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Moiré superlattices formed at the interface -
between stacked 2D atomic crystals offer limitless opportunities
to design materials with widely tunable properties and engineer
intriguing quantum phases of matter. However, despite
progress, precise probing of the electronic states and
tantalizingly complex band textures of these systems remain
challenging. Here, we present gate-dependent terahertz photo- ' \
current spectroscopy as a robust technique to detect, explore, Lk YA,
and quantify intricate electronic properties in graphene moiré <+ Graphene A
superlattices. Specifically, using terahertz light at different
frequencies, we demonstrate distinct photocurrent regimes, evidencing the presence of avoided band crossings and tiny (~1 to
20 meV) inversion-breaking global and local energy gaps in the miniband structure of minimally twisted graphene and
hexagonal boron nitride heterostructures, key information that is inaccessible by conventional electrical or optical techniques.
In the off-resonance regime, when the radiation energy is smaller than the gap values, enhanced zero-bias responsivities arise
in the system due to the lower Fermi velocities and specific valley degeneracies of the charge carriers subjected to moiré
superlattice potentials. In stark contrast, the above-gap excitations give rise to bulk photocurrents—intriguing optoelectronic
responses related to the geometric Berry phase of the constituting electronic minibands. Besides their fundamental
importance, these results place moiré superlattices as promising material platforms for advanced, sensitive, and low-noise
terahertz detection applications.

terahertz, graphene, two dimensional materials, moire superlattices, spectroscopy, miniband structure

According to theoretical predictions,"'™'* graphene moiré

superlattices are also expected to be unique systems to design
state-of-the-art, compact optoelectronic devices working at
terahertz (THz) frequencies.'”'> Moreover, measurements in
this frequency range also have the potential to act as a
diagnostic tool, providing valuable and elusive information

In van der Waals (vdW) heterostructures, lattice mismatch and
rotation between adjacent crystals can lead to the formation of
a moiré superlattice with a periodicity larger than the atomic
scale. Such periodic potentials induce notable changes in the

electronic, optical, and mechanical properties of different two- about the unique and convoluted electronic structure of moiré
dimensional (2D) crystals,'~ and may prompt the appearance superlattice systems'”'®™'® which ultimately depends on the
of a number of exotic fundamental phenomena. In the case of subtle atomic registry and interactions existing between the
graphene-based moiré superlattices, some of these effects layered materials.

include, for instance, superconductivity,® magnetism5 or

correlated insulator phases.6 In addition, moiré structures March 28, 2025

have recently been shown to be an interesting material July 2, 2025

platform for the realization of different electronic components July 7, 2025

such as single-electron transistors,” superconducting quantum July 21, 2025

interference devices® or efficient visible/infrared photodetec-

tors.”"?
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THz

Figure 1. Moiré THz devices. (a) Illustration of a moiré pattern with long wavelength 1, generated by aligning graphene (red) and hBN
(blue) honeycomb lattices by an angle 6 below 2 degrees. (b) Schematic of the band structure of the graphene/hBN moiré superlattices
featuring a new generation of Dirac Fermions (so-called secondary or superlattice Dirac points, sDPs), the appearance of gaps at the main
(A) and superlattice Dirac points (A, and A;) and the different Fermi velocity of charge carriers close to each of the Dirac points (i.e.,
different slope of the Dirac cones).”’ (c) Schematic of the zero drain-bias photocurrent (Ipc) measurements taken at different THz

frequencies.
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Figure 2. Electrical and optoelectronic characteristics of graphene moiré devices. (a) Measured channel resistance, r;, as a function of the
carrier density, n, for device A at 10 K. Top left inset shows an optical photograph of a SC device. (b) Measured channel resistance, ry, as a
function of the carrier density, n, for device B at 10 K. Top right insets in panels (a) and (b) show the variation of the channel conductivity &
with respect to the carrier density, d6/dn, as a function of n. (c) Measured photocurrent responsivity R; as a function of the carrier density,
n, for device A at 10 K under the excitation of 0.15 THz. (d) Measured photocurrent responsivity R; as a function of the carrier density, n, for
device B at 10 K under the excitation of 0.15 THz. Vertical lines mark the positions of the main (dashed) and satellite (continuous) Dirac

points.

A relevant example is the absence or presence (and possible
quantification) of avoided band crossings and tiny (<10 meV)
energy gaps in the conduction band states of elementary moiré
superlattices made of graphene and hexagonal boron nitride,
intriguing features which have remained under debate up to

2,19,20
now.

In this sense, a key open question is whether such
energy gaps do exist but have not been experimentally
observed due to the insufficient sensitivity and resolution of
the applied experimental methods and diagnostic tools so far.

In the present work, we combine THz photocurrent
spectroscopy (excitation frequencies between 0.075 and 4.7

THz) with the continuous tuning of the Fermi level via gate

voltage to explore and probe the band structure singularities
and intricate electronic states of graphene moiré superlattices.
Our samples were fabricated by aligning the crystal lattices of
graphene and hexagonal boron nitride (hBN) at rotation
angles 6 < 2° (Figure 1a). Interestingly, we show that the gate-
tunable THz photocurrent collected in these devices can
originate from intraband or interband transitions, depending
on the excitation frequency, and such responses are exquisitely
sensitive to very fine details of the electronic structure of
graphene in the presence of moiré potentials. Specifically, THz
photocurrent measurements at multiple frequencies provide
important information about the miniband structure appearing
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in the vicinity of the K/K' and T" points of the superlattice
Brillouin zone, featuring a new generation of Dirac Fermions,
so-called secondary or superlattice Dirac points, sDPs'~>
(Figure 1b), as well as other important aspects such as the
reduced Fermi velocity of charge carriers near sDPs with
respect to the main Dirac point, DP,*! or the presence and size
of energy gaps at the valence band satellite Dirac point” (Ay).
More intriguingly, we also demonstrate how gate-tunable THz
photoresponse measurements of graphene moiré superlattices
at multiple frequencies are able to detect the presence of tiny
local energy gaps (sizes of a few meV) at the conduction band
satellite Dirac point (A,). These are subtle features “hidden” to
conventional probing techniques such as quantum transport
measurements”” or angle-resolved photoemission spectrosco-
py (ARPES),” experimental methods which can only probe
overall gaps (i.e., bandgaps) existing in these quantum
materials or are limited to an energy resolution of ~30 meV,
respectively. In addition, we unveil that the recorded
photoresponses are, furthermore, sensitive to quantum geo-
metric textures of the gapped states occurring at the miniband
satellite Dirac points.

