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ABSTRACT

We report electronic transport experiments on a graphene single electron transistor. The device consists of a graphene island connected to
source and drain electrodes via two narrow graphene constrictions. It is electrostatically tunable by three lateral graphene gates and an
additional back gate. The tunneling coupling is a strongly nonmonotonic function of gate voltage indicating the presence of localized states
in the barriers. We investigate energy scales for the tunneling gap, the resonances in the constrictions, and for the Coulomb blockade resonances.
From Coulomb diamond measurements in different device configurations (i.e., barrier configurations) we extract a charging energy of ~3.4
meV and estimate a characteristic energy scale for the constriction resonances of ~10 meV.

The recent discovery of graphene,'? filling the gap between
quasi-one-dimensional nanotubes and three-dimensional
(3-D) graphite makes truly 2-D crystals accessible and links
solid-state devices to molecular electronics.® Graphene, which
exhibits unique electronic properties including massless
carriers near the Fermi level and potentially weak spin—orbit
and hyperfine couplings,*> has been proposed to be a
promising material for spin qubits® and high mobility
electronics,”® and it may have the potential to contribute to
the downscaling of state-of-the-art silicon technology.” The
absence of an energy gap in 2-D graphene and phenomena
related to Klein tunneling'®!! make it hard to confine carriers
electrostatically and to control transport on the level of single
particles. However, by focusing on graphene nanoribbons,
which are known to exhibit an effective transport gap,”!>13
this limitation can be overcome. It has been shown recently
that such a transport gap allows fabrication of tunable
graphene nanodevices.'*'® Here we investigate a fully
tunable single electron transistor (SET) that consists of a
width modulated graphene structure exhibiting spatially
separated transport gaps. SETs consist of a conducting island
connected by tunneling barriers to two conducting leads.
Electronic transport through the device can be blocked by
Coulomb interaction for temperatures and bias voltages lower
than the characteristic energy required to add an electron to
the island."”

The sample is fabricated based on single-layer graphene
flakes obtained from mechanical exfoliation of bulk graphite.
These flakes are deposited on a highly doped silicon substrate
with a 295 nm silicon oxide layer.! Electron beam (e-beam)
lithography is used for patterning the isolated graphene flake
by subsequent Ar/O, reactive ion etching. Finally, an
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Figure 1. (a) Scanning force microscope image of the investigated
graphene single electron transistor (SET) device, where the graphene
structure and the metal electrodes are highlighted. The minimum
feature size is approximately 50 nm. (b) Schematic illustration of
the tunable SET device with electrode assignment. (c) Low bias
back gate trace for Vi,; = Vip =V, = 0 V. The resolved transport
gap separates between hole and electron transport. (d) Effective
energy band structure of the device as depicted in Figure 1b. The
tunnel barriers exhibit an effective energy gap of approximately
6.5 meV. For more information on this model see text.

additional e-beam and lift-off step is performed to pattern
Ti/Au (2 nm/50 nm) electrodes. For the detailed fabrication
process and the single-layer graphene verification we refer
to refs 14, 18, and 19. Figure la shows a scanning force
micrograph of the investigated device. Both the metal
electrodes and the graphene structure are highlighted. In
Figure 1b, a schematic illustration of the fabricated graphene
SET device is shown. Source (S) and drain (D) contacts
connect via 50 nm wide constrictions to the graphene island.
The two constrictions are separated by ~750 nm, and the
island has an area A ~ 0.06 um? (see Figure la,b).
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Figure 2. Transport as function of the barrier gate potentials V4, Vi, and the back gate at small bias voltages. (a) Source—drain current
plotted as function of Vi,; and Vi, for constant back gate (Vi,, = —15 V; see arrow in Figure 1c). Here, both individual gaps can clearly be
seen. The labels a—c are related to the corresponding closeups shown in Figure 3. (b) Symmetric barrier gate voltages Viy; = Vip — 5 V2!
as a function of a varying back gate voltage at Vi, = 300 uV. The white areas correspond to suppressed current. (c) Shows the same for
antisymmetric barrier gate voltages Vi,y = —Vi, — 5 V, where both transport gaps are clearly visible. Please note also the gap homogeneity
as function of the back gate. (d) Schematic illustration of the barrier configurations explaining the different transport regimes shown in
panel a. (e) Schematic illustrations for symmetric tuning of the tunnel barriers corresponding to panel b. (f) Source—drain current as function
of bias and back gate voltage (all other gates have been grounded). The measured effective energy gap agrees reasonable well with the

model calculation (see arrow). For more details see text.

