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Built-in Bernal gap in large-angle-twisted
monolayer-bilayer graphene

Check for updates

Alex Boschi 1, Zewdu M. Gebeyehu1,2, Sergey Slizovskiy 3,4, Vaidotas Mišeikis 1,2, Stiven Forti 1,2,
Antonio Rossi 1,2, Kenji Watanabe 5, Takashi Taniguchi 6, Fabio Beltram7, Vladimir I. Fal’ko 3,4,8,
Camilla Coletti 1,2 & Sergio Pezzini 7

Atomically thin materials offer multiple opportunities for layer-by-layer control of their electronic
properties. While monolayer graphene (MLG) is a zero-gap system, Bernal-stacked bilayer graphene
(BLG) acquires a finite band gap when the symmetry between the layers’ potential energy is broken,
usually, via a displacement electric field applied in double-gate devices. Here, we introduce a
twistronic stack comprising both MLG and BLG, synthesized via chemical vapor deposition, showing
a Bernal gap in the absence of external fields. Although a large (~30°) twist angle decouples the MLG
and BLG electronic bands near Fermi level, proximity-induced energy shifts in the outermost layers
result in a built-in asymmetry, which requires a displacement field of 0.14 V/nm to be compensated.
The latter corresponds to a ~10meV intrinsic BLG gap, a value confirmed by our thermal-activation
measurements. The present results highlight the role of structural asymmetry and encapsulating
environment, expanding the engineering toolbox for monolithically-grown graphene multilayers.

The electronic properties of few-layer graphenes are sensitive to layer
number1, stacking order2,3, lack or presence of inversion symmetry4,5,
external electromagnetic fields6, as well as to the twist angle between con-
secutive layers (their relative crystallographic orientations)7. Based on this
last tuning parameter, the band hybridization between contiguous sheets
canbe artificiallymodulated, resulting in spectacular emergent behaviors for
small-angle values associated to specific periodicities of the interlayer
moiré8. This paradigm, initially demonstrated in twisted bilayer graphene
(TBG)9,10, has now been extended to a plethora of related moiré systems11,
including twisted MLG-BLG (TMBG). For twist angles ~1°, TMBG has
been shown to support flat bands promoting correlated and topological
phases, including insulators12,13, orbital magnets14–16 and charge density
waves17. The lack of inversion symmetry makes the electronic response of
small-angle TMBG strongly dependent on the direction of an external
displacement field (D) that can be controlled by top and bottom gate
electrodes12–15,17. In the limit of large twist angle (where moiré effects are
negligible), TMBG is expected to decompose into two low-energy sub-
systems that retain unperturbed MLG and BLG character, mimicking the
independent-MLGs behavior found in large-angle TBG18–23. However, a

complete picture of large-angle TMBG needs to account for its structural
asymmetry, which can have a subtle (yetmeasurable) influence on the exact
band structure close to Fermi level. Specifically, not only BLG is sensitive to
D – which drives band-gap opening24–26 exploitable for quantum
confinement27–29 and multiple phase transitions30–32 – but also, when
embedded in stacks, to environment-induced interlayer asymmetry5,24, as
demonstrated by the observation of a mini-gap in large-angle-twisted
double BLG (TDBG)33. Building on these findings, Agarwal et al. recently
reported optoelectronic properties widely beyond the independent-
subsystems scenario of TDBG34. These results motivate further explora-
tion of BLG-containing stacks – such as large-angle TMBG – as well as the
development of scalable synthesis methods for these systems – such as
chemical vapor deposition (CVD) growth of single crystals35.