As such, the gate- and frequency-dependent THz photo-
response of graphene moiré materials is demonstrated to be a
complete and sensitive technique to accurately probe and
disclose relevant and exclusive information about the intricate
electronic structure of graphene’s Dirac electrons subjected to
superlattice potentials. This outstanding ability is of particular
significance given the fact that current fabrication methods
suffer from distortions (due to random strain or the control of
the twist angle’®) that impact the electronic properties of
graphene moiré superlattices. From a more technological point
of view, samples where the crystal lattices of graphene and
hBN are close to perfect alignment (6 = 0°) show enhanced
zero drain-bias responsivity values close to the sDPs with
respect to the main DP, and thus this work also paves the way
toward engineering moiré superlattice-based THz detectors
with high-speed, low-noise, and extreme sensitivity.

RESULTS AND DISCUSSION

Fabrication of Moiré THz Devices. Following published
techniques for the exfoliation and vdW assembly of 2D
materials,”"*> we assemble (Methods and Supporting In-
formation Note 1) several graphene heterostructures, where
both the graphene (monolayer, MLG, or bilayer, BLG) and
hBN lattices are aligned by a rotation angle 6 < 2° (see Figure
la). We anticipate that the use of monolayer or bilayer
graphene crystals is equivalent for this study (see electrical and
photocurrent measurements described below).

We then fabricate five different devices and measure their
zero drain-bias photocurrent at THz frequencies (see Figure 1c
and Methods). The top-left inset of Figure 2a shows one of
these devices (here named device A), consisting of a
conventional short-channel (SC), dual-gated architecture.”*”*®
Besides, we measure four additional devices shaped in a similar
SC architecture (device B) or other different and well-known
geometries (e.g., multicross bars'* (MC), device C, or
interdigitated dual-gated transistors™ (IDGT), devices D and
E, see details in Supporting Information Note 2) to ensure that
our conclusions are generic to the effect of moiré potentials in
graphene and not dependent on a specific device architecture.

Electrical Characterization of the Devices. We first
measured and assessed the transport characteristics of the

fabricated devices (measurement details shown in Methods).
All these systems are of high quality, with carrier mobilities
well exceeding 150,000 cm” V™' s7! at low temperatures T (see
Supporting Information Note 3). Figure 2 depicts the
measured channel resistance, ry, as a function of the carrier
density, n, for the SC devices of the study, devices A (Figure
2a) and B (Figure 2b) at 10 K. The corresponding data for
devices C—E are shown in Supporting Information Note 2. In
agreement with previous transport measurements of MLG and
BLG coupled to a moiré superlattice,”’ r, in all these devices
exhibits three resistance peaks at carrier densities 0 cm™ and
+lngpl (the latter positioned around ~+8 X 10'* and ~+4 X
102 cm™ for devices A and B, respectively). Such features are
the result of a depression in the density of states occurring in
the electronic band structure of these systems at the DP and
the two sDPs (in both conduction and valence bands),
respectively.

By using the charge density at which these satellite resistance
peaks are observed ngp, one can estimate both the moire
wavelength, Ay;, and the relative rotation angle, 6, between the
graphene and hBN lattices in the devices.' > In particular,
Iy = 7.6 nm, 0, = 1.56°, and 1,,*) = 10.4 nm, 6 = 0.9° for
devices A and B, respectively. The details of these calculations
as well as the values of Ay and 6 extracted for all devices A—E
are shown in Supporting Information Note 4. In general, 0 lies
between 0.4 and 1.6° in all studied devices. We note that many
of our devices show long wavelength values which are not
much smaller than the expected maximum around 14 nm,"”
which implies a nearly perfect rotational alignment of the
graphene and hBN crystals with @ < 1° and may result in a
commensurate state of graphene on hBN (local enlargement of
the lattice constant of graphene to match the one of hBN).

THz Photodetection in Graphene Moiré Superlattice
Devices. Figure 2¢,d shows the current responsivity, R; = Ipc/
P, of the fabricated moiré THz detectors A and B, respectively,
as a function of n measured at 0.15 THz and a temperature of
10 K (R; of devices C—E can be found in Supporting
Information Note S). Here, Ipc is the collected zero drain-bias
photocurrent (Figure 1c), and P is the incident radiation
power. For clarity, R; is normalized with respect to the
maximum photocurrent value measured close to the main
Dirac point. At a low chemical potential Eg, in the vicinity of
the main DP (doping level interval Inl < 2 X 10'> cm™2), the
photoresponse in the studied devices exhibits a different sign
which depends on the type of charge carrier existing in the
device channel, electrons or holes. The sign reversal of the
photocurrent occurs right at the DP, and the photoresponse
tends to zero at both ends of the considered interval, i.e., at
values n ~ +2 X 10" cm™. This qualitative behavior is
consistent with the one reported for THz photodetectors made
of bare graphene,” ' and stems from the ambipolar charge
transport present in this material, indicating the dominant role
of intraband absorption in the photocurrent Ipc.”°
Interband transitions would result in the generation of
electron—hole pairs, and the variation of the responsivity
with respect to n should have yielded a photocurrent peak at
the Dirac point,'* instead. In particular, intraband-type
photoresponse has a functional dependence on n which is
proportional to do/dn (see inset panels of Figure 2a,b), with ¢
being the dc conductivity of the material. There are two
physical intraband phenomena that may give rise to such type
of photoresponse in graphene devices at THz frequencies:
plasma wave rectification and photothermoelectric effects.”
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Figure 3. Low-temperature photocurrent spectroscopy measurements at the valence band sDP. (a) Schematic band structure of a graphene/
hBN heterostructure, highlighting the possible presence of interband transitions at the hole-band sDP at THz frequencies. (b) Measured
photocurrent responsivity R; at different THz frequencies as a function of the carrier density, n, when the Eg is close to the valence-band sDP
for Device A. (c) Measured photocurrent responsivity R; at different THz frequencies as a function of the carrier density, n, when the Ey. is
close to the valence-band sDP for Device B. Measurements in panels (b) and (c) are undertaken at 10 K.