In order to tune the two tunneling barriers and the island
electrostatically and independently, three lateral graphene
gates®® have been fabricated closer than 100 nm to the active
graphene structure (see Figure 1a). These are the two barrier
gates B1 and B2 and the plunger gate PG (Figure 1b). The
additional highly doped silicon substrate is used as a back
gate (BG) to adjust the overall Fermi level (Ep).

All measurements have been performed in a variable-
temperature “He cryostat at a base temperature of T ~ 1.7
K, and the sample was heated to 135 °C in vacuum for 12 h
before cooling down. We have measured the two-terminal
conductance through the graphene SET device by applying
a symmetric dc bias voltage V}, while measuring the current
through the SET device with a resolution better than 10 fA.
For differential conductance measurements, a small ac bias,
Vb.ae = 50 uV has been superimposed on V, and the
differential conductance has been measured with lock-in
techniques.

At small bias (V, = 250 uV < 4kgT) strong current
suppression is observed at =25 V < V;,, < —15 V, as shown
in Figure 1c. This suppression is in agreement with earlier
studies of graphene nanoconstrictions.”® It can be interpreted
as a transport gap forming around the back gate voltage
where the system is charge neutral. Hole transport occurs at
Vpe< —25 V and electron transport at V,, > —15 V.

Measurements for varying back gate voltage (Fermi level)
and bias voltage allow an estimate of the size of the transport
gap as shown in Figure 2f. A value on the order of 10 meV
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is found. However, the strong modulation of the current
shows, that localized states lead to strong transmission
resonances. Therefore we refer in the following to an
“effective” energy gap or a transport gap.

The geometric design of our structure (see Figure 1a) gives
local electrostatic access to the constriction regions. Figure
2a shows a measurement of the current where the voltages
Vb1 and Vi, on the two barrier gates B1 and B2 have been
independently tuned while the back gate voltage was kept
fixed at Vy, = —15 V. Vertical and horizontal stripes of
suppressed current are observed. This observation indicates
that transport through each of the two constrictions is
characterized by a transport gap which can be individually
tuned with the respective barrier gate. For example, keeping
Vb1 = —20 V constant and sweeping Vi, from —20to +5 V
keeps constriction 1 conducting well while constriction 2 is
tuned from large conductance to very low conductance (into
the transport gap). The capacitive cross talk from Bl to
constriction 2 and from B2 to constriction 1 is found to be
smaller than 2%.

These measurements suggest that the energy diagram
shown in Figure 1d is a useful description of the data. In
this figure, high (electron) and low (hole) energy states are
separated by two solid lines. Outside the constriction regions
these lines are degenerate and represent the energy of the
charge neutrality point in graphene. In the constriction
regions the two lines are energetically separated indicating
the observed effective energy (transport) gap E, by hatched
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areas. As a result of the lack of an energy gap of the two-
dimensional graphene material, the exact shape of the
effective E,(x) (x is the transport direction) is given only by
lateral confinement, that is, by the variation of the width w(x)
along the device. We assume that electron—hole symmetry
holds in the confined geometry and therefore plot an effective
conduction band edge at +E,(x)/2, and an effective valence
band edge at —Ey(x)/2.

It is known from earlier experiments’® that graphene
nanoribbons (or constrictions) exhibit an effective energy
gap. For ribbons of width w < 20 nm, the size of this gap
scales according to E, = Avg/w, where vp = 10° m/s is the
Fermi velocity. The energy gap for nanoribbons wider than
20 nm can be reasonably well described by E,(w) = a/w
exp(—bw),'? where a = 1 eV nm and b = 0.023 nm™! are
constants extracted from fits of the experimental data in ref
8. Within this model, the width w(x) of our graphene structure
translates to an effective transport band structure exhibiting
two tunnel junctions with barrier height E, , = 6.5 meV and
an almost gap free island (Ey ; = 85 ueV) as shown in Figure
1d. According to the model, the SET is expected to be
operational in the regime of |Efl < E, /2. The measured
transport gap agrees reasonably well with the modeled barrier
height, as indicated by the arrow in Figure 2f.

