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ABSTRACT

In this study, we fabricated quantum point contacts narrower than 100 nm by using an electrostatic potential to open the finite bandgap by
applying a perpendicular electric field to bilayer graphene encapsulated between hexagonal boron nitride sheets. The conductance across the
quantum point contact was quantized at a high perpendicular-displacement field as high as 1V/nm at low temperature, and the quantization
unit was 2e2/h instead of mixed spin and valley degeneracy of 4e2/h. This lifted degeneracy state in the quantum point contact indicates the
presence of valley polarized state coming from potential profile or effective displacement field in one-dimensional channel.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052845

A short one-dimensional channel, namely, a quantum point con-
tact (QPC), defined in two-dimensional materials has been receiving
much attention for future spin-valley device applications such as a
spin-valley filter or spin-valve effect.1,2 Several QPC devices have
already been realized in two-dimensional materials such as electrostat-
ically induced bilayer graphene (BLG),3–10 etching-defined monolayer
graphene,11–14 or transitional metal dichalcogenide.15–17 However, the
phenomena attributed to degrees of freedom, such as valley and spin
in the QPC, are still unclear and controversial.

Monolayer graphene, which has Dirac dispersion, is not applica-
ble for electrostatically confined nanostructures such as the QPC due
to its lack of an energy gap;18 therefore, an etching-defined QPC struc-
ture was used, which is also used in conventional high-electron mobil-
ity transistor systems in several ways.11,14 Such graphene QPC devices
show strong disorder and inhomogeneity effects, consequently causing
inter-valley scattering,19 localized state effects,20 or low transmission
probability.19 Even bilayer graphene has no energy gap in the intrinsic
situation; however, a bandgap can open with a perpendicular electric

field.21,22 Then, electrically confined nanostructures can be realized in
BLG by fabricating sandwiched structure with top and bottommetallic
gates.3–10 However, in order to form a bandgap sufficient for defining
the QPC in the BLG, a relatively high displacement field (> 0.3V/nm)
is necessary by applying opposite-polarity voltages between the top
(bottom) split gates and the global back (top) gate,21–23 and then the
carrier density in the two-dimensional electron (hole) gas region
(2DEG or 2DHG), except underneath the split gates, becomes high—
up to the order of a few 1012 cm�2 causing lower mobility. Forming a
well-defined QPC channel electrostatically requires an adequate high
displacement field inside the QPC channel that runs between the split
gates. However, BLG has a relatively short Fermi wavelength com-
pared to a conventional HEMT system,18 and an even shorter channel
width between the split gates (< 50nm), so it is difficult to pinch-off
the current channel because of the fringing effect of the electric field at
the edge of the split gates.9 To achieve the pinch-off properties and
well tunability of Fermi wavelength in the QPC channel, a triple-gate
(a channel-gate) structure, which has an additional high-k dielectric,
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and a top gate were utilized, and then clear quantized conductance
steps were observed in units of 4e2/h.3,4,7,8 In these structures, the QPC
channel width is typically 150–250nm, and the pinch-off can be
achieved with depleting the carriers in the channel by applying an
appropriate voltage to the channel gate without squeezing the channel
width. Then, the conductance steps usually appear at every 4e2/h.
However, the value of the steps sometimes appears at 2e2/h depending
on samples. So the unit of the conductance quantization is not a
unique value and is still unclear.3 In this paper, we realized split-gate
structures less than 100nm and studied the transport properties by
changing the confinement potential profile by changing the voltage
applying to the split gates.