The fact that the photoresponse R; tends to vanish at large n
(i.e., for Fermi levels Eg sufficiently separated from the main
Dirac point) indicates that plasma wave rectification is the
dominant mechanism in our devices, rather than photothermo-
electric effects.”®™*

In the following, we examine the measured photoresponse at
higher Ep, close to the superlattice Dirac points (carrier
densities +lngpl, see highlighted region in Figure 2c,d). In
particular, we demonstrate that the line shape and magnitude
of the photocurrent responsivity R;(n) at different frequencies
are sensitive to many of the key characteristics of the miniband
structure of graphene moiré superlattice systems,”” including
(i) the presence of superlattice Dirac points, (ii) the reduced
Fermi velocity and distinct valley degeneracy of charge carriers
near sDPs with respect to the main Dirac point, and even (iii)
the complex band texture occurring at Eg close to the sDPs,
including several avoiding band crossings giving rise to a series
of global and local energy gaps.

Presence of Superlattice Dirac Points. The overall
measured photocurrent response around the position of the
satellite Dirac points *lngpl at 0.15 THz exhibits a qualitative
trend that is similar to the one reported close to the main Dirac
point. In particular, R;(n) changes sign right at the sDPs both
in the hole and in the electron bands, —Ingl and +lngpl,
respectively. Such behavior has been already observed”® and is
consistent with the existence of electron—hole pockets located
near the K/K’ and T'-points of the superlattice Brillouin zone*”
(ie., superlattice Dirac points) in both the valence and
conduction bands (Figure 1b) and the generation of plasmons
in such superlattice minibands."

Reduced Fermi Velocity and Valley Degeneracy of Charge
Carriers near sDPs. We then examine the measured photo-
responses at a more quantitative level. Figure 2¢ shows that, in

our device with 8 ~ 1.56° (device A), the R; signal near the
two sDPs is similar in magnitude to that measured near the
main DP. In contrast, devices with 8 < 1° (devices B—E, see
Figure 2d and Supporting Information Note S) present an
enhanced R; around the two sDPs compared to the signal
measured near the main DP. We quantify such enhancement
by taking into account the photocurrent responsivity variation
close to both main (SRP") and satellite Dirac points (SR"F),
where SRP' and SRP® are the differences in the measured
maxima and minima of R; around carrier densities 0 cm™ and
+lngpl, respectively (see marks in Figure 2c). Overall,
enhancement ratios OR{PY/SRPY between 1.5 and 5 are
observed in devices with € < 1° at T = 10 K (Figure 2d and
Supporting Information Note 5).

Some of these quantitative results are surprising at first
glance. In particular, whereas the responsivity ratio SR{**/SR}"
< 1 observed in Figure 2c (device A, @ ~ 1.56°) can be easily
explained by the variation in the channel conductivity with
respect to n (do/dn, see inset of Figure 2a); ratios SR{**/SRy"
> 1 observed in Figure 2d and Supporting Information Note 5
(devices B—E, all with 0 < 1°) cannot be understood from do/
dn (see inset of Figure 2b and Supporting Information Note
6). The highlighted quantitative difference can be explained by
the extraordinary sensitivity of the intraband photocurrent to
the electronic Fermi surface of the system under study. In
particular, we argue that the SR{"’/SRP® > 1 measured in
devices B—E can be explained by the larger density of states
(DOS) present at energies around the sDPs in graphene/hBN
heterostructures with small misalignment angles' 6 < 1°.
Following a straightforward analysis (see Supporting Informa-
tion Note 6), one can roughly estimate the responsivity
enhancement in the zero-temperature and zero-carrier density
limit to be
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Figure 4. Low temperature photocurrent spectroscopy measurements at the conduction band sDP. (a) Schematic band structure of a
graphene/hBN heterostructure, highlighting the possible presence of interband transitions at the electron-band sDP at THz frequencies. (b)
Measured photocurrent responsivity R; at different THz frequencies as a function of the carrier density, n, when the Eg is close to the
conduction-band sDP for device A. (c) Measured photocurrent responsivity R; at different THz frequencies as a function of the carrier
density, n, when E is close to the conduction-band sDP for device B. Measurements in panels (b) and (c) are performed at 10 K.

5RISDP ~ (gv(sDP))3/2VI(:DP)

SR”

(glfDP))3/2vI(:sDP)

(1)

where g, and vg are the valley degeneracy and the Fermi
velocity of charge carriers. These two band structure
parameters are different near the main and satellite Dirac
points,"**** and such differences can explain the photocurrent
enhancement observed near the satellite Dirac points in
samples with € < 1°. Indeed, whereas the valley de§eneracy
near the DP (gf,DP)) is 2, the value near the sDP (gSSDP )is 2 or
6 in common bandstructure reconstructions of graphene moiré
superlattices. Moreover, the Fermi velocity of charge carriers at
the satellite Dirac points PP ?) in well aligned devices (0 < 1°)
has been shown to be ~0.50 to 0.73 times smaller than the
Fermi velocity at the Dirac point v°"). From the
aforementioned values, one can estimate enhanced responsiv-
ity ratios SR{°"/SR}" in graphene moiré superlattice devices at
vanishing temperature and carrier density to approximately
stand between 1 and 10. These calculations are in good
agreement with our experiments, which report enhanced
responsivity values between 1.5 and $ in all our devices with 6
< 1° especially considering that our measurements are
undertaken at finite temperatures (10 K) and that the residual
doping in our samples is typically ~10'" cm™2.

