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Understanding the mechanism of high-transition-temperature 
(high-Tc) superconductivity is a central problem in condensed 
matter physics. It is often speculated that high-Tc superconductivity 
arises in a doped Mott insulator1 as described by the Hubbard 
model2–4. An exact solution of the Hubbard model, however, 
is extremely challenging owing to the strong electron–electron 
correlation in Mott insulators. Therefore, it is highly desirable to 
study a tunable Hubbard system, in which systematic investigations 
of the unconventional superconductivity and its evolution with the 
Hubbard parameters can deepen our understanding of the Hubbard 
model. Here we report signatures of tunable superconductivity in an 
ABC-trilayer graphene (TLG) and hexagonal boron nitride (hBN) 
moiré superlattice. Unlike in ‘magic angle’ twisted bilayer graphene, 
theoretical calculations show that under a vertical displacement 
field, the ABC-TLG/hBN heterostructure features an isolated flat 
valence miniband associated with a Hubbard model on a triangular 
superlattice5,6 where the bandwidth can be tuned continuously with 
the vertical displacement field. Upon applying such a displacement 
field we find experimentally that the ABC-TLG/hBN superlattice 
displays Mott insulating states below 20 kelvin at one-quarter 
and one-half fillings of the states, corresponding to one and two 
holes per unit cell, respectively. Upon further cooling, signatures 
of superconductivity (‘domes’) emerge below 1 kelvin for the 
electron- and hole-doped sides of the one-quarter-filling Mott state.  
The electronic behaviour in the ABC-TLG/hBN superlattice 
is expected to depend sensitively on the interplay between the 
electron–electron interaction and the miniband bandwidth. By 
varying the vertical displacement field, we demonstrate transitions 
from the candidate superconductor to Mott insulator and metallic 
phases. Our study shows that ABC-TLG/hBN heterostructures 
offer attractive model systems in which to explore rich correlated 
behaviour emerging in the tunable triangular Hubbard model.

The ability to exfoliate and stack atomically thin two-dimensional 
materials into new classes of van der Waals heterostructures has ush-
ered in a new era for synthetic quantum materials. The properties of 
such heterostructures can be conveniently controlled through both the 
composition and stacking orientation of different layered materials 
and an external electrical field from electrostatic gates. The power of 
this approach has recently been demonstrated by reports of correlated 
insulating states and superconductivity in magic-angle twisted bilayer 
graphene7,8 and gate-tunable Mott insulating states in ABC-TLG/
hBN heterostructures5. In particular, the ABC-TLG/hBN system pro-
vides an ideal platform for systematic study of the triangular Hubbard 
model with fourfold onsite degeneracy: theoretical calculations show 
that the system features an isolated nearly flat miniband in a triangular 

superlattice and the miniband’s bandwidth can be tuned with a vertical 
electric field. By contrast, calculations for magic-angle twisted bilayer 
graphene show two nearly flat minibands that always intersect in the 
single-particle bandstructure8. Here we report signatures of tunable 
superconductivity in an ABC-TLG/hBN heterostructure around the 
1/4-filling Mott state, corresponding to one hole per unit cell in the 
moiré superlattice. Two apparent superconducting domes are observed 
with electron and hole doping relative to the 1/4-filling Mott state. In 
addition, transitions between superconducting, insulating and metallic 
states in the ABC-TLG/hBN heterostructure are readily controlled by 
a vertical electric field.

The sample fabrication process is similar to that reported in ref. 8.  
In brief, near-field infrared nanoscopy is used to identify ABC and ABA 
regions in exfoliated TLG9. Dry transfer methods are used to pick up 
and assemble hBN/ABC-TLG/hBN stacks with careful angular align-
ment10,11. Standard electron-beam lithography, reactive ion etching and 
electron-beam evaporation are used to fabricate ABC-TLG/hBN 
devices in a Hall bar geometry. The TLG is contacted through one- 
dimensional edge contacts with non-superconducting Cr/Au metals. 
We further deposit a metal top electrode to form dual-gated devices in 
which the TLG/hBN heterostructures can be gated by both the top 
metal electrode and the bottom silicon substrate. Figure 1a shows an 
optical image of a fabricated device. The dual-gate configuration allows 
us to control the carrier concentration and miniband bandwidth of the 
ABC-TLG/hBN heterostructure independently12–14: the bandwidth is 
tuned by the vertical displacement field = +D D D( )1

