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Milli-Tesla quantization enabled by tuneable
Coulomb screening in large-angle twisted
graphene

I. Babich 1,2 , I. Reznikov1,2, I. Begichev1,2, A. E. Kazantsev3, S. Slizovskiy 3,4,
D. Baranov2, M. Šiškins 2, Z. Zhan 5, P. A. Pantaleon 5, M. Trushin 1,2,
J. Zhao2, S. Grebenchuk2, K. S. Novoselov 1,2, K. Watanabe 6, T. Taniguchi 7,
V. I. Fal’ko 3,4, A. Principi 3 & A. I. Berdyugin 1,8

The electronic quality of graphene has improved significantly over the past
two decades, revealing novel phenomena. However, even state-of-the-art
devices exhibit substantial spatial charge fluctuations originating from
charged defects inside the encapsulating crystals, limiting their performance.
Here, we overcome this issue by assembling devices in which graphene is
encapsulated by other graphene layers while remaining electronically decou-
pled from them via a large twist angle (~10–30°). Doping of the encapsulating
graphene layer introduces strong Coulomb screening, maximized by the sub-
nanometer distance between the layers, and reduces the inhomogeneity in the
adjacent layer to just a few carriers per square micrometre. The enhanced
quality manifests in Landau quantization emerging atmagnetic fields as low as
~5milli-Tesla and enables resolution of a small energy gap at the Dirac point.
Our encapsulation approach can be extended to other two-dimensional sys-
tems, enabling further exploration of the electronic properties of ultrapure
devices.

Electron mobility is a critical figure of merit for semiconductors,
relevant for observation of quantum phenomena and electronic
applications1–8. Recently, graphene was established as a material with
the highest room-temperature mobility9,10 ~150,000 cm2V−1s−1 which is
two orders of magnitude higher than that of traditional semi-
conductors. However, the graphene mobility at cryogenic tempera-
tures is still lower than that of GaAs two-dimensional electron gases
(2DEGs), which electronic quality has been gradually improving over
many decades4–7, and these days can reach8 57 × 106 cm2V−1s−1 under
optimal doping. In contrast, state-of-the-art graphene devices reach
mobilities9–24 of only (1–3) × 106 cm2V−1s−1, an order ofmagnitude lower.
Potentially, this discrepancy should vanish close to the charge

neutrality point (CNP), where graphene mobility theoretically diver-
ges. However, in real devices, the electron transport near the CNP is
strongly affected by the macroscopic spatial charge fluctuations10,21–28,
usually referred to as electron-hole puddles28, limiting graphene
performance.

In the first generation of devices, graphene was placed on top of
Si/SiO2 substrate

1–3, where itwas influencedby contamination from the
environment, surface roughness, and impurities, which limited mobi-
lity to μ �104 cm2V−1s−1 and caused substantial charge density fluctua-
tions of δn � 1011–1012 cm−2. A significant improvement was achieved
through the encapsulation of graphene with atomically flat hexagonal
boron nitride (hBN) dielectric crystals9–24, which reduced charge
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inhomogeneity to δn �1010 cm−2, and improved mobility to
~106 cm2V−1s−1. Further progress was made by using graphite gates16–20

instead of silicon, suppressing inhomogeneity to δn �5 × 109cm−2, and
establishing the current benchmark for state-of-the-art devices. Such
devices enabled electron transport studies at the CNP near the room
temperature, revealing properties of Dirac plasma10,21–24. However, at
cryogenic temperatures, electron-hole puddles continue to dominate
the electronic properties of graphene near the CNP. The better per-
formance to date has been achieved in suspended graphene devices,
where the dielectric substrate is eliminated, allowing charge inhomo-
geneity as low as3,29–31 δn �4 × 108 cm−2 and enabling to approach the
Dirac point within 1meV. However, such devices are impractical for
most applications because of the challenges in fabricating dual-gated
or multilayer freestanding structures.

The difference in quality between suspended and hBN-
encapsulated devices is typically attributed to charged defects inside
encapsulating hBN crystals, which results in charge inhomogeneity in
graphene. While room for further improvement of hBN crystal quality
is limited, this issue could potentially be addressed by employing
Coulomb screening. Namely, a layer with a high density of states (DoS)
in close proximity to graphene should suppress the electric field from
charged defects and associated charge inhomogeneity.