Existence and Size of Energy Gaps at the Satellite Dirac
Points. The presence of moiré potentials breaks the inversion
symmetry of the heterostructure, which, in principle, could
lead to a gap opening at both the main and the two satellite
Dirac points.'”**** Indeed, multiple electrical and optical
measurements in the literature have provided convincing
evidence of energy gaps present in aligned graphene/hBN
devices at the main Dirac point (A) and the valence band
satellite Dirac point (Ay).”*****° The size of these gaps is ~10

27342

to 40 meV, with larger values occurring closer to perfect
alignment (6 = 0°).> However, despite predictions,”>***>373
no energy gaps have been observed up to now in the case of
the conduction band sDP (A,).

We demonstrate that gate-dependent and zero-bias THz
photodetection at different frequencies is a relevant technique
to examine the presence of tiny ~ meV global and local energy
gaps at both satellite Dirac points A; and A, in graphene moiré
superlattice systems. This is due to several reasons, including
the fact that THz radiation covers an energy range, which is
comparable to the size of these gaps. Moreover, zero-bias, gate-
dependent THz photocurrents have different (intra- or
interband) origins and thus exhibit well-differentiated features
depending on the chemical potential E; and the frequency of
the incoming radiation.

For instance, at Eg close to the valence band sDP (Figure
3a), device A shows a clear transition from an intraband to an
interband type of photodetection when increasing the radiation
frequency from 0.07S to 4.7 THz (see Figure 3b). Specifically,
whereas the measured photocurrent responsivity Ry(n) is
consistent with an intraband-type mechanism (exhibiting a
vanishing photocurrent and a sign change right at the hole
sDP) for excitation frequencies equal to or below 2.5 THz
(~10 meV), R/(n) changes at higher frequencies and exhibits a
pronounced and stable minimum at the position of the sDP for
excitation frequencies larger than 4.1 THz (%17 meV), instead.
The latter line shape is a clear indication that interband
transitions become dominant at frequencies >4.1 THz and
provides an estimate of the energy gap size, A, &~ 17 meV.
Such value agrees well with the one extracted via traditional
methods such as temperature-dependent transport measure-
ments, both in literature” and in our samples (see Supporting
Information Note 7). On the other hand, the recorded zero-
bias, gate-dependent THz photocurrents for Device B (Figure
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Figure S. Band structure calculations of graphene/hBN moiré superlattice systems. (a) Calculated band structure of a graphene/hBN
heterostructure, highlighting the existence of energy gaps A} at the hole-band sDPs with sizes around tens of meV. (b) Calculated band
structure of a graphene/hBN heterostructure, highlighting the existence of energy gaps at the electron-band sDPs (marked A} to A?) with
sizes around a few meV. (c) Dependence of the energy gap sizes at the valence and conduction band sDPs on the misalignment angle 6.
Experimental points (star symbols) represent the minimum energy gap values at the electron-band sDP (A®) or hole-band sDP (Af?),

extracted via THz photocurrent spectroscopy.

3c) display an intraband-type behavior over the measurement
range (0.075—4.7 THz), which is attributed to the fact that A,
in more aligned devices is larger” than the highest radiation
energy available in our experimental setup (~20 meV)

Importantly, gate-dependent THz photoresponses at multi-
ple frequencies are also able to detect and assess the size of
local energy gaps existing at the conduction band sDP (A,) in
graphene moiré superlattices (Figure 4a). We remark that the
existence of a nonzero gap A, in graphene/hBN superlattices is
an intriguing result which, despite predictions,””*****”*% has
remained under debate up to now.”'”*" In fact, conventional
(optical and electrical) probing techniques”*”** have so far
been unable to detect any gap at the conduction band sDP ,
and this is the main reason why several studies assume the
absence of such energy gaps**° (further analysis is provided in
the Discussion section). Figure 4b shows Ry(n) measured close
to the conduction-band sDP at different THz frequencies
(from left to right f = 0.075, 0.15, 0.3, 2.5, and 4.7 THz,
respectively) in device A (@ ~ 1.6°). An interband type of
photocurrent is present for frequencies >2.5 THz, and
therefore, the energy gap A, in this device is estimated to be
~10 meV.

In contrast, Figure 4c shows R,(n) measured close to the
conduction-band sDP at different THz frequencies (from left
to right f = 0.075, 0.15, 0.3, 0.6, and 4.7 THz, respectively) in
device B. Whereas a clear photoresponse of intraband type is
measured at f = 0.075 THz, a photoresponse of interband
origin is already evident and stable at frequencies above 0.3
THz. This observation demonstrates the presence of a nonzero
bandgap at the electron-band SDP in this device with 6 ~ 0.9°
and suggests an approximate size of A, ~ 1.2 meV. By
measuring and taking into account R(n) close to the
conduction band sDP in all devices under study (see
Supporting Information Note 8), we corroborate that the
size of A, depends on the misalignment angle 6 (see
theoretical analysis below).

Theoretical Analysis. The results and interpretation given
above are fully supported by calculations of the band structure
and first- and second-order conductivities of these systems

with a tight-binding model (Methods). Figure Sa,b depicts the
simulated band structure of a representative graphene/hBN
heterostructure near the valence and conduction band sDPs,
respectively. The misalignment angle between graphene and
hBN flakes in this simulation is set to € = 0.44°, and thus the
sDPs induced by the superlattice potential occur around
energies1 Epp = im;%DP)/ﬂM ~ +150 meV (or equivalently, at
carrier densities ngp & £2.72 X 10'* cm™2), at the K, K, and/or
I' points of the Brillouin zone of the rhombohedral supercell
used for the calculation (see details in Supporting Information
Note 9). Importantly, the band structure demonstrates that
sDPs in both conduction and valence bands contain energy
gaps, which are the result of Bragﬁg scattering at the edges of
the superlattice Brillouin zone.”” In particular, the band
splitting is rather large on the hole side, leading to an actual
spectral gap A} > 20 meV. We also highlight the fact that,
similarly to other studies reported in literature,®>** Figure 5b
does not display a global band gap at the conduction band
sDPs. Instead, we observe a complicated band texture,
including a series of avoided band crossings, giving rise to
several local energy gaps (marked A! to A!) between
consecutive bands. The smallest of these is ~3 meV, an
order of magnitude smaller than the hole side gap and in good
agreement with measurements shown in Figure 4 for samples
with € < 1°. For clarity, Figure Sc displays the evolution of all
calculated energy gaps in the system (A}, AL, A% A3, A}) fora
range of twist angles 6 between 0 and 1.8° as well as the energy
gaps extracted from our devices via THz photocurrent
measurements (Af®, AZP). In general, the calculated energy
gaps are in good agreement with the values extracted from all
our devices and measurements (Figures 3, 4, and Supporting
Information Note 8), particularly given that any residual strain
and/or twist-angle variations present in experimental samples
will alter (reduce) the magnitude of gaps at the sDPs.””
Moreover, we highlight that the evolution of the size of the
local energy gaps in the conduction-band sDPs when
increasing @ is nonmonotonic. This behavior is different
from the simpler evolution of the size of energy gap in the
valence-band sDP with 6 (A} decreases for larger ).
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Figure 6. First- and second-order conductivity calculations of graphene/hBN moiré superlattice systems. Comparison with experiments. (a)
Interband conductivity of graphene/hBN moiré superlattices as a function of the excitation energy 7w at the position of the sDP in the
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Figure 6. continued