2 b t  and the charge 
concentration relative to the charge neutrality point is = − /n D D e( )b t , 
where ε= + − /D V V d( )b b b b

0
t  and ε= − − /D V V d( )t t t t

0
t  can be con-

trolled by the bottom and top gate voltages, respectively. Here εb and εt 
are the dielectric constants of the bottom (top) dielectric layers and db 
and dt are the thicknesses of the bottom (top) dielectric layers, and Vb

0 
and Vt

0 are the effective offsets in the bottom and top gate voltages 
caused by environment-induced carrier doping. e is the charge on the 
electron.

ABC-stacked TLG features a cubic energy dispersion and therefore 
a large effective mass at low energy15–18. In an ABC-TLG/hBN hetero-
structure in which the TLG is rotationally aligned to one of the hBN 
cladding layers, a moiré superlattice with a period of 15 nm folds  
the pristine TLG electronic band into a series of moiré minibands in 
the first moiré mini Brillouin zone5,19–23. Theoretical calculations show 
that the moiré superlattice in such an ABC-TLG/hBN heterostructure 
generates a periodic potential characterized by a triangular lattice, 
yielding first electron and hole minibands with very narrow energy 
bandwidth (see Methods and Extended Data Figs. 1 and 2 for details of 
the calculation). A schematic of the triangular ABC-TLG/hBN moiré 
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superlattice is shown in Fig. 1b, c displays the calculated energy disper-
sion of the lowest electron and hole minibands at the K point for an 
ABC-TLG/hBN heterostructure in which the moiré superlattice is 
formed with the top hBN flake and the potential energy difference 
between the bottom and top graphene layers is 2∆ = −20 meV (corre-
sponding to the vertical displacement field D = −0.4 V nm−1 (ref. 5), 
where the negative sign denotes that the field is pointing downward). 
In the ABC-TLG/hBN moiré superlattice, each miniband comprises a 
time-reversed pair of dispersions centred around the K and K′ valleys 
in the original graphene Brillouin zone, where = −

′
E p E p( ) ( )K K , for 

a combined fourfold spin and valley degeneracy.
According to our theoretical calculations, strong asymmetry between 

an electron and a hole exists in the ABC-TLG/hBN system. The first 
hole miniband is narrower and better separated from the other bands 
than the first electron miniband. At 2∆ = −20 meV, the first hole min-
iband has a bandwidth W of 11.7 meV and is separated from other 
bands by over 10 meV. The on-site Coulomb repulsion energy, on 
the other hand, can be estimated by ≈

ε επ
U

L
e

4

2

0 M
. For the moiré lattice  

constant LM = 15 nm and an hBN dielectric constant ε = 4, U is around 
25 meV, which is larger than the value of W. This dominant on-site 
Coulomb repulsion can lead to Mott insulator states in the flat and 
isolated hole miniband5,24,25. Experimentally, the gate-dependent four-
probe resistance (Rxx) at a vertical displacement field of −0.4 V nm−1 
in an ABC-TLG/hBN superlattice is shown in Fig. 1d for a temperature 
of 5 K. Prominent Mott insulating states are observed at 1/4 and 1/2 
fillings of the hole miniband, corresponding to one hole and two holes 
per superlattice unit cell, respectively. The two-dimensional colour plot 
of Rxx as a function of Vt and Vb in Fig. 1e shows the evolution of the 
charge neutral point (CNP), 1/4 filling, 1/2 filling, and full filling point 
(FFP) resistance peaks with the displacement field D. For relatively large 
D, resistance peaks can be clearly identified at 1/4 and 1/2 fillings of 
the first hole miniband. As suggested above, the different behaviours of  
the positive and negative displacement fields arises from the fact that the 
moiré superlattice exists only at the top hBN/TLG interface in this device.

