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ABSTRACT: Quantum confinement structures are building
blocks of quantum devices in fundamental physics exploration
and technological applications. In this work, we fabricate dual-
gated bilayer graphene Fabry−Peŕot quantum Hall interferometers
employing two different gating strategies and conduct finite
element simulations to understand the electrostatics of the
confinement structures and to guide device design and fabrication.
We observe two types of resistance oscillations arising from the
charging of quantum dots formed inside the interferometers. We
obtain the size, location, and charging energy of the dots by
measuring the dependence of the oscillations on the magnetic field,
gate voltages, and dc bias. We analyze and discuss the origin of the
quantum dots and their impact on quantum Hall edge state backscattering and interference. Insights gained in these studies shed
light on the construction of van der Waals quantum confinement devices.
KEYWORDS: Quantum Hall effect, Fabry−Peŕot interferometer, Quantum dot, Quantum oscillation, Charging energy

Elemental quantum confinement structures such as a
quantum point contact (QPC) and quantum dot play

foundational roles in illuminating the mesoscopic physics of
2D semiconductors and the realization of spin and charge
qubits.1−3 In the quantum Hall effect, QPCs and two-QPC
interferometers are essential tools to determine charge and
statistics of many-body excitations and probe non-Abelian
states and topological orders.4−12 These challenging experi-
ments place stringent requirements on the quality of the two-
dimensional electron gas (2DEG), device fabrication, and
measurement conditions. Each material faces its own
challenges. GaAs possesses the highest-quality 2DEG and
straightforward gate-defined confinement but suffers from
complications such as edge reconstruction due to a soft
confinement potential.13−15

High-quality monolayer and bilayer graphene-based quan-
tum confinement devices use thin hexagonal-boron nitride (h-
BN) sheets as gate dielectrics.16−33 The resulting confinement
potential is typically sharper than that in GaAs and the nearby
gates offer effective screening. Aharonov−Bohm (AB)
oscillations at integer quantum Hall states have been observed
recently in monolayer graphene30−32 and bilayer graphene
(BLG),33 respectively. An electric-field-induced band gap in
BLG makes it possible to adopt existing strategies in 2D
semiconductors to construct mesoscopic devices. Research on
BLG spin and valley qubits has progressed rapidly.24−26 In
addition, BLG hosts even-denominator fractional quantum
Hall states with large gaps of a few Kelvin34−37 and is therefore

a promising material to realize non-Abelian statistics, which is
foundational to topological quantum computing.4

In this work, we report on the design and construction of
gate-defined BLG Fabry−Peŕot quantum Hall interferometers
employing two novel gating structures that have been
unreported in the past. Finite element simulations are used
to understand the electrostatics of both structures and to guide
the fabrication of devices. Prominent resistance oscillations
periodic in the magnetic field and gate voltages are observed,
and our analyses show that they arise from the charging of
quantum dots formed inside the interferometers. We obtain
properties of the dots in terms of their size, charging energy,
and location and discuss their impact on edge state
backscattering and interference. Because quantum Hall
interferometry is extremely sensitive to disorder, knowledge
gained here will be useful to the construction of other quantum
confinement structures, including qubits.
Figure 1a and b show respectively the schematic 3D stacking

view of two interferometer designs we explored. They are
different from those used in refs 30, 31, and 33. Both include
three layers of gates with h-BN as gate dielectrics and
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additionally a silicon back-gate to dope the contact areas
separately, which is not shown. Type-I structure (Figure 1a,
devices 607 or D1 and 622 or D2) includes a graphite top
grate (TG), a split graphite bottom gate (BG) etched to form
an interferometer loop with two QPCs, and a graphite global
gate (GG). Device D2 also contains a side bottom gate (see
Figure S1 in SI). Through the use of a large, perpendicular
electric displacement field D, we open a band gap in the areas
dual-gated by the TG and BG and place the Fermi level at mid
gap.16,17 Similar to past practices in GaAs, this gate-controlled
band insulator creates a confinement potential. The carrier
density inside and outside the interferometer nbulk is tuned by a
combination of the TG and GG. A strong advantage of the
type-I design is the screening provided by the TG and GG,
which improves the BLG quality33,37 and reduces the charging
energy of the interferometer, which was critically important in
the observation of fractional charge and statistics in GaAs.8,9 In
the type-II structure shown in Figure 1b (device 605 or D3),
the graphite TG is replaced by lithographically patterned split
metallic gates that align vertically with the BG to create the
confinement.16,17,28 This structure leaves the interferometer
area open to other stimuli, e.g., RF radiation, which will be
important for qubit operations.1,3 The GG is used to control
nbulk of the interferometer although we will see soon that
voltages on the confinement gates, i.e., the TG and BG, have a
considerable effect on the carrier density inside the QPC, nqpc.
We first examine the gating characteristics of the