valence band (doping level Ex = —E,p) for a simulated sample with @ = 1.6°. (b) Interband conductivity of graphene/hBN moiré
superlattices as a function of the excitation energy /i at the position of the sDPs in the conduction band (doping level E; = +E,;) for a
simulated sample with @ = 0.4°. (c) Dependence of the shift conductivity components as a function of the excitation energy /i@ at the
position of the sDP in the valence band (doping level Ex = —E;,p) for the simulated sample with 6 = 1.6°. (d) Same with panel (c) for the
conduction band (doping level E;. = +Ep;,p) and the simulated sample with 6 = 0.4°. (e, f) Maps of the shift conductivity component 6,,, as a

Xy

function of the excitation energy 7@ and the doping level Eg around the position of the sDPs in the valence band, for the simulated sample
with 6 = 1.6°, panel (e), and in the conduction band, for the simulated sample with 6 = 0.4°, panel (f). (g) Linecut of the calculated o,,,(Ez)
in panel (e) around the valence band sDP for an excitation energy /i@ larger than A}. (h, i) Linecuts of the calculated o‘xxy(EF) in panel (f)
around the conduction band sDPs for excitation energies 7iw larger than A} and A, respectively. (j) Measured R; of device A (§ ~ 1.6°) near
the valence band sDP for an excitation frequency of 4.1 THz. (k, 1) Measured R, of device D (6 ~ 0.4°) near the conduction band sDPs for
excitation frequencies 0.3 and 0.6 THz, respectively. Dotted gray lines in panels (j—I) correspond to R; = 0.

The existence of energy gaps at the sDPs with energy scales
on the order of ~meV promotes optical transitions at THz
frequencies due to enhanced joint density of states (JDOS)
related to the neighboring moiré minibands (see JDOS
calculations in Supporting Information Note 9). These optical
transitions are vertical (i.e., direct) and occur at specific k-
points in the reciprocal space, given the fact that photo-
excitation processes satisfy momentum conservation and THz
photons have a very small momentum with respect to the
dimension of the Brillouin zone of the system. In consequence,
as shown in Figure 6a,b, the interband optical conductivity of
graphene moiré superlattices shows a notable spectral weight at
doping levels Ex = +E,p, when the incoming energy of the
THz radiation 7@ exceeds the distinct energy gap(s) present
in the system (see annotations Af, Al, A2 A}, A?in the two
panels, which correspond to the energy levels highlighted in
Figure Sa,)b). In more detail, the interband activity at the hole
band sDP (i.e,, doping level Ex = —Epp, Figure 6a) acquires
nonzero values at energies larger than A} and thus covers part
of the THz energy range. In contrast, due to the presence of
smaller gaps, the interband activity in samples with 6 < 1° is
appreciable in most of the THz range (i.e., for energies > A2 ~
3 meV) at the conduction band sDP (doping level Eg = +Epp,
Figure 6b). All these trends are in close agreement with the
overall photoresponse measured around the valence and
conduction band sDPs at different THz frequencies in our
devices (Figures 3, 4, and Supporting Information Note 8).

Quantum Geometric Photocurrents. For completeness, we
now consider the microscopic mechanism giving rise to a
robust zero-source-drain bias photocurrent in our graphene
moiré superlattice systems for excitation energies larger than
the energy gaps present at the valence and conduction band
sDPs. We remark that broken inversion symmetry and a local
gap opening at an avoided crossing of Bloch bands induce a
finite Berry curvature in the bands immediately above and
below the energy gap. This geometric property is a
consequence of Bragg scattering from the moiré superlattice,
which mixes the pseudospin textures in the system.’”
Furthermore, the peaked Rj(n) observed at the doping levels
+ngp cannot be explained by intraband activity, but it is more
characteristic of intraband transitions. Given also the fact that
the measured photoresponse arises from linearly polarized
light, is highly sensitive to the atomic configuration of the
graphene/hBN superlattice (i.e., to the misalignment angle 6)
as well as the frequency of the incoming THz radiation, one
can reasonably assign its origin to quantum geometric shift
photocurrents occurring in vdW heterostructures with broken
inversion symmetry.'” Such phenomena are second-order
responses which arise as a result of a real-space displacement

experienced by an electron wave function upon an optical
transition and have been recently observed in moiré systems
such as twisted bilayer graphene, around the main DP.'"*’

The dependence of three components of the shift
conductivity (6, Oy Gmy) with the excitation energy hw
at the two selected chemical potentials in the valence and
conduction minibands, Ez = —Eyp and Eg = +Epp, is shown in
Figure 6¢,d respectively. The induced photocurrent in a real
system will contain several contributions, each proportional to
a different shift conductivity component, with their relative
weights dictated by the exact alignment of the device geometry
and the polarization of the THz radiation.'” In general, all
components of the shift conductivities become nonzero at
excitation energies exceeding the energy gaps of the valence
and conduction band sDPs (Aiw > A, A,), with all three o,,,,
Oy Oy showing prominent peaks at these energies. o,
which has the largest magnitude of the components shown, will
now be used as a representative example to further analyze the
shift photocurrent behavior near the valence and conduction
band sDPs. Note that we may also invert its sign, which has the
effect of reversing the arbitrary positive direction of one of the
spatial directions, for an easier comparison with experimental
results.