Signatures of superconductivity emerge in this device below 
1 K. We first focus on a state close to the well-developed 1/4-filling  
Mott insulator with D = −0.54 V nm−1 and n = −5.4 × 1011 cm−2. 

(The carrier density at full filling is n = −2.24 × 1012 cm−2). The first 
sign of superconductivity is a sharp drop of Rxx from about 5 kΩ to 
about 300 Ω within the narrow temperature range of 2 K to 0.2 K. The 
resistance then remains nearly constant from 0.2 K down to 0.04 K. An 
empirical fit to the Aslamazov–Larkin formula26 of the Rxx–T curve, 
shown as the solid line in Fig. 2a, yields an estimated superconducting 
Tc of 0.65 K. Non-zero residual resistance can appear in measurements 
of microscopic superconducting samples with poor electrical contacts, 
as reported in some magic-angle twisted bilayer graphene samples27 
and other two-dimensional superconductors28,29. The residual resist-
ance may also have a contribution from non-equilibrium quasiparticles 
in microscopic devices30.

A second signature of superconductivity comes from measurements 
of the current–voltage relationship (I–V curves), as displayed in Fig. 2b. 
At the lowest temperatures, the I–V curves show a plateau below a crit-
ical current of about 10 nA. The plateau region tilts and exhibits nearly 
linear behaviour at higher temperature. Figure 2c shows the differential 
resistance dV/dI as a function of driving current, which provides a bet-
ter visualization of the critical current of about 10 nA below 0.3 K and 
the evolution to a normal metal behaviour above about 1 K.

Figure 2d displays the critical current behaviour in dV/dI–I curves 
as a function of the perpendicular magnetic field ⊥B  at a base tempera-
ture of 40 mK. There is a clear suppression of the apparent supercon-
ductivity by the magnetic field, where the superconductivity almost 
disappears at ⊥B  ≈ 0.7 T. Between 0.7 T and 2 T, the differential resist-
ance at low bias is relatively small and it exhibits a weak nonlinear I–V 
behaviour (Fig. 2e). However, further measurement of the R–T response 
at such magnetic fields shows a behaviour characteristic of a metallic 
state with a weak temperature dependence (see Extended Data Fig. 3).

Figure 2f further displays the in-plane magnetic field dependence of 
the critical supercurrent behaviour at 40 mK. Figure 2f displays the  
dV/dI–I curves as a function of the in-plane magnetic field, B , at 
40 mK. The apparent superconductivity in the device is suppressed by 
B , with the plateau vanishing above 0.7 T. At the same time, we observe 
an anomalous resistance peak close to zero current bias at large in-plane 
magnetic field. We do not know its origin and further experimental 
and theoretical studies will be needed to fully understand this in-plane 
magnetic field dependence.
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Fig. 1 | Mott insulator in trilayer graphene/hBN moiré superlattice.  
a, An optical image of the ABC-TLG/hBN device with top and bottom 
gates. Scale bar, 3 μm. b, A schematic of the triangular ABC-TLG/
hBN moiré superlattice and the 1/4-filling Mott insulating state, which 
corresponds to one hole per superlattice unit cell. c, The single-particle 
energy dispersion of the lowest electron and hole minibands in the 
ABC-TLG/hBN superlattice with an effective potential energy difference 
between the bottom and top graphene layer of 2∆ = −20 meV, which can 

be generated by a vertical displacement field of −0.4 V nm−1. It features a 
narrow and isolated hole miniband, shown highlighted in red. d, Rxx as a 
function of carrier density shows prominent Mott insulating states at 1/4 
and 1/2 fillings with D = −0.4 V nm−1 at T = 5 K. e, Two-dimensional 
colour plot of Rxx as a function of Vt and Vb at T = 5 K. The resistance 
peaks at 1/4 and 1/2 fillings of the first hole miniband can be clearly 
identified for relatively large D.
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Next, we examine the superconductivity phase diagram as a func-
tion of T and n. We fix D at two different values: D = −0.54 V nm−1, 
where both the 1/2- and 1/4-filling Mott states appear (Fig. 3a); and 
D = −0.17 V nm−1, where only the 1/2-filling Mott state appears 
(Fig. 3b).

