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Fabrication of large addition energy quantum dots in graphene
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CIN2 (CSIC-ICN) Barcelona, Campus UAB, E-08193 Bellaterra, Spain
(Received 31 July 2009; accepted 15 September 2009; published online 28 October 2009)

We present a simple technique to fabricate graphene quantum dots in a cryostat. It relies upon the
controlled rupture of a suspended graphene sheet subjected to the application of a large electron
current. This results in the in situ formation of a clean and ultranarrow constriction, which hosts one
quantum dot and occasionally a few quantum dots in series. Conductance spectroscopy indicates
that individual quantum dots can possess an addition energy as large as 180 meV. Our technique has
several assets: (i) the dot is suspended, thus the electrostatic influence of the substrate is reduced,
and (ii) contamination is minimized, since the edges of the dot have only been exposed to the
vacuum in the cryostat. © 2009 American Institute of Physics. [doi:10.1063/1.3243690]

Graphene can be seen as a giant, flat molecule whose
shape can be tailored by means of standard micro-fabrication
techniques. One long term goal is to structure graphene
down to a small molecule, such as a benzene ring, connected
to two graphene electrodes. A significant step in this direc-
tion has been achieved with the fabrication of chains of car-
bon atoms using the electron beam of an electron microscope
to knock off the atoms of a graphene sheet.' Top-down fab-
rication strategies to structure graphene represent an original
approach to realize devices in molecular electronics. Indeed,
studying charge transport across molecules has so far been
relying on a bottom-up approach, whereby the molecule un-
der study is typically synthesized via chemical means and
later on placed between two large metal electrodes. In this
configuration, the contacted molecule often acts as a quan-
tum dot, and the addition energy E,4; needed to add one
electron has been measured to be 100-400 meV.>™

In this letter, we present a technique to fabricate quan-
tum dots out of a graphene sheet, under high vacuum and at
low temperature in a cryostat. It is based on the controlled
rupture of a suspended graphene sheet subjected to a large
electron current, resulting in the formation of a quantum dot
with an addition energy as large as 180 meV. Even though
this energy is large, simple estimates show that the size of
the quantum dot is of the order of 10 nm, that is the size of
a large molecule.

We start with a description of our fabrication process.
Our substrates are highly doped silicon wafers coated with
440 nm of thermal silicon oxide. We thoroughly clean the
oxide surface in ozone in order to remove adsorbed hydro-
carbon chains. Shortly afterwards, we deposit graphene
sheets on the oxide surface using the scotch tape technique.6
We identify single layer graphene sheets among thicker
flakes by measuring the reflected light intensity using the
blue channel of a charged coupled device camera mounted
on a Nikon optical microscope. We reduce the width of the
middle region of the graphene sheet down to ~200 nm us-
ing electron beam lithography (EBL) followed by reactive
ion etching in oxygen [see white contour in Fig. 1(b)]. We
pattern source and drain electrodes by EBL and Cr/Au ther-
mal deposition. At this point, we remove contamination by
annealing the device at 300 °C in flowing Ar/H, for a few
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hours. We then suspend the graphene sheet by removing the
oxide in an aqueous solution of hydrofluoric acid [Fig. 1(a)].
We expect that, by this stage of the process, only those oxide
regions that are masked by graphene sheets have remained
hydrocarbon-free (owing to the ozone treatment), and thus
hydrophilic. As a result, the etching solution can rapidly dif-
fuse between graphene and the oxide surface. This guaran-
tees that even large graphene sheets are freely suspended.
The oxide etched away, we critical point dry the device. Dur-
ing this fabrication step, the sheet is always observed to fold
on each side of the constriction [compare white contour be-
fore wet etching with the actual shape of the sheet in Fig.
1(b)].