Figure 6e,f maps the evolution of 6,,, as a function of E and
hw close to the valence and conduction sDPs, respectively.
Around the valence band sDP (Figure 6e), the largest shift
current occurs when the chemical potential is placed within the
energy gap (position Ep = —Epp). Getting away from the sDP,
0,4y diminishes and eventually vanishes due to Pauli blocking.17
An equivalent situation occurs in the vicinity of the conduction
band sDP (Figure 6f). The main difference lies in the fact that,
due to the more convoluted band structure existing at these
energies (Figure Sb), the dependence of the calculated shift
photocurrent on Ep may exhibit several sign changes and
relative maxima at different excitation energies Zw. This can be
seen more clearly by examining horizontal cuts taken along the
black lines in Figure 6e,f which are shown in panels (g—i). The
minimum at the valence band sDP (Figure 6g) is relatively
simple and can be exactly identified with transitions between
bands @ and 8 (Figure Sa and Figure S11), once the excitation
energy is fiw > A} (the minimum energy gap separating these
bands). The conduction band cuts display a more complex
behavior around E; = +Ep, as even contributions from the
same two bands can have opposite signs. This is shown in
Figure 6h for transitions between the bands labeled 6 and ¢ in
Figure Sb, where transitions at lower Ep (ie., those at Ky,
requiring 7w > A!) have an opposite sign to those at slightly
higher Ep (ie., at [y, requiring iw > A}). Increasing the
excitation energy further allows transitions between other
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Table 1. Comparison between Different Techniques Able to Probe Electronic Parameters of the Miniband Structure of
Graphene/hBN Moiré Superlattices and Reported Energy Resolution

miniband structure parameters and energy resolution

ener:

robing technique Ay [meV A, [meV robe g2  probe pPP)? resolution [meV

p g q h e P: & P i

transport measurements (ref 3) tens of meV (angle NO“ NO NO ~1 to 2°
dependent)

tunneling spectroscopy (ref 20) tens of meV (angle NO* NO NO ~3
dependent)

capacitance spectroscopy (ref 33) NO” NO* YES YES ~5

STM (ref 2) NOY NO“ YES YES

ARPES (ref 27) 100 meV NO* NO NO” ~30

THz photocurrent spectroscopy (this tens of meV (angle 0.6—12 meV (angle YES YES <0.67

work) dependent) dependent)

“Parameter not reported in literature since the technique is sensitive to the overall bandgap of the system. bParameter not reported in literature due
to the limited energy resolution offered by the technique. “Uncertainty in the extracted gaps is set by the determination of the linear (thermally
activated) regime for the fit.” 4Conservative value estimated from the minimum gap size demonstrated in the present work. This value is given by
the minimum energy at which we observe an interband type of photocurrent in our samples (0.15 THz, see Figure S10c in Supporting Note 8).
Measurement precision could eventually improve if additional low-energy lines would be available in the experimental setup.

bands, as demonstrated in Figure 6i, where the additional
contribution of transitions between bands { and # gives rise to
an additional sign change and maxima. Intriguingly, as shown
in Figure 6j—l, we observe similar complex interband
photocurrent patterns in the measured photoresponse of
some of our experimental devices. Specifically, the measured
response in device A (0 = 1.56°) at 4.1 THz (Figure 6j) shows
a photocurrent R(n) with a single wide minima occurring at a
carrier density n & —8 X 10" cm™ (i.e, Fermi level Ep ~
—0.27 eV), which is indicative of a transition between two
bands separated by a rather large gap existing at the valence
band sDP. Both the line shape and the Fermi level position of
the minimum agree well with the calculated o,,, (Eg) for the
simulated device with 6 = 1.6° (Figure 6g). Meanwhile,
multipeak structures occurring at Fermi levels between 0.14
and 0.16 eV are observed (Figure 6k,I) for device D (6 ~ 0.4°)
at 0.3 and 0.6 THz, respectively. Such features closely match
the curves o, (Eg) simulated for a corresponding device with
0 = 0.4° (Figure 6h,i) and are thus indicative of the rich
interband transition landscape provided by the various sub-
bands present at the conduction band sDP.

Comparison with Other Techniques. The presented results
prompt gate-tunable THz photocurrent spectroscopy as a
robust and comprehensive technique to probe several features
of the miniband electronic structure of graphene in the
presence of moiré potentials, including Fermi surface
parameters, marked energy levels, and subtle quantum
geometry fingerprints of these electronic states. This is because
the measured photoresponses show well-defined dependences
(on both excitation energy and the chemical potential) when
electrons transition within the same energy band or between
the different bands present in these systems, and hence, the
technique is sensitive to the distinct electronic features and
band parameters.

An intraband-type photocurrent occurs at the lowest THz
frequencies and depends on the details of the electronic Fermi
surface of the system. In particular, as shown in the former
sections, intraband photoresponses are sensitive to the overall
DOS of the system and thus to relevant miniband parameters
such the valley degeneracy gl(,DP) and the Fermi velocity vP?
of charge carriers at the satellite Dirac points. Interestingly, one
can extract these parameters in a simple way from the recorded
THz photoresponse Ry(n), only by examining the ratio of the

responsivity R; measured around the main and satellite Dirac
points SR;°"/SRP® (eq 1). More conventional techniques
reported in literature which are sensitive to §§DP) and PP
such as scanning tunneling microscopy (STM) " or capacitance
spectroscopy’’ measurements are able to disclose this
information in a more convoluted way by monitoring (and
fitting) the evolution of the DOS of the system with respect to
the applied gate-voltage or device temperature, respectively.