At D = −0.54 V nm−1, two apparent superconducting domes emerge 
at low temperature near the 1/4-filling Mott state: superconductivity 

appears to exist for both electron and hole doping relative to the 1/4-filling  
Mott state, analogous to the behaviour seen in high-Tc copper oxides3. 
This also resembles the behaviour observed in magic-angle twisted 
bilayer graphene around 1/2 hole filling8, although more recent work 
suggests that lower disorder produces only one dome, at slight hole 
doping relative to the Mott insulator27. The presence of superconduc-
tivity even at 1/4-filling in our measurements may be attributed to  
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Fig. 2 | Superconductivity in ABC-TLG/hBN. a, The Rxx–T curve at 
D = −0.54 V nm−1 and n = −5.4 × 1011 cm−2 shows characteristic 
behaviour of a superconducting transition. An empirical fit to the 
Aslamazov–Larkin formula (red line) yields an estimated superconducting 
temperature of 0.65 K. b, I–V curves at different temperatures show a 
plateau below the critical current at about 10 nA for temperatures below 
0.3 K. This plateau region tilts and becomes close to linear at higher 
temperature, characteristic of a superconducting transition. c, dVxx/dI–I  

curves at different temperatures. A critical current of about 10 nA is 
observed at the lowest temperatures. d, The dVxx/dI colour plot as a 
function of direct current (d.c.) bias current and perpendicular magnetic 
field at T = 0.04 K. e, Line cuts of d at B⊥ = 0 T, 0.4 T, 0.7 T and 2 T. f, The 
dV/dI colour plot as a function of d.c. bias current and in-plane magnetic 
field at T = 0.04 K. g, Line cuts of f at B// = 0 T, 0.4 T, 0.8 T and 1.2 T. 
A symmetrized Vxx(B) = [Vxx(+B) + Vxx(−B)]/2 is presented to remove 
any possible Vxy component in panels d–g.
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D = −0.17 V nm−1 (b). The superconducting (SC) phase emerges at 
low temperature near the 1/4-filling Mott state for D = −0.54 V nm−1. 
Only the 1/2-filling Mott state exists for D = −0.17 V nm−1, and no 

superconductivity state exists even at base temperature. Both the 
superconducting phase and the metal phase show very small resistance 
values at base temperature, but they can be distinguished by the 
supercurrent behaviour in the I–V and dV/dI curves and by the R–T 
dependence (Fig. 4b versus Fig. 4d). Colour scale, R0 = 380 Ω.
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the charge inhomogeneity in the trilayer graphene devices (see detailed 
discussions in the Methods), which can lead to patches of supercon-
ductivity when the average filling corresponds to a Mott insulator, as 
seen at higher temperatures (see Extended Data Fig. 4). The behav-
iour around the 1/2-filling Mott state is less clear, perhaps reflecting 
a weaker superconducting state. The resistance remains rather high 
on the electron-doping side of the 1/2-filling point. The R–T curve 
for hole doping relative to the 1/2-filling Mott state is consistent with 
a superconducting transition, but the I–V curve shows a very weak 
plateau (see Methods and Extended Data Fig. 5). Further studies will 
be required to establish the nature of this state.

At D = −0.17 V nm−1, where only the 1/2-filling Mott state exists, 
the phase diagram shows no superconductivity even at base tempera-
ture. The metal phases show very small resistance values at base tem-
perature, but they can be distinguished from superconducting phases 
by their R–T dependences and the lack of nonlinear behaviour in the 
I–V and dV/dI curves.

