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Bilayer graphene is an attractive material that hosts a high-quality two-dimensional electron gas with
a controllable band gap. By utilizing the band gap, electrical gate tuning of the carrier is possible and
formation of nanostructures such as quantum dots has been reported. To probe the dynamics of the elec-
tronic states and realize applications for quantum bit devices, radio-frequency (rf) reflectometry, which
enables high-speed electrical measurements, is important. Here we demonstrate rf reflectometry in bilayer
graphene devices. We utilize a microscale graphite back-gate and an undoped Si substrate to reduce the
parasitic capacitance, which degrades the rf reflectometry measurement. We measure the resonance prop-
erties including the matching condition of a tank circuit, which contains the bilayer graphene device. We
construct a demodulated rf reflectometry setup and compare the result with dc measurement, and confirm
their consistency. The wide-range frequency-dependent noise behavior is also analyzed. From the noise
analysis, we calculate the readout error rate of our device for single-electron detection and demonstrate
that a vertically integrated charge sensor has the potential to achieve a low error rate. We also measure
Coulomb diamonds of quantum dots possibly formed by bubbles and confirm that rf reflectometry of
quantum dots can be performed. This technique enables high-speed measurements of bilayer graphene
quantum dots and contributes to the study of bilayer-graphene-based quantum devices by fast readout of
the states.

DOI: 10.1103/PhysRevApplied.20.014035

I. INTRODUCTION

Bilayer graphene (BLG) is a member of the family of
nanocarbon materials, which has attracted attention for its
unique properties [1,2]. The properties of BLG, including
the formation of quantum dots, have been intensively stud-
ied [3–11]. Quantum dots [12–15] are nowadays essen-
tial elements in semiconductor spin quantum bits [16–22]
and electronic sensors [23–25]. BLG has the potential to
improve their performance by utilizing the weak spin-
orbit interaction and decreasing the nuclear spins [26].
Also, BLG has a nontrivial topological band, resulting
in the charge carriers acquiring a Berry phase providing
many fascinating characteristics [27–30]. Therefore, it is
expected to be a good platform for valleytronics.

*tomohiro.otsuka@tohoku.ac.jp

For BLG, most of reports directly measure the cur-
rent flowing through the quantum dots with low-frequency
electronics. To access the faster dynamics of the elec-
tronic states and for applications to quantum bits, faster
and more sensitive electronic measurements are required.
In order to realize this faster readout, radio-frequency (rf)
reflectometry is a powerful tool to improve the measure-
ment bandwidth [31–35]. This technique applies rf signals
to resonators including target devices and monitors the
reflected rf signals. The impedance of the target devices
can be monitored through the reflected signals. In this
measurement setup, we need to decrease the stray capac-
itance in the measurement circuit to reduce rf leakage
and optimize the properties of the resonators. However,
in conventional BLG devices on SiO2 and highly doped
Si back-gates, large stray capacitances are formed by the
device electrodes and the back-gates.
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FIG. 1. (a) Layer structure of the device. The two-dimensional
electron gas is formed in the bilayer graphene, which is con-
nected to Ti/Au. The thicknesses of the top and bottom hexagonal
boron nitride layers are 18 and 25 nm confirmed by atomic
force microscopy, respectively. (b) Optical microscope image of
the device and schematic of the measurement setup. An rf tank
circuit is connected to the source of the device. (c) Observed
conductance of the bilayer graphene as a function of VTG and
VBG.

Various techniques have been developed to reduce the
stray capacitance in graphene devices, such as electrolyte
gates [36], matching network circuits [37], and disper-
sive readout [38]. However, the technique in BLG devices
has yet to mature, and there are few reports on it and
not enough information about the resonator characteristics
including the matching condition. Among them, reducing
the size of the capacitance formed by the gate electrode
is a simple approach. Such an approach has been reported
for Si-based quantum dots [39–41]. In this work, we real-
ize rf reflectometry in BLG devices utilizing microscale
graphite back-gates to reduce the stray capacitance. We
demonstrate the operation of reflectometry including the
matching condition, and calculate the readout error rate
of an electrostatically coupled charge sensor. Furthermore,
Coulomb diamonds are observed through rf reflectometry.
We consider that quantum dots are formed in the conduc-
tion channel by potential fluctuations by bubbles [42,43].
These are important in exploring the quantum dynam-
ics in BLG and applications like quantum information
processing.