interferometers using finite element simulations (COMSOL
multiphysics package) following methods described in our
previous works.16,22 Though the calculations are based on
classical electromagnetics, our previous results show that they
capture the effects of the gates very well. Figure 1c,d plot
examples of simulated carrier density profiles nqpc(x) across the
opening of a QPC in type-I,II structure, respectively. The

simulations use the thickness of the h-BN dielectric layers in
device D1 shown in Figure 1a. Common to both structures, as
the size of the QPC opening d narrows, the GG is increasingly
screened by the BG, leading to reduced carrier density inside
the QPC (electron carrier in this scenario, nqpc < nbulk). This
effect is more pronounced in type-II structures. The depend-
ence of nqpc on Dqpc used to generate the confinement,
however, is qualitatively different in the two structures. In type-
I structures, nqpc(x) is independent of Dqpc, since to keep a
constant bulk carrier density, the GG must covary with the TG
and BG, resulting in a steady nqpc(x) profile as shown in Figure
1e. Thus, in type-I interferometers the edge state back-
scattering rate is only controlled by the size of the QPC
opening d and not Dqpc. In type-II structures, because of the
absence of another top gate above the QPC opening, the fringe
effect of the split TG dominates that of the split BG. Thus, a
positive/negative Dqpc means a negative/positive gate voltage
on the TG and consequently decreased/increased nqpc as
shown in Figure 1f (Dqpc > 0 is defined as pointing from BG to
TG). Indeed our measurements, which are shown in Figure S2
of the SI, support the Dqpc dependence revealed in Figure 1e
and f. Insights obtained in the simulations guided the design
and construction of our interferometers, and we expect them
to be useful to the fabrication of other quantum confined
devices in BLG as well.24−26

We fabricated both type-I (devices D1 and D2) and type-II
(device D3) devices, the parameters of which are summarized
in Table 1. Figure 2a and b show the optical micrographs of
devices D1 and D3, respectively. Figure 2c shows an atomic
force microscopy (AFM) image of the etched BG in device D1.
Device fabrications utilize dry van der Waals transfer, reactive
ion etch, annealing, and precision alignment techniques.16 A
detailed description is given in the Methods. We obtain the
characteristics of the gates following established practices.16,17

Figure 1. Structure schematics and finite element simulations of BLG quantum Hall interferometers. a and b show 3D stacking of type-I and type-II
devices, respectively, using h-BN as gate dielectric layers (not shown). The etched graphite BGs define the interferometer loop in both structures.
Type-I devices use a whole graphite piece as the TG while type-II devices use split gold TG aligned with the split BG. Dual-gated areas are shaded
pink and are kept at mid gap by applying a large displacement field D as illustrated. D > 0 points up. c and d show the simulated carrier density
profile nqpc/nbulk across a QPC opening along the red dashed line in a and b in type-I and -II structures, respectively. Simulations use the h-BN layer
thicknesses of device D1 marked in a. Dqpc = 200 mV/nm. Constant bulk density nbulk = 1.7 × 1012 cm−2 corresponds to ν = 4 at B = 18 T. Different
traces correspond to different opening sizes d as labeled in the plots. e and f show the simulated carrier density profile nqpc/nbulk as a function of Dqpc
in type-I and -II devices, respectively. Here d = 140 nm is fixed in both calculations.
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All of our gates worked well and behaved as expected. A typical
Dqpc used to define the QPCs ranges −400 to +400 mV/nm.
We measure Hall resistance Rxy on the left or right side of the
interferometer to probe the properties of the bulk BLG and
measure the diagonal resistance RD across the interferometer to
probe the transmission of quantum Hall edge states as
illustrated in Figure 2a. Figure 2d shows traces of Rxy vs the
gate voltage on the GG, Vgg, at a series of Dqpc values in device
D1. A larger Dqpc means more hole doping from the TG and
consequently the same filling factor ν shifts to a larger Vgg. This
is indeed what our data showed. Integer quantum Hall states ν
= 1, 2, 3, 4, 5, and 6 are well developed. Characteristic traces of
devices D2 and D3 are given in Figure S2 of the SI and show
well-developed integer quantum Hall states too.
We begin with the discussion of device D1, which has a