The ABC-TLG/hBN system offers a platform with which to inves-
tigate the evolution of superconductivity where the bandstructure of 
the miniband can be continuously tuned by D. We fix the carrier con-
centration at a constant n = −5.2 × 1011 cm−2, which corresponds 
to a small electron doping relative to the 1/4-filling Mott states, and 
examine the electronic phases at different D. The four-probe resistance 
Rxx as a function of D and T is displayed as a two-dimensional colour 
plot in Fig. 4a. At small D where the miniband bandwidth is relatively 
broad, the system exhibits a metallic phase. Figure 4b shows the Rxx–T 
plot at D = 0, where the resistance is low and constant, suggesting 
that impurity scattering dominates at very low temperature. When D 
is increased to a positive value, we observe a phase transition from the 
metallic state to a correlated insulating state caused by the field-in-
duced narrowing of the hole miniband5. A line cut at D = 0.45 V nm−1 
of Fig. 4a shows the insulating Rxx–T behaviour of such a correlated 

insulating state (Fig. 4c). Superconductivity, however, never appears for 
positive D at this n. As D is decreased, we observe an evolution from the 
metallic phase (D > −0.28 V nm−1) to a candidate superconducting 
phase (D < −0.53 V nm−1) (we limited |D| to 0.6 V nm−1 to avoid 
possible damage to the gate dielectrics). The transition region between 
D = −0.28 V nm−1 and −0.53 V nm−1 exhibits complex behaviour, and 
we refer to it as a ‘correlated resistive state’ because the overall resistance 
is relatively high compared with the metallic region. Figure 4e shows 
several R–T curves with different behaviours in this transition region.

The ABC-TLG/hBN superlattice thus provides a unique model sys-
tem with which to study the triangular Hubbard model with fourfold 
onsite degeneracy, associated with an isolated and electrically controlla-
ble nearly flat fourfold-degenerate miniband. In this system, we exper-
imentally find tunable Mott insulator states and signatures of tunable 
superconductivity. Further studies of such a tunable quantum system 
may shed light on the longstanding question of high-Tc superconductiv-
ity’s relationship to the Hubbard model. ABC-TLG/hBN systems may 
also reveal new types of electronic states—such as spin liquid phases25, 
electrically tunable Chern bands6,31, and topological triplet supercon-
ductivity24,32—all of which have been recently predicted for a triangular 
Hubbard model based on ABC-TLG/hBN superlattices.
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Methods
Sample fabrication. TLG and hBN are mechanically exfoliated on SiO2/Si sub-
strate and the layer number of TLG is identified by optical contrast and atomic 
force microscopy. ABC-TLG is characterized by near-field infrared nanoscopy and 
isolated in situ by cutting with an atomic force microscope. hBN flakes are selected 
to be thicker than 30 nm and without step edges. We create the hBN/ABC-TLG/
hBN heterostructure by stacking different layers with a dry transfer method26. 
We identify the crystal orientation of TLG and hBN using the crystalline edges 
of the flakes, and manually align the TLG lattice with the hBN flake during the 
transfer process. The device is then etched into a Hall bar structure using standard 
electron-beam lithography. The TLG is contacted through one-dimensional edge 
contacts with Cr/Au electrodes. We further deposit a metal top electrode to form 
a dual-gate device where the ABC-TLG/hBN heterostructure can be gated by both 
the top metal electrode and the bottom silicon substrate.
Transport measurements. The device is measured in a dilution refrigerator which 
achieves a base electron temperature of T = 0.04 K, as determined by Coulomb 
blockade thermometry. Low temperature electronic filtering, including micro-
wave filters, low-pass resistor-capacitor filters, and thermal meanders, is used to 
anchor the electron temperature as well as to prevent quasiparticle excitations from 
high frequency noise. Stanford Research Systems SR830 lock-in amplifiers with 
NF Corporation LI-75A voltage preamplifiers are used to measure the longitudi-
nal resistance Rxx of the device with an alternating current (a.c.) bias current of  
0.5 nA to 1 nA at a frequency of 7 Hz. A Yokogawa 7651 d.c. voltage source is used 
in combination with a 100-MΩ bias resistor to add a d.c. bias current to the device. 
The voltage in the I–V measurements is measured using an Agilent 34401A. In the 
dV/dI–I measurements, a small a.c. bias current (0.5 nA) is generated by the lock-in 
amplifier output voltage in combination with a 1-GΩ bias resistor. This small a.c. 
current is added on top of the larger d.c. current bias, and the induced differential 
voltage is measured using the lock-in technique. In-plane magnetic field measure-
ments are performed using an attocube atto3DR two-axis piezo rotator to control 
the sample orientation with respect to the field.
Band structure calculations. In our transport results, we found important elec-
tron–hole asymmetry and asymmetry in the displacement field direction in ABC-
TLG/hBN. To understand the two asymmetries, we calculated the band structure 
(see ref. 5 for calculation details) and show the results in Extended Data Fig. 1.

