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Moiré materials represent strongly interacting electron systems 
bridging topological and correlated physics. Despite notable advances, 
decoding wavefunction properties underlying the quantum geometry 
remains challenging. Here we utilize polarization-resolved photocurrent 
measurements to probe magic-angle twisted bilayer graphene, leveraging 
its sensitivity to the Berry connection that encompasses quantum ‘textures’ 
of electron wavefunctions. Using terahertz light resonant with optical 
transitions of its flat bands, we observe bulk photocurrents driven by 
broken symmetries and reveal the interplay between electron interactions 
and quantum geometry. We observe inversion-breaking gapped states 
undetectable through quantum transport, sharp changes in the polarization 
axes caused by interaction-induced band renormalization and recurring 
photocurrent patterns at integer filling factors of the moiré unit cell that 
track the evolution of quantum geometry through the cascade of phase 
transitions. The large and tunable terahertz response intrinsic to flat-band 
systems offers direct insights into the quantum geometry of interacting 
electrons and paves the way for innovative terahertz quantum technologies.

Twisted bilayer graphene (TBG) represents a new paradigm for 
exploring the interplay of strongly interacting phenomena1–3 with 
non-trivial topology4–6. Although previous experiments have 
revealed several exotic correlated and topological phenomena7, 
the measurements of quantum geometry remain challenging, 
relying on the observation of broken-symmetry phases driven by 
electron–electron interactions4–6 that occur only at specific band 
filling. Furthermore, the underlying symmetries driving such phe-
nomena are often local8,9 because of their sensitivity to substrates10, 

strain11 and reconstruction12, making them easily smeared in global  
measurements. Photocurrent measurements provide a power-
ful complementary probe to study quantum materials13. The bulk 
photovoltaic effect (BPE)14,15 represents an intriguing class of  
photocurrent phenomena in which the current is generated by  
broken symmetries intrinsic to the crystal. Aside from its promise for 
photovoltaics16, it has gained notable attention for studying quan-
tum materials because of its ties to the second-order conductivity, 
σabc (a,b,c = x,y,z), whose magnitude is controlled by the geometric 
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and polarization-sensitive THz photoresponse in magic-angle TBG and 
use it to study the interplay between electron interactions and quantum 
geometry at the energy scale of its flat bands. Specifically, we probe the 
quantum geometric textures of the gapped state at charge neutrality23, 
electron–electron-interaction-induced band renormalizations24 and 
cascade phenomena25,26.

Results
We studied four devices close to the magic angle, with twist angles of 
0.94°, 1.02°, 1.03° and 1.12°, denoted as D0.94, D1.02, D1.03 and D1.12, 
respectively (Methods provides the fabrication details). All devices 
showed oscillating features in the resistivity around an integer filling 
factor (ν) at 10 K, which we attribute to the parent states of correlated 
phenomena (Fig. 1d and Supplementary Fig. 8a), and low twist-angle 
inhomogeneity verified through multiterminal quantum transport 
measurements27. However, their behaviour differs at the charge neu-
trality point (CNP). D0.94 and D1.12 showed a monotonic increase in 
resistivity with temperature, indicating metallic behaviour, whereas 
D1.03 exhibits a marked insulating peak showing activation behaviour 
on increasing temperature (Fig. 1d, inset). This behaviour indicates 
gapping of the flat bands, as expected for TBG aligned to hexagonal 
boron nitride (hBN)10. The gap serves as a signature of broken C2zT 
symmetry, where C2z denotes a two-fold rotation about the z axis and 
T indicates time reversal, which is a prerequisite for driving in-plane 

properties of electron wavefunctions and the projection of electric 
field (E) relative to the crystal lattice Jc = σabcEaEb. Moreover, even if 
photoexcitation is global, local photoactive regions of interest may 
still be discerned, making the BPE a potentially more sensitive probe of  
electronic orders.