II. DEVICE AND DC CHARACTERISTICS

Figure 1 shows the fabricated device structure. The
device consists of layered two-dimensional materials: a
graphite back-gate, a hexagonal boron nitride (h-BN) gate
insulator, BLG flakes, and another h-BN gate insulator
from bottom to top as shown in Fig. 1(a). This layered
material is placed on top of the undoped Si substrate. The
structure is prepared by the Elvacite transfer method [44].
On top of the structure, a 2-µm-wide Ti/Au top gate is
placed on the top h-BN layer and Ti/Au source and drain
contacts are prepared on BLG. Figure 1(b) shows a photo-
graph of the device taken with an optical microscope. The
long dotted line indicates BLG, and the short dotted line
indicates the graphite back-gate. Important points of this
device are the use of undoped Si substrates and microscale
graphite back-gates to make the stray capacitance as small
as possible. When a sample is placed on a conventional
SiO2/doped-Si substrate, the capacitance between the con-
tact electrodes and the back-gate becomes large, and the
rf signal used for reflectometry leaks to the back-gate. By
using an undoped Si substrate, the parasitic capacitance is
reduced and we are able to create a sample that can be used
in rf reflectometry measurement.

Figure 1(c) shows the conductance of the BLG when
dual gate voltages on the top gate (VTG) and the back-
gate (VBG) are applied. In this measurement, the device
is probed by direct current (dc) using a source measure-
ment unit. The measurement temperature is 4.2 K. A
low-conductance region appears in the diagonal direction.
The total gate voltage VTG+VBG controls the Fermi level,
and setting the level at close to the band gap leads to a low
conductance. The slope of the diagonal low-conductance
region is not unity because there are differences in the
electrostatic coupling between VTG and BLG, and VBG
and BLG. Also, the width of the low-conductance region
reflects the opening of the band gap in BLG. The gap is
opened by an electric field ∝ |VTG − VBG| [1], resulting
in the width being very narrow near the origin. The open-
ing of the band gap and accompanying pinch-off properties
are observed. Note that other conductance decreases are
observed in horizontal and vertical directions in the graph.
Due to the device structure, there are regions where only
the top or back gate covers and this induces additional
decreases in the conductance. This behavior has been pre-
viously reported in a similar device structure [6]. One of
the possible reasons for the shift of the charge-neutral point
in graphene devices is caused by carrier doping from metal
contacts [45].

III. RF REFLECTOMETRY

A. Resonance property

Next, we measure the resonance property of a resonator
that includes the BLG device. The rf tank circuit is formed
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FIG. 2. (a) Observed S21 as a function of the frequency and
VTG. VBG is fixed to −8 V in this measurement. The reso-
nance changes with VTG. (b) Resonance properties at VTG =
3.3, 4.3, 4.8, and 5.3 V.

by a chip inductor L = 1.2 µH, a parasitic capacitor in the
circuit Cp, and the graphene device as shown in Fig. 1(b).
We measure the reflected signal from the resonator by
a network analyzer through a directional coupler and an
amplifier held at 4.2 K. Figure 2(a) shows the observed
transmission coefficients S21 as a function of the frequency
and VTG. Note that S21 is measured by the input signal and
reflected signal from the resonator by using a directional
coupler, indicating that means the reflection coefficients.
In this measurement, VBG is fixed to −8 V. We observe the
resonance around fres = 187.6 MHz and the resonance is
modified by the change of the device conductance through
VTG.

Figure 2(b) shows the resonance traces when VTG =
3.3, 4.3, 4.8, and 5.3 V. The change of the resonance
around VTG = 5 V is consistent with the pinch-off property
observed in Fig. 1(c). The reflected rf signal is modified
and rf reflectometry operation is confirmed. The parasitic
capacitance is evaluated as Cp = 0.60 pF, which mainly
comes from the parasitic capacitance formed in the mea-
surement board. The capacitance expected in the BLG
device is calculated as 5.4 fF from the geometry. This value
is small compared with 0.60 pF and will not greatly affect
the observed resonance.

B. Demodulator measurement

We construct a demodulator circuit utilizing a mixer as
shown in Fig. 3(a). The rf signal divided by the splitter is
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FIG. 3. (a) Schematic of the demodulator circuit utilizing a
mixer for rf reflectometry. (b) Observed readout signal Vrf and
the dc conductance G as a function of VTG.

injected into the tank circuit including the sample through
the directional coupler. The reflected signal is amplified
and multiplied with the phase-adjusted input wave, and
the resulting voltage through a low-pass filter (1.9 MHz)
is measured by a digitizer. We optimize the phase adjuster
and the rf signal power [46].