The single-particle bandstructure of the heterostructure is described by the 
Hamiltonian = +H H VABC M, where HABC is the TLG Hamiltonian under a weak 
vertical electrical field, and VM describes the effective potential acting on TLG from 
the moiré superlattice. The low-energy electronic structure of ABC-stacked TLG 
can be captured by an effective two-component Hamiltonian in the K valley that 
describes hopping between the A atom in the top graphene layer and the C atom 
in the bottom graphene layer7,8
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Hamiltonian numerically by direct diagonalization with a momentum cutoff at 5qM.

The calculated electron and hole minibands are asymmetric for both positive 
and negative displacement field. We found that for interlayer potential difference 
2Δ = −20 meV (D = −0.4 V nm−1), the bandwidth of the electron miniband 
is 27 meV, while the hole miniband bandwidth is about 15 meV. For 2Δ = 20 
meV (D = 0.4 V nm−1), the bandwidths of the electron and hole minibands are 
similar, whereas the electron miniband has more overlap with other minibands. 
In both positive and negative displacement fields, the hole miniband has narrower 
bandwidth and less overlap with other minibands than the electron miniband. 

The configuration that gives rise to the narrowest hole minibands experimentally 
exhibits the strongest Mott insulator behaviour at 1/4 and 1/2 fillings. It is also the 
configuration that shows superconductivity behaviour at low temperature close 
to the 1/4 filling.

The asymmetry of positive and negative displacement field can be clearly  
identified from Extended Data Fig. 1. In the negative displacement field, as 
shown in Extended Data Fig. 1a, the hole miniband shows narrower bandwidth 
(11.7 meV) and is totally isolated from other minibands compared to the case 
in Extended Data Fig. 1b, which corresponds to the positive displacement field 
(bandwidth is 16.2 meV with overlap to the remote band).
Density-of-states distribution in the first hole miniband. We show in Extended 
Data Fig. 2 the calculated single-particle density of states in ABC-TLG/hBN moiré 
superlattice at different displacement fields. Extended Data Fig. 2a–c displays the 
density of states of the first electron and hole moiré minibands, and Extended 
Data Fig. 2d–f shows the corresponding integrated density of states for the hole 
miniband. Our calculation shows that there is a van Hove singularity in the hole 
miniband, and this singularity lies between the 1/4 and 1/2 fillings for all displace-
ment fields. There is no special singularity in the density of states at 1/4 filling in 
the ABC-TLG/hBN system.
Possible superconductivity in the hole-doped 1/2-filling Mott state. The R–T 
behaviour for hole-doped 1/2-filling states shows a superconducting-like transition 
with a relatively high apparent Tc in the phase diagram (Fig. 3). On the other hand, 
the I–V and dV/dI–I curves of the hole-doped 1/2-filling states at the base temper-
ature shows only very weak signatures of superconducting behaviour. Extended 
Data Fig. 5 displays the I–V and dV/dI–I data for a hole-doped 1/2-filling state 
with n = −1.38 × 1012 cm−2 relative to the CNP point, where only a very narrow 
plateau is observed in the I–V curve and a narrow dip in the dV/dI–I curve near 
zero bias. More systematic studies of the hole-doped 1/2 filling in higher-quality 
samples will be needed to establish the nature of this state.
Superconductivity in a second device. Similar signatures of superconductivity 
have been observed in a second ABC-TLG/hBN device. Extended Data Fig. 6 
shows the characterization of the Mott states in the second device at T = 1.5 K. 
In contrast to the device in the main text, the Mott states of the second device are 
prominent in the positive displacement field owing to the moiré pattern between 
the TLG and the bottom hBN.