QPC opening of d = 140 nm as shown in Figure 2c. Figure 3a
plots together the Rxy of the bulk and RD through the
interferometer as a function of Vgg. At this opening, our
simulations in Figure 1c suggest an nqpc only slightly smaller

than nbulk and thus weakly backscattered edge states. However,
the measured RD(Vgg) is considerably larger than the
corresponding Rxy(Vgg), indicating significant edge state
backscattering. In addition, RD(Vgg) exhibits prominent
resistance oscillations over a wide range of filling factors,
magnetic fields and at temperatures T ≲ 0.3 K. The resistance
oscillations are periodic in both Vgg and B over large stretches.
Figure 3b and c show magnified views of the oscillations taken
near the locations marked by the color-coded arrows in Figure
3a while large range scans are given in Figure S3a and b of the
SI. Both the periods in B and Vgg are ν-dependent, suggesting
that a simple AB interference model cannot explain our data.
In the literature, RD oscillations originate from two major
mechanisms.5,6 The first is the AB effect, where the phase
difference of the interfering edge states ϕ = BA is tuned by the
magnetic field with a period ΔB = ϕ0/A inversely proportional
to A, the area of the interferometer loop. ϕ0 = h/e is the
magnetic flux quantum. ΔB does not explicitly depend on ν,
but A may change with ν and the edge potential. A gate can
also induce resistance oscillations by affecting the interfer-
ometer area. For electrons, a more positive ΔVgg enlarges A,
thus a negative ΔB is needed to maintain a constant ϕ. In a
second mechanism, RD oscillations can also arise from single-
electron Coulomb charging effects.6,38 In an intuitive picture
introduced in ref 38, the interior of the entire interferometer,
or a portion of it, consists of two parts: a charge island
(quantum dot) of size AD containing (ν−νD)B electrons and
νD underlying filled Landau levels (LLs). While the total
charge is controlled by Vgg, a changing magnetic field mimics
the effect of a gate to the island by changing the charge
occupation of the underlying νD filled LLs. A magnetic field
increase of ΔB = ϕ0/A dDν dD

(eq 1) increases the electron number
of the filled νD LLs by 1, thus reducing the electron number in
the island by 1; thus maintaining a constant charge number in
the island requires a positive ΔVgg = 1/αdggAdD

(eq 2), where αgg is
the gating efficiency of the GG, or another gate that couples to
the dot. A crucial test to differentiate these two mechanisms is
to examine the slope of ΔB/ΔVgg in a constant phase/charge
contour plot.8,9,38 Figure 3d plots a 2D false-color map of
RD(B,Vgg) taken at ν ∼ 4.6. The positive slopes in Figure 3d
indicate that these RD oscillations are dominated by
Coulombic charging effects.
We quantitatively analyze the oscillations following the

