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Parallel transport and layer-resolved thermodynamic measurements in twisted bilayer graphene
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We employ dual-gated 30 °-twisted bilayer graphene to demonstrate simultaneous ultrahigh mobility and
conductivity (up to 40 mS at room temperature), unattainable in a single layer of graphene. We find quantitative
agreement with a simple phenomenology of parallel conduction between two pristine graphene sheets, with
a gate-controlled carrier distribution. Based on the parallel transport mechanism, we then introduce a method
for in situ measurements of the chemical potential of the two layers. This twist-enabled approach, neither
requiring a dielectric spacer, nor separate contacting, has the potential to greatly simplify the measurement of
thermodynamic quantities in graphene-based systems of high current interest.
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Due to its remarkable charge carrier mobility, graphene
is a promising candidate for high-performance devices in
applicative fields such as high-frequency electronics and op-
toelectronics [1–3]. In the case of graphene multilayers, the
electrical transport properties strongly depend on the number
of layers, as well as on the twist angle between them [4].
In particular, turbostratic multilayer graphene was shown to
(potentially) harbor not only a mobility as high as single-layer
graphene (SLG), but also larger conductivity (σ ) [5–9]. This
is possible since a finite (typically uncontrolled) twist angle
between the layers preserves the gapless linear band disper-
sion [10], while charge redistribution keeps a relatively low
carrier density (n) in the different layers [11]. Moreover, it
was suggested that the lowest graphene sheet can efficiently
screen the others from detrimental substrate-induced potential
fluctuations [12]. However, thus far, experiments address-
ing the carrier mobility of rotated graphene multilayers have
been limited to samples with considerable extrinsic disorder
(preventing accurate testing of the transport performance)
and a single gate electrode (lacking control on the interlayer
charge distribution). We present transport measurements on
a dual-gated 30 °-twisted bilayer graphene (30TBG) device
encapsulated in hexagonal boron nitride (hBN). Thanks to
low-energy interlayer decoupling and high device quality, we
show that 30TBG replicates the transport properties of two
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pristine SLG sheets conducting in parallel, including ultrahigh
mobility at large carrier concentration.

Furthermore, we show that dual-gated 30TBG enables
in situ—or, better said, in device—thermodynamic measure-
ments on the individual graphene layers. Measuring the
chemical potential (μ) as a function of experimental knobs
such as n or an external magnetic field (B) can greatly
contribute to the understanding of novel two-dimensional sys-
tems. To this end, probes such as scanning single-electron
transistors have been widely employed on graphene [13,14].
Experiments based on capacitance spectroscopy can be per-
formed using either metallic [15,16] or graphitic gates [17].
Kim et al. introduced a double-SLG configuration, allowing
reciprocal measurements of μ(n, B) via dc electrical transport
[18]. This technique, however, requires a dielectric spacer
(typically several-nanometer-thick hBN) to ensure capaci-
tive coupling between separately contacted graphene sheets
[19–21]. Here, we exploit the effective electronic decoupling
of large-angle TBG to obtain equivalent information via dc
electrical transport in a standard dual-gated device. In partic-
ular, by keeping one of the layers charge neutral, it is possible
to probe μ in the other one with a resolution in the meV range
(comparable to hBN-spaced structures [20]), as demonstrated
by measurements of the SLG Landau level (LL) energies at
B = 250 mT.

30TBG is synthesized via chemical vapor deposition
(CVD) on Cu, encapsulated in hBN, and processed into a
dual-gated device [see sketch in Fig. 1(a) and Supplemental
Material [22] for details], using the methods developed in
Ref. [23]. The selective growth of 30TBG on Cu is favored
by the interaction between step edges on the Cu surface
and the graphene layers, which triggers the orientation of
straight (either zigzag or armchair) graphene edges along the
step direction [24]. Transfer of 30TBG to SiO2/Si and hBN-
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FIG. 1. Parallel transport and ultrahigh mobility at room temperature. (a) Schematics of the lateral section of the investigated device.
CVD-grown 30◦-twisted bilayer graphene is encapsulated between hBN flakes. The potentials Vtg and Vbg are applied to the top and back gate,
respectively. The capacitance between the top gate and the upper graphene layer (Ctg ), between the two graphene layers (Cgg), and between
the lower graphene layer and the back gate (Cbg) are indicated. (b) Longitudinal resistivity of TBG as a function of Vtg and Vbg, measured at
T = 300 K. The lines indicate different trajectories of the type Vtg × Ctg − Vbg × Cbg = const, employed in panels (c) and (d). (c) Computed
charge density of the upper (solid lines) and lower (dashed lines) graphene layer along the straight trajectories indicated in panel (b). Inset:
longitudinal resistivity peaks as a function of Vtg along the same lines. (d) Mobility of 30TBG as a function of ntot along the four trajectories.
The dashed blue line is the intrinsic phonon-limited mobility of SLG [28], the solid blue line is the intrinsic mobility of two charge-balanced
phonon-limited SLG conducting in parallel. Inset: sketch of the four-terminal measurement configuration adopted on the TBG device.