Extended Data Fig.  7a shows the superconducting R–T curve at 
n = 0.56 × 1012 cm−2, D = 0.55 V nm−1. The resistivity decreases rapidly by over 
30 times below 10 K. A small residue resistivity of about 400 Ω is present at base 
temperature, possibly due to non-ideal contacts.

Extended Data Fig. 7b shows I–V curves at different temperatures. Strongly non-
linear I–V responses characteristic of superconductivity are observed at the base 
temperature, where the resistivity is close to zero at low bias current, and increases 
quickly beyond a critical current. At higher temperatures, the I–V responses 
become more linear. Extended Data Fig. 7c further demonstrates the suppression 
of the nonlinear superconductivity I–V responses by a vertical magnetic field.

Extended Data Fig. 7d displays the resistivity as a function of the carrier density 
and temperature. Signatures of superconductivity are observed only close to the 
1/4-filling Mott state, similar to that observed in device 1. The low resistivity at 1/4 
filling is probably due to the inhomogeneous doping variation within the device.
Absence of Fraunhofer pattern. Upon careful examining the magnetic field 
dependence of our transport measurements, we do not see any simple Fraunhofer 
pattern, unlike in some of the work by other groups8,27 on superconductivity in 
twisted bilayer graphene. We can speculate on why this might be. First, there are 
two kinds of spatial inhomogeneity in moiré superlattice devices: inhomogeneity 
in the moiré lattice spacing and inhomogeneity in the carrier concentration.

In the case of twisted bilayer graphene, the dominant source of inhomogeneity 
is believed to be variation in the moiré lattice spacing produced by twist angle 
disorder27. Since the superconductivity is very sensitive to twist angle in twisted 
bilayer graphene, through both band structure and filling of those bands for a 
given gate voltage, variation in local twist angle could give rise to weakly connected 
superconducting regions and hence the recently observed Fraunhofer patterns with 
relatively well-defined periodicity in magnetic field8,27. The effective junction area 
inferred by ref. 27 was 0.5–1 μm2, consistent with the scale of spatial variations in 
twist angles observed by TEM in twisted bilayer graphene with a slightly lower 
twist angle33. In a device with an extremely homogenous twist angle throughout the 
device, no distinguishable Fraunhofer pattern was observed34. Therefore, it seems 
likely that the Fraunhofer arises from inhomogeneity in the moiré lattice spacing.

In our zero-twist-angle ABC-TLG/hBN devices, the moiré lattice spac-
ing is likely to be much more homogeneous than in twisted bilayer graphene. 
However, our devices do display inhomogeneity in charge density: the full-width 
at half-maximum (FWHM) of resistance peaks at CNP and FFP at D = 0 are 
around 1.2 × 1011 cm−2 and around 2.0 × 1011 cm−2, respectively, suggesting a 
charge density inhomogeneity of that same order when disorder is unscreened. 
This charge density inhomogeneity could lead to superconductive patches even at 
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average 1/4 filling and thus explain the lack of a peak in resistance at 1/4 filling at 
base temperature. Owing to the presence of the metal top gate about 30 nm away 
and the Si back gate about 330 nm away, we expect charge density fluctuations on 
length scales above a few hundred nanometres to be strongly suppressed by screen-
ing from both the gates, precluding a junction as large as that inferred by ref. 27 in 
a twisted bilayer graphene device. However, we might expect fluctuations on the 
length scale of tens of nanometers given the proximity to the top gate (fluctuations 
on a larger length scale should fall off quadratically owing to the screening of the 
gate). A junction corresponding to such a length could have a Fraunhofer-pattern 
field scale comparable to the apparent critical field of 0.7 T, preventing the pattern 
from being detectable. In principle, it may be possible to isolate a percolative path 
with one or a few well-defined junctions, perhaps with a large enough area to 
yield observable coherent transport, but such a path may only exist at elevated 
temperatures or in a narrow window of gate voltages, making observation of a clear 
Fraunhofer pattern extremely challenging in this large parameter space. Although 
evidence of coherent transport would be strongly indicative of superconductivity, 
we believe it is reasonable not to expect to observe it clearly in measurements of 
these heterostructures even with superconductivity present.