Previous studies on Coulomb screening have utilized graphite or
graphene as screening layers separated from the studied graphene by
3–10 nm thick hBN spacers14,24,32. While those efforts have enabled the
observation of screening-induced Anderson localization32 and sup-
pressed particle-particle collisions14,24,33, they didnot result in a notable
improvement of the device quality. As the screening depends expo-
nentially on the distance14, it is essential to position the screening layer
much closer to the graphene than the charged defects (see Supple-
mentary Note 6). This makes commonly used hBN spacers impractical
for electron-hole puddle screening, as charged defects, which are also
present inside these crystals, are located closer to graphene than the
screening layer.

In this work, we address this challenge by stacking graphene lay-
ers directly atop one another and intentionally decoupling them using
a large twist angle θ � 10� 30�. The suppressed interlayer tunneling
anddecoupled spectraof graphene layers in suchheterostructures34–40

result in significant interlayer resistance34,38. This allowed us to selec-
tively charge one of the graphene layers in such devices and use it as a
charged screening substrate separated from the test layer by a sub-
nanometer vdW gap.

Results
Figure 1a shows one of our large-angle twisted bilayer graphene
(LATBG) devices with a twist angle of θ � 20� (See “Methods” for the
details of the device fabrication). Using gold top and graphite bottom
gates we can independently set the out-of-plane displacement field D
and the total charge density ntot.

Firstly, we characterized the LATBG device by measuring its
resistance at zero D, as shown in Fig. 1b. Under such conditions, both
layers have the same doping, and the system behaves similarly to
single-layer graphene: resistance sharply peaks at zero carrier density
and rapidly drops when doping increases. Using this curve, we esti-
mate inhomogeneity of individual layers δn � 7 × 109cm�2, and elec-
tron mobility μe =0:5 × 106 cm2=Vs (Supplementary Fig. 1), which is
consistent with that of a typical high-quality encapsulated devices
reported in the literature9–24.

Qualitatively, the applied D creates an interlayer potential differ-
ence that separates the Dirac cones in energy, whereas ntot moves the
common Fermi level (see inset Fig. 1b). When the Fermi level crosses
the Dirac points, it is reflected as resistivity wiggles at positive and
negative doping levels, as shown in Fig. 1b. The dual-gatemap in Fig. 1c
further shows howDirac cone offset evolves upon changingD. Dashed
lines mark the expected positions of Dirac points of top and bottom

layerswhich coincidewellwith resistivity features thatweattributed to
CNPs earlier.

Screening enabled quantization in milli-Tesla magnetic field
Next, to test the device quality, we measured Landau fan diagrams
under different displacement fields. When D = 0 V/nm (Fig. 1d)
LATBG shows a typical Landau fan diagram of single-layer graphene,
but with doubled filling factors, as expected for two graphene layers
with equal doping. The applied D significantly alters this picture: in
Fig. 1e, there are two sets of fan diagrams converging around
ntot = ±0:4× 1012 cm�2, which correspond to the expected positions
of the top and bottom graphene CNPs. These fans can be attributed
to the individual quantization of the top and bottom layers, and their
parabolic-like shape originates from the presence of the other
heavily doped layer (see the schematic band structure in Fig. 2a
and Supplementary Note 1). If plotted as a function of the charge
density in top or bottom layer, the fan diagrams restore their line-
arity (Supplementary Fig. 2) and become similar to those shown
in Fig. 1d.

An important difference between the fan diagrams observed in
Fig. 1d, e is the magnetic field required to resolve the onset of Landau
quantization. At D =0V/nm, Landau levels (LLs) become resolvable
around B* � 100mT, while the applied displacement field significantly
lowers this onset. To determine the onset of oscillations under an
applied D we have zoomed into a small magnetic field range, as
shown in Fig. 2b. In this map, the signatures of Landau fans become
visible already at B* = 5� 6mT (see Supplementary Fig. 11 and Sup-
plementary Note 5), which is an order of magnitude better than the
magnetic field required to see the Landau quantisation at zero D in
LATBG and in test graphene devices without proximity screening
(Supplementary Fig. 8).