mediated pickup are performed while always keeping T <

170 ◦C to avoid possible relaxation of the twist angle. The
stability of the 30◦-rotated configuration upon hBN encap-
sulation was confirmed by transmission electron microscope
selected area electron diffraction, as reported in Ref. [23]. The
assembly technique by Purdie et al. [25] is used to promote
interface cleaning and obtain high-quality electronic transport.

The top- and back-gate voltages (Vtg and Vbg) couple to
TBG via hBN (32 nm thickness, determined by atomic force
microscopy) and in-series SiO2/hBN (285/40 nm thickness),
respectively, resulting in the capacitance-per-unit-area Ctg =
8.3 × 10−8 F/cm2 and Cbg = 9.8 × 10−9 F/cm2. In addition,
it is well established that a considerable interlayer capacitance
Cgg = 7.5 × 10−6 F/cm2 must be considered for large-angle
TBG [26,27]. The data in Fig. 1(b) show the longitudinal
resistivity of 30TBG measured at room temperature (RT), as

a function of Vtg and Vbg. The high-resistivity diagonal (ρ up
to ∼400 �) corresponds to the global charge neutrality point
(CNP) of the sample, while ρ as low as 25 � is measured
at large carrier concentration. The fact that the global CNP
crosses exactly Vtg = Vbg = 0 V indicates negligible residual
doping in the device. As shown by the curves in Fig. 1(c),
inset, the resistivity peak becomes wider and shallower upon
unbalancing Vtg and Vbg, i.e., by increasing the so-called dis-
placement electric field (D). This is caused by a splitting of the
CNPs for the two layers [27], although not resolvable at RT
due to thermal broadening. To extract quantitative information
from the transport data, it is necessary to have knowledge of
the individual carrier density in the layers (nupper and nlower),
which can be obtained by electrostatic modeling of the gated
TBG system [26,27]; complete details on our procedure are
provided in the Supplemental Material [22]. Figure 1(c) shows
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FIG. 2. Low-temperature parallel transport. (a) Longitudinal resistivity as a function of ntot , measured at T = 4.2 K along the straight
trajectories indicated by the lines in the inset. The horizontal markers indicate the maxima of the resistivity peaks. Inset: low T resistivity of
30TBG as a function of Vtg and Vbg. (b) Zoom-in of the longitudinal resistivity as a function of ntot . The blue line is the calculated resistivity
of two charge-balanced SLG conducting in parallel, with a carrier mean free path (lmfp) equal to the width of our device channel (2.2 μm).
(c) Measured peak mobility along the different trajectories (maximum values in the inset) as a function of ntot

∗ (diamonds). ntot
∗ values

obtained from parallel transport simulations (assuming lmfp = 2.2 μm) are indicated by the vertical lines. The dashed blue line shows the ntot
∗

dependence of the mobility from Ref. [40], considering parallel transport among two charge-balanced SLG. Inset: mobility of 30TBG as a
function of ntot along the trajectories in panel (a) inset.

