF treatment. A horizontal
offset of 300 nm is added for clarity.

comparing the results from similar samples, which have
not been exposed to HF, we gain strong indications that
edge modification plays a major role in the HF treatment.

The graphene samples have been fabricated by me-
chanical exfoliation of natural graphite. Graphene flakes
are deposited onto 285 nm thick SiO3 on a highly p-doped
Si substrate and their single-layer nature is confirmed by
Raman spectroscopy [22]. For structuring GNRs, an etch
mask of polymethyl methacrylate (PMMA) resist is pat-
terned by electron beam lithography (EBL) and uncov-
ered graphene is removed by reactive ion etching based
on an Ar/Os plasma (see illustrations in the top-panels
of Fig. 1(a)). A scanning force microscope (SFM) image
of several etched GNRs is shown in Fig. 1(b). Contacts
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FIG. 2. (a) and (b) Back gate characteristics at Viias =

300 pV of a GNR of width w = nm before (a) and after (b)
HF dipping. The red curve shows the raw data and the black
curve represents a running average over 0.5 V. (¢) Color plot
of differential conductance dI/dV as function of source-drain
bias and back gate voltage before (left) and after (right) HF
dipping. These data correspond to a nanoribbon of width w =
30 nm. (d) High resolution Coulomb diamond plot of a GNR
of width w = 50 nm. Dashed lines represent an estimate of the
diamonds for the lever arm analysis. All devices considered
in this figure have the same length [ = 500 nm.

have been made by a second EBL step based on PMMA
resist, metal evaporation (5 nm Cr/50 nm Au) and a
standard lift-off. After a first electrical characterization
of the individual GNRs, the samples are dipped in 1%
HF solution for 20 s and cleaned with deionized water.
Fig. 1(c) shows a SFM image of the same GNRs as in
Fig. 1(b) after contacting and HF dipping. The HF etch-
ing approximately removes 3-5 nm of SiOs, which is not
leading to suspended nanoribbons. A cross-section of the
data of Figs. 1(b)-(c) along the indicated dashed lines is
shown in Fig. 1(d). The observed step height difference
of about 2-3 nm is consistent with the expected etching
rate.

To investigate the effects of the HF treatment, we per-
form transport measurements before and after HF dip-
ping on the same devices. All transport measurements
are carried out in a pumped “He system at T ~ 1.4 K
in He atmosphere. The current through a nanoribbon is
measured by applying a dc bias voltage symmetrically to
source and drain. The differential conductance is mea-
sured directly using low-frequency lock-in techniques by
adding a small ac bias of 100 V. The highly doped silicon
substrate is used as a global back gate (BG) for tuning
the carrier density in the nanoribbons.

There are two relevant quantities that characterize the
transport through a GNR. One is the so-called trans-
port gap AVye, which is the region of back gate voltage

where the low-bias conductance is strongly suppressed.
The other is the effective energy gap E,, which is the
maximum range of suppressed conductance in bias volt-
age direction. Finally, another important observable is
the charge neutrality point V¢, which is defined as the
center of the transport gap, and is related to the doping
level of the sample.

These three quantities are affected differently by the
HF treatment, as illustrated in Fig. 2. The transport
gap AVyg is strongly suppressed after the HF dipping,
see Figs. 2(a) and 2(b). Here we show low-bias conduc-
tance as function of back gate voltage V4, recorded on a
nanoribbon with a width of 60 nm and a length of 500 nm
before (Fig. 2(a)) and after (Fig. 2(b)) HF dipping. Both
measurements exhibit an ambipolar transport character-
istic, where the transport gap AVi,, separates the hole-
(left) from the electron-dominated (right) transport re-
gion. Quantitatively estimating AVye [23], we obtain
AVpe = 18.3 V before and AV, ~ 2.8 V after HF treat-
ment, i.e. the transport gap is reduced roughly by a
factor of 6. Together with this suppression, the charge
neutrality point V., is shifted closer to zero BG voltage,
indicating a reduction of doping after HF dipping. In
addition, the overall conductance level is changed, which
we mainly attribute to an increase of the contact resis-
tance due to oxidation of the chromium adhesion layer in
ambient conditions during the additional processing.

