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S
ince its first appearance in 2004,1 gra-
phene has attracted enormous re-
search activities because of its unique

physical and electronic properties. From the
perspective of electronic applications, efforts
have been made to create an energy band
gap in this otherwise gaplessmaterial, among
which graphene nanoribbon (GNR) is one of
themost extensively explored systems.2�5 To
date, studies on GNRs have been focused on
single-layer graphene nanoribbons (SL-GNRs),
which have surmounted in the observation of
the electronic energy sub-bands through
quantum confinement,6,7 the transport gap
induced by disorders,8 and the Coulomb
blockade effect from electron�hole puddles
and/or edge roughness.9,10 In comparison to
single-layer graphene, bilayer graphene has
its unique electronic properties, such as the
parabolic band structure,11 the electric-field-
induced band gap,12�14 and the distinctive
Klein tunneling behavior,15 which all can alter
the transport properties of GNRs and be
exploited for device applications. According
to recent theoretical studies, bilayer GNRs
(BL-GNRs) are predicted to exhibit strong
optical responses in the terahertz regime16,17

and tunable magnetic properties18�21 for
photonics and spintronics applications. There-
fore, it is important to understand the funda-
mental electronic transport properties of BL-
GNRs. In this paper, we study the transport
behaviors of etched BL-GNRs fabricated using
nanowiremasks (seeMaterials andMethods).

RESULTS AND DISCUSSION

In order to understand the overall trans-
port behavior of the BL-GNR (Figure 1a,b), we
first investigate the conductance depen-
dence throughout a wide range of gate
(VBG) and source-drain voltages (VDS) using
a standard low-frequency lock-in technique
(Figure 1c). As shown in the inset of Figure 2a,
the conductance of the BL-GNR is strongly
suppressed near the charge neutrality point

with repeatable resonance peaks depicting
gap-like behaviors. It has been predicted that
the quantum confinement energy gaps of BL-
GNRs are less than those of SL-GNRs for a
given width because of the interlayer coupl-
ing.18 Accordingly, as shown in Table 1, the
confinementgapof our 50nmwideBL-GNR is
expected to be <6.6 meV (of SL-GNR with
50 nm width),22 while the electric-field-in-
duced energy gap is estimated to be ∼2
meV at 0.02 V/nm (VBG� VDirac≈ 5 V).14 How-
ever, we observe a gap ofΔEF = 87 meV near
VDS ≈ 0 V. This gap can be calculated using
ΔEF = ĈBGΔVBGπp

2/2m*e, where m* (=0.054
me)

11 is the effective mass, ΔVBG (=6 V)
is the voltage range of the gap (Figure 2a),
and ĈBG (=1.04 � 10�21 F/nm2) is the capa-
citance per unit area that takes into account
the fringing effect.6,23 Here, ΔEF is greater
than both the quantum confinement energy
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ABSTRACT

Bilayer graphene has recently earned great attention for its unique electronic properties and

commendable use in electronic applications. Here, we report the observation of quantum dot

(QD) behaviors in bilayer graphene nanoribbons (BL-GNRs). The periodic Coulomb oscillations

indicate the formation of a single quantum dot within the BL-GNR because of the broad

distribution function of the carrier concentration fluctuation at the charge neutrality point.

The size of the QD changes as we modulate the relative position between the Fermi level and

surface potential. Furthermore, the potential barriers forming the QD remain stable at

elevated temperatures and external bias. In combination with the observation of transport

gaps, our results suggest that the disordered surface potential creates QDs along the ribbon

and governs the electronic transport properties in BL-GNRs.
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gap and the field-induced energy gap, which suggests
that the observed insulating state represents the trans-
port gap induced by the disorders (e.g., charge impu-
rities and/or edge states) present along the nanorib-
bon. A gap-like feature can also be seen from the source-
drainbiasdirection. The ID�VDS curve and the correspond-
ing differential conductance (dID/dVDS) at VBG = 13.5 V
(dashed line in Figure 2a inset) areplotted in Figure 2b.We
extract the source-drain gap of ΔDS ∼ 4.4 meV from the
peak-to-peak distance on the dID/dVDS�VDS curve.
The disorder-induced gap features can be explained