charging scenario. ΔB obtained at different fields and filling
factors are used to determine the quantum dot area AD using
eq 1, and the results are plotted in Figure 3e for different Vgg’s.
Using the measured ΔVgg and the values of AD in Figure 3e, we
calculate the product ΔVggADαgg and plot the results in Figure
3f. The values of ΔVggADαgg fall between 0.92 and 1.13, in
good agreement with unity expected from eq 2. The dot area
AD increases from 0.20 to 0.31 μm2 as the carrier density nbulk
increases from 1.38 × 1012 to 2.01 × 1012 cm−2. AD is only a
fraction of the area of the interferometer loop A = 1.0 μm2,
suggesting that the quantum dot is formed by unintentional
potential variations inside the interferometer loop. As such, the
increase in AD with increasing electron density is quite
reasonable. We estimate the total charging energy of a dot to
be Ec = 1/2 e2/Ctot ≈ eΔVgg/5.34. Here, Ctot = Ctg + Cgg + Cbg1
+ Cbg2 ≈ Ctg + Cgg = 2.67Cgg since Ctg = 1.67Cgg and Cbg1 =
Cbg2 ≅ 0 (see Figure S4 of the SI). Our measurements of ΔVgg
in Figure 3c and Figure S3d of the SI yield Ec in the range of
0.16 to 0.27 meV. This agrees well with a Coulomb diamond

Table 1. Device Parameters

device
(type)

TG/BG/GG gating
efficiency α (×1011 V−1

cm−2)

QPC
opening d
(nm)

lithographic
interferometer area A

(μm2)

607 (I)
or Dl

6.0/6.4/3.6 140 1

622 (I)
or D2

7.9/10.4/4.2 220 2.7

605 (II)
or D3

9.8/7.6/4.2 110 1

Figure 2. Device images and characterization. a and b show optical
micrographs of devices D1 (type-I) and D3 (type-II), respectively.
The red dashed lines outline the profile of the BLG sheet. The black
dashed lines outline the profile of the global graphite gate. The blue
dotted lines in panel a outline the profile of the top graphite gate in
device D1. In device D3, the gold split TG and graphite split BG align
in position. An AFM image of the graphite BG in device D1 is shown
in c. The QPC opening d = 140/110 nm in device D1/D3,
respectively. We measure the Hall resistance Rxy and the diagonal
resistance RD across the interferometer simultaneously as illustrated in
a. d shows exemplary traces of Rxy vs Vgg in device D1. Traces
correspond to different Dqpc’s as labeled in the plot. Rxy exhibits well
developed integer quantum Hall plateaus over a wide range of
parameters. Traces from devices D3 and D2 are shown in Figure S2 of
the SI.
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Figure 3. Coulomb charging induced resistance oscillations in device D1. (a) R
dxy
(bottom panel) and RD (top panel) vs Vgg near filling factors ν = 3

and 4. b and c show RD−B and RD−Vgg oscillations around the locations marked by the color-coded arrows in a. The RD−B oscillation period is
approximately 6.97/3.32 mT at ν ∼ 3.2/4.6. The RD−Vgg oscillation period is approximately 1.36/0.92 mV at ν ∼ 3.2/4.6. d shows a false-color
map of RD(Vgg,B) taken at ν ∼ 4.6, the positive slope of which supports the Coulomb-blockade origin of the resistance oscillations. A smooth
background is subtracted. e and f show quantum dot size AD calculated using eq 1 and the product ΔVggADαgg calculated at different magnetic fields
and filling factors as labeled in the plot. The underlying νD is 3 for ν ∼ 3.2, 4 for ν ∼ 4.3 and 4.6, and 5 for ν ∼ 4.8 and 5.2. The calculated product
fluctuates around the expected value of 1. This plot includes ΔB and ΔVgg extracted from additional measurements given in Figure S3 of the SI.
The dashed lines are a guide to the eye. g shows a false-color map of dI/dV(Vdc,Vgg). B = 0 T, T = 20 mK, and Dqpc = −200 mV/nm. Black dashed
lines are a guide to the eye, from which we estimate a charging energy of 0.18−0.22 meV. This corresponds to a quantum dot of approximately
0.27−0.33 μm2, illustrated in the inset of panel a. The dot is closer to BG1, as given by the different oscillation periods of RD−Vbg1 and RD−Vbg2
(Figure S4 of the SI). The scale bar in the inset is 0.5 μm.