the calculated nupper and nlower as a function of Vtg, along the
straight trajectories indicated by lines in Fig. 1(b), which cor-
respond to fixed differences in the gate potentials (weighted
with their respective gate capacitance). We note that such tra-
jectories do not coincide with constant values of displacement
field (as defined in the electrostatic model in the Supplemental
Material [22]), unless at D = 0 [black line in Fig. 1(b)]. While
at D = 0 the layers are charge balanced (black line, nupper =
nlower), increasingly separated and nonlinear Vtg dependencies
are observed otherwise. Complete color plots of the Vtg-Vbg

dependence of nupper and nlower are shown in Fig. S1(a) and
S1(b) in the Supplemental Material [22]. Based on such rela-
tions, we can calculate the total carrier density in the system
(ntot = nupper + nlower ) and use the standard Drude model to
convert the experimental ρ data into the mobility 1

e|ntot |ρ shown

in Fig. 1(d). At ntot < 1012 cm−2, we observe a carrier mobil-
ity as high as 1.9 × 105 cm2 V−1 s−1, and a weak dependence
on the interlayer charge configuration, ascribable to the D-
induced broadening of the resistivity peak. However, such
difference becomes irrelevant at ntot > 1012 cm−2, where the
four experimental curves collapse on each other. Here, the RT
mobility of 30TBG strikingly surpasses the intrinsic phonon-
limited behavior of SLG (blue dotted line) [28,29], although
falling below the theoretical limit for two parallel-conducting
SLG for ntot < 4 × 1012 cm−2 (blue solid line, calculated as-
suming nupper = nlower and a density-independent resistivity of
52 � in each layer [28]). This fact can be reasonably expected
based on experiments on hBN-encapsulated SLG, where a
RT mobility below the phonon limit is observed at relatively
low carrier density (n < 2 × 1012 cm−2) [30]. For ntot > 4 ×
1012 cm−2, 30TBG perfectly mimics two phonon-limited SLG
that simply conduct in parallel, leading to an unprecedented
RT mobility at large carrier density (∼5 × 104 cm2 V−1 s−1

at ntot ∼ 5 × 1012 cm−2, corresponding to σ ∼ 40 mS). Such
combination might have important applicative implications

for high-speed electronics [7,31–33], integrated optoelectron-
ics [34,35], power conversion efficiency in solar cells [36,37],
and sensing [38,39].

In Fig. 2, we further investigate the parallel transport mech-
anism in TBG at low temperature (T = 4.2 K). We again
consider several trajectories at fixed gate difference [lines in
Fig. 2(a), inset]. However, to avoid a small resistive feature
attributable to a contact malfunctioning at Vbg ∼ 0 V [Vtg-
independent feature in Fig. 2(a), inset; see also Fig. S2 in the
Supplemental Material [22]], we consider half of the ρ curves
from the lower left quadrant (for ntot < 0), half from the upper
right one (for ntot > 0). At low displacement field, the resis-
tivity shows a sharp peak centered at ntot = 0, confirming the
high quality of the CVD-grown crystals and the low disorder
in the hBN-encapsulated device [Fig. 2(a), see also discus-
sion in the Supplemental Material [22]]. With increasing D,
strong broadening and attenuation [see horizontal markers
in Fig. 2(a)] of the peak are observed. Figure 2(b) shows a
zoom-in for ρ � 60 �, which allows evaluating the behavior
at large ntot. We find that the 30TBG resistivity perfectly
reproduces that of two parallel-conducting graphene layers,
in which the carrier mean free path (lmfp) is set by the width
of the device channel 2.2 μm, and the conductivity in each
SLG is given by σlayer = 2 e2

h lmfp
√

πnlayer. This indicates pre-
dominant scattering at the device boundaries, consistent with
results on hBN-encapsulated SLG [30]. The large-ntot limit
is independent of the interlayer carrier distribution, consistent
with the observations at room T. However, we find consider-
able effects on the transport properties at low carrier density.
In SLG, the n∗ parameter—the characteristic density at which
log(σ ) switches from saturated (electron-hole puddles domi-
nated) to linear-in-log(n) (single-carrier type)—is determined
by long-range disorder and correlates with the inverse of the
carrier mobility [40]. In TBG, we find that large values of
ntot