A reduction of magnetic field required to resolve the onset of
quantization in Figs. 1e and 2b indicates a decrease of charge inho-
mogeneity δn under applied D. Qualitatively, to resolve the first
cyclotron gap in graphene, the fluctuations of the Fermi level must be
smaller than the size of the first cyclotron gap30. To crosscheck this
criterion,wemodelledDoSof graphene for given inhomogeneity level,
magnetic field and temperature as a function of Fermi level and energy
fluctuations δE (see Supplementary Fig. 9 and Supplementary Note 4).
When D =0V/nm and B* = 100mT (B* is the smallest magnetic field
allowing resolution of the first LL), the model suggests
δn � 5 × 109cm�2, which agrees with earlier estimations. Under
applied D (for B* = 5� 6mT) we find that inhomogeneity drops to
δn � 2� 3 × 108 cm�2, corresponding to just 2–3 electrons per
micrometre area of the Hall bar shown in Fig. 1a. However, at small
magnetic fields, the cyclotron radius Rc becomes comparable to the
width of our voltage probesW, which possibly limits the resolution of
quantization onset. To show this, in Fig. 2c, we plotted the W = 2Rc
condition, which well describes the onset of Landau quantization in
our device, indicating that the quality of the LATBG device likely to be
even better than estimated above. Finally, while quantization becomes
apparent already at 5–6mT, we estimate that the quantum Hall effect
fully onsets at 13mT (see Supplementary Note 5). However, at low B,
zero resistivity within the cyclotron gaps is not observed because of
parallel conduction through the second strongly doped layer, which
remains non-quantized and contributes a significant background
signal.

The suppression of δn under applied displacement field origi-
nates from the tuneable screening, in agreementwith the design ofour
experiment. The screening of an external electric field by metallic
layers is set by the DoS around the Fermi energy, which drops to zero
when both layers are simultaneously tuned towards CNP (D =0 case).
As a result, any charged impurities within the encapsulating hBN
crystals create substantial spatial fluctuations in carrier density, as
illustrated in the top panel of Fig. 2c. On the contrary, the applied D
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creates an energy offset between Dirac cones of different layers which
entails that the double layer device has high DoS even when one of
graphene layers is tuned towards the CNP. It results in screening of
external electric field and improves the homogeneity of graphene
layers, as shown in bottom panel of Fig. 2c. This behavior can be
quantitatively described using the Thomas–Fermi model (see Sup-
plementary Note 6) and 2D maps in Fig. 2d, which show how the
screening layer suppresses charge inhomogeneity. We also note that
the analysis above primarily focuses on the energy gap between the
0th and 1st Landau levels. This gap is the largest and, due to the low
intrinsic doping of graphene at this filling, is expected to be the most
sensitive to external screening. In contrast, higher Landau level gaps
typically emerge only at larger carrier densities, where enhanced self-
screening within the quantized graphene layer reduces its suscept-
ibility to external screening.

Resolving the gap at the CNP of graphene layers
Another notable differencebetween themeasurements at zero and the
appliedD is the presenceof twomagneticfield-independent resistance
peaks in the centres of the fan diagrams of each graphene layer in

Figs. 1e and 2b. To understand these features, we perform spectro-
scopy of the top layer by plotting its fan diagram as a function of
chemical potential in the bottom layer μb, see Fig. 2b. The theoretical
positions of the first few LLs, indicated by dashed lines, align well with
the resistivity features on this map, except that instead of a single
vertical resistivity peak expected for zero-energy LL, there are two
peaks. This suggests the formation of a gap at the CNPs, estimated to
be Δg = 5 ± 1 meV in both layers. Furthermore, we found that the gap is
present even at zero magnetic field, as shown in high-resolution fan
diagram, magnetic focusing measurements, and bulk-current fan dia-
gram (Supplementary Figs. 2 and 4). It is independent of D and
becomes resolvable already at D =0.05 V/nm (see Supplementary
Figs. 3 and 5).

To verify the presence of the band gap, we modelled the fan
diagramof a double layer graphene system, assuming a gap at the CNP
of the quantized layer. Usually, such a gap should produce a local
resistance maximum, which is not observed in our devices. To repro-
duce the measurements shown in Fig. 2b, we had to additionally
assume valley decoupling in the gapped graphene layer, as discussed
in Supplementary Note 7, which leads to the edge conductivity
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Fig. 1 | Characterization of a large-angle twisted bilayer graphene (LATBG)
device. a Top panel: schematic structure of LATBGdevice, utilizing thin hBN flakes
as dielectrics for bottom graphite and top metal gates, V tg and Vbg are top and
bottom gate voltages; bottom panel: optical image of LATBGHall bar device. Black
line highlights the metallic top gate and electrical contacts. Scale bar is 1μm.
b Longitudinal resistivity as a function of total charge density ntot for D =0 V/nm,
and D =0.5 V/nm measured at zero magnetic field. Dashed circles indicate the
positions of charge neutrality points of top (t-CNP, black circle) and bottom gra-
phene layers (b-CNP, blue circle) calculated using the electrostatic model (see
Supplementary Note 1). Insets schematically show band structure of LATBG under
appliedDwhen theFermi level crosses theCNPof one of the graphene layers; here,
the red part of the cone represents hole doping, and blue represents electron