Polarization-dependent measurements allow to rotate E arbi-
trarily (Fig. 1a), which serves as a powerful tool for probing quantum 
geometry and underlying symmetries of the system. The polariza-
tion phase (α) and the polarization angle (θP) relative to contacts in 
which the current is maximum (Fig. 1b) describe an intrinsic quantum 
direction manifested by geometric phases accumulated when elec-
trons transition within (intraband) or between (interband) manifolds 
of quantum states (Fig. 1c). Although distinct microscopic mecha-
nisms exist coupled to different physical quantities13, for example, 
the Berry curvature or shift vector, all of them are built from various 
gauge-invariant combinations of Berry connections, which capture 
changes in the internal structure of electron wavefunctions between 
two quantum mechanical states coupled by optical fields. Therefore, 
in moiré materials, second-order conductivities are anticipated to 
be extraordinarily large17–21 because their giant superlattice unit cell 
(~10 nm) sets the scale of the Berry connection22. Moreover, they can 
be particularly strong at terahertz (THz) frequencies because of the 
large joint density of states resonant at millielectronvolt (meV) energy 
scales inherent to flat bands19,20 (Fig. 1e, inset). Here we report a large 
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Fig. 1 | Polarization-dependent THz photocurrents in TBG. a, Schematic of THz 
photocurrent experiments. The yellow arrows indicate the polarization of light. 
The solid cyan arrows indicate the projection of the generated photocurrent 
along the measurement contacts (IPC). b, Top: schematic of the underlying 
TBG (grey) on hBN (green). The cyan, red and dark yellow arrows depict IPC, the 
polarization vector intrinsic to quantum geometry and θP of the incident electric 
field, respectively. When the polarization of light is aligned with the polarization 
vector, the photocurrent is maximum. The polarization vector forms an angle 
with the current projection called the polarization phase (α). Bottom: IPC(θP) is 
sinusoidal with a maximum at θP = α. c, Schematic of the quantum geometric 
response. The top slice depicts electrons transitioning between quantum 
states driven by the optical field. Electric-field alignment with the polarization 

vector drives an anomalous current response (middle slice). d, Resistivity (ρxx) 
as a function of ν plotted for different temperatures in D0.94, D1.12 and D1.03. 
Bottom (inset): ρxx (T) for ν = 0 (open circles). The red dashed line plots an 
exponential fit from which gaps of 3.6 meV are extracted. e, VPV as a function of 
ν, plotted for two orthogonal polarizations of THz light (black and red curves). 
Inset: band structure of magic-angle TBG with THz transitions. f, Zoomed-in data 
of VPV close to the CNP for different polarization directions. The solid lines are 
experimental data offset for clarity and the dashed lines indicate the VPV = 0 line. 
g,h, Same data as f for D1.12 (g) and D1.03 (h). Data from D1.12 were obtained at 
0.7 THz (2.7-meV excitation) whereas all other datasets were obtained at 2.5 THz 
(10 meV).
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bulk photocurrents14. Nonetheless, in all our devices, we observed a 
strong bulk THz photoresponse that is polarization dependent, with 
similar characteristics as discussed below.

Polarization-resolved THz photocurrent measurements
Figure 1e displays the photovoltage (VPV) as a function of ν measured 
in D0.94 for two orthogonal polarizations normalized by the incident 
power. We measure the photovoltage throughout this work; however, 
we find that the same behaviours could be observed also in the pho-
tocurrent. We find that the photoresponse for the two directions is 
strikingly different. The response differs not only in magnitude but 
the ν dependence also changes dramatically, even changing sign. The 
functional form also contrasts greatly with the photothermoelectric 
effect28 (Supplementary Section 1), pointing towards a distinct ori-
gin. Of particular relevance is the behaviour around the CNP, which 
exhibits a peak for one polarization and zero-crossing behaviour 
for the other. Figure 1f details this behaviour, showing the peaked 
response evolving smoothly from the sign-changing response with 
polarization. Similar behaviours were observed for D1.12 (Fig. 1g) and 
D1.03 (Fig. 1h). Supplementary Section 2 shows the full dependence. 
D1.12 required smaller excitation energies to reveal such behaviour 
(Supplementary Section 3); we attribute this to the excitation energy 
approaching the inter-flat-band resonances of magic-angle TBG  

(Fig. 1e, inset). Figure 1 shows that the photoresponse around the CNP 
is very sensitive to polarization.