In this work, we provide experimental evidence (supported by
detailed mesoscale modelling) for a built-in band gap in a BLG studied as
a part of an hBN-encapsulated large-angle TMBG. Key to our observa-
tions is the ability to directly grow monolithic TMBG crystals via low-
pressure CVD (LP-CVD) and integrate them into high-quality van der
Waals (vdW) devices.
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Results and discussion
A side-view sketch of the studied devices is shown in Fig. 1a. We employ a
dual-gate configuration to perform transport measurements with inde-
pendent control of gate-induced charge density (ntot) and D (defined in
Methods; optical microscopy images of the two TMBG devices investigated
are shown in Supplementary Note 1, Figure S1). The trilayer graphene
structure, encapsulated in hexagonal boron nitride (hBN), can be separated
into aMLG(blue) rotated by~30°with respect to twoaligned layers forming
a BLG (red and orange). In analogywith 30°-TBG21, we expect the lattices of
the two subsystems to arrange into an incommensurate configuration
lacking translational symmetry (i.e., with nomoiré superlattice), as sketched
in Fig. 1b. The real-space twist leads to a large momentum mismatch
between theMLG and BLG bands located at the Brillouin zone corners (see
Fig. 1c), effectively leading to their decoupling at low energy. Based on
previous results for 30°-TBG, the features of real-space quasicrystalline
registry could appear only at high energies (few eV)36,37, inaccessible in solid-
state transport devices. The TMBG crystals are synthesized via the LP-CVD
process introduced for 30°-TBG in ref. 21, in which the graphene-Cu
interaction locks the possible interlayer twist angles to either 0° or 30°38, with
increased growth times (here, 60min) favoring the formation of concentric
multilayer structures, sharing a single nucleation point (see Methods for
experimental details). In these samples, the hexagonal shape of the layers
reflects their relative crystallographic orientation, making TMBG easily
recognizable after transfer to SiO2/Si substrates (see Fig. 1d) among other
crystals with varied 0° or 30° rotation and layer number. Our growth
approach replaces the tear-and-stack procedure ubiquitously employed for
twisted graphene devices39,40, including small-angle TMBG12–16 and large-
angle TDBG33,34, highlighting a possible path towards scalability of this class
of materials.

A first experimental indication of the composite MLG-BLG band
structure of our TMBG41 is obtained from the 2D Raman mode, which

couples to the electronic degrees of freedom in graphene multilayers42. As
shown in Fig. 1e (black continuous line), we observe a narrowpeak centered
at ~2690 cm−1 with two asymmetric shoulders, suggesting the convolution
of a single-Lorentzian peak (resulting from the Dirac dispersion of MLG)
with a broadmulti-Lorentzian peak (resulting from the four-band parabolic
dispersion of BLG). The measured TMBG 2D mode can be quantitatively
reconstructed as the sum (grey continuous line) of two Raman spectra
separately acquired on 30°-TBG (blue dotted line) and BLG (grey dotted
line, multiplied by a factor two) crystals from the same growth batch (full
spectra are shown in Supplementary Note 2, Figure S2). We recall that the
2D peak of 30°-TBG is indistinguishable from that of MLG, apart from a
blueshift attributable to the modified dielectric environment21, which also
applies to the MLG subsystem within TMBG.

Before discussing the results of electrical transport experiments, we
discuss the expected spectral properties of electrically-biased TMBG, at zero
and quantizing magnetic fields. This analysis is based on a self-consistent
solution for charge and potential distribution in vertically biased few-layer
graphene, taking into account the out-of-plane dielectric polarizability of
each layer, using a model developed and tested in ref. 22. For TMBG in
quantizing magnetic fields, the charge distribution is determined by the
Landau-level (LL) pinning between its monolayer and bilayer components,
stemming from the quantum-capacitance effect22,43 (see Supplementary
Note 3 and Fig. S3 for details). In this analysis we take into account
proximity-induced energy shifts (δ) on the graphene layers interfacing
encapsulating hBN, relative to the on-layer electrostatic potential of the
middle one (interfacing carbon layers on both sides). Such energy shifts are
in line with the recent model developed by Tseng and Chou for free-
standing (i.e., interfaced with vacuum) small-angle TMBG44. While the
actual magnitude of δ is not known (would depend on the encapsulating
material), we find that it can be determined from the comparison of the
computed (in)compressibility maps, Fig. 1g, h, with experimentally

Fig. 1 | Device concept, CVD-grown twisted graphene crystals and effect of
proximity energy shifts. a Side-view sketch of the studied devices. The gating
scheme is indicated on the lefthand side. The three graphene layers are represented,
from top to bottom, as a blue, red and orange line. b Real-space arrangement of the
TMBG crystals: MLG (blue lattice) is superimposed to BLG (red and orange lattices,
following the color scheme of panel (a)) with a 30° twist angle. c Sketch of the
reciprocal-space configuration, with the MLG (blue) and BLG (black) Brillouin
zones and low-energy bands at K. d Optical microscopy image of a representative
CVD-grown trilayer graphene crystal transferred on SiO2/Si. The three hexagons
mark the concentric graphene layers formingTMBG (the color scheme follows panel
(a)). The scale bar is 40 µm. e 2D Raman mode measured on TMBG on SiO2/Si

