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Applying a perpendicular electric field to bilayer graphene (BLG) induces an electrically tunable bandgap, so that
insulating states with resistances exceeding∼ 108

Ω can be generated. These high-resistance states pinch off the conducting
channel, thereby enabling high-quality gated devices for classical and quantum electronics. However, it is challenging to
precisely quantify these states electrically due to their high resistances, especially when different areas of the device are
operated in different high-resistance states. Here, taking advantage of the strong acoustoelectric effect, we demonstrate the
detection of these high-resistance states in a multi-gated BLG device using surface acoustic waves. Under different gating
configurations, the device is operated in different high-resistance states. Although these states have similar resistances of
∼ 108

Ω, we show their acoustoelectric responses exhibit pronounced differences, thereby allowing the acoustic detection.
More interestingly, we demonstrate that when the conducting channel is pinched off by one top gate, we are still able to
acoustically, but not electrically, detect the gating effect of another top gate. Our results reveal the powerful capability and
the promising future of acoustically characterizing BLG and other two-dimensional materials, especially their electronic
states with high resistances.

Keywords: bilayer graphene, surface acoustic waves, acoustoelectric effects, high-resistance states
PACS: 72.80.Vp, 43.38.Rh, 72.50.+b
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1. Introduction
Bilayer graphene (BLG) has attracted significant research

interest in electronic applications since a tunable bandgap can
be induced by an external perpendicular electric field.[1–4] By
tuning the Fermi level of BLG into the bandgap, high-quality
insulating states with high resistances above ∼ 108

Ω are
generated.[5] These high-resistance states not only can serve
as the “OFF” state in classical electronic devices,[6] but also
can be employed as tunnel barriers to define quantum dots[7–9]

for quantum information processing.[10] However, their high
resistances bring technical challenges in precisely identifying
and quantifying these states through traditional transport mea-
surements, especially when multiple high-resistance states are
electrically connected in series. Therefore, alternative and/or
complementary detection strategies are highly desirable.

Surface acoustic waves (SAWs) propagating on the sur-
faces of piezoelectric substrates can interact with charge
carriers in an embedded two-dimensional (2D) electron
system,[11–13] leading to the acoustoelectric effect.[14,15] Uti-
lizing this effect, a variety of electrically tunable microwave
devices have been developed.[16,17] More importantly, through

the acoustoelectric effect, the attenuation and the velocity of
SAWs exhibit pronounced responses when varying the con-
ductivity of the charge carriers, offering the possibility of
acoustically detecting electronic states.[18–24] Recently, in-
creasing attention has been devoted to acoustoelectric ef-
fects in 2D materials.[25–31] This is because 2D materials can
be easily transferred onto piezoelectric substrates[27,32–34] to
achieve strong acoustoelectric effects due to the nanoscale
distances between charge carriers and SAWs. Numer-
ous phenomena have been studied, such as acoustoelectric
current,[25,26,30,35–37] negative resistance,[38] valley acousto-
electric effects,[39] and oscillating acoustoelectric effects.[29]

Although acoustic measurements of quantum oscillations in
graphene[27,40] have been demonstrated very recently, the
capability of acoustically detecting high-resistance states in
gated devices based on 2D materials remains highly unex-
plored.

Here, we demonstrate the powerful capability of acous-
tically detecting high-resistance states in a gated BLG de-
vice. The device consists of two sets of interdigital trans-
ducers (IDTs) for actuating and detecting SAWs, and a BLG
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field-effect transistor (FET) equipped with a back gate and
two top gate electrodes. Leveraging the electrically tun-
able bandgap of BLG, the device is operated in two high-
resistance states induced by different top gates. We show
that although the resistances of these two states are similar
(∼ 108

Ω), their responses in SAW transmission signals ex-
hibit pronounced differences, enabling sensitive acoustic de-
tection of high-resistance states. More importantly, when the
device is pinched off by one top gate so that transport measure-
ments become invalid, the strong acoustoelectric effect still
enables acoustically detecting responses upon tuning the other
top gate. Our results demonstrate the promising future of in-
vestigating high-resistance states in BLG using SAWs, which
can be readily extended to characterize the diverse family of
2D materials.