Figure 2a plots the full polarization-dependent response VPV(θp) 
for different ν values close to the CNP. For all ν, we observe an oscil-
lating photoresponse, indicating that the effect originates from light 
polarization (Supplementary Section 4 provides additional checks). 
In particular, we find that α is highly sensitive to ν. This behaviour 
contrasts with usual junction phenomena28, device geometry29 and 
antenna30,31 effects, where α would be ν independent (Supplementary 
Section 5). Hence, the ν dependence underscores that the photocur-
rents and their polarization dependence are primarily governed by 
the electronic system.

To further analyse the changes in α, we isolate the polarization- 
dependent component of the photocurrent (VLin) by fitting a  
sinusoidal function (Fig. 2a) and subtracting the polarization- 
independent background. Figure 2b plots VLin(θp, ν). The white lines 
mark the sign changes in the photoresponse, thereby tracking the 
changes in α. Strikingly, we find a strong change with ν. A drift in α 
is observed at the CNP (raw data are shown in Fig. 2a) and additional 
sharp drifts at around ν = −1 (Fig. 2c). Figure 2d plots α(ν) highlighting 
the winding of α at the CNP and integer ν. α stabilizes for intermediate ν 
and then drifts again, approaching ν = ±4. Prominent changes were also 
observed in D1.03 (Fig. 2e) and D1.12 (Fig. 2f) (Supplementary Section 2),  
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although the specifics vary across different devices. This variation 
reflects subtle differences in the electronic structure and competing 
contributions to the measured photoresponse. Key features, particu-
larly sharp drifts in α close to the CNP and ν = ±4, were identified in 
all the studied devices. Moreover, features near integer ν appear as 
peaks/dips in α (Fig. 2d–f, red arrows) or sharp drifts in α (Fig. 2d,e, 
blue arrows), resembling the behaviour at the CNP.

Hartree-renormalized shift current response
The changes in α with ν provide strong evidence for its connection to 
the BPE14,17. In this case, the photoresponse is governed by second-order 
conductivities, Jc = σabcEaEb, {a,b, c} = {x, y}, where Ex and Ey describe 
the components of the electric field projected onto the principal vec-
tors of the two-dimensional crystal lattice. We proceed to understand 
possible contributions and compare them with those extracted  
from our experiment by decomposing α into two principal vectors  
with amplitudes L1 and L2, according to α = tan−1(L1/L2). Therefore,  
the photoresponse can be described as

VPV = L1 sin(2θ) + L2 cos(2θ) + D, (1)

where D is a polarization-independent contribution. This signal decom-
position is formally identical to that shown in Fig. 2d–f; however, it 

allows a more direct comparison between the conductivity tensor ele-
ments and the experimental coefficients (Supplementary Section 6). 
Specifically, for systems with C3 symmetry, there exist two independent 
components, namely, σxxx/σxxy, which, up to a rotation of the reference 
frame, correspond to L1/L2 in equation (1). The extracted coefficients 
are plotted in Fig. 3b for D0.94, aligning the reference frame with the 
direction in which the CNP response is the maximum (θp ≈ 45°).