(black). The grey continuous curve is the sum of aMLG-like (dotted blue line) and a
BLG (dotted grey line) component. f BLG band gap as a function of displacement
field, without including proximity energy shifts (δ = 0, black line), and considering
the shifts (δ = 18meV, dark cyan line). Inset: gap-closing displacement field as a
function of δ. (g,h) DOS of TMBGatB = 1 T calculated without including proximity
energy shifts (δ = 0) (g) and considering the shifts (δ = 18meV) (h). The dark red
circle indicates the BLG gap closing. The sketch above each graph shows the TMBG
layers (following the color scheme of panel (a)), the arrow indicates the direction of
positive D-field. Dark cyan shadows highlight the graphene layers interfacing
encapsulating hBN, hence affected by δ.

https://doi.org/10.1038/s42005-024-01887-0 Article

Communications Physics |           (2024) 7:391 2

www.nature.com/commsphys


measured quantum Hall (QH) maps in Fig. 2e. In Fig. 1g, h we plot the
density of states (DOS) of TMBG as a function of ntot andD for the cases of
δ = 0 and δ = 18meV, respectively. The color-coding is chosen to indicate
when the chemical potential of electrons is pinned at the LLs (bright color)
and when it crosses the inter-LL gaps (dark color). Diagonal (vertical) lines
traceMLG (BLG) LLs, and their crossings correspond tomutual pinning of
MLG and BLG LLs. The simulation of DOSmaps was iterated for different
values of δ, until best matching the experimental QH data.

The influence of proximity shift, δ, can be appreciated from the relative
shift of compressibility maps in Fig. 1g, h. Its influence is also illustrated in
Fig. 1f, where we plot the magnitude of the band gap in the BLG subsystem
(Δ) as a function ofD, self-consistently calculated for δ = 0 (black line) and
δ = 18meV (dark cyan line). In particular, the proximity shifts induce a
finite Δ even in the absence of an external D-field. Furthermore, for each
value of δ, one can identify a displacement field,Dc (see inset in Fig. 1f), that
compensates the proximitized interlayer asymmetry and closes the BLG
gap, suggesting a practical tool for precise measurements of the energy shift
on graphene under different encapsulating environments.

In Fig. 2we present gate-dependent electrical-transportmeasurements
performed at T = 0.36K on TMBG device D1 (analogous data fromD2 are
shown in Supplementary Note 4, Fig. S4). Figure 2a shows the longitudinal
resistivity ρxx as a function of the top and bottom gate bias (Vtg andVbg). At
large carrier density (top right and bottom left corners), ρxx exhibits low

values (<20Ω) that indicate high carrier mobility, as typically observed in
hBN-encapsulated graphene stacks. At low carrier density, we observe two
intersecting features, with a region of high resistivity (ρxx up to ~10 kΩ)
departing from Vtg = Vbg = 0 and extending only in the lower-right quad-
rant. To better discern the origin of the different transport contributions, in
Fig. 2b we show ρxx data acquiredwithin the dotted rectangle in Fig. 2a, as a
function ntot and D. Two split features, attributable to the charge neutrality
points (CNPs) for the two subsystems, are visible. The first one, dispersing
almost vertically along ntot = 0, is associated to the subsystem with larger
DOS, i.e., BLG. The second one, following a diagonal trajectory due to
screening of the gate potentials by BLG, tracks theMLGCNP.We observe a
marked slope change of the MLG CNP in the vicinity of D = 0 – signaling
decreased screening and hence suppressed DOS in BLG – accompanied by
large resistivity. At large negative D, the MLG CNP reverts to the original
slope and, at the same time, resistivity is suppressed, indicating restored
DOS in the BLG subsystem. This behavior is fully consistent with theMLG
CNP crossing a band gap in BLG33 and can be reproduced by calculations
shown in Fig. 2c, inset (see Supplementary Note 3 for details). Overall, we
notice the pronounced asymmetry with respect to the displacement field
which reflects the structural asymmetry of TMBG (as opposed to mea-
surements on structurally symmetric 30°-twisted MLG-BLG-MLG, shown
in Supplementary Note 5, Fig. S5). This characteristic is highlighted by ρxx
curves at selected D values, shown in Fig. 2c. At D = 0 we observe a clear