doping of graphene. c Longitudinal resistivity atB =0T as a functionofntot andD.
Dashed lines indicate expected positions of CNPs. d, e Resistivity as a function of
magnetic field B and ntot for D =0V/nm (d) and D =0.6 V/nm (e). In (d) dashed
lines show the expected position of doubled graphene filling factors. In (e) white
dashed lines are a guide for the eye of the first three Landau levels and CNP gap
boundaries in bottom graphene layer. See the text for the further discussion.
Further examples of Landau fan measurements are shown in Supplementary
Figs. 2 and 4. The high magnetoresistance observed around ntot =0 can be
attributed to the compensated semimetal state, similar to ref. 24, which naturally
forms under applied D when one layer is electron-doped and the other is hole-
doped. Measurements were performed at 2 K for all panels.

Article https://doi.org/10.1038/s41467-025-62492-5

Nature Communications |         (2025) 16:7389 3

www.nature.com/naturecommunications


channels inside the gap. The results of our modelling, Fig. 2e, capture
the measurements shown in Fig. 2b, confirming that the two vertical
resistance peaks originate from the gap edges, with their separation
set by the gap size. The possible origin of this gap is discussed further
in the text.

Graphene fully encapsulated with screening graphene layers
Apart from LATBG devices, where graphene serves as a substrate for
another graphene layer, we fabricated large-angle twisted trilayer
graphene (LATTG) devices to showcase full encapsulation of the
middle graphene layer. Optical images of fabricated devices are shown
in Fig. 3a. See “Methods” for fabrication details.

To characterize LATTG, we firstly measured resistance as a func-
tion of D and ntot, as shown in Fig. 3b. Similar to bilayer devices,
the resistance map reveals features that evolve under an applied
displacement field. Using an extended electrostatic model (see Sup-
plementary Note 1), we identified these features as the CNPs of the
individual graphene layers, indicated by dashed lines in Fig. 3b. While

symmetry considerations suggest that the middle-layer CNP (m-CNP)
should remain independent of D, the m-CNP in Fig. 3b shifts towards
negative doping with increasing D. This behavior is reproducible
across all our devices and can be explained by small energy offsets of
outer graphene layers interfacing hBN39.

Next, wemeasured the sameD vs. ntotmap at a smallmagnetic field
of B= 50mT, as shown in Fig. 3c. At this field, all three layers become
quantized and produce three sets of parallel resistivity lines (labeled by
corresponding LL number). There are single resistivity peaks corre-
sponding to zeroth LLs in top and middle layer, while in the bottom
layer, the peak doubles (labeled as 0+ and 0−). This feature, similarly to
observations in LATBG, corresponds to the formation of a gap. How-
ever, in this LATTG device, the gap is resolved only in one of the layers.

To further assess the quality of our LATTG devices, we measured
fan diagrams under fixed D or ntot, shown in Fig. 3d–g and Supple-
mentary Fig. 22. In all LATTGdevices, we observed three sets of Landau
fans converging at carrier densities corresponding to the expected
positions of the CNPs for individual layers, as indicated by the arrows

5-6 mT

1

0

-1
-2

bottom SLG top SLG

a b D=-0.75V/nm

Modelling

-1 1nt (1011 cm-2)

nb=0.5×1012cm-2

nb=0
c d e

hBN

hBN

Fig. 2 | Resolving theonsetofLandauquantization inmilli-Teslamagneticfield.
a Schematic illustration of LATBGband structure at lowmagneticfieldB and highD
whenFermi level is tuned close to theCNPof one of graphene layers.b Fandiagram
measured at D = −0.75 V/nm and 2K shown as a function of chemical potential in
the bottom graphene layer μb. Black parabolic dashed lines indicate the expected
position for the first five Landau levels (LLs) plotted using a standard graphene
sequence EN =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ℏeBv2FN +Δ2

q
, where ℏ is the reduced Plank constant, e is the

electron charge, EN is the energy of the Nth LL, and vF is the Fermi velocity in
graphene, 2Δ is a band gapdiscussed further in the text. The horizontal dashed line
and the error bar mark the onset of Landau quantisation. Square root dashed lines

indicate the limit of quantization set by the probe width (see Supplementary
Note 5). c Schematic illustrations of electron-hole puddles in LATBG at zero (top)
and under applied (bottom) displacement fields. Red and blue shaded regions
represent positive and negative doping correspondingly, coloured circles in the
hBN illustrate charged defects.d Simulated charge density profiles in top graphene
calculated for hBN with impurity density nimp = 10