In this paper, we mainly measured two types of devices, named
device A [Figs. 1(a) and 1(b)] and device B [Figs. 1(c) and 1(d)]. All
BLG flakes and hexagonal boron nitride (hBN) crystals used for the
two devices were exfoliated onto SiO2/Si chips from bulk crystals and
carefully chosen by means of optical microscopy, Raman spectroscopy,
and atomic force microscopy (AFM) to ensure the thickness and
cleanness. A stack of a hBN/BLG/hBN heterostructure was assembled
by PC (6% Poly bisphenol A Carbonate dissolved in chloroform)/
PDMS based dry-transfer method24 and released on the top of the
cleaned 300nm-thick SiO2 layer on the pþþ-Si substrate working as a
global back gate (BG) for device A. The split gate electrodes (SG) for
QPC1 were fabricated on the stack at the final step as schematically
shown in Fig. 1(b). For device B, prior to attaching the stack, the thin
metallic SG electrodes for the QPC2 were fabricated on the SiO2 sur-
face, and the top gate covering the QPC2 and 2DEG (2DHG) region
was fabricated on the stack as shown in Fig. 1(d). The Si substrate was
also used to control the perpendicular electric field. All the electrodes
were fabricated by means of electron beam lithography (EBL) and
electron beam deposition (EBD) of Cr 1/AuPd 9nm. The channel
region was patterned by standard EBL, followed by reactive ion
etching (RIE) in a gas mixture of CHF3 (10) and O2 (4.5 sccm) in a

home-built etcher at 60W. Source-drain electrodes were formed by
the one dimensional edge contact technique24 through the EBL, RIE,
and EBD (Cr 3/Pd 15/Au 80nm) with the same PMMAmask to avoid
contamination and any self-bias effect.25 We record typical series resis-
tance of a few hundreds to kX in our devices. All of the SG have the
same dimension of 100 nm-wide and 100-nm-long at the top with a
triangular shape, and the coarse part has a 1-lm-width as shown in
the inset of Fig. 1(a). All electrical measurements were measured by
standard lock-in techniques at the frequency of the 17.7Hz with a
small excitation voltage, below 100lV, in four terminal configurations
for device A and two terminals for device B at low temperature in a
JANIS 3He refrigerator. During the measurement, QPC1 in device A
was defined by applying positive and negative gate voltages to the SG
and the BG, respectively, in order to apply a perpendicular electric
field. In the device B, the QPC2 was defined in the same manner; how-
ever, the global BG was biased in the same polarity to the SG in order
to assist the perpendicular electric field within the conducting 1D
channel and to decrease the carrier density in the 2DEG (2DHG)
region for increasing the mobility.

Figure 1(e) shows a resistance curve of device A as a function of
the back-gate voltage (VBG) at 2K. The highest field-effect carrier
mobility was 57 000 cm2/V s. Figure 1(f) shows a resistance curve of
device B as a function of the global top-gate voltage (VTG) at 2K. The
residual impurity density in device A is below 1011 cm�2 (see the sup-
plementary material Fig. S1). This high-quality BLG device has a lon-
ger mean free path than the width and the length of the split gates.
The resistance map of the VBG and the top split gate voltage (VSG)
sweeps shows higher resistance peeks at around VBG¼�3V for the
Dirac point of the BLG and at along the slope upward to the left
related to the higher displacement field, D, comparable with earlier
studies,3,9 where D ¼ (Dtop þ Dbottom)/2 where Dtop¼�etop(Vsg

� VCNP)/dtop and Dbottom ¼ ebottom(Vbg � VCNP)/dbottom)
21,22 (see the

supplementary material Fig. S2). Each e and d are determined by using

FIG. 1. (a) Optical microscope image and (b) schematic view of the device A. Red dotted line indicates the position of the BLG flake embedded in the hBN layers. The inset in
(a) shows AFM image of the tip of the SG. The scale bar is 500 nm. (c) Optical microscope image and (d) schematic view of the device B. White dotted lines indicates the posi-
tion the QPC2 underneath the hBN/BLG/hBN stack. (e) VBG dependence of the two-terminal resistance of device A at 2 K. (f) VTG dependence of the two-terminal resistance
of the device B at 2 K. All other gates were grounded during the mesurements.
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the dielectric constant and the thickness of the dielectric layers, respec-
tively. When the jDj exceeds 1V/nm, the BLG underneath the SGs
can open a certain level of bandgap at the Dirac point, and the charge
is depleted enough to define the QPC.21 Figure 2(a) shows a typical
transfer curve by sweeping the VSG toward the positive voltage by
applying fixed VBG¼�80V. The conductance decreased slowly at 0
< VSG < 4V due to the formation of pþppþ junction (regime I) since
high hole density in 2DHG was induced by negatively biasing the
global back gate electrode and the carrier density underneath the SGs
was slightly decreased. In the middle displacement field regime, the
2DHG under SGs was getting depleted by approaching the Dirac
point, and the conductance starts to decrease drastically (regime II).
Under a high displacement field region, jDj � 1V/nm, a sufficient
bandgap was formed at the Dirac point in the BLG underneath the SG
electrodes (see the supplementary material Fig. S3). The 2DHG in the
region was depleted since the Fermi level of BLG was tuned to the
middle of bandgap, and then a QPC structure was electrostatically
defined. The conducting channel was getting squeezed, and quantized
plateaus appeared in the conductance curve (regime III) are magnified
in Fig. 2(b). After exceeding the critical VSG value of around