The local electrostatic influence of the gate electrodes can
be incorporated into this heuristic description as a local shift
of the energy of the charge neutrality point described by
smooth characteristic potentials ¢,(x) (i = bl, b2, pg, bg)
which may be derived from purely electrostatic consider-
ations. While ¢u,(x) is independent of x, @y1(x) and @pa(x)
are peaked at the respective constrictions, and @p.(x) is
peaked within the island. For creating the schematic figures
in this paper (Figures 1d and 2d,e), we have used a
convenient peaked @;(x) function (the shape of which is
irrelevant for this simple discussion) with peak heights
compatible with lever arms extracted from the experiment
(see below).

Having established a heuristic energy diagram describing
our sample, we now return to the discussion of the measure-
ment in Figure 2a which is facilitated by the diagrams in
Figure 2d. In this measurement V,,, = —15 V. From Figure
Ic we deduce that the Fermi energy in the contacts of the
structure lies within the conduction band, as indicated by
the horizontal dashed lines in the four drawings in Figure
2d. The four drawings represent energy diagrams corre-
sponding to the four corners of Figure 2a as indicated by
the white numbers. In corner 2 transport takes place in the
conduction band throughout the whole structure. In corner
1 (4) transport occurs in the conduction band in the right
(left) part of the structure. The left (right) constriction is
traversed via states in the valence band. The situation is even
more complex in corner 3, where the Fermi energy cuts both
barrier regions in the valence band. Although these situations
imply two or even four p—n-like transitions along the
structure, no distinctive features are observed in our mea-
surements. This may be a manifestation of the suppression
of backscattering due to Klein tunneling.
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Figure 3. Source—drain current through the graphene SET as
function of the barrier gates Vi, and Vi, for constant bias Vy, =
300 1V and back gate Vy, = —15 V. (a—c) Closeups of Figure 2a
(as indicated therein by labeled boxes), showing transport in the
PP (a), NN (b), and NP (c) regimes. On top of the horizontal and
vertical transmission modulations, we observe (diagonal) Coulomb
blockade resonances. This is best seen in panel d, which is a closeup
of panel a. In panels a and d, the current has been multiplied by
factors of 2 and 10, respectively, to meet the color scale shown
above panel b.

Panels b and ¢ of Figure 2 demonstrate the consistency of
our heuristic model with the experimental observations.
Figure 2b shows the current measured as a function of Vi,
and V4, with Vi, being simultaneously swept such that Vi,
= Vi1 + 5 V (see dashed line in Figure 2a). In this way the
barrier regions are simultaneously shifted up or down (see
Figure 2e). Figure 2b shows that the transport gap measured
as a function of the back gate is shifted correspondingly,
with Ang/AVbLz ~ 0.9.

Figure 2c shows the current measured as a function of
Ve and Vi, with Vi, being simultaneously swept such that
Vb1 + Voo = 5 V (see dotted line in Figure 2a). For V,,; =
415 V (vertical dashed lines in Figure 2c), the position of
the gaps in energy correspond to diagrams 1 and 4 in Figure
2d. In these two cases, sweeping the back gate allows probing
the two spatially separated transport gaps individually.

If we focus on a smaller voltage scale, much more
finestructure in the V,; — Vi, parameter plane appears, as
shown in Figure 3. Panels a—c of Figure 3 are different
closeups of Figure 2a (see black labeled boxes therein).

Although panels a—c of Figure 3 show the current in three
different regimes, the transport characteristics do not differ
significantly. Here, we distinguish between the PP (Figure
3a), NN (Figure 3b), and the NP (Figure 3c) regimes,
depending on either having the tunnel barriers (according to
B1 and B2) shifted down (N) or up (P). We observe in all
regimes (Figure 3) sequences of horizontal and vertical
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stripes of suppressed current and current resonances. Their
direction in the V},; — Vi, plane indicates that their physical
origin has to be found within constriction 1 (vertical stripes)
or constriction 2 (horizontal stripes). A blowup of a small
region in Figure 3a is shown in Figure 3d. The current
exhibits even finer resonances which are almost equally well
tuned by both constriction gates. We therefore attribute these
resonances to states localized on the island between the
barriers. It will be shown below that these resonances occur
in the Coulomb blockade regime of the island. We attribute
the deviations from perfectly straight diagonal lines to the
presence of rough edges and inhomogeneities within the
graphene island which has dimensions (slightly) larger than
the elastic mean free path.