At T=15 K and under high vacuum (<107% mbar), we
employ the current-induced cleaning technique7 to remove
adsorbates off the surface of the graphene sheet, which re-
duces extrinsic doping. A two-point measurement of the con-
ductance as a function of the bias applied to the silicon sub-
strate (backgate bias V) shows a conductance minimum
close to zero V, for some devices [top curve in Fig. 1(e)].

Passing a larger current between the source and drain
electrodes drives the device to near mechanical rupture and
forms an ultranarrow constriction [see arrow in Figs. 1(c)
and 1(d)]. Depending on the width of the patterned middle
region, rupture is observed for currents ranging from 100 to
200 uA, consistent with the tg/pical breakthrough current of
graphene of about 1 wA/nm.” The rupture occurs in the vi-
cinity of the patterned middle region: the reduced cross sec-
tion ensures that the current density is largest, which favors
the rupture. Upon reaching maximum current, the conduc-
tance exhibits large jumps.(’)’IO As soon as the conductance
falls to a fraction of its low current value, a computer con-
trolled feedback loop takes the current back to zero within
~10 ms. The lower conductance is consistent with the for-
mation of a narrower constriction.

Following this large current treatment, we find that the
low source-drain bias conductance G of the graphene sheet
oscillates as a function of backgate bias V, [Fig. 1(e)]. Mea-
suring the differential conductance dI/dV as a function of
source-drain bias V and V, can yield well defined Coulomb
diamonds for some devices, which indicate the presence of
electron charging islands'' in the ultranarrow constriction.
Figures 2(a) and 2(b) display typical examples of such Cou-
lomb diamonds, measured in two different samples at T
=10 K. In Fig. 2(a), the almost constant width of the dia-
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FIG. 1. (Color) (a) Schematic of our device, showing a suspended graphene
sheet contacted by source and drain electrodes. (b) Scanning electron mi-
croscope image of the device (top view) before rupture of the graphene
sheet. The white contour indicates the shape of the sheet measured by
atomic force microscopy prior to oxide removal. The edges of the sheet fold
during fabrication of the suspended device. [(c) and (d)] A large current
induces a rupture of the sheet (arrow), shown here for two samples. In (d)
the sheet is shown to break and then fold. (e¢) Two-point conductance vs
backgate bias at T=10 K, before (blue trace) and after (red trace) breaking
of the sheet. Note the two conductance scales. For this device, conductance
oscillations are not periodic, and the stability diagram (not shown) suggests
the presence of SET’s in series.

monds (along the backgate bias axis), their constant slopes
(highlighted by red lines), and the fact that diamonds are
closed, all indicate the presence of one single electron island
in the ultranarrow constriction. In the Coulomb blockade re-
gime, the diamonds height along the V-axis is a measure of
the energy E,4q to add one charge carrier to the island. In
Fig. 2(a), E,qq=20 meV. In Fig. 2(b), we measure a strik-
ingly large E,qq of ~180 meV. This value is nearly one
order of magnitude larger than E, 44 in graphene single elec-
tron transistors nanofabricated so far.'® Our fabrication
technique has a reasonable yield: out of seven devices stud-
ied, three exhibited single-electron transistor (SET) behavior
over the range of backgate biases explored, two showed sig-
natures of a series of SET’s, one exhibited a particularly
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FIG. 2. (Color) Differential conductance dI/dV as a function of source-
drain bias V and backgate bias for two samples (a) and (b) at T=10 K. Red
lines are guides for the eye.

large I(V) gap of ~700 mV at T=10 K (which at present is
not understood), and one failed during the high current
treatment.'’