2. Methods

Figure 1(a) shows the optical microscope image of the in-
vestigated hybrid device, which consists of two sets of IDTs
(only one set is shown in Fig. 1(a)) and a FET fabricated on a
piezoelectric substrate of GaAs. The IDTs are fabricated using
standard electron beam lithography followed by electron beam
evaporation of 35 nm Al. The separation between the two sets
of IDTs is 600 µm. The IDTs’ electrodes are of the double-
electrode type to reduce reflections from the finger electrodes.

Both the electrode widths and the center-to-center distances
between adjacent electrodes are 400 nm, resulting in the SAW
wavelength λ = 3.2 µm. According to the acoustic velocity
v ∼ 2900 m/s of GaAs, the center frequency of the SAW is
expected to be f ∼ 900 MHz.

Between the two sets of IDTs, we use electron beam
lithography and evaporation to fabricate a metal back
gate (BG, Ti/Pd = 3/20 nm). Subsequently, we trans-
fer a sandwiched heterostructure onto BG using the well-
established “pick-up” transfer method.[32,33] The heterostruc-
ture is stacked by encapsulating a BLG sheet with two hexag-
onal boron nitride (hBN) flakes. All flakes are prepared by
mechanical exfoliation. After the transfer process, the het-
erostructure is etched to expose the edges of BLG for electrical
contact.[32] Finally, a layer of Cr/Au = 5/50 nm is deposited
onto the heterostructure to form the source (S), the drain (D)
and two top gate electrodes (TG1 and TG2), respectively. The
two top gates are of different widths (2 µm for TG1, and
1 µm for TG2). The optical microscope image and the cross-
sectional schematic of the FET are shown in Figs. 1(b) and
1(c), respectively. The three gate electrodes divide the BLG
flake into three parts: 1) the dual-gated region between BG
and TG1 (referred to as DG1 area for simplicity), 2) the dual-
gated region between BG and TG2 (referred to as DG2 area),
and 3) the single-gated region which is not covered by any top
gate (referred to as BG area).

Back gate

hBN

Top gate

BLG

Substrate

S D
1 2

(c)(b)
hBN

BLG

10 mm 

(a)

100 mm 

IDT
FET

GaAs

Fig. 1. The structure of our device. (a) Optical microscope image of the device, showing one set of IDTs and a FET fabricated on a piezoelectric
substrate of GaAs. (b) Zoom-in of the FET region highlighted by the orange dashed box in (a). The green and pink dashed lines mark the edges
of the hBN and BLG flakes, respectively. (c) Cross-sectional schematic of the FET. The hBN (green) and BLG (pink) flakes are stacked as a
sandwiched heterostructure, which is placed on top of a metal back gate (gray). Two top gates (orange) with different widths, labeled as 1 and
2, respectively, are deposited above the heterostructure. The source (S, orange) and drain (D, orange) are used for transport measurements.

3. Results and discussion

The device is characterized in a He-3 refrigerator with a
base temperature of ∼ 350 mK. First, we measure the trans-
port properties of the FET using lock-in techniques under an
AC source-drain bias of VSD = 100 µV at 17.7 Hz. Figure 2(a)
shows the measured differential conductance dI/dVSD when
varying voltages applied to BG (VBG) and TG1 (VTG1). Two
crossing dark blue lines are visible, where dI/dVSD reaches
a minimum. The horizontal line corresponds to the charge
neutrality point (CNP) of the BG area, and the diagonal line
represents the CNP of the DG1 area where a bandgap is in-
duced by the perpendicular electric field generated by gate
voltages.[1,2,5,6]

Next, we focus on the DG1 area. Using a simple parallel-

plate capacitor model, the electric field D and the charge den-
sity n in the DG1 area are described as[1]

D = εhBN
(
VBG−V 0

BG
)
/(2db)

−εhBN
(
VTG1−V 0

TG1
)
/(2dt) , (1)

n =
[
εhBN

(
VBG−V 0

BG
)
/(2db)

+εhBN
(
VTG1−V 0

TG1
)
/(2dt)

]
/e. (2)

Here, e is the electron charge, εhBN is the dielectric constant of
hBN, db and dt are the thicknesses of the bottom and the top
hBN flakes, respectively, and V 0