Figure 4. Quantum dot mediated edge state backscattering in device D2. a shows the Hall resistance Rxy (purple trace) and the diagonal resistance
RD (blue trace). B = 18 T,T = 20 mK, and Dqpc = 240 mV/nm unless otherwise mentioned. b and c show expanded RD−Vgg around the locations
marked by the color-coded arrows in a. ΔVgg is approximately 15 mV in b and 2.5 mV in c, corresponding to dot 1 with an area of AD = 0.02 μm2

and dot 2 with an area of AD = 0.1 μm2, respectively. d shows a false-color map of RD(Vgg,B) from dot 1. A similar map from dot 2 is shown in
Figure S6 of the SI. Both show that the observed resistance oscillations are charge dominated. The extracted magnetic field periods (∼60 mT from
dot 1 and ∼10 mT from dot 2) from the maps are used to calculate the dot areas using eq 1. e shows a false-color map of dI/dV(Vdc,Vgg) from dot
1. dI/dV(Vdc,Vgg) exhibits “inverted” diamonds, where the conductance decreases with increasing Vdc, in contrast to the conductance through a
conventional quantum dot. This observation, together with the RD peaks shown in b and c, points to quantum dot resonance mediated edge state
backscattering near a QPC. This situation is illustrated in f, overlaying the AFM image of the left QPC formed by BG1 and BG3 in device D2. The
red lines represent the innermost edge states, the blue lines the quantum dots, and the white dashed lines resonant backscattering pathways. We
infer the location of the dots from the charging efficiencies of different gates shown in Figure S6. The scale bar in f is 0.2 μm.
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plot dI/dV(Vdc,Vgg) obtained at B = 0 T and shown in Figure
3g, which gives an estimated Ec ≈ 0.18−0.22 meV.
Measurements performed on devices D3 and D2 have also

uncovered RD oscillations consistent with Coulomb charging
dominated oscillations, where similar analyses have led to
quantum dot size ranging from 0.02 to 0.1 μm2, all of which are
considerably smaller than their respective lithographically
defined interferometer areas. Figure S5 of the SI plots an
example of a very small dot in device D3, where we find AD =
0.05 μm2. Further, despite the large QPC openings chosen to
position our interferometers in the weak backscattering regime
of the edge states, all our devices exhibit a RD considerably
larger than Rxy in operation (see, for example, Figure 3a and
Figure 4a). These observations suggest that unintentional
scatterers were introduced to our devices, especially near the
QPC opening area.
We present a second type of resistance oscillation exhibited

by some of our devices. Figure 4a plots RD(Vgg) and Rxy(Vgg)
near ν = 3 and 4 in device D2, where d = 220 nm. RD is
approximately 12 kΩ at ν = 3. Data around the locations
marked by the green (ν = 3) and red (ν = 4) arrows are
expanded in Figure 4b and c, and yield ΔVgg ≈ 15 mV (dot 1)
and 2.5 mV (dot 2), respectively. Oscillations of dot 1 appear
around ν = 3 and 4, while dot 2 only manifests around ν = 4.
These oscillations are also dominated by Coulomb charging
effects, as indicated by the positively sloped stripes of the
RD(B,Vgg) map shown in Figure 4d. Using eq 1, we determine
the size of the corresponding quantum dots to be
approximately AD = 0.02 μm2 (dot 1) and 0.1 μm2 (dot 2),
respectively, in stark contrast to the lithographic interferometer
size of A = 2.7 μm2 in device D2. Different from the
oscillations shown in Figure 3, here the resonant charging
events of the dots correspond to resistance peaks in RD, i.e.,
enhanced edge state backscattering, instead of enhanced
transmission as expected from a conventional quantum dot.
Figure 4e shows the “diamond plot” dI/dV(Vdc,Vgg) of dot 1 at
B = 18 T, where a conductance suppression at the tip of the
diamond further confirms the “inverted” nature of the
resistance oscillations. This situation is reminiscent of
resonantly enhanced edge state backscattering reported in ref
39. For this mechanism to be effective, dots 1 and 2 should be
located inside or near the opening of the QPCs. In this
scenario, the backscattering between edge states traveling along
the upper and lower edges of the QPC is generally enhanced
because of the presence of the dot, leading to a large RD
observed in our devices and a resistance peak when a charge
state of the dot is resonant at the Fermi level. By studying the
dependence of RD on different bottom gates (Figure S6 in the
SI), we deduce that both dots 1 and 2 are in the vicinity of the
left QPC formed by BG1 and BG3, and dot 2 is closer to BG3,
as schematically illustrated in Figure 4f.
The ubiquitous Coulomb charging induced resistance