Figure 3(b) shows the the demodulated signal Vrf and
the dc conductance G as a function of VTG. The changes of
Vrf and G are synchronized and we can detect the change
of G by monitoring Vrf. Note that the observed nonlinear-
ity between Vrf and G reflects the nonlinear relation in the
reflection coefficient and G.

C. Noise analysis

We analyze the readout noise in rf reflectometry. Fig-
ures 4(a)–4(c) show the noise spectrum at VTG = 5.25, 4.8,
and 4.6 V, respectively. The spectra are calculated by fast
Fourier transform of the real-time data. In this measure-
ment, we remove the low-pass filter in Fig. 3(a). At VTG =
5.25 and 4.8 V, we observe the same frequency dependence
with rf reflectometry previously reported in GaAs quantum
dots [47]. The solid red lines in Figs. 4(a) and 4(b) are the
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fitting curve of the following equation:

VFFT(f ) = α

f 1/2 − LS(f ) + offset. (1)

Here, α is the amplitude of the flicker noise correspond-
ing to the device noise, LS(f ) is the symmetric Lorentz
function to the circuit noise from the characteristics of the
resonator and the amplifier, and the offset is the intrinsic
noise of the amplifier. On the other hand, such behavior
is not observed at 4.6 V in Fig. 4(c). The second term,
−LS(f ), reproduces VFFT(f ) increasing with rf frequency
around 106 Hz. This increase is not observed at 4.6 V in
Fig. 4(c), indicating that rf reflectometry is insensitive in
this voltage region. Therefore, we do not fit such noise
spectra. This is because the conductance in such a region
makes the resonator impedance far away from the match-
ing conditions and the reflection coefficient is no longer
sensitive to changes of the conductance. The dc measure-
ment shows that the matching condition is satisfied with
G ∼ 20 µS at VTG ∼ 4.8 V, where Vrf is close to zero.
The reflection coefficient is sensitive enough to detect
conductance changes in the pinch-off region, where the
conductance becomes lower than 20 µS. This is important
for applications to high-sensitivity single-charge detectors
utilizing quantum point contacts and quantum dots, which
usually operate at low-conductance conditions [33,35].

Furthermore, a positive correlation between α and
∣
∣
∣

dVrf
dVTG

∣
∣
∣ is obtained as shown in Fig. 4(d). This relation-

ship indicates that the flicker noise is caused by charge
fluctuation near the channel in BLG. Note that there are a
few points in the gray region away from the trend. This is
because we calculate

∣
∣
∣

dVrf
dVTG

∣
∣
∣ by a simple numerical differ-

ential of the measured data, which leads to spurious values
resulting from the interplay of the measurement resolution
and the fine signal oscillation, such as seen in Fig. 3(b).
The signal oscillation corresponds to formation of quan-
tum dots and is discussed in a later section. The present
discussion shows that Vrf accurately reflects the operation
of rf reflectometry and enables us to explain the noise
mechanism of this measurement technique.

Next, we calculate the readout error rate of our BLG
charge sensor for single-electron-transition detection if we
couple the sensor to target quantum dots. From the noise
analysis, we obtain the noise distribution σ to be 28 mV.
The change in Vrf by single-electron transition is calcu-
lated by VC

∣
∣
∣

dVrf
dVTG

∣
∣
∣, where VC is the effective gate voltage

through electrostatic coupling between the sensor and tar-
get quantum dots. Our BLG device has sensitivity

∣
∣
∣

dVrf
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∣
∣
∣ of

0.25, and the signal-to-noise ratio (SNR) can be defined as
SNR = VC

σ

∣
∣
∣

dVrf
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∣
∣
∣. The readout error rate can be described

as 0.5erfc(SNR/2
√

2) assuming a Gaussian noise distri-
bution. Note that we can consider only Gaussian noise
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FIG. 4. Noise spectra at (a) VTG = 5.25 V, (b) 4.8 V, and
(c) 4.6 V. The green dashed circles indicate the focus point to
observe the effect of the resonator. (d) Correlation between α and
∣
∣
∣

dVrf
dVTG

∣
∣
∣. The dashed red line is drawn as a guide to the eye. (e)

VC dependence of the calculated readout error rate. Blue, orange,
and green lines correspond to tint = 8, 80, and 800 ns, respec-
tively. The inset shows the concept of the charge sensor structure
for high sensitivity.

because other noise components, as mentioned above, are
not dominant in the high-frequency domain we discuss
here. For improvement of the SNR, the formation of a con-
trollable quantum dot for the charge sensor is a promising
solution because of the expected high sensitivity

∣
∣
∣

dVrf
dVTG

∣
∣
∣.