BG and V 0
TG1 are the voltage off-

sets of BG and TG1, respectively, which originate from unin-
tentional doping induced in the fabrication process.[1] Setting
n = 0, we estimate the slope of the diagonal line as −dt/db ∼
0.59 (calculated based on the thicknesses of hBN flakes mea-
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sured by the atomic force microscopy), which is comparable
with the value of ∼ 0.57 extracted from Fig. 2(a). Therefore,
according to Eqs. (1) and (2), along the diagonal line, as VBG

and VTG1 change toward the top-left or bottom-right corner,
the electric field |D| at the DG1 area increases while the Fermi
level of BLG in the DG1 area is always kept in the bandgap.[41]

We would like to point out that the diagonal line gradually
broadens upon increasing |D|. This phenomenon originates
from the increased bandgap,[1,2,5,6] which is consistent with
previous reports.[2,3,5,6,42] When varying VBG and VTG2, simi-
lar features are observed, as shown in Fig. 2(b).
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Fig. 2. Transport measurements. (a) Differential conductance dI/dVSD
of the FET as a function of VBG and VTG1. Considering the voltage off-
set of V 0

TG2, here VTG2 = V 0
TG2 = −0.66 V. The white arrow indicates

the direction at which the electric field D increases. (b) dI/dVSD as a
function of VBG and VTG2, at VTG1 = V 0

TG1 = −0.70 V. White dashed
lines mark the positions where Fig. 3 is obtained.

To further study the electrical tuning effect of different
top gates, we extract dI/dVSD as functions of voltages ap-
plied to TG1 (VTG1) and TG2 (VTG2), respectively, at a fixed
VBG = −7 V (the white dashed lines in Fig. 2). As shown in
Fig. 3(a), the red (blue) curve approaches zero where the DG1
(DG2) area is tuned to the CNP, and increases sharply as VTG1

(VTG2) moves away from the CNP. This is better evidenced
in differential resistances shown in Fig. 3(b). It is clear that
either tuning VTG1 or VTG2 switches the device from conduc-
tive (∼ 103

Ω) to high-resistance (∼ 108
Ω) states, suggesting

high-quality bandgap formations in both DG1 and DG2 areas.
It is worth noting that the maximum differential resistances of
these two states are nearly identical, according to the trans-
port measurements. We would like to point out that a slight
difference in peak broadening is observed in Fig. 3(b), which
can be understood from the view of different widths of the
corresponding top gate electrodes. Given the presence of in-
homogeneities and impurities in real devices,[5] hopping via
disorder traps near the band edge leads to leakage. A wider
top gate (TG1) tends to suppress this leakage by creating a
wider insulating region.

After transport measurements, we use the vector network
analyzer to detect the SAW transmission signals while vary-
ing VTG1 and VTG2, respectively. Here we choose the third
harmonic mode of the SAW ( f = 2.713 GHz) since its corre-
sponding wavelength (∼ 1 µm) is comparable with the widths

of both top gate electrodes. As shown in Fig. 3(c) (Fig. 3(d)),
the phases φ (the amplitudes |S21|) of the SAW transmission
signals exhibit pronounced responses upon tuning VTG1 and
VTG2 to approach the CNP, respectively. Varying VBG results
in similar responses of φ and |S21| as well (insets of Figs. 3(c)
and 3(d)).

The mechanism behind the acoustic detection of elec-
tronic states is due to the interaction between SAWs and
charge carriers in BLG. The propagation of SAWs gener-
ates an accompanying piezoelectric field through the piezo-
electric effect. The in-plane piezoelectric component acts on
charge carriers, resulting in their directional and oscillatory
motions.[29] Meanwhile, the screening field induced by charge
carriers combines with the piezoelectric field, forming an ef-
fective electric field that modifies the propagation of SAWs via
the inverse piezoelectric effect.[12] Such an interaction trans-
fers energies between SAWs and charge carriers, and can be
described by a simple relaxation model[27] as

δv
v
− iΓ

k
=

K2
eff
2

1
1+iσxx/σm

. (3)