The effective energy gap F,; of a nanoribbon can
be extracted by measuring the differential conductance
(dI/dV') as function of source-drain and BG voltage, as it
corresponds to the maximum span in bias direction of the
region of strongly suppressed conductance, see Fig. 2(c).
Interestingly, the value of the effective energy gap Eg
is approximately the same before and after HF dipping.
This observation contrasts to the behavior of the trans-
port gap and the doping level which, also for this device
(width 30 nm, length 500 nm), shows a significant sup-
pression after HF treatment.

To understand the effects of HF treatment, another im-
portant quantity to consider is the back gate lever arm «
which is a measure for the capacitive coupling of the BG
to individual charge islands in the nanoribbon [6]. This
can be extracted by analyzing the slope of the edges of
the Coulomb diamonds that characterize the regime of
suppressed conductance [9]. These diamonds are clearly
distinguishable in high-resolution close-ups of the differ-
ential conductance dI/dV, see Fig. 2(d). A systematic
analysis of similar measurements on a number of different
nanoribbons before and after HF dipping gives an aver-
aged lever arm ap ~ 0.21 before and a4 ~ 0.24 after HF
treatment [24]. These values are consistent with earlier
measurements on similar structures [9, 10, 13] and clearly
indicate that the electrostatic coupling to the back gate
is not affected significantly by the HF treatment. This
allows to associate the observed reduction of the trans-
port gap AV, to a suppression of the disorder potential
in the nanoribbon after HF dipping.

In Fig. 3 we summarize measurements similar to those
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FIG. 3. Results from the measurements of several GNRs [length { = 500 nm (filled symbols) and [ = 200 nm (open symbols)],
before and after HF dip. (a) Effective energy gap Eg before and after HF dip. The data are fitted with the two-parameter model
of Sols et al. [25], Fg(w) = a/w - exp(—bw). For our data we find ¢ = 2.2 eV nm and b = 0.021 nm™", in good agreement with
earlier observations [26]. (b) Transport gap AV, before and after HF dip. In agreement with Ref. [9], AVh, is approximately
proportional to Eg, i.e. AVig(w) = By(a) - Eg(w), with 8, = 0.64 V/meV before the dip (black line), and 8, = /6 after the
dip (red dashed-line). Interestingly, By coincides with the value of Ref. [9]. (c) Position of the charge neutrality point Ve, with

respect Vpg=0 V before and after HF dip.

shown in Fig. 2 for a number of nanoribbons with dif-
ferent widths. Again, we observe that the effective en-
ergy gap is almost unchanged after the HF treatment,
while the transport gap is significantly suppressed and
the charge neutrality point is shifted towards zero back
gate voltage. Note that also the scattering of the data
points in Figs. 3(b)-(c) is significantly reduced for sam-
ples that underwent HF dipping. All these observations
point to the conclusion that the HF treatment promote
a significant suppression of the disorder potential in the
nanoribbon. In fact, earlier observations [17] suggests
that the transport gap AV is sensitive to microscopic
details of the edge disorder, which is in turn related to
doping and to the presence of localized states. Vice versa,
the effective energy gap Ej, is expected to be only weakly
affected by disorder, as it is related to the charging en-
ergy of the smallest charge island along the GNR, [6, 7]
and it is primarily set by the width of the nanoribbon
itself [25].

In principle, there are (at least) three possible ways
in which HF dipping can affect the disorder potential of
graphene nanoribbons: (i) it may remove impurities from
the GNRs and their surroundings and by that, lowering
the doping and the disorder level; (ii) it might reduce the
surface-induced disorder by modifying the graphene-SiO»
interface; and (iii) it might alter the edges of the nanorib-
bons. However, it is known from suspended graphene
devices that such HF cleaning is not very efficient, since
advanced annealing techniques are required to obtain low
doping and high charge carrier mobilities [27, 28]. TIm-
provements of the graphene-substrate interface are also
not expected to account for the significant reduction
of the transport gap observed in our experiments, as
the conduction properties of narrow GNRs have shown
little enhancement even on high-quality hBN [17, 18].
This makes a modification of the edges of the graphene
nanoribbons a primary candidate to explain the effects
we observe.