We must identify the microscopic mechanism of the photore-
sponse. We first focus on the behaviour around the CNP at which all 
the devices show photoresponse evolving from a sign-changing to a 
peaked response (Fig. 1f–h), alongside drifts in α (Fig. 2a,d–f). There 
are two possible contributions to the second-order conductivity: 
intraband and interband excitations. The former pertains to quantum 
nonlinear electrical responses18,32,33. However, measurements of the 
second-harmonic voltage—a typical signature of these Fermi surface 
effects—showed rather different behaviours, distinguishing its micro-
scopic origin (Supplementary Section 7). Crucially, intraband effects 
could not explain the peaked response at the CNP. In the absence of 
a Fermi surface, this response is more characteristic of an interband 
transition19,20. As the photoresponse arises from linearly polarized 
light preserving time-reversal symmetry, we tentatively assign its 
origin to shift currents. These are second-order responses that arise 
from a real-space shift experienced by an electron wavefunction on an 
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interband excitation driven by linearly polarized light (Fig. 3a). These 
photocurrents were previously reported in moiré materials at infrared 
frequencies17 and are expected to be amplified at THz frequencies at 
which they are more sensitive to flat-band physics.

To account for shift currents, we calculate σxxx and σxxy (Supple
mentary Section 6). Because our excitation energies are smaller than 
the flat, remote bandgaps (Supplementary Section 8), we consider 
only transitions between flat bands (Fig. 3a). Figure 3d,e shows these 
calculations for two scenarios: the non-interacting (Fig. 3d) and 
Hartree-renormalized (Fig. 3e) band structures34, which accounts 
for the charge redistribution of the TBG system34 and is expected to 
be the leading interaction effect above 10 K. Comparing calculations 
(Fig. 3d,e, left) with the measured L1 and L2 values (Fig. 3c, left), we find 
that our photoresponse is well described by the shift current conduc-
tivities only when considering Hartree interactions. Indeed, although 
the peaked response at the CNP (L1) is captured by both interacting and 
non-interacting σxxx, the sharp sign-changing response (L2) is unique 
to the Hartree σxxy value (Fig. 3e). This distinction is crucial, since it 
provides the exact ingredients to observe α drifts close to the CNP. This 
is observed in Fig. 3d,e (right), which plots the simulated photocurrent 
maps, showing that the α drift is unique to the interacting case.

Hartree interactions strongly modify the σxxy component and 
leave σxxx largely unaltered. This difference stems from the micro-
scopic components of shift current, where different states in the moiré 
Brillouin zone contribute differently. Specifically, Hartree interactions 
strongly affect the states near the K/K′ points of the moiré Brillouin 
zone34 (Fig. 3f), the regions that contribute to the σxxy component 
(Supplementary Section 6). The α drift through the CNP is attributed 
to the two distinct ν-dependent conductivities and, hence, serves 
as a photocurrent fingerprint of Hartree interactions in the TBG. 
Moreover, the prominent modifications around the CNP demonstrate 
that even minimal doping strongly distorts the quantum geometry  
of bands.

Broken-symmetry states
On the general grounds of symmetry analysis, the presence of shift cur-
rents in our devices implies that C2zT symmetry35 must be broken and 
there should be a necessary gapping of flat bands10 in all our devices. 
This is at odds with the fact that only D1.03 was explicitly aligned with 
hBN and exhibited an insulating state at the CNP, whereas D0.94 and 
D1.12 were metallic. These observations are in line with quantum 
transport experiments in which broken-C2zT-symmetry phases were 
observed despite the absence of extrinsic symmetry-breaking factors6,23 
and point towards an underlying hidden symmetry. In particular, the 
insulating behaviour observed at the CNP in non-aligned devices has 
sparked considerable interest in the ground state23,36,37, where several 
interaction-driven phases have been predicted. Furthermore, recent 
tight-binding calculations demonstrated that hBN has a non-negligible 
impact on TBG’s electronic spectrum due to reconstruction effects and 
strain fields that break the sub-lattice symmetry even for alignment 
angles larger than 6° (refs. 38,39). Calculations of the bands for D0.94 and 
D1.12 indeed demonstrated that gaps of 3–4 meV emerge, caused by the 
alignment of hBN with graphene within 4° (Supplementary Sections 9  
and 10). Since we observe polarization-dependent photocurrents for 
all ν, we believe that substrate effects play a major role. This is further 
supported by the observation of bulk photocurrents in TBG devices 
at non-magic angles (Supplementary Section 11), where interactions 
are less relevant, and measurements between different contact pairs 
allowed us to map out the C3 symmetry of the system. Aside from the 
hBN substrate, we note that additional extrinsic symmetry-breaking 
factors may contribute, including local strain gradients that are known 
to generate strong BPEs40.