Moreover, the lack of inversion symmetry existing in these
moiré materials results in the presence of tiny (<20 meV)
energy gaps at both valence and conduction bands sDPs as well
as the generation of quantum geometric shift (bulk) photo-
currents when the excitation energy of the incoming radiation
is larger than the size of these energy gaps. The presence of this
distinct type of interband photocurrent allows to probe key
miniband parameters, including the actual size of the existing
bandgap at the valence band sDP (A;) as well as the more
complicated quantum texture present at the conduction band
sDPs, featuring a number of avoided band crossings which give
rise to a series of local energy gaps (A,) between consecutive
bands (Figure Sb). Intriguingly, some of the extracted
parameters (e.g., energy gaps A,) are undetectable by
alternative techniques reported in the literature. The absence
of a well-defined gap (i.e., a band gap) in the conduction band
sDP (or equivalently, the existence of a Fermi surface and an
intraband contribution®® at these energies) impedes the
observation of a nonzero A, via commonly used techniques
based on electrical measurements, including temperature-
dependent transport,” tunneling spectroscopy,”’ or capacitance
spectroscopy’> (for example, see transport data and sub-
sequent analysis of some of our devices in the Supporting Note
7). In addition, well-known optical techniques utilized to
directly probe band structure of graphene-based superlattices,
such as micro- or nanometer scale ARPES, have a limited
energy resolution of ~30 meV>” and thus are also not capable
of resolving the tiny energy gaps <20 meV present at the
conduction band sDPs.

We remark that gate-dependent THz photoresponses of an
interband origin are not subjected to any of the two former
limitations. On the other hand, photoexcitation processes
occurring at the sDPs in electron- and hole-bands satisfy both
momentum and energy conservation. For momentum
conservation, the generation of electron—hole pairs is

https://doi.org/10.1021/acsnano.5c05306
ACS Nano 2025, 19, 27338-27350


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c05306/suppl_file/nn5c05306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c05306/suppl_file/nn5c05306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c05306/suppl_file/nn5c05306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c05306/suppl_file/nn5c05306_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c05306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

restricted to occur between states with the same wave vector
value k in reciprocal space, owing to the very small momentum
of the incident THz photons. In this sense, the measured bulk
(interband) photocurrents are a direct consequence of vertical
optical transitions that exclusively take place at specific k-
points in the vicinity of the sDPs and hence are extraordinarily
sensitive to the size of energy gaps occurring in the mini bands
of graphene-based moiré superlattice systems. Regions
localized away from the sDPs, including ungapped regions as
a result of, e.g, shunted edges,40’41 behave only as current
collecting leads.

Finally, from a practical point of view, our measurements
demonstrate that a conservative estimate of the energy
resolution offered by gate-dependent THz photoresponse
measurements is well below 1 meV. This is clearly shown in
Figure Sc (main text) and in Figure S10c of Supporting Note
8, which exhibits clear interband transitions at radiation
energies ~0.6 meV (0.15 THz). Such a level of resolution is
possible thanks to the notably distinct gate- and frequency-
dependence exhibited by the different physical mechanisms
giving rise to zero drain-bias THz photocurrents: whereas the
optoelectronic response of interband origin (bulk photo-
currents) is maximal at the sDPs, intraband photoresponses
vanish at these energies. A detailed benchmarking between
gate-dependent, THz photocurrent spectroscopy measure-
ments and more conventional techniques to probe the different
electronic parameters of graphene samples subjected to moiré
superlattice potentials is depicted in Table 1.

CONCLUSIONS

We have shown gate-tunable THz photocurrent spectroscopy
as a robust and comprehensive technique to probe several
features of the miniband electronic structure of graphene in the
presence of moiré potentials, including Fermi surface
parameters as well as intriguing energy levels and band
textures not previously detected. On top of that, by observing
bulk photocurrents in graphene moiré superlattices, our study
demonstrates THz photocurrent measurements are also able to
capture quantum geometric properties of electron states in the
minibands of these materials (changes in the internal structure
of electron wave functions between quantum states coupled by
electromagnetic fields).

Finally, from a more technological perspective, we stress that
the enhanced zero drain-bias responsivity values SR{""/SRP®
appearing close to the sDPs in graphene/hBN moiré detectors
with € < 1° are subsequently accompanied by a lower noise
equivalent power (NEP) at the satellite Dirac points NEP®?
with respect to the main Dirac point NEPP® (see Supporting
Information Note 10). In particular, the NEP ratios NEP*""/
NEPP? reach values down to 0.2 in these devices. As such,
these two relevant device parameters (enhanced responsivity
SRPP/SRPP and reduced NEP close to the satellite Dirac
points) further demonstrate graphene/hBN moiré superlattices
with alignment angles @ < 1° as convenient materials for
sensitive and low noise THz detection.

METHODS

Device Fabrication. Our aligned devices with angles between 0.4
and 1.6° are made of monolayer or bilayer graphene encapsulated
between hBN flakes. Graphene and hBN flakes were first mechanically
exfoliated and identified by using Raman spectroscopy. Bottom and
top hBN flakes were chosen with similar thicknesses (between 20 and
30 nm) and identified via optical contrast and profilometer

measurements. We chose elongated graphene and hBN flakes with
straight edges to identify the crystallographic orientations of the
graphene and hBN crystals. The stacking process of the moire
heterostructures was made using a dry transfer technique with a
polypropylene carbonate film on a polydimethylsiloxane stamp.
During the assembling process, we intentionally aligned close to 0°
the straight edges of the top hBN and the MLG or BLG flakes (see
further details in Supporting Information Note 1). The resulting
stacked MLG/hBN moiré heterostructures were additionally
characterized via Raman spectroscopy (see Supporting Information
Note 3).

We then contacted all of our samples with one dimensional
electrical contacts. For this, the heterostructures were patterned using
electron beam lithography (EBL) to define contact areas using
PMMA (6% in chlorobenzene) as resist. Subsequently, the
heterostructures were dry-etched in an ICP-RIE Plasma Pro Cobra
100 in a SF, atmosphere (40 sccm, pressure 6 mTorr, power 75 W at
10 °C), followed by an e-beam evaporation process at very low
pressure (<5 X 107% Torr) of 3.5 nm of Cr and 65 nm of Au to
deposit the metallic layers.