This characteristic pattern (Figure 3d) can be found within
a large Vi, — Vi, parameter range within the regime where
the two barrier gaps cross each other (i.e., the inner bright
part of Figure 2a).

So far we mainly focused on the barriers and in the
following we concentrate on the charging of the island itself.
We fix the barrier gate potentials (Vy,; and Vi) either in the
NN regime or in the NP regime in order to study Coulomb
blockade. Figure 4a shows sharp conductance resonances
with a characteristic period of about 20 mV (V;,; =5.570 V
and Vi, =—2.033 V are fixed). Their amplitude is modulated
on a much larger voltage scale of about 200 mV by the
transparency modulations of the constrictions (cf. Figure 3d).
These resonances in the narrow graphene constrictions can
significantly elevate the background of the Coulomb peaks
(see, e.g., black arrow). The inset of Figure 4a confirms that
transport can also be completely pinched off between
Coulomb blockade peaks. Corresponding Coulomb diamond
measurements,'’ that is, measurements of the differential
conductance (Ggirr = dI/dVy) as a function of bias voltage
Vi, and plunger gate voltage V,, are shown in Figure 4b.
Within the swept plunger gate voltage range, no charge
rearrangements have been observed and the peak positions
were stable over more than 10 consecutive plunger gate
sweeps.

In Figure 4c we show conductance resonances, which have
been measured within the NN regime (for fixed V;,; = 8.79
V and Vi, = 8.85 V, see Figure 3b). The V|, range shown
here is wider than that in Figure 4a. Again we observe (i)
strong transport modulations on a V,, scale of about 100
mV, which originate from resonances within the barriers,
and (ii) Coulomb peaks on a V/, scale of about 20 mV, which
are blown up in Figure 4d. The corresponding Coulomb
diamond measurements (Figure 4e) are similar to those
measured in the NP regime (Figure 4b). The Coulomb peaks
(Figure 4d and inset in Figure 4a) and the Coulomb diamonds
are not very sensitive to the tunnel barrier regime, although
in one case a p—n-like junction should be present, whereas
in the other case a more uniform island is expected.

From the extent of all the diamonds in a bias direction,
we estimate the average charging energy of the graphene
single electron transistor operated in both regimes to be Ec
~ 3.4 meV. This charging energy corresponds to a sum-
capacitance of the graphene island Cs = €*Ec ~ 47.3 aF,
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Figure 4. (a) Source—drain current as function of the plunger gate
voltage V), at fixed back gate and barrier gates in the NP regime
(Vog = =15V, Vg1 = 5.67 V, and Vi, = —2.033 V). The inset
(closeup) clearly shows Coulomb peaks. (b) Corresponding Cou-
lomb diamonds in differential conductance Gy, represented in a
logarithmic color scale plot (dark regions represent low conduc-
tance). A dc bias Vi, With a small ac modulation (50 V) is applied
symmetrically across the dot and the current through the dot is
measured. (c) Coulomb resonances on top and nearby strong
transport modulations in the NN regime (Vpe = =15V, Vi =
8.79 V, and Vi,p = 8.85 V). (d) A closeup highlighting Coulomb
peaks. (e) The corresponding Coulomb diamond measurements. The
color scale is adapted from panel b.

whereas the extracted back gate capacitance Cy, ~ 18 aF is
higher than the purely geometrical parallel plate capacitance
of the graphene island C = gyeA/d ~ 7.4 aF. This is related
to the fact that the diameter of the graphene island (V/A) is
approximately the same as the gate oxide thickness d.!%?