To better understand the gapped state at the CNP and integer-ν 
features, we studied the temperature dependence of the photore-
sponse. Figure 4a,b plots the photovoltages measured in D1.12 and 
D0.94 for different temperatures. In both cases, the photoresponse 
decreases rapidly as T approaches 50 K. This is expected for an 
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Fig. 4 | Temperature dependence of photoresponse and α. a, VPV (μV mW–1) as 
a function of ν for different temperatures from 8 K to 77 K in D1.12. b, Same as a, 
but for the linear component of the photovoltage VLin_L1 (μV mW–1) measured at 
different T values in D0.94. Inset: zoomed-in view around ν = 1. c, VLin as a function 
of θP and ν measured in D1.12 at 10 K (left) and 30 K (right) zoomed around the 

CNP. Colour scale, blue (−50 μV mW–1); red (50 μV mW–1). d, Same data as c, but 
for D0.94 at 10 K (left) and 47 K (right) zoomed around integer ν. Colour scale, 
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and high temperatures in D1.12 (e) and D0.94 (f). The shaded areas highlight the 
differences in α.
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interband response, which is suppressed by the temperature smearing 
of the Fermi–Dirac distribution19 when approaching the energy scale of 
the flat bands. However, the CNP response and integer-ν features disap-
pear much faster at 30 K. Although the system still exhibits polarization 
dependence, the phase drifts at CNP (Fig. 4c) and integer ν (Fig. 4d) 
disappear. Figure 4e,f further highlights this through plots of α(ν) 
for D1.12 and D0.94 for two temperatures. The complex temperature 
dependence in α, hence, suggests an interplay of symmetry breaking 
induced by both extrinsic factors (hBN substrate/strain gradients) and 
intrinsic factors (interaction effects).

Our measurements demonstrate that the photocurrent is more 
sensitive to probing gapped states than quantum transport13. This is 
because the latter requires well-defined gapped regions on mesoscopic 
length scales, which are easily shunted by edges41 or domains42. Bulk 
photocurrent measurements, however, are not sensitive to ungapped 
regions in the same way. The gapped regions generate the photore-
sponse and the ungapped regions serve only as current-collecting 
leads. Indeed, our measurements between different contact pairs show 
that α has a non-trivial dependence, probably reflecting spatial varia-
tions in local symmetry (Supplementary Section 12). Hence, the gap 
in our non-aligned devices is probably localized to a specific region37, 
which would be undetectable in quantum transport measurements.

Cascade phenomena
In addition to the sharp α drifts at the CNP, we observed additional 
peaks/dips or drifts in α close to integer ν, which smear with tempera-
ture (Fig. 4). Figure 5b plots VPV measured between different contact 
pairs in D1.03—the device in which signatures of alignment with hBN 
manifest in quantum transport and near-field measurements per-
formed previously43. Interestingly, we find that the photoresponse is 
markedly different. Not only is the peaked response at the CNP sup-
pressed but VPV also exhibits strong oscillations changing sign close 
to integer ν. The former can be attributed to strain effects, which are 

amplified by second-order superlattices43 (Supplementary Section 6).  
However, the oscillatory structure cannot be accounted for by a 
single-particle picture. In particular, with changing polarization, the 
behaviour around ν = 1 resembles the behaviour at CNP observed in 
other devices, namely, a peaked response evolving smoothly from a 
sign-changing response (Fig. 5c). Moreover, the sign-changing response 
is accompanied by α drifts through all integer ν (Fig. 5d–f).