Here, v is the acoustic velocity, δv is the velocity shift, Γ is the
SAW attenuation coefficient, k is the SAW wave vector, σxx is
the sheet conductivity of BLG, K2

eff and σm are the electrome-
chanical coupling efficiency and the characteristic sheet con-
ductivity of the piezoelectric substrate, respectively. There-
fore, δv (Γ ) determines the phase φ (the amplitude |S21|) of the
SAW. The inset of Fig. 3(b) shows the calculated δv/v and Γ

based on Eq. (3), which are nonlinearly scaled with σxx. In our
experiment, σm is expected to be∼ 10−7 S for GaAs.[12] Since
σxx can be tuned from ∼ 10−4 S to ∼ 10−8 S upon gating, we
are able to observe pronounced responses in the SAW trans-
mission signals near the CNP. Note that as σxx decreases, δv/v
increases monotonically while Γ exhibits a non-monotonic be-
havior (inset of Fig. 3(b)). However, as shown in Fig. 3(d),
|S21| also exhibits a dip in our experiments, which may result
from the relatively large power of SAWs.[11]

More interestingly, as shown in Figs. 3(c) and 3(d), the
blue and the red curves exhibit distinct differences near the
CNP for both φ and |S21|. This demonstrates that the small
conductivity difference between the two high-resistance states,
which is not visible in the electrical measurements, becomes
detectable after being transduced to acoustic signals. How-
ever, this transducing mechanism cannot be quantitatively un-
derstood at present. According to the relaxation model,[27] the
detected acoustic signals should be proportional to the area
of the corresponding dual-gated region upon tuning VTG1(2).
Therefore, it is expected that the acoustic responses upon vary-
ing VTG1 should be more pronounced, compared with varying
VTG2. However, as shown in Figs. 3(c) and 3(d), |S21| follows
this trend, while φ demonstrates the opposite behavior. This
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hints at possible new mechanisms beyond the simple relax-
ation model, in which further knowledge of the impedance at
different parts of the device may be needed to account for the
transmission/reflection at their interfaces. Nevertheless, our
finding suggests that high-resistance states formed in DG1 and
DG2 areas can be acoustically distinguished, even though their
resistances are found to be nearly identical around ∼ 10−8 S
from traditional transport measurements.

VTG1(2) (V)

VTG1

VTG2

↩4 0

d
I
/
d
V

S
D
 (

m
S
)

0

0.1

0.2

0.3

φ
 (

Ο)  

↩9

↩7

↩5

↩62.0

↩62.2

↩62.4

↩62.6

(a) (c)

(d)

|S
2
1
| 
(d

B
)

2.51.5 3.5

(b)

d
V

S
D
/
d
I
 (
W
)

109

106

103

VBG (V)
↩5 2

↩62.6

↩61.4

VBG (V)
↩5 2

↩11

↩5

10.01 100

 
δv

/
v
 (

a
rb

. 
u
n
it
s)

 
Γ
 (

a
rb

. 
u
n
it
s)

0.5
VTG1(2) (V)

σxx/σm



↩4 0
VTG1(2) (V)

 ↩4 0
VTG1(2) (V)



Fig. 3. Electrical and acoustic responses of the FET. (a) Differen-
tial conductance curves as functions of VTG1 (red) and VTG2 (blue) at
VBG = −7 V, respectively, which are extracted from the white dashed
lines in Fig. 2. (b) Differential resistance curves as functions of VTG1
(red) and VTG2 (blue), respectively, which are calculated from the data in
(a). Inset shows calculated δv/v and Γ as a function of σxx/σm based
on Eq. (3). (c) Phase φ and (d) amplitude |S21| responses of the SAW
transmission signals as functions of VTG1 (red) and VTG2 (blue), respec-
tively, which are obtained at the voltage configuration in (a). Insets of
(c) and (d) show φ and |S21| as a function of VBG, respectively. Here
VTG1 = V 0

TG1 and VTG2 = V 0
TG2. Gray dashed lines in (a) mark the posi-

tions where Fig. 4 is obtained.