Afterward, two distinct processes were undertaken to shape and
finalize our samples, depending on the device architecture. Top gates
in SC and IDGT devices (samples A-E) are fabricated via EBL and e-
beam evaporation of S nm Cr and 45 nm Au. Meanwhile, the
definition of the MC geometry was undertaken via additional EBL
and dry-etching processes.

Electrical Measurements. Transport measurements were carried
out via a standard lock-in technique where a pseudodc current (11.33
Hz) of 10 nA was injected into the drain and then collected in the
source. The generated voltage drop was recorded by a lock-in
amplifier (SR860). Measurements on devices A, B, D, and E were
undertaken via a two-terminal configuration, while device C was
characterized via a four-terminal configuration. The carrier density in
the channel is controlled by the voltage applied either to the back-
gates Vg or top gates Vi using a voltage generator (Keithley
2614B). For the back-gate bias, we directly applied a bias to the highly
doped Si substrate with a typical range from —60 to 60 V (for SiO,
thickness of ~300 nm). For the case of top-gate bias, values typically
ranged from —4 to 4 V (for hBN thicknesses of ~20 nm.

THz Photoresponse Measurements. All of our graphene-based
moiré superlattice devices were placed inside a cryostat system (ARS
uDrift Nanoscience Cryostat) with optical access to perform the
measurements. In our experiment, we collected the THz photocurrent
through the source and drain electrodes at zero bias. For low
frequencies, the measurements were performed using a THz source
based on Schottky diode multiplier chains (TeraSchottky from Lytid)
to generate output THz linear polarized frequencies at 0.075 THz
(optical output power of ~S0 mW), 0.15 THz (optical output power
of ~30 mW), 0.3 THz (optical output power of ~6 mW), and 0.6
THz (optical output power of ~0.3 mW). For high frequencies,
measurements were performed with a quantum cascade continuous-
wave laser (TeraCascade 2000 series from Lytid) with output linearly
polarized lines at 2.5 THz (optical output power of ~3.2 mW), 2.9
THz (optical output power of ~2.1 mW), 4.1 THz (optical output
power of ~3.2 mW), and 4.7 THz (optical output power of ~4.8
mW). The output THz radiation, electrically modulated at 667 Hz,
was collimated with an off-axis gold parabolic mirror and finally
focused on the moiré THz devices by using a THz lens made of TPX
(poly(methyl pentene)) with a focal distance of 100 mm. Linearly
polarized THz radiation was used to undertake all of the
measurements. The photocurrent generated in the device channel
was collected in the drain contact, amplified, and measured using a
low noise current preamplifier (Stanford Research, SRS70) in series
with a lock-in amplifier (SR860). Carrier density on the channel was
controlled by back or top gates using a voltage generator (Keithley
2614B). Source terminals were kept grounded during the photo-
current experiments.

Tight Binding and Shift Conductivity Calculations. Periodic
twisted graphene/hBN structures were first generated by finding
superlattice vectors in each of the untwisted layers that had almost
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identical length and a relative rotation similar to the desired twisted
angle. Periodic twisted graphene/hBN structures were first generated
by finding two lattice vectors, one from each of the untwisted layers,
that have almost identical lengths and a relative rotation similar to the
desired twist angle. These two vectors were then perfectly aligned by
rotating the hBN layer and applying a miniscule strain (of magnitude
0.01% or less), and the resultant vector gives one of the superlattice
vectors of a rhombohedral unit cell, with the second superlattice
vector given by a g rotation.

The 0.44°-rotated system shown in the main text contains 10424
atoms in its unit cell, and its hBN layer is subject to a biaxial strain & =
1.9 X 107°. The electronic properties of the resulting twisted,
multilayered graphene/hBN systems are described using a tight-

L T S % e T i
binding Hamiltonian H = Y} ec'c; — t(d) Z(!’J) (¢ ¢+ ¢;), where
¢/ and ¢, are the creation and annihilation operators for an electron in

the p, orbital at site i. The onsite energies €; depend on the atomic
species, with €c = 0.0 eV, €3 = 3.34 eV and ey = —1.4 eV. The

>
hopping parameter t(d ) depends on the distance vector between
both sites and is given by

_t(E)) = Vppn(d)[l - (7:)

ponents give both the in-plane and out-of-plane contributions to the
hopping. The transfer integrals V,,,,(d) and V,,,,(d) can be written in

terms of their (unstrained) graphene values as
0 —d-ay/ 0 —d—dy/ .
Vppﬂ(d) = Ve - % and Vppn(d) = Voot 0 o with Vgp,, =

—2.7 eV and Vgpg =048 eV. ay = 1.42 A and d, = 3.35 A are the

corresponding unstrained in-plane and out-of-plane atomic separa-

S\
de
+ VPprr(d)(idez] , and its two com-

tions, ry = 0.453 A is a decay length, and Z is the unit vector in the
out-of-plane direction. We include all hopping terms whose
corresponding separation in the xy-plane is less than a cutoff of
2.94 A,

The band structures in Figure S are obtained by directly solving for
the eigenvalues of the Bloch Hamiltonian. The optical and shift
conductivities require the calculation of matrix elements'®*>** of the
form hy, = (a | Vi, H1b ), where | a ), | b ) are eigenstates of the

Hamiltonian and a = ¥, y, z. To calculate the optical conductivity, we
follow the approach in ref 42, which averages the x and y components.
We also employ the improved triangular method introduced in ref 42
to replace the integration over the irreducible Brillouin zone (IBZ)
with a sum of contributions from individual triangular sections into
which it is divided, as this approach typically requires a sparser
sampling of k-space. The results for the 0.44°-twisted system use 2145
k-points in the IBZ.

We follow ref 18 in our simulation of the shift current response,
which is described by a rank-three tensor 6,,,, where @, u = x, y,
respectively, indicate the spatial components of the induced currents
and electric fields. We do not consider @, u = z in this work due to the
in-plane polarization of the radiation but note it has been considered
in other works.”® The Ouqu tesults shown in the main text are
calculated following eqs 10 and 11 in ref 18, where the k-space
integrations are once more performed using the improved triangular
method from ref 42 The different pairwise contributions, shown in
Figure 6g—i are calculated by considering individual terms from the
summation in eq 10 of ref 18.
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