∗ can instead be determined solely by the screening of
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FIG. 3. Layer-resolved thermodynamic measurements in 30TBG. (a) Longitudinal conductivity as a function of �Vtg (top-gate voltage
relative to the global CNP) and Vbg. The hourglasslike shape in the color plot is due to the split CNPs for the two layers, leading to the four
interlayer charge configurations indicated. (b) log(σ ) as a function of log(�Vtg ) along horizontal cuts from panel (a) [Vbg = 40 V to 10 V, see
markers in panel (a)]. In the left (right) part, linear fits to log(σ ) intersect the minimum conductivity at the CNP of the lower (upper) layer,
acting as probe. The corresponding values of gate voltages at the red (black) intersecting points are used to extract μ and n in the upper (lower)
layer, acting as target. (c) Experimentally measured chemical potential as a function of the carrier density for the two graphene layers (black and
red circles). The blue lines are fits to the Dirac dispersion, giving the vF values reported in the text. (d) First derivative of the Hall conductivity,
as a function of �Vtg and Vbg, measured at B = 250 mT and T = 4.2 K. (e) Theoretical LLs positions for the two layers as a function of �Vtg

and Vbg [same scales as in panel (d)], computed according to the electrostatic model described in Supplemental Material [22]. (f) Chemical
potential of the upper (red crosses) and lower layer (black crosses) as a function of the LL index N. The light blue diamonds are the theoretical
LL energies at B = 250 mT. Inset: Hall conductivity as a function of �Vtg, along the dashed line in panel (d). The horizontal lines indicate the
quantized plateau values; slight deviations are attributed to residual bulk conduction at low magnetic field. The arrow indicates the crossing
point between the lower N = 0 level and the upper N = +1, individuated at the maximum dσxy/dVtg.

the applied electric field, and do not necessarily correspond
to an increased disorder level. The vertical lines in Fig. 2(c)
indicate the ntot

∗ values obtained from parallel transport simu-
lations along the usual trajectories (assuming lmfp = 2.2 μm),
while the experimental points show the measured peak mo-
bility [maximum values in Fig. 2(c), inset] as a function of
the extracted ntot

∗. A peak mobility ∼4 × 105 cm2 V−1 s−1 is
observed at ntot

∗ > 1011 cm−2 (orange diamond). For compar-
ison [blue dotted line in Fig. 2(c)], two parallel-conducting
SLG with a disorder-determined ntot

∗ = 1011 cm−2 (i.e., 5 ×
1010 cm−2 per layer) are expected to show a mobility ∼8 ×
104 cm2 V−1 s−1 according to the 1/n∗ dependence for SLG
reported in Ref. [40]. Such discrepancy should be taken into
careful account, especially in experiments on TBG employing

a single gate electrode. The quantitative agreement, both for
ρ and ntot

∗, with simple parallel transport indicates that the
interlayer conductivity is negligible with respect to that along
the constituent layers [41]. At 30◦ twisting, the suppression
of interlayer transport might be further favored by the incom-
mensurate stacking configuration [42].

In the following we show the possibility of employing one
of the two graphene sheets (the probe) to sense the chemical
potential and the carrier concentration in the other one (the
target). The key strategy consists in the individuation and
tracking of the probe CNP in the parallel transport measure-
ments as a function of the gate potentials. In Fig. 3(a) we
plot the low T conductivity as a function of Vtg relative to
the global CNP, here defined as �Vtg = Vtg + Vbg × Cbg/Ctg,
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and Vbg. In this zoomed plot, we clearly observe a nonlinear
separation between the upper and lower CNPs, resulting from
the interlayer capacitive coupling [27]. The CNPs form an
hourglasslike shape, separating regions with equal (e-e and
h-h, high σ ) and opposite carrier sign (e-h and h-e, low σ )
on the two layers. The e-h coexistence, expected from cal-
culations of nupper and nlower [see Figs. S1(c) and S1(d) in
the Supplemental Material [22]], is demonstrated by magne-
totransport measurements at Vbg = −40 V shown in Fig. S3
in the Supplemental Material [22]. We note that the lower
conductivity observed in the e-h configuration is due to the
smaller total carrier density and its reduced gate dependence
(see Fig. S4 in the Supplemental Material [22]). The po-
sition of the probe CNP can be accurately determined by
considering log(σ ) as a function of log(�Vtg) along hori-
zontal cuts from Fig. 3(a), and applying a procedure similar
to that commonly used to extract n∗ in SLG. As shown in
Fig. 3(b), crossing one CNP determines a saturation of log(σ ),
due to the transition from e-e to h-e (h-h to h-e) configu-
rations. At the probe CNP, it is possible to calculate both
n and μ in the target layer, using simple relations [20] n =
CbgVbg/e + (Cbg + Cgg)CtgVtg/(eCgg) and μ = −eCtgVtg/Cgg