This reasoning also raises the question of why charge fluctuations on a smaller 
length scale than that of twist angle disorder apparently do not greatly influence 
the superconductivity in twisted bilayer graphene. All the twisted bilayer graphene 
devices that exhibit superconductivity were fabricated with an additional back gate 
(either metal or graphite) directly on top of the SiO2 substrate. By contrast, our 
ABC-TLG/hBN devices lack such an intermediate gate between the graphene and 
Si back gate. It is therefore plausible that the SiO2 is the dominant source of charge 
disorder in these devices, and that future heterostructures with graphite back gates 
may exhibit more uniform superconductivity27,35,36.
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Extended Data Fig. 1 | Calculated band structure of ABC-TLG/hBN. 
a, b, Calculated band structure of ABC-TLG/hBN with negative (a) and 
positive (b) displacement fields. The solid and dashed lines correspond to 

band structure at the K and K′ valleys, respectively. The energy difference 
between top- and bottom-layer graphene 2Δ = 20 meV corresponds to the 
displacement field D = 0.4 V nm−1.
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Extended Data Fig. 2 | Calculated density of states. a–c, Density of 
states of the first electron and hole minibands in the single-particle 
band structure of the ABC-TLG/hBN moiré superlattice with effective 

potential energy differences between the bottom and top graphene layer 
of 2Δ = 0 meV, 10 meV and 20 meV. d–f, The integrated density of states 
corresponding to a–c, respectively.
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Extended Data Fig. 3 | Transport at B⊥ = 2 T. a, dVxx/dI as a function of d.c. current. b, Resistance as a function of temperature at B⊥ = 2 T.
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Extended Data Fig. 4 | Temperature-dependent resistance at 1/4 filling at high temperatures. Rxx at 1/4 filling as a function of temperatures from 14 K 
to 250 K, D = −0.54 V nm−1, which indicates that the 1/4-filling Mott state has insulating behaviour at high temperatures.
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Extended Data Fig. 5 | Possible weak superconductivity at 1/2 filling. 
Vxx and dVxx/dI as a function of the d.c. bias current at a hole-doped 
1/2-filling state. The narrow plateau in the I–V curve and the dip of  

dVxx/dI near zero bias current may be due to very weak superconductivity 
in this state. Data are taken at T = 0.04 K.
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Extended Data Fig. 6 | Transport in a second ABC-TLG/hBN device. Resistivity of the second ABC-TLG/hBN device as a function of Vt and Vb at 
T = 1.5 K.
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Extended Data Fig. 7 | Signatures of superconductivity in the second 
ABC-TLG/hBN device. a. Resistivity ρxx–T curve at n = 0.56 × 1012 cm−2, 
D = 0.55 V nm−1. The high-temperature data above 10 K were measured 
during a separate cooldown. b, I–V curves at different temperatures, 
showing a plateau below the critical current of about 6 nA below 
T = 0.57 K. This plateau region tilts and becomes close to linear at higher 

temperature, characteristic of a superconducting transition. c, The dV/dI 
colour plot as a function of d.c. bias current and perpendicular magnetic 
field at T = 0.05 K. The superconductivity is suppressed by the magnetic 
field and almost disappears at B ≈ 0.6 T. d, Carrier-density-dependent 
phase diagram at D = 0.55 V nm−1. The dashed line corresponds to the 
1/4 filling.
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