VSG¼ 9.3V, the conductance increases again (regime IV) by the
Fermi level reaching the conduction band edge underneath the SG
and conduction begins to revive by forming a pþnpþ junction due to
Klein tunneling.26 Note that both carrier density and displacement
field strength in the constriction are changed during the single VSG

sweeping. The quantization of the conductance is unclear compared to
such QPCs in a conventional semiconductor heterostructure due to
the shorter mean free path in this system and the geometrical shape of
the SG electrodes. Nevertheless, the derivative of conductance with
respect to VSG shows well-developed maxima corresponding to the
position of the plateaus at steps of 2e2/h covering a wide range of con-
ductance, where the derivative of conductance is usually negative due
to the p-type QPC as shown in Fig. 2(b). However, the conductance
did not go below 2� 2e2/h in this sample even by increasing the nega-
tive back gate voltage up to �110V (see the supplementary material
Fig. S2). The reasons why the QPC did not reach a pinch-off could be
considered as follows: The QPC can be defined only during the VSG

range when the Fermi level under the SG is in the bandgap (see the
supplementary material Fig. S3); therefore, only a finite number of
conductance steps (five steps in this case) can be observed within the
energy (gate voltage) window. Since the carrier density in the 2DHG
region is rather high, up to 5� 1012 cm�2, due to the large back gate
voltage (>�80V) to induce sufficient displacement field to open the
bandgap under the SGs, the stray field from the tip of the SG into the
QPC channel is not sufficient to deplete the carrier density completely
in the channel. Moreover, in order to achieve the pinch-off condition
in the QPC, a perpendicular electric field is necessary to open a suffi-
cient bandgap in the channel region. However, it is not sufficient only
from the tip of the SGs even using a narrow separation less than
100 nm. Another set of gate electrodes provide such a channel
gate3–5,7,8 to assist the perpendicular electric field to achieve the
pinch-off.

Nevertheless, our results exhibit a feature of the level degeneracy
of quantized conductance with a unit of 2e2/h after subtraction of
series resistance (Rseries � 1 kX) of the 2DHG region from the mea-
sured 4-t resistance (R4t), GQPC¼ 1/(R4t � Rseries) in e2/h unit formula
shown in Fig. 2(b). Due to zero magnetic field and relatively small
spin–orbit coupling in the BLG system, such a BLG-QPC should show
the quantization units of g¼ 4 for the valley (2) and the spin degener-
acy (2). Our results suggest a possibility of breaking the valley degener-
acy in the narrow constriction. The quantization unit can be modified
by transmission probability T when the constriction geometry is not
uniform or quantum wire case instead of QPC geometry. However,
the transmission probability would not be restricted so much from
T� 1 since the length of the QPC (100) is sufficiently shorter than the
mean free path (�500nm), estimated from the field-effect mobility
(57 000 cm2/V s) near the Dirac point. Another possibility is interval-
ley scattering due to the scattering at atomic defects, sample edge
roughness, or variations in the etching defined hard-wall potential.
However, our electrostatically induced soft-wall and smooth confine-
ment potential, which has no dissipative edge or roughness, should
show the transparency T � 1. Similar studies have been performed
using electrostatically induced QPCs and quantum wires in BLG,
where they have reported quantized conductance steps of 4e2/h. The
main differences of these former studies from our device are the use of
a wide channel more than 200nm and an additional channel gate
structure in order to assist the perpendicular electric field to achieve