when the upper layer probes the lower one, n = CtgVtg/e +
(Ctg + Cgg)CbgVbg/(eCgg) and μ = −eCbgVbg/Cgg vice versa.
Our overall results are shown in Fig. 3(c). The behavior of
the experimental points is in agreement with the expected
Dirac dispersion μ = sgn(n)h̄vF (π |n|)1/2, with vF = 0.97 ×
106 m/s (1.15 × 106 m/s) estimated for the lower (upper)
layer. Since we are unaware of physical mechanisms inducing
a different vF in the two layers, we attribute the slight differ-
ence to the experimental accuracy in the determination of the
CNP position, which is limited by broadening of the CNP by
charge fluctuations in each layer (∼ 5 × 109 cm−2).

By applying a moderate perpendicular magnetic field [B =
250 mT, Fig. 3(d)], we observe a series of gate-tunable inter-
layer quantum Hall states [25]. The LLs from the two layers
are bound to transitions between such states, giving large
values of dσxy/dVtg (first derivative of the Hall conductivity)
[23]. The experimental pattern in Fig. 3(d) is well reproduced
by the computed LLs positions as a function of the gate po-
tentials, reported in Fig. 3(e), where nupper(lower) = eB/h × 4N
(N = 0, ±1, ±2, . . . and 4 accounts for the spin and valley de-
generacy in each layer). However, we note that this calculation
does not consider the quantization of the energy spectrum,
and therefore cannot quantitatively match all the details in
the experimental data. In presence of B, the thermodynamic
measurements can rely on the crossings between the zero-
energy LL of the probe layer (pinned at the probe CNP) and
the finite-energy LLs of the target layer. As shown in the inset
of Fig. 3(f), each of these crossings results in an eightfold
quantized step in σxy. Considering the position of the corre-
sponding maximum in dσxy/dVtg [red arrow in Fig. 3(f) inset]
and using the same relations as in zero field, we can obtain the
chemical potential at the target LLs, shown in Fig. 3(f). Due

to a general lower quality of the dσxy/dVtg data for Vbg > 0,
here we employ only the crossings at Vbg < 0, providing μ for
the upper (lower) layer for N > 0 (N < 0). We compare these
data with the LL energies E (N ) = sgn(N )vF (2eh̄B|N |)1/2

[light blue diamonds in Fig. 3(f), vF = 106 m/s]. The mea-
surement correctly captures the |N |1/2 dependence and the
large scale of E (±1) with respect to the energy separation of
the higher-index LLs, both hallmarks of the Dirac dispersion.
The standard deviation between the theoretical LL energies
and the experimental μ values is 1.4 meV, which sets our cur-
rent resolution for thermodynamic measurements in magnetic
fields.

In principle, our approach can be used to obtain
high-resolution thermodynamic information on an arbitrary
graphene-based system (for instance, magic-angle TBG as in
Ref. [20]), simply by stacking it on top of SLG and imposing
a large relative twisting. We stress that the 30◦ rotation is not a
strict requirement: smaller twist angles could be equivalently
employed, as long as the interlayer decoupling is preserved
[26,27]. While in the case presented here of SLG probing
SLG, the value of the interlayer capacitance Cgg is well es-
tablished, this might vary significantly when considering a
different target system. However, given the reciprocity of the
technique, Cgg can be obtained by measuring μ(n) of the probe
SLG via tracking the target CNP, initializing a reasonable
starting value of interlayer capacitance (e.g., that of large-
angle TBG) and iterating the procedure until convergence to
the SLG Dirac dependence. We note that both the parallel
transport mechanism and the thermodynamic measurement
scheme could be extended to other van der Waals systems
where interlayer decoupling is obtained from large-angle
twisting, such as twisted transition metal dichalcogenides.

In summary, we have shown that it is possible to achieve
simultaneous ultrahigh mobility and conductivity in 30TBG,
based on parallel conduction and gate-controlled carrier dis-
tribution. In addition, we have exploited the low-energy
electronic decoupling of 30TBG to introduce a technique for
layer-sensitive thermodynamic measurements using a stan-
dard device structure and measurement configuration.

Note added. Most recent work on double-gated 30 °-
twisted [43] and large-angle-twisted [44] bilayer graphene
shows low-temperature transport features consistent with our
findings.
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