10 cm�2 at zero doping of the
bottom layer nb =0, and for nb =0.5 × 1012 cm−2 (see Supplementary Note 6). Scale
bars are 250 nm. e Modelling of LATBG resistance subjected to high D under the
assumption of a gapped graphene spectra (see Supplementary Note 7).
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in Fig. 3d and f. Notably, in Fig. 3f, the complete lifting of the zeroth
Landau level degeneracy is resolvable at magnetic fields as low as 1
Tesla, while it is not seen in devices without screening at similar field
ranges. The high-resolution fan diagrams at small magnetic fields

shown in Fig. 3e and g reveal the onset of Landau quantization already
at 5–7mT (see Supplementary Note 5 and Supplementary Fig. 12) for
two different LATTGdevices, showcasing the high electronic quality of
graphene in such structures.
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5-7 mT

5-6 mT

Cr/Au

Graphite 
hBN

hBN Vtg

Vbg

D

a

d

b c

Device A, D=-0.5 V/nm
e -10

-0.1 0.3 0 1

10-20 180

-0.5 0.50.1 8

tb m

Device A

Device B

Device A, B=0 T Device A, B=50 mT

Device A

Device B, D=0.5 V/nm Device B
f g

2- 1- 0

12- 1- 0
0

2
1

0+

0-

1
2

1

2-1

2- 1- -0 1

2- 1-

2- 1-

2

Fig. 3 | High quality of LATTG devices. a Schematic structure of LATTG devices,
graphene layers (b, m, and t labels indicate bottom, middle, and top layers,
respectively) are twisted by large angles θ12 (the angle between the bottom and the
middle layers) and θ23 (the angle between the middle and the top layers). See
“Methods” for further information. Optical images show twomeasured LATTG Hall
bar devices A and B, scale bar is 5μm. b Longitudinal resistance at B =0T as a
function of charge density ntot and displacement field D measured in device A.
Coloured lines indicate conditions of CNP for top, middle, and bottom layers with
black, red, and yellow correspondingly. Inset band structures illustrate the position
of CNPs of each layer. c Longitudinal resistance at B = 50mT as a function of ntot

and D measured in device A. Coloured dashed lines show the calculated CNP
positions for all three layers based on the electrostatic model described in the
Supplementary Note 1. We therefore label the nearest Landau levels as ±1, ±2, with
the sign reflecting the charge carrier type in each layer. d–g Magnetoresistance
measurements for devices A and B. d, f Measured for fixed D = −0.5 V/nm and
D =0.5 V/nm correspondingly as a function of ntot, coloured arrows show posi-
tions of CNPs. e, g Longitudinal resistancemeasured for fixed ntot as a function of
Dwith removed background (see Supplementary Fig. 10 formore details). Onset of
Landau quantisation become resolvable already at B* = 5� 7 mT in (e) and at
B* = 5� 6 mT in (g). Measurements were done at 2 K for all panels.
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Discussion
While both LATBG and LATTG devices exhibit similar onsets of quan-
tization in millitesla magnetic field range, LATTG devices demonstrate
superior electronic quality. For instance, at B= 50 mT LATTG device
allows to resolve up to 20–30 LLs per layer, Fig. 3c, whereas LATBG
devices show only up to 8 LLs, even at higher B= 100mT, Supplemen-
tary Fig. 5. However, in LATTG devices, when the Fermi level is tuned
towards the CNP of one of the layers, the other two heavily doped layers
act as parallel conduction channels. This obstructs the access to the
properties of the charge neutral layer by introducing significant back-
ground signals that can interfere with measurements (see Supplemen-
tary Fig. 22). Another difference in performance between LATBG and
LATTG devices is that the former shows identical gaps at CNPs of both
layers (see Fig. 2d), whereas the latter shows a clear gap only in one of
the layers (see Fig. 3c and Supplementary Fig. 22). Below, we consider
several possibilities for the gap origin.