FIG. 2. (a) Conductance (red) and its derivative (blue) with respect to VSG (dG/
dVSG) of QPC1 in device A, obtained by sweeping VSG at VBG¼�80 V. The back-
ground color indicates the different transport regimes (I–IV). (b) Left panel: conduc-
tance curve at regime III in (a) after subtraction of series resistance. Right panel:
differential conductance (dG/dVSG) of the curve in the left panel.
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the pinch-off condition.3–5,7 On the other hand, such QPC structures
having a narrow constriction width less than 100nm (similar to our
devices) tend to show g¼ 2,9,10 whose QPCs are used for defining a
quantum dot. Considering the differences of the channel width, the
landscapes of the confinement potential would be different; a rectan-
gular potential profile could be considered for the wide channel and
then the additional channel gate decreased carrier density and
increased the Fermi wavelength to achieve the mode at the discrete
energy level. On the other hand, the narrow constriction, less than
100nm, used in QPC1, provides a parabolic-soft-wall potential and
then the degeneracy may be removed by the confinement effect. By
applying an out-of-plane magnetic field, the one-dimensional discrete
energy levels split and cross each other due to the formation and the
evolution of Landau levels at low magnetic field;3,5,7 therefore, the con-
ductance steps do not appear regularly compared to the results of in-
plain magnetic field application.10 However, at higher magnetic field
B¼ 9 T, the conductance steps are still slightly complicated as the unit
of conductance quantization becomes e2/h due to the Zeeman splitting
over the full gate voltage range in regime III as shown in Fig. 3 (see the
supplementary material Fig. S4 for the Landau fan plot from B¼ 0 to
9T). Different from the former BLG-QPC studies using a channel gate
structure,3–5,7,8 no significant enlargement of the width of the conduc-
tance plateau is observed even at 9T due to the channel width
(< 80nm) narrower than the cyclotron radios in our QPC device.

Such a g¼ 2 quantization behavior has also been confirmed in
another BLG-QPC device, QPC2 in device B, which has a triple-gate
structure shown in Figs. 1(c) and 1(d) and higher mobility. Clear con-
ductance steps with a unit of 2e2/h can be observed at 3–6� 2e2/h after
subtracting Rseries as shown in Fig. 4. In this experiment, the jDj
between the top gate and the SG was 0.7 in addition to the jDj of
0.7V/nm between the top gate and the BG for the assistance of the
perpendicular electric field in the 2DHG region including the channel.
Although the minimum conductance decreased down to 2e2/h, it

could not achieve the pinch-off due to the small energy window of the
depletion at the SG region. Some additional small conductance steps
can be observed in Fig. 4. These features may originate from quantum
intereference due to disorder in the QPC region, or from Fabry–P�erot
interference in the split-gate region, resulting from parallel conduction
due to the presence of insufficient gate voltage.26–30 These additional
steps can be observed also due to hole-hole intereaction, although the
mobility of our devices may not be suifficiently large to allow such
many-body effects.31–33

In summary, we have demonstrated electrostatically confined
QPC structures narrower than 100nm without the assistance of addi-
tional channel gates and observed the well-developed quantized con-
ductance at steps of 2e2/h instead of 4e2/h although the conductance is
not fully pinched-off. The step of 2e2/h suggests the breaking of at least
one degeneracy such as valley polarization by perpendicular electric
fields, and these results indicate the narrow confinement potential pro-
file may be responsible for lifting the valley degeneracy suggesting for
the application as such a valley filter device.

See the supplementary material for the device quality estimation,
resistance evolution in dual-gate sweep, and how to define the BLG-
QPC.
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FIG. 4. Conductance of QPC2 in device B as a function of bottom split gate voltage
VSG at VTG¼�4 Vand VBG¼ 45 V.

FIG. 3. Conductance of QPC1 in device A as a function of VSG at VBG¼�110 V
and B¼ 9 T.
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