The lever arms, and the electrostatic couplings of the
electrodes to the graphene island do not change significantly
between the NN, PP (not shown), and the NP regime. Thus,
the lever arm of the plunger gate is 0,y ~ Cpo/Cs ~ 0.15
(Cpg 6.9 aF), whereas the electrostatic coupling to the other
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Table 1. Capacitances and Lever Arms of the Different Gate
Electrodes, Including Source and Drain Contacts, with Respect to
the Graphene Island”

BG PG B1

capacitance 18.0 6.9 6.0(5.5)
(aF)
lever arm

B2 Source (S) Drain (D)
5.0 1.8(10.1) 9.6(1.8)

0.38 0.15 0.13(0.12) 0.1 0.04 (0.21) 0.20 (0.04)

4 Most values are independent from the measurement regime, NN or
NP. If there is a difference, the NP value is given and the NN value is put
in parentheses.

gates were determined to be Cy; &~ 5.5—6.0 aF and Cy, ~
5.0 aF. All lever arms and capacitances are summarized in
Table 1. It shows that the island geometry and dot location
with respect to the lateral gates stay almost constant.
However, the capacitive coupling to the source and drain
contacts (i.e., Cs and Cp) changes significantly as function
of the tunnel barrier configuration. This can be nicely seen
when comparing the symmetry of the diamonds in the NN
and NP regime as shown in panels e and b of Figure 4. While
the size and fluctuations of the diamonds remain (almost)
constant, the lever arms of the source and drain contacts
change strength. In one case (NP regime), we extract Cs ~
1.8 aF and Cp ~ 9.6 aF, whereas in the other (NN regime)
Cs ~ 10.1 aF and Cp ~ 1.8 aF, which can be seen from the
different slopes of the diamond edges. However, the indi-
vidual tunnel barriers strongly depend on the local barrier
configuration and change also within the NN or the NP
region.

We now estimate the energy scale of the resonances in
the constrictions. The spacing of the constriction resonances
in the plunger gate is about 200 mV, whereas the spacing of
Coulomb peaks is 20 mV. By assuming that the capacitance
between the plunger gate and the localized states in the
constrictions leading to the resonances is about three times
smaller than Cj, (estimated from the geometry of the device),
the energy scale of the resonances in the constriction is about
10 mV, in agreement with the measured gap in Figure 2f.

Alternatively, this characteristic energy scale can also be
estimated by considering that the back gate voltage sweep
from —25 to —15 V (around the charge neutrality point at
Vbe = —20 V, Figure 1c) translates to a Fermi energy sweep
over an energy interval of approximately 120 meV. Near
the Dirac point the spacing of the constriction resonances in
back gate voltage is found to be of the order of 200 mV,
leading again to a characteristic energy scale of 10 meV.

Finally, we also performed Coulomb peak spacing (AV)
statistics in both the NN and NP regimes with in total more
than 890 Coulomb peaks, as shown in Figure 5. The mean
nearest neighbor spacing of the Coulomb peaks in both the
NN and NP regimes do not differ significantly (AVny =17.4
mV and AV yp =17.9 mV). The broadening of the peak
spacing distribution is in both cases significant ranging from
onn ~ 3.3 mV (0.6 meV) to onp &~ 2.5mV (0.5 meV), which
is in agreement with ref 15. The broadening of the observed
unimodal peak spacing distribution is significantly larger than
the difference between the average spacings in the NN and
NP regimes (0.075 meV). The inhomogeneity of the island,
as indicated by the different slopes in Figure 3d, may
significantly contribute to the observed broadening, which
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Figure 5. Nearest neighbor Coulomb peak spacing statistics in both
the NN (left) and NP (right) regime. Several plunger gate sweeps
(at different barrier gate potentials) have been evaluated and in total
431 Coulomb peaks in the NN (and 460 peaks in the NP) regime
have been considered for the statistics.

might be also partly influenced by the underlying modulation
of the transmission through the narrow graphene constric-
tions. The broadening of the distributions is significantly
larger than that expected for a purely metallic SET.?* On
the other hand the width of the distribution is of the order
of the estimated single-particle level spacing,?* similar to
previous observations in high-quality GaAs quantum dots.>>
This may indicate the importance of quantization effects.

In conclusion, we have fabricated and characterized a fully
tunable graphene single electron transistor based on an
etched-width-modulated graphene nanostructure with lateral
graphene gates. Its functionality was demonstrated by
observing electrostatic control over the tunneling barriers.
From Coulomb diamond measurements, it was estimated that
the charging energy of the graphene island is ~3.4 meV,
compatible with its lithographic dimensions. These results
give detailed insights into tunable graphene quantum dot
devices and open the way to study graphene quantum dots
with smaller dimensions and at lower temperatures.
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