Fig. 2 | Low-temperature (magneto)transport of large-angle-twisted monolayer-
bilayer graphene. a Longitudinal resistivity as a function of the gate potentials.
b Longitudinal resistivity as a function of carrier density and displacement field,
acquired within the dotted rectangle in panel (a). c Resistivity as a function of carrier
density at selected displacement fields, as marked in (b). Inset: calculated resistivity
of TMBG, as a function of carrier density and displacement field (the color scale is
the same used in panel (b)). d Longitudinal conductivity at B = 1 T as a function of
the gate potentials (same ranges as in (a)). e Longitudinal conductivity at B = 1 T, as
a function of carrier density and displacement field (same ranges as in (b)). The dark
red circle indicates the position of gap closing in BLG, which identifies the

displacement field Dc compensating the intrinsic BLG polarization. f Longitudinal
(black) and Hall (grey) conductivity as a function of the total filling factor vtot =
ntoth/eB at D =−0.072 V/nm at B = 1 T (see marker in panel (e)). The inset shows a
sketch of the alignment of LLs from the two subsystems (blue for MLG, black for
BLG). The MLG 0-LL lies within the BLG gap, leading to a MLG-like ± 2 e2/h QH
sequence at small fillings. 8 e2/h steps in the Hall conductivity signal coincidence of
LLs from the two subsystems (4 e2/h steps are measured otherwise). All measure-
ments are performed at T = 0.36 K on device D1. A logarithmic color scale is used in
panels (a), (b), (d), (e).
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resistivity peak, which increases (and slightly shifts) at D =−0.1 V/nm;
upon reversing displacement field (D =+0.1 V/nm), the resistivity peak
disappears.

We then apply a moderate magnetic field (B = 1 T, Fig. 2d–f) per-
pendicular to the TMBG device, that reveals the independent Landau
quantization of the two subsystems. In Fig. 2d, the longitudinal conductivity
σxx (obtained by combining longitudinal and Hall resistivity data via the
classical tensorial relation) shows two separated sets of oscillations, with
different slope and frequency. The low-frequency oscillations are associated
to the subsystemwith smallerDOS, i.e., toMLG.TheMLGoscillations show
an uneven spacing, reflecting the energy separations between the LLs of
massless Dirac Fermions, as previously observed in capacitively-coupled
graphene layers, either spaced by dielectrics45 or twisted by a large angle23.
The high-frequency oscillations are associated to BLG and are absent in an
extended region showing vanishing σxx (dark blue in Fig. 2d), which signals
the BLGgap. Figure 2e (σxx as a function ofntot andD) clearly shows that the
gapped region collapses under a displacement field Dc = 0.14 V/nm (and
reopens for D >Dc), which compensates the built-in BLG asymmetry. The
measured pattern of LLs is best matched by DOS calculations shown in
Fig. 1h, which include an energy shift δ = 18meV. The sign of Dc indicates
that the intrinsic BLGpolarizationpoints from top to bottom, in accordance
with ref. 44. Based on the magnitude of Dc, we estimate a corresponding
BLG band gap Δ ~ 10meV, comparable to the one reported for TDBG33,34.
Although spontaneous, few-meV gaps due to strong electron-electron
interactions weremeasured in suspended BLG devices46–48, those gaps show
distinctive D-symmetric gap closing and reopening, ruling out a possible
relationwith the observed phenomenology.When theMLGzero-energy LL
(0-LL) crosses the BLG gap, we clearly detect MLG-like QH states at filling
factor vtot = ±2, as shown by σxx and σxy curves in Fig. 2f. Outside of the BLG
gap, we observe quantized steps in σxy with the expected amplitude 4 e2/h
(due to spin and valley degeneracy), with 8 e2/h steps in case of coincidence
of LLs from the two subsystems.

Having identified the experimental signatures expected for an intrinsic
~10meV Bernal gap in dual-gated TMBG, we now proceed to its quanti-
tative estimate. In Fig. 3a, we present isotherms of ρxx as a function of ntot,
measured at D =−0.075 V/nm on device D1 (analogous data from D2 are
presented in SupplementaryNote 6, Fig. S6).We observe thermal activation
of the resistivity for T < 100 K, confirming the presence of an energy gap.
This behavior is consistently observed at different D values, within the
previously identified high-resistivity region (where the MLG CNP lies
within the BLG gap). To appreciate changes in the conductivity of the BLG
subsystem as a function of temperature, we minimize the conductivity
contribution of the other subsystem, i.e.MLG, by considering the resistance
maximum corresponding to MLG CNP. As shown in Fig. 3b, we find an
Arrhenius-typedependence for themaximumof the resistivity peak ρxx

max∝
exp[Δ/(2kBT)] (where Δ is the band gap and kB is the Boltzmann constant).
The extracted gap reaches amaximumofΔ = 15meV atD =−0.075 V/nm,
in linewith calculations shown inFig. 1f for δ = 18meV.TheD-dependence
shown Fig. 3b inset is influenced by MLG CNP crossing the BLG gap as a
functionof the gate voltages (see trajectory in Supplementary Fig. S3g), since
the thermal activation gap reflects the distance betweenMLGCNP and the
BLG band edges. As the displacement field becomes increasingly negative,
the BLG gap widens (see Fig. 1f, dark cyan line), however MLG CNP
approaches one of the BLG band edges, leading to a lower carrier activation
energy and thus to a decrease of measuredΔ. The band gapmeasured from
thermal activation isfinite even atD = 0, confirming that no external electric
field is required for BLG gap opening within TMBG.