The α drifts, mirroring that at the CNP (Fig. 3c), reflect the behav-
iour intrinsic to the cascade of phase transitions25,26,44 in magic-angle 
TBG, where the chemical potential resets repeatedly at integer filings. In 
this case, our photocurrent measurements shed light on several empiri-
cal observations. First, according to our model (Fig. 3), the α drifts 
suggest that these states may be gapped like the CNP. Second, the pro-
nounced polarization dependence at ν = 1 compared with other ν values 
(Fig. 5c) suggests that the symmetry of the underlying many-body 
ground states may vary across different ν values (refs. 45,46). This 
variation is attributed to the polarization dependence at ν = 1, which 
requires two distinct and independent components of second-order 
conductivity, in contrast to ν = 2 and ν = 3. Third, the sign change in 
photoresponse at integer ν reveals that the electronic orders differ 
after reset, reflecting subtle changes in the wavefunctions. Adopting 
the Stoner-like interpretation of ref. 26, where the carriers preferen-
tially occupy one of the four degenerate valleys and/or spin-polarized 
bands26, our photocurrent measurements appear to track these phase 
transitions, with a sign change following each reset. Although the shift 
current is insensitive to valley polarization, the linear injection current 
is13,14, suggesting that the oscillatory structure reflects the interplay of 
flavour polarization with the spontaneous breaking of time-reversal 
symmetry. Concurrently, recent low-temperature scanning tunnelling 
microscopy experiments have revealed the presence of intervalley 
coherent states at half-filling37,47. This observation, combined with our 
measurements, calls for a more profound exploration of how flat bands 
and their quantum geometry deform during cascade, for example, 
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through the heavy fermion model48,49. Finally, we note that cascade fea-
tures could be observed in a fourth TBG sample without commensurate 
alignment to hBN, although with contributions from junction effects 
via the photothermoelectric effect (Supplementary Fig. 8), which 
seemingly dominates in the case of weaker C2z-symmetry breaking.

Discussion
The observed changes in α with carrier doping underscores the BPE 
in moiré devices17, whereas its occurrence in TBG without strict align-
ment to hBN suggests that the substrate plays a more subtle role in 
determining their symmetry and many-body phases. Although further 
work is required to understand the photoresponse at high ν and the 
details of the cascade features, our work demonstrates the sensitivity 
of photocurrent in probing hidden symmetry of the underlying ground 
state not easily probed via conventional transport measurements. The 
rising interest in the quantum metric tensor and its strong influence 
on the electromagnetic response has long called for a technique that 
is fast and accessible. The direct connection between second-order 
conductivities and the quantum geometry underlying the THz pho-
tocurrent response provides a fast and powerful tool in this direction, 
which may be leveraged to probe its interplay with strongly correlated 
phenomena50. The impact of strain should be further explored because 
of its known influence on the phase diagram of TBG and strong influence 
on second-order conductivities (Supplementary Section 6). Finally, 
although we observe dominating contributions from shift currents 
owing to the large moiré crystal unit cell, the role of ballistic currents15 
remains an intriguing topic for further studies.