by two theoretical models: the quantum dot model9,10

and the Anderson localization theory.24,25 In order to
clarify the origin of the disorder-induced gap in our BL-
GNR, we precisely analyze the resonance peaks observed
within the transport gap. As shown in Figure 3a, we
observe periodic Coulomb diamonds, which is unlikely
to result from the resonance between localized states9

but is rather a strong indication of the quantum dot
nature. The quantum dots in SL-GNRs are known to be
formed by the surface potential fluctuation induced
from disorders (charge impurities and/or edge rough-
ness).9,10,26 The existence and observation of both un-
controllable edge configurations27 and charge impuri-
ties in bilayer graphene28 makes us believe that the
disordered surface potential is accountable for the Cou-
lomb blockade behavior in our BL-GNR.
In the BL-GNR shown here, the periodic Coulomb

blockade oscillations exclude the picture of a multidot
system consisting of various dot sizes, although multi-
dot behaviors are detected in other BL-GNR samples
(see Supporting Information). In a multidot configura-
tion, if the dots are exactly identical in size and

potential profile, we would observe the same periodi-
city. This is because for each dot a slight difference in
size and potential would lead to different charging
energies (size) and S/D barriers (potential profile) and
cause peak splitting upon gate modulation and/or
temperature increase. However, the chance of having
identical dots along the width and/or along the chan-
nel is extremely low. Thus, we believe that the data
represent a single dot configuration. This can further
be confirmed by measuring the temperature depen-
dence of the oscillation peaks (Figure 3b).29�31 As the
temperature is decreased, no splitting is observed in
the periodic conductance peaks, but only a parallel
shift of the peak positions occurs. The peaks become
sharper with decreasing temperature as the thermal
broadening of the carrier distribution function reduces.
This corroborates the fact that our BL-GNR is operating
in a single quantum dot regime within the measured
VBG range and further allows us to estimate the size of
the quantum dot as described below.
According to the classical Coulomb blockade theory,

the diameter of a disk-shaped quantum dot can be
determined by d = e2/(4εεrEC), where EC is the charging
energy of the quantum dot, ε is the permittivity of
vacuum, and εr (=(εair þ εSiO2

)/2) is the relative permit-
tivity of the surrounding dielectrics. On the basis of this
model, the dot diameter is estimated to be ∼1 μm,
which is larger than our BL-GNR dimensions (50 nm �
1.1 μm). The overestimation of the dot size is a result of
neglecting the fringing effect6,23 and the scaling of
energy gaps (∼1/w)10,32 in the quasi-one-dimensional
BL-GNR geometry. Thus, we alternatively calculate the

Figure 1. (a) AFM image of a 50 nm wide BL-GNR formed
using a nanowire mask. (b) Raman spectrum of the bilayer
graphene prior to the formation of the BL-GNR. The decon-
volution of the 2D Raman peak to four Lorentzians confirms
the A�B Bernal stacking order. (b) Schematic of the mea-
surement setup. The source-drain contacts are Ti/Au, the
thickness of the SiO2 is 300 nm, and the degenerately doped
(>2� 1019 cm�3) silicon substrate is used as the back gate. A
frequency of ∼10 Hz and an AC voltage of δVDS = 250 μV is
used for the lock-in measurements.

Figure 2. Gap-like features in BL-GNRs. (a) Conductance (G)
dependence on the back-gate (VBG) modulation at source-
drain bias of VDS≈ 0 V.Within VBG = 10�16 V (ΔVBG = 6 V),G
is strongly suppressed with repeatable resonance peaks.
The corresponding transport gap is ΔEF = 87 meV. Inset: G
versus VBG and VDS. (b) Current (ID) and the differential
conductance (dID/dVDS) dependence on VDS at VBG = 13.5 V
(the dashed line in the inset of panel a). The source-drain
gap (ΔDS = 4.4meV) is half the voltage distance between the
two peaks on the dID/dVDS�VDS curve.
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capacitance per unit area (ĈBG) that includes the fring-
ing effect (see Supporting Information) from our 50 nm
wide BL-GNR on 300 nm SiO2 (εSiO2