To further demonstrate the capability of acoustically de-
tecting high-resistance states, we simultaneously use both top
gates for electrical tuning. Figure 4(a) shows the measured
dI/dVSD as a function of VTG1 at different VTG2 (correspond-
ing to the gray dashed lines in Fig. 3(a)). When VTG2 = 1.4 V
and 2.0 V, a clear tuning trend of dI/dVSD with VTG1 is ob-
served, which is similar to Fig. 3(a). However, when VTG2 =

2.5 V, the DG2 area is tuned to the high-resistance state (the
rightmost gray dashed line in Fig. 3(a)), thereby pinching off
the conducting channel. Since DG1 and DG2 areas are con-
nected in series, the overall dI/dVSD already approaches zero
and cannot further respond to electrical tuning on the DG1
area with VTG1. This is more clearly evidenced in the differen-
tial resistance plot shown in Fig. 4(b).

In sharp contrast, the propagation of SAWs is not pinched
off upon gating, so that SAWs can interact with charge carri-
ers in different BLG areas along their propagation. Therefore,
as shown in Figs. 4(c) and 4(d), both φ and |S21| of the SAW
transmission signals respond to VTG1, regardless of the states
in the DG2 area set by VTG2.

The acoustic detection scenario and its difference with re-
spect to traditional transport measurements are summarized in
Fig. 5. Manipulating DG1 and DG2 in either high-resistance
or conductive states results in four possible cases, labeled as
(i) to (iv). Since high-quality high-resistance states can be
achieved in both DG1 and DG2 areas and are connected in
series, traditional transport measurements only detect whether
the conducting channel is pinched off, thus failing to distin-
guish cases (ii), (iii), and (iv). However, the acoustic detection
not only enables identification of high-resistance states under-
neath different top gates with different widths (between cases
(ii) and (iii), see Fig. 3), but also responds differently upon gat-
ing even when the conducting channel is already pinched off
by another top gate (between cases (ii) and (iv), see Fig. 4).
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Fig. 4. Electrical and acoustic responses of the FET under a combined
tuning of both top gates. (a) Differential conductance and (b) differen-
tial resistance as a function of VTG1 at VBG = −7 V and VTG2 = 1.4 V
(blue), 2.0 V (red) and 2.5 V (yellow), respectively. (c) Phase φ and
(d) amplitude |S21| of the SAW transmission signals, obtained at the
voltage configuration in (a).

(i) (ii)
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DG1 DG2

DG1 DG2 DG1 DG2
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Current
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Current
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Current
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Fig. 5. Possible cases of the device upon gating DG1 and DG2 areas in
high-resistance (orange) or conductive (blue) states. Orange and blue
arrows represent the electrical current and the propagation of SAWs, re-
spectively, demonstrating the differences between electrical and acous-
tic detection scenarios.

Our results demonstrate that even when the device’s re-
sistance is as large as ∼ 108

Ω, it is still able to acousti-
cally detect its internal electrical properties via the acousto-
electric effect. This is of particular interest to employ SAWs
to characterize 2D materials whose Ohmic contacts are diffi-
cult to realize, especially under low source–drain bias voltages
at low temperature.[43] In addition, the demonstrated acoustic
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detection scenario offers possibilities to reveal different, but
simultaneously existing, novel insulating electronic states in
2D materials,[44–46] which may be hidden in traditional trans-
port measurements. Moreover, from the quantum information
point of view, the high-resistance states are essential for serv-
ing as tunnel barriers to define quantum dots.[7–9,47,48] When
quantum dots are tuned into a few-electron regime,[49–52] di-
rect transport measurements may be challenging due to the
suppressed tunneling rates.[53,54] In such a case, the acoustic
detection via SAWs provides an alternative probing scheme.

4. Summary
In conclusion, we fabricate a hybrid device consisting of

a multi-gated BLG-based FET and two sets of IDTs for ac-
tuating and detecting SAWs. Through comparisons of trans-
port measurement results and acoustically probed signals, we
demonstrate that SAW transmission signals are sensitive in de-
tecting high-resistance states, even when their resistances are
too large to be distinguished from traditional transport mea-
surements. We further show that when the FET is pinched off
by one top gate, the measured SAW transmission signals are
able to reflect variations in the conductivity of BLG under-
neath another top gate. Our results demonstrate the powerful
capability and the promising future of employing acoustic de-
tection as an alternative and/or complementary detection strat-
egy beyond traditional transport measurements for character-
izing 2D materials.
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