Further indications of the influence of the HF treat-
ment on the edges of the nanoribbons come from mea-
surements on a GNR with lateral side-gates shown in
Fig. 4(a). In Fig. 4(b) the conductance of a device, that
was exposed to HF treatment, is shown as a function of
the voltage applied to the back gate, 4,; and to the side
gates Vig = Vg1 = Viga. The data show the cross-over
from hole (lower left hand corner) to electron-dominated
transport (upper right hand corner), separated by the
transport gap of strongly suppressed conductance (dark
area). In this region distinct resonance lines are clearly
distinguishable, which are due to individual islands in
the nanoribbon (see arrows in Fig. 4(c)). The slope
of these features is a measure of the relative lever-arm
of the back gate and side gates acting on the islands,
arel = Chg/Csg. In striking contrast to what has been ob-
served in similar measurements on non-HF-treated GNRs
(see e.g. Fig. 4(b) in Ref. [5]), our experiment shows
Qrel 1S non-constant over the considered voltage range.
Around W,y = 0 V, we estimate ape1 ~ 0.84 (which is
comparable with the value of 0.52 found in Ref. [5]),
while for more positive or negative V4, the relative lever
arm is reduced to aye; = 0.05. This behavior indicates
that the capacitive coupling of the side gates to the is-
lands in the nanoribbon has a contribution that depends
on the BG voltage, Csg(Vig) = C’E%) + C'b(gQ)(ng)7 see
Fig. 4(e). In Fig. 4(d) we show the relative lever arm
oyl as function of BG voltage for Ve = 0 V, and we
consider Cs(g) (Vie) = Co[1—1/(1+~Vi3,)] to describe our
data points. Noticeably, using this simple model and the
values for Cy and v extracted from estimating e [29]
at Vig = 0 V, we are able to qualitatively describe the
behavior of the conductance in the whole voltage range,
as shown by the inset in Fig. 4(d).

The different behavior of the sample of Fig. 4 with
respect to nanoribbons that were not HF-treated [5], is
most likely due to edge modifications caused by the HF



G (e%h)

FIG. 4.

—_
(=}

-
N

Lever arm o
o
(&)}

Mt

10 15 20 60 40 20 0 20
Vg (V) Vg (V)

(a) SFM image of a graphene nanoribbon with side gates (scale bar of 200 nm). The GNR is about 80 nm wide and

120 nm long. The graphene side gates (SG1 and SG2) are approximately 40 nm separated from the nanoribbon. (b) Color-scale
plot of the conductance of the nanoribbon after HF dipping as function of back gate and side gate voltage. White dashed lines
indicate the relative lever arm in two different regions. (c) Close-up of the region highlighted by the white box in panel (b).
(d) Relative lever arm ayel as a function of BG voltage for Vsz=0 V. Solid line is based on a model of two parallel capacitances
(see text). Inset: Modeled conductivity of o(Vig, Vag) = € - n(Vig, Vig) - it in arbitrary units (constant mobility ). The charge
carrier density has been modeled as n(Vig, Vsg) = ao[Vbg + arel(Vig) - Vig], with constant ap. (e) Schematic illustration of the

capacitance model.

dipping. In fact, the density of states (DOS) in the
near vicinity of the Fermi level is expected to get sig-
nificantly altered, when hydroxyl (-OH) and oxygen (-O)
terminated graphene is, at least partially, substituted by
fluorine (-F) terminated graphene, which is likely to be
favoured by the HF treatment [30-32]. By first-principle
calculations it has been shown that replacing -OH and
-O by -F terminations leads to a significant reduction of
states near the Fermi level. This reduction is mainly due
to an extra electron provided by fluorine, which satu-
rates the dangling carbon bonds along a zigzag edge [32].
Such a reduced DOS near the Fermi level may indeed, (i)
cause an overall reduced disorder potential as discussed
in Fig. 3 and (ii) reduce the charge accumulation near the
graphene edges. This results in tunable screening prop-
erties, allowing for a gate-controllable side-gate coupling.

Please be aware that a microscopic understanding of
the edge modification and the origin of such a tunable
side-gate coupling Cys(Vig) is still missing and requires
further investigations. This may also be important for
obtaining a higher yield in the presented process (see
Fig. 3(b)).

In summary, we investigate etched graphene nanorib-
bons before and after a short HF treatment. We ob-
serve changes in the transport properties in terms of a
decreased transport gap and a reduced doping level, but
a nearly unaffected effective energy gap. The observa-
tions can be interpreted as a reduction of the disorder
potential, whereas the width of the nanoribbon is still
dominating the effective energy gap. Measurements on a
side gated nanoribbon support indications that nanorib-
bon edge modifications play a very crucial role. Although
the mechanism behind this effect is related to the HF so-
lution further details remain unknown. Advanced local
experimental techniques and improved chemical routes
are required for characterizing and improving the under-
standing of the graphene edge properties.
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