oscillations made it difficult to discern the effect of AB
interference in our interferometers. Their presence suggests
that unintentional potential fluctuations were introduced in the
device fabrication step, especially near the QPCs. The
fabrication of both types of interferometers involves the
removal of stamp residue in between van der Waals transfer
steps, and this could be a potential source of contamination.
However, we consider it unlikely as we can routinely achieve
ultrahigh-quality devices that undergo similar procedures.37

Another possible source of potential fluctuation comes from
transferring an h-BN/BLG/h-BN stack to the patterned

bottom gates that are raised a few nanometers from the
surface. An uneven adherence of the stack could lead to
inhomogeneous gating, which may have led to the formation of
the observed quantum dots. The understanding and control of
these processes will be crucial to the development of the BLG
quantum confinement devices. Quantum Hall interferometry is
particularly sensitive to imperfections and serves as a good
touchstone experiment.
We fabricated two types of bilayer graphene Fabry−Peŕot

interferometer devices guided by finite element simulations
and observed Coulomb charging dominated oscillations that
correspond to quantum dots of different sizes inside the
interferometers. The unanticipated quantum dots, while
disruptive to the AB interference effect, serve to illuminate
potential experimental challenges faced by van der Waals
stacked graphene heterostructures, which are distinct from
conventional semiconductor 2D systems. Insights gained in
these studies are useful for experiments working on other gate-
defined graphene mesoscopic devices.

■ METHODS
Device Fabrication. We use the conventional van der

Waals dry transfer technique and PPC stamps to make stacks.
The devices are fabricated using the following procedure: (1)
Transfer a h-BN/global graphite gate (GG) stack to a doped
Si/SiO2 substrate. (2) Anneal the stack in Ar/O2 atmosphere
at 450 °C for 3 h to remove polymer residue on the stack
surface. (3) Exfoliate the bottom graphite sheet onto a PPC
stamp and transfer it to the h-BN/GG stack. (4) Pattern and
etch the bottom graphite sheet to form the interferometer
structure with two QPCs. (5) Anneal the stack again and
characterize it using AFM. In this step, we obtain the QPC
opening d and the lithographic interferometer area A. (6)
Transfer a h-BN/BLG/h-BN stack to the BG/h-BN/GG stack.
(7) For type-I devices, anneal the stack again and then transfer
the top graphite sheet to the stack using the same technique as
transferring the bottom graphite sheet. (8) Define the Hall bar
structure using e-beam lithography and reactive ion etching
(CHF3/O2 plasma). (9) Pattern and deposit Cr/Au (5/45
nm) contacts. (10) For type-II devices, pattern and deposit Ti/
Au (5/20 nm) top gates that vertically align with the etched
bottom gates. In this step, the precision alignment techniques
developed in ref.16 are used to limit the misalignment, which
can be as small as 10 nm.
Transport Measurement. The devices were measured in

a He3 system and in a dilution refrigerator at the NHMFL
(SCM 1) employing standard low-frequency ( f = 17.777 Hz)
lock-in techniques (SR860). Resistance measurements use a
small ac excitation current of 1 nA, generated by using the
internal ac voltage source of SR860 with a load resistor of 100
MΩ. Bias-dependent conductance measurements use a
combination of a small ac excitation voltage of 10 μV and
varying dc excitation voltages generated by using the internal
ac+dc voltage source of SR860 with a 1000:1 divider. Gate
voltages are applied by using either a Yokogawa GS200 or
Keithley 2450.
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