Figure 2(b) shows additional conduction channels that
appear at larger V as dI/dV resonances running parallel to
the diamond edges. Figure 3 shows dI/dV curves as a func-
tion of V, at various values of V and at a bath temperature of
50 mK for the same sample. The energy spacing between
consecutive conduction channels, given by V at the onset of
a dI/dV resonance, is 6E=25 meV. These resonances are
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FIG. 3. (Color) Differential conductance dI/dV traces, offset for clarity, as a
function of backgate bias and at various source-drain biases V at
T=50 mK for the sample of Fig. 2(b). dI/dV resonances indicated by ar-
rows are presumably related to excited states.
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FIG. 4. Proposed potential landscape giving rise to OD confinement. The
ultranarrow constriction opens a gap at the Dirac point. On top of this gap,
a fluctuating potential defines the quantum dot.

suggestive of transport mediated by excited states in the dot.
Indeed, strong spatial confinement gives rise to a spectrum of
zero-dimensional (0D) levels that host excited states above
the lowest available quantum level (ground state).'®"

We can obtain a rough estimate for the size d of our
quantum dot in Fig. 2(b) using the measured addition energy
E,qq Using the disk model, d=e?/(4€,Ec) =24 nm, where
€ is the vacuum permittivity, and assuming that the charging
energy E-~=F, 4. Another estimate can be obtained by com-
paring E,4q to values measured by others for graphene dots
of various sizes, assuming similar capacitive couplings.
Ponomarenko et al.,'” studied several graphene quantum dots
whose diameters range from 40 to 250 nm. When we plot
their measured E,4q as a function of dot diameter d, we find
that E,44 scales roughly as E,qq3=500 meV-nm/d. Assuming
that E,qq is predominantly given by the charging energy E.
and taking into account that the average dielectric constant
felt by the suspended graphene sheet in our configuration is
about twice smaller, we estimate that the diameter of our
quantum dot is ~6 nm. Overall, our dot size is on the
~10 nm scale. Finally, we estimate the number N of charge
carriers in the graphene dot assuming a disk of diameter d
=10 nm and provided that SE=25 meV, which reads N
=(hvp/dSE)*=10."> Surprisingly, this indicates a very large
charge density of ~10'*/cm?. Such a large density may
originate from chemical doping by molecules™ (still present
under high vacuum) that have interacted with the dangling
bonds at the edges of the dot.

We now comment on a possible mechanism driving the
formation of our quantum dots. The finite width of the ultra-
narrow constriction may open an energy gap at the Dirac
point, as observed in graphene nanoribbons. s Following
Todd, et al.,15 and Stampfer, et al.,16 we propose that charge
carriers become localized by potential fluctuations along the
ultranarrow constriction. These fluctuations may originate
from the molecules™ having reacted with the dangling bonds
at the edges of the dot. Figure 4 illustrates this scenario,
where a fluctuating potential defines 0D states above the en-
ergy gap created by the ultranarrow constriction.

The mechanical robustness of our suspended devices is
also noteworthy. Because graphene sheets, in every likeli-
hood, contain finite build-in strain, it is remarkable that our
tiny dots, which are only weakly connected to two sections
of free standing graphene sheets, can exist at all. Presumably,
the folding of the sheet along the edges make the graphene
sheet stiffer [Fig. 1(b)], and the overall device mechanically
more stable.

In conclusion, we have shown that the rupture of a
graphene sheet subjected to a large current can be harnessed
to fabricate graphene quantum dots endowed with a large
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addition energy. The fabrication minimizes the influence of
the environment, since the dots are formed under high
vacuum in a cryostat (keeping contamination to a minimum)
and the dots are suspended (reducing electrostatic interaction
with the substrate). In the future this technique might be
improved to enable the control of the dot size (perhaps down
to a single atom). For this, a conductance monitoring system
operable on a much faster time scale is required. In addition,
working in a cleaner gas environment may allow to better
control the chemistry at the edges. For instance, the rupture
of the sheet could be carried out in ultrapure hydrogen in
order to terminate carbon atoms with hydrogen atoms. Our
suspended graphene quantum dots are potentially interesting
nanoelectromechanical systems.22

We are grateful to A. Barreiro for help with fabrication
and acknowledge fruitful discussions with J. Giittinger. This
work was supported by a EURYI grant and a E.U. Grant No.
FP6-IST-021285-2.
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