Figure 4(e) shows the VC dependence of the readout error
rate with various integration times tint = 8, 80, and 800 ns.
Time integration is a noise reduction technique, which
decreases σ by 1/

√
N . Here, N is the number of integra-

tion samples that can be obtained from tint and sampling
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frequency and the readout error rate decreases owing to
the time integration.

The error rate can be further decreased if we can enhance
VC. In GaAs quantum dots [47,48], the value of VC is
about 1–10 mV. VC is limited by the distance between the
charge sensor and the target quantum dots and the screen-
ing by separator gate electrodes. In order to avoid these
problems in two-dimensional material devices, a vertical
configuration of the charge sensor shown as an inset in
Fig. 4(e) can be expected. This type of structure has already
been demonstrated experimentally to explore the current
induced by back-action [49]. In this structure, the sensor
and targets are physically separated whereas they are very
close to the atomic-layer scale. The electrostatic coupling
is inversely proportional to the distance, and we can expect
a value of VC of about 10–100 mV by assuming the differ-
ence in distance is an order of magnitude smaller compared
with GaAs quantum dot devices. A previous study [49]
also shows VC ∼ 45 mV between the top and bottom quan-
tum dots, such a value being extracted from the stability
diagrams. At a glance, large electrostatic coupling lead-
ing to a low readout error rate is expected in this structure.
This concept can be applied to not only BLG but also other
two-dimensional material-based devices.

D. Coulomb diamond

Finally, we use rf reflectometry to observe the quan-
tum dots unintentionally created in the device. Figure 5(a)
shows Vrf near the pinch-off of the BLG. Ideally, Vrf should
show a smooth decrease due to the band gap caused by the
vertical electric field. However, Vrf shows oscillations in
addition to the background decrease. These oscillations are
also observed in dc measurements as shown in Fig. 3(b),
and can be identified as Coulomb peaks. The observed
Vrf as a function of the source-drain bias VSD and VTG
is shown in Fig. 5(b). The signal is also modulated by
VSD and Coulomb diamonds are observed (dashed lines).
A possible mechanism for the formation of quantum dots
is potential fluctuations due to air bubbles formed when
the BLG is encapsulated with the boron nitride. In order to
examine this scenario, we calculate the size of the formed
quantum dot from the size of the Coulomb diamond. The
smallest Coulomb peak interval at zero bias is 5 mV, cor-
responding to a gate capacitance of 32 aF. By assuming
the quantum dots are circular, the radius of the dots is
calculated to be 150 nm. This value is in good agree-
ment with the bubble size in h-BN/graphene structures
reported in previous works [50]. The band gap of BLG
depends on the vertical electric field. Due to the thickness
of the bubbles [42,43], the vertical electric field is modu-
lated and quantum dots are created. These bubbles may be
manipulated by an atomic force microscope (AFM) [51],
which indicates that the quantum dot in our device can be
controlled.
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FIG. 5. (a) Enclosed trace of Vrf as a function of VTG. (b)
Observed Vrf as a function of the source-drain bias VSD and VTG.

IV. CONCLUSION

In conclusion, rf reflectometry in bilayer graphene
devices is demonstrated by creating a device with a
microscale graphite back-gate on an undoped Si substrate.
The resonance property of the device connected to the
tank circuit is measured using a network analyzer. We
confirm that the matching condition close to the operat-
ing point can be maintained. This condition is important
in sensitive quantum device readout [52]. We construct
a demodulated rf reflectometry setup and the observed
result shows good agreement with the dc measurement.
The wide-range frequency-dependent noise property of rf
reflectometry and the expected readout error rate in charge
detection are evaluated and we demonstrate that a verti-
cally integrated charge sensor has the potential to achieve
a low error rate by utilizing a large electrostatic coupling
for two-dimensional materials. We also measure Coulomb
diamonds of quantum dots possibly formed by bubbles and
confirm that rf reflectometry of quantum dots can be per-
formed. Our results enable high-speed measurements of
bilayer graphene quantum dot devices and aid the eval-
uation of bilayer graphene-based quantum bits by fast
readout of the states. Furthermore, this work is expected
to lead to investigation of the dynamics of valleytronics
phenomena, opening up a new era in electronics.
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