We further investigate the transport properties of TMBG under large
perpendicular magnetic fields, which allows us to investigate the evolution
of the multicomponent LLs of the two subsystems promoted by Coulomb
interactions49. In Fig. 4a, b, we show σxx and σxy data atB = 4 T, as a function
of vtot and D (the measurements span the usual ntot and D ranges). For the
MLG subsystem we observe only the 0-LL, which splits into four branches
(boundingQHgaps at vMLG = 0,+1,−1) due to complete lifting of the spin

and valley degeneracy. The trajectories of the four MLG components are
modulated by multiple crossings with LLs from the BLG subsystem, which
also clearly showdegeneracy lifting. Inparticular, theBLG0-LLpossesses an
extra two-fold degeneracy associated with the orbital degree of freedom,
making the multicomponent QH effect even richer and D-tunable50. We
observe a clear symmetry of the BLG pattern with respect to the gap closing
point at D =Dc, further confirming the intrinsic BLG polarization and its
compensation by a positive displacement field. At B = 8 T (Fig. 4c, d) we
observe multiple D-driven phase transitions in the BLG 0-LL around
D =Dc, which reproduce recent results on BLG samples around D = 051.
These observations indicate that: (i) the quality of our CVD-based devices is
fully comparable with samples based on mechanically exfoliated graphene
layers; (ii) once the intrinsic polarization is compensated, the physics of the
BLG subsystem embedded in TMBG is essentially indistinguishable from
that of a stand-alone BLG. In Fig. 4e, f we show σxx and σxy curves at B = 8 T
and selected values of displacement field. Figure 4e shows the full broken
symmetry of the MLG 0-LL within the BLG band gap, while Fig. 4f high-
lights the full broken symmetry in of the BLG0-LL (note that in this case the
plateau sequence is shifted by a factor−2e2/h due to the contribution of two
parallel-conducting edge channels from hole-doped MLG).

Fig. 3 | Thermal activation across the Bernal gap. a Longitudinal resistivity iso-
therms as a function of the carrier density, measured on sampleD1 atD =−0.075 V/
nm for 0.36 K < T < 104 K. bArrhenius plot of the resistivity peakmaxima fromdata
in (a) (blue dots). The fit to ρxx

max∝ exp[Δ/(2kBT)] is shown as a blue continuous line.
Inset: activation gaps obtained from the Arrhenius fit at different displacement
fields. Error bars correspond to ± one standard error from the fits.
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Conclusions
In conclusion, we established the presence of a built-in BLG band gap in
large-angle TMBG. The gap is induced by the lack of inversion symmetry,
combinedwith proximity energy shifts on the outmost graphene layers. The
BLG gap leads to specific signatures in electrical-transport properties, both
under zero and quantizing magnetic fields that can be employed for its
quantitative estimate.Analogous featureshave alsobeenreported in a recent
pre-print52, where TMBG was obtained from exfoliated graphene flakes.
Although our samples are encapsulated in hBN (as now ubiquitous in
graphene research), we note that the observed effects are expected to occur
also in free-standing TMBG, where even larger gaps are predicted44, and in
TMBG encapsulated with other dielectrics, which should modify the gap
magnitude. Along this line, we can anticipate the use of TMBG and mea-
surements of the BLG gap closing atDc in dual-gated devices as ametrology
platform for determiningproximity-induced energy shifts causedbyvarious
encapsulating materials or insulating substrates (such as transition metal
dichalcogenides). Moreover, the built-in BLG gap could be leveraged for
broadband detection in the THz window (following recent findings on
TDBG34), with tunable absorption properties depending on the encapsu-
lating environment. Finally, let us remind the high interest in BLG gap for
the definition of quantum point contacts27 and dots28,29, which might be
designed with approaches beyond the current paradigm of local gating. The
applicative potential of TMBG-based (opto)electronic andquantumdevices
is reinforced by the large-scale growth method employed in the fabrication
of devices used in the reported studies.