≈ 3.9). We then plot
all 17 peaks (Figure 4a) as the function of peak numbers
and extract two peak spacing values (δVBG1 ∼ 12.65
mV, δVBG2 ∼ 11 mV), each corresponding to a back-
gate capacitance value (CBG1 = 1.26 � 10�17 F, CBG2 =
1.45 � 10�17 F). To obtain the quantum dot size, we
divide CBG1,2 by ĈBG and find a 15% increase of the dot
size from 12 150 nm2 (50 nm� 243 nm) to 14 000 nm2

(50 nm � 280 nm) upon increasing the back-gate
voltage. This effect can be explained as illustrated in
Figure 4b. The increase of the back-gate bias not only
increases the number of electrons in the quantum dot
but also graduallymoves up the Fermi level (EF) relative
to the surface potential. When EF is located at position I

(bottom), the quantum dot size is relatively small and
results in a large δVBG1. When EF moves to position II
(top), the quantum dot becomes larger with a smaller
δVBG2.
In a Coulomb blockade system, another important

parameter is the effective electron temperature, which
represents the stability of the potential profile under
thermal fluctuations and energy perturbations. We first
examine the effect of thermal broadening from the line
width of Coulomb oscillation peaks at VDS ≈ 0 V. We fit
the peaks with the equation G ∼ cosh�2(eRBG(V �
Vpeak)/2.5kBTe(th)),

33 where RBG = CBG/CDOT is the gate

TABLE 1. Comparison of the Band Structure, Energy Gaps, Transport Gaps, Carrier and Potential Fluctuation and

QuantumDot Size between SLG (SL-GNR) and BLG (BL-GNR) (Values Are Taken fromVarious Literatures andOur Current

Work)

dispersion relation

near EF

confinement

gap

field-induced

gap

carrier and potential

fluctuation (experiment)a
carrier and potential

fluctuation (theory)a
transport

gap

quantum

dot size

SLG E = pkuF
(vF ∼106 m/s)45

ΔE ∼pvF/w

(∼6.6 meV,

w ∼50 nm)22

N/A Δn ∼2.3 � 1011 cm�2

(ΔEd ∼50 meV)46
Δn ∼1.2 � 1011 cm�2

ΔEd∼36 meV

(at nimp ∼1011 cm�2)37

100�200 meV

(w ∼50 nm)8

>200 meV

(w ∼30 nm)9,47

7850 nm2

(w ∼30 nm)10

3000 nm2

(w ∼30 nm)9

BLG E = p2k2/2 m*

(m* ∼0.054m0)
11

ΔE ∼π2p2/m*w2

(∼5.6 meV,

w ∼50 nm)b

2 meV

(E ≈ 0.02 V/nm)14
Δn ∼3.8 � 1011 cm�2

(ΔEd ∼20 meV)28
Δn ∼5.5 � 1011 cm�2

ΔEd ∼29 meV

(at nimp ∼1011 cm�2)37

87 meV

(w ∼50 nm)b
12150�14000 nm2

(w ∼50 nm)c

a The Δn is the standard deviation of the carrier density fluctuation; ΔEd is the corresponding surface potential fluctuation, and nimp is the charge impurity concentration.
AlthoughΔEd is smaller in BLG due to the screening effects, BLGs have a wider distribution function of the carrier concentration fluctuation (largerΔn) than SLG because of the
difference in dispersion relation.37 b Estimated value. c Experimental results.

Figure 3. (a) Conductance versus VBG and VDS. The periodic
Coulomb diamond indicates the quantum dot nature of the
BL-GNR. (b) Periodic Coulomb oscillation peaks at different
temperatures. With decreasing temperature, the peaks do
not split, but shift parallel. The peaks become sharper at
lower temperature because the thermal broadening re-
duces. This indicates that the BL-GNR is operating in the
single dot regime within the measured VBG range.