Multiple theoretical works have predicted a Mott insulator gap at
the CNP of graphene41,42. However, experiments with freestanding gra-
phene have shown renormalization of the Fermi velocity instead of a
gap, which was attributed to the presence of strong long-range Cou-
lomb interactions29. A recent study suggests that suppressing the tail of
Coulomb interactions (e.g., with ametallic screening layer)may result in
a semimetal-Mott insulator transition42. However, our modelling of such
transition predicts gap dependence on temperature and D, which are
not observed in the measured devices (see Supplementary Notes 2, 8
and Supplementary Figs. 5 and6). This points towards a structural origin
of the gap, whichmay appear due to the contact between graphene and
hBN (G/hBN) or due to the twist between graphene layers.

Prior studies on the devices where graphene is aligned with
encapsulating hBN crystals report varying gap sizes depending on the
graphene-hBN alignment17,18,43–48; however, this effect is minimized in our
samples, since we intentionally misaligned graphene and hBN during
device fabrication. Moreover, in Fig. 2d, the observed gaps in the LATBG
device are identical in both layers; this symmetry would likely be broken
if misaligned hBN/G interface had a noticeable impact on the band
structure. Next, in LATTG devices, the presence of a gap in only one of
the outer layers suggests that any gap due to the graphene/hBN interface
can indeed be negligible with our intentional misalignment (otherwise, it
would be resolved in the other outer layer) pointing to the possible
intrinsic origin of this gap within the twisted graphene structure.

To investigate this hypothesis,we calculated the band structureof
LATBG at various high commensurate angles (Supplementary Fig. 23).
The calculated band structures revealed a small band gapof a fewmeV
opening at the Dirac points of each layer, along with a larger gap at the
CNP of the double layer, which was not observed experimentally. It is
essential to note that these calculations are influenced by the choice of
the unit cell origin, which may change due to the lateral shift between
the layers (see Supplementary Note 10).

It should be noted that existing theories on the band structure of
LATBG mainly focus on commensurate angles49–51 which are challen-
ging to achieve in real devices.Moreover, the precise determination of
the electronic structures is highly sensitive to the actual arrangement
of atoms, as determined by the lateral shift and twist angle. These
challenges make the systematic study of gaps at the Dirac points quite
difficult and place it beyond the scope of this work.

Although it is challenging topinpoint the exactmicroscopic origin
of the gap, the ability to resolve such small features of the band
structure highlights the spectroscopic capabilities enabled by encap-
sulation with graphene layers. Since resolving gaps below 5meV
(δE <2:5meV) at the CNP of Dirac point requires a doping inhomo-
geneity level below 2 × 109 cm−2, our samples exceed performance
of the state-of-the-art devices. More than that, tunable Coulomb
screening reduces doping inhomogeneities towards 3 × 108 cm−2,
which is an order of magnitude improvement and corresponds
to δE � 0:5meV.

Such high quality allowed to resolve the onset of Landau quanti-
zation in our devices at magnetic fields of 5–6mT, corresponding to a
quantummobility relevant for the observation of quantumphenomena,
μq � (1.5–2) × 106 cm2V−1s−1. Unfortunately, the large-angle twisted mul-
tilayer graphene geometry does not allow the direct measurement of
the transport mobility of individual graphene layers under applied
screening, as a significant portion of the current always propagates
through a heavily doped graphene layer. Nevertheless, our toy model
(see Supplementary Note 3 and Supplementary Fig. 7) estimates that
the transport mobility near CNP in our devices approaches
μ �(12–20) × 106 cm2V−1s−1, an order of magnitude higher than μq. This
difference is expected as transportmobility is limited by backscattering,
whereas quantum mobility is more sensitive to small-angle scattering.
Both quantum and transport mobilities in our devices are an order of
magnitude higher than those in devices without screening.We also note
that the quantum mobility achieved in our devices is higher than the
quantum mobility of the best GaAs 2DEGs, where quantum oscillations
onset7 around 35–40mT even at milli-Kelvin temperature, with the
quantum mobility6 μq � 1 × 106 cm2V−1s−1. At the same time, our estima-
tions give mobility values of the same order as that of the best GaAs
samples, highlighting a significant improvement of graphene devices.