Methods
Gate induced carrier density and displacement field
We adopt the relations ntot = 1/e x (CtgVtg+CbgVbg) and D/ε0 = (CbgVbg-
CtgVtg)/2

18, where Cbg and Ctg are the capacitances per unit-area of the
bottom and top gate,Vbg andVtg are voltage bias applied to the bottom and

top gate electrodes, e is the electron charge, ε0 is the vacuum dielectric
permittivity. Both the top and bottom hBN crystals used in the devices are
~30 nm thick (as determined by atomic force microscopy, AFM). We
employ εr = 3 for the out-of plane dielectric constant of hBN53,54, givingCbg=
Ctg = 8.85 × 10−8 Fcm−2.

CVD growth of multilayer graphene with 0°/30° twist
TMBG crystals are grown by chemical vapor deposition in a Aixtron Black
Magic reactor (Aixtron 4” BM-Pro) on electropolished Cu foil at a pressure
of 25mbar and a temperature of 1065 °C. After electropolishing, the Cu foil
is heated in air on a hot plate at 250 °C for 15min to oxidize the Cu surface.
The Cu foil is then loaded in the CVD reactor and annealed in Ar atmo-
sphere at 1065 °C for 10mins, followed by 60min of graphene growth in a
mixture ofAr,H2 andCH4with aflow ratio of 900:40:0.8 sccm, respectively.
Then the CVD reactor is cooled down to 100 °C in an Ar atmosphere. After
growth, the shape of graphene crystals shows a deviation from perfect
hexagons due to diffusion-limited growth mechanisms, as typical for
oxygen-rich Cu foil55 and low partial pressure of H2

56. Crystals obtained
under these conditions show regular electron diffraction patterns21 and low
strain57 ( < 1%after transfer to SiO2/Si; though strain influences details of the
BLG dispersion, the system is expected to remain gapless at such values58).
We observe concentric multilayers with different interlayer rotations, each
one locked to either 0° or 30° (with a preponderance of aligned layers,
attesting at ~60–70%). Among the trilayer crystals, a ~ 30% fraction shows
the stacking configuration targeted for this study.

vdW assembly and device fabrication
Before vdW assembly, CVD-grown TMBG crystals are transferred to a
SiO2/Si substrate using a semi-dry technique involving electrochemical
delamination with a PMMA/PPC carrier membrane57. We first prepare a
crystalline bottom gate by picking-up a graphite flake (~5 nm thick) using

Fig. 4 | Multicomponent Landau levels in the two subsystems. Longitudinal and
Hall conductivity measured on device D1 at B = 4 T (a, b) and B = 8 T (c, d). Curves
at selected displacement field (indicated by the grey and red marks in panel (d)) are

shown in (e) and (f), respectively; insets: sketches of the alignment of LLs from the
two subsystems (blue for MLG, black for BLG), with degeneracy lifting in MLG (e)
and BLG (f). Data acquired at T = 0.36 K on device D1.
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an hBN flake carried by a PC/PDMS stamp59. The graphite back-gate
screens disorder from the underlying SiO2, yielding clean transport prop-
erties in gapped BLGdevices60. After release and cleaning in chloroform, we
use contact-mode AFM to mechanically clean the hBN surface61. A second
hBN flake is used to pick-up a portion of the TMBG crystal. The hBN/
TMBG is subsequently released at 180 °C on top of the cleaned hBN/gra-
phite. The devices are processed combining electron-beam lithography,
reactive ion etching and thermal evaporation of Cr/Au edge contacts and
top-gates.

Raman spectroscopy
A commercial Renishaw “InVia” system is used for Raman character-
ization. Spectra are acquired employing a 532 nm wavelength and with a
100x objective, producing a fluence ~350 µW/ µm2 on the sample, using a
1800 l/mm grating. Calibration of the system is performed using the Si
Raman peak at 520 cm−1.

Electrical transport measurements
The electrical transportmeasurements are performed in a dry “ICE 300mK
He-3 Continuos” cryostat equipped with an 8 T superconducting magnet
(sample D1) and in a dry “ICE 3 K INV” cryostat (sample D2). Four-probe
measurements are performed with low-frequency (~13Hz) lock-in detec-
tion, either in a constant current (~100 nA), or constant voltage config-
uration (0.1 mV). The source-drain current and longitudinal and Hall
voltagedrops are simultaneously recorded,while biasing the top andbottom
gates using a dc source-meter.

Data availability
The data presented in this study are available at https://doi.org/10.5281/
zenodo.14178601.
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