Figure 4. (a) Periodic Coulomboscillationpeaks. Every single
peak is fitted (green lines) by the equation G ∼ cosh�2[eRBG

(V � Vpeak)/2.5kBTe(th)], where the sum (red line) of all peaks
matches the measurement data (black line) very well. Inset:
the peak positions versus the peak numbers. Two different
oscillation periods (δVBG1 = 12.65 mV, δVBG2 = 11.1 mV) are
extracted through linear fitting, which corresponds to two
different quantum dot sizes: 12150 nm2 (50 nm � 243 nm)
and 14000 nm2 (50 nm � 280 nm). (b) Illustration of the
change in quantum dot size. Upon modulation of the EF by
VBG, the quantum dot becomes larger with smaller peak
spacing δVBG2 at EF(II) compared to that at EF(I). (Eg is the
combination of the confinement gap and the field-induced
gap.)
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modulation factor, Vpeak is the peak position, and Te(th)
is the effective electron temperature relevant to ther-
mal fluctuations. The extracted Te(th) = 2.1 ( 0.5 K is
nearly identical to themeasurement temperature (1.7 K),
which implies that there is no considerable excess energy
from extrinsic sources.
The excess energy, however, can arise when external

electric fields are applied, particularly, from a source-
drain bias.34�36 This phenomenon can be characterized
by co-tunneling events, which is associated with the
valley current at the Coulomb blockade state. As shown
in Figure 5a, the valley current increases with VDS. The
VDS dependence of the valley current can be derived by
ID = aGSGD[(eVDS)

2 þ (2πkBTe(ex))]VDS,
34,35 where a is the

proportional factor, GS and GD are the source and drain
conductance, and Te(ex) is the effective electron tem-
perature relevant to excess energies. By fitting the valley
current with the above equation (Figure 5b), we obtain
Te(ex) <2K,which is close to themeasurement temperature
(1.7 K), indicating the stability of the potential profile.
Since the acoustic phonon scattering is negligible at

T = 1.7 K, the slight discrepancy may be ascribed to
electron�electron interactions.
Finally, we discuss several possible distinct prop-

erties of quantum dots in BL-GNRs compared to
those of SL-GNRs, even though the potential fluctua-
tions are responsible for both cases.9,32 According to
theoretical and experimental studies, bilayer gra-
phene has a broader distribution function of the
carrier concentration at the charge neutrality point
for the same amount of charge impurities than that
of single-layer graphene (Table 1).28,37,38 This assists
a single dot formation along awide and long BL-GNR.
In addition, the electric-field-induced energy gap may
further increase the tunnel resistance11 and promote
quantum dot formation in BL-GNRs compared to
SL-GNRs.

CONCLUSION

In conclusion, we studied the transport properties of
BL-GNRs fabricated using nanowire etching masks. The
Coulomb diamonds inside the transport gap reveal
the quantum dot nature of the BL-GNR. The origin of
the quantum dot is attributed to the disordered surface
potential induced by charge impurities and/or edge
roughness present along the nanoribbon. By extracting
theeffective temperatures related to thermal broadening
and excess energies, we find that the potential profile
forming the quantum dot in BL-GNRs is stable under
thermal fluctuations and energy perturbations. Our re-
sults lead to the understanding that, for the potential use
of BL-GNRs, the disordered surface potential fluctuations
need to be reduced either by eliminating the charge
impurities through the usage of suspended structures,39

a hexagonal BN sacrificial layer, and high-κ dielectrics40,41

or by minimizing the edge roughness utilizing a fabrica-
tion scheme with controlled edge roughness.4,42 Alter-
natively, the stability of the potential profile can be
exploited by fabricating local top gates for SET devices.

MATERIALS AND METHODS
Fabrication Method. Bilayer graphene samples were prepared

by mechanical exfoliation on 300 nm silicon dioxide1 thermally
grown on a highly doped silicon substrate and characterized
through Raman spectroscopy to determine the number of layers
and the AB Bernal stacking order.43 To form nanoribbons, silicon
nanowires were mechanically transferred onto bilayer graphene
samples3,44 and used as etching masks. Uncovered graphene
areaswere etched away by oxygen plasma at 50W for 10 s, which
produced BL-GNRs with various widths. The silicon nanowire
masks were then removed by ultrasonication, and Ti/Au source-
drain contacts were deposited by electron-beam lithography.

Electrical Measurements. All measurements were conducted
using a standard low-frequency lock-in technique (f ∼ 10 Hz,
VAC = 250 μV) at a temperature of 1.7 K (unless stated otherwise).
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