Finally, we note that the large twist angle approach also intro-
duces new capabilities, such as tuneable Coulomb interactions via
adjustable screening, facilitating further exploration of many-body
effects in moiré quantum materials52. Our encapsulation method is
readily adaptable to other multilayer and twisted heterostructures,
thereby broadening its potential applications.

Methods
Sample fabrication
The heterostructures studied in this work were assembled using a
combination of the tear-and-stack method together with dry transfer
technique9,12,53. Polydimethylsiloxane (PDMS) stamps coated with a thin
polycarbonate (PC) membrane were employed to pick up exfoliated
crystals from Si/SiO2 substrates. The pick-up process was conducted at
100 °C in the following sequence: hBN of 30–40nm thickness (top
layer), a large graphene flake (first segment), the second segment of the
same graphene flake, rotated to a large twist angle, and another hBN
layer (bottom layer, 30–40nm). Our target angle for the HATBG sample
is 20�, for the HATTG devices A and B θ12 � 20�,θ23� �20� and
θ12 � 30�,θ23 � 30�, respectively; the device C shown in the Supple-
mentary Information had target angles θ12 � 10�, θ23� 10�. The final
vdW stack was released on top of graphite flake at 180°, after which the
PDMS stamp was carefully delaminated from the PC membrane. The
melted PC film was subsequently dissolved in dichloromethane, fol-
lowed by rinsing in acetone and isopropyl alcohol.

Next, we used high-resolution atomic force microscopy to locate
bubble-free regions suitable for device fabrication. Standard nanofab-
rication techniques were then used to pattern Hall bars in the identified
clean regions. First, the top gates were fabricated using electron-beam
lithography (EBL), followed by chromium/gold (Cr/Au) metal deposi-
tion. In a subsequent EBL step, deep reactive ion etching with a CHF3/O2

gas mixture was employed to define the Hall bar geometry. Finally, one-
dimensional electrical contacts to the twisted bilayer graphene (TBG)
were formed by depositing Cr/Au onto the exposed graphene edges.

Electronic transport measurements
The electronic transport measurements were performed using stan-
dard low-frequency lock-in techniques with excitation currents below
100nA, minimizing heating and non-linear effects; the measurement
temperature was 2K if not specified. Most of the data presented in the
main text were acquired under nonzero displacement field, D. The
dual-gated device configuration allowed independent control ofD and
the total carrier density, ntot. The carrier densitywas determined as the
sum of the densities induced by the top and bottom gates:
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ntot =
1
e CtgV tg +CbgVbg

� �
, where V tg and Vbg are the voltages applied

on a top and bottom gates, and Ctg and Cbg are the top and bottom
gate capacitances per unit area, respectively, found from the Hall
effect measurements. The displacement field was calculated as:
D= 1

2ε0
CtgV tg � CbgVbg

� �
, where ε0 is the vacuum permittivity.

To characterize our devices, we first measured their resistivity at
zero displacement andmagnetic field and defined inhomogeneity as a
half-width at half-maximum (HWHM) as illustrated in Supplementary
Fig. 1a. We note that the inhomogeneity of individual layers is half of
the HWHM. Next, we calculated mean free path and mobility using a
standard expression for the single-layer graphene, but considering
that we have two graphene sheets instead of one:

μ=
1

ρntote
ð1Þ

lmfp =
1
ρ
ℏ

e2

ffiffiffiffiffiffiffiffiffiffiffi
π

2ntot

r
ð2Þ

Here ρ is the resistivity of the whole double layer, ℏ is reduced Plank
constant, and e is an electron charge. The results are shown in Sup-
plementary Fig. 1b, c, which indicate that at zero D the mean free path
in our device is approaching device width, and mobility approaching
106 cm2V−1s−1 as expected for the high-quality encapsulated devices.

At appliedD, we cannot decipher resistivity of the individual layer,
however, magnetic focusing measurements allow to claim when the
sample is ballistic. In Supplementary Fig. 2, magnetic focusing line
approaches the boundaries of the gap as close as the measurement
accuracy δn< 2× 109cm�2, and corresponds to the mean free path of
lmfp > L=2:7μm, where L is the distance between centers of the con-
tacts, and the inequality sign is used because the electronsmove along
cyclotron orbits. Thus, we can set a lower boundary for electron
mobility at D = −0.55 V/nm:

μ=
lmfpe
ℏ

ffiffiffiffiffiffiffiffiffiffi
2

πδn

r
> 7:3× 106cm2=Vs ð3Þ

Data availability
Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.
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