From a technological perspective, the measured devices hold 
strong prospects for THz applications. We find extrinsic voltage 
responsivities of around 200 mV W–1, which are large considering 
the device area is 1,000 times smaller than the illumination area, and 
project an intrinsic noise-equivalent power (NEP) of 10−12 W Hz–0.5 
(Supplementary Section 13). These metrics are competitive with 
previous low-temperature detectors51, offering major advantages 
including facile scalability and extraordinary polarization sensitivity. 
Specifically, moiré materials can be engineered in multilayer con-
figurations to enhance extrinsic absorption and preserve their desir-
able few-layer properties including a large THz quantum geometric 
response52,53. Moreover, the complex polarization and wavelength 
dependencies present exciting prospects for on-chip THz polarimetry  
applications17.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
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Methods
Device fabrication
Our devices (Supplementary Fig. 1) were fabricated using standard 
methods in two-dimensional material fabrication54. For TBG, the  
heterostructures were assembled using the ‘cut-and-stack’ method55. 
In all devices, graphite gates were incorporated into the heterostruc-
tures to allow for pristine electrical gating. Following heterostructure 
assembly, nanolithography was performed on the mesa and gold leads 
to electrically contact the channel. In D0.94, D1.12, D1.5 and D1.03, 
selective etching (SF6 and O2) was used to expose the graphene chan-
nel without etching through the gate. Subsequent deposition of Cr/Au 
(5/60 nm thick) was made via electron-beam and thermal evaporation 
processes, respectively. This method ensures that the entire active 
channel is gate tunable and removes possible junctions that can arise 
due to graphite gates (Supplementary Section 5). In D1.02 and bilayer 
graphene/monolayer graphene devices, the device was contacted in 
regions extending outside of the graphite gates. Finally, we note that 
some devices were fabricated on low-doped Si/SiO2 (285 nm) substrates 
(D0.94, D1.12, D1.02, D1.5 and monolayer graphene) and others on 
highly doped Si/SiO2 (285 nm) substrates (bilayer graphene devices and 
D1.03). These differences may result in different extrinsic absorptions 
of THz radiation depending on the choice of substrate.

Cryogenic photocurrent and electrical measurements
Quantum transport and THz photocurrent measurements were per-
formed on an Advanced Research System 4-K cryostat with optical 
access and temperature control. Electrical measurements were per-
formed using standard a.c. lock-in techniques (Stanford) in combina-
tion with d.c. voltage sources (Keithley) for electrically gating our 
devices. Hall effect measurements were performed in the same cryostat 
using an electromagnet at 0.7 T. Independently, the cryostat could be 
raised out of the magnet and placed in the path for optical coupling. 
For THz illumination, a gas laser (Edinburgh Instruments) was used 
and focused into the cryostat using a lens on a cage system with a 
focal length of 20 mm. To rotate the polarization, we used polarizers 
(Purewave) in combination with quarter-wave plates (Tydex). The 
quarter-wave plate rotates the incident beam of polarization, allowing 
the arbitrarily selection of a polarization direction with the polarizer 
placed subsequently. In some cases, only a single polarizer was used 
to rotate the polarization. We verified that the photoresponse was 
linear with power, ensuring that normalizing by the incident power 
reflects the polarization dependence of the system. We also checked 
that performing polarization dependence measurements with a single 
polarizer, or with a wave-plate/polarizer geometry revealed identical 
results despite the latter enabling larger illumination powers. Experi-
mental data were taken by fixing the polarization dependence and 
sweeping the gate voltage. Before and after each measurement, the 
power was measured using a room-temperature bolometer coupled 
via a flip mirror placed in the optical path.

Photodetector performance estimates
Because of the long wavelength intrinsic to THz radiation, our devices 
(∼10 × 30 μm2) are much smaller than the focused THz beam (120 < 
λ < 430 μm). Consequently, a large portion of the incident radiation 
is not absorbed. Hence, normalizing the photovoltage by the meas-
ured power at the room-temperature bolometer (Methods) is not 
representative of the inherent responsivity of our devices. To estimate 
the capabilities of our TBG devices for THz detection, we project the 
possible NEP values that may be obtainable in optimized devices with 
antenna integration. For this, we estimate the total power incident on 
the sample by calculating the fraction of the incident THz beam that is 
occupied by the device. Considering the wavelength at 0.7 THz (that 
is, 430 μm) and a numerical aperture of 0.12, the diffraction-limited 
beam-spot diameter is estimated to be 1.8 mm. Given that our devices 
are, at most, 10 × 30 μm2 in size, we find the device area (3 × 10–10 m2) to 

be around 8,000 times smaller than the area of the focused Gaussian 
beam (2.5 × 10–6 m2). Hence, the power axis (Supplementary Fig. 16) is 
normalized by this factor of 8,000 to estimate the potential responsivi-
ties and NEP values obtainable, for example, in a device with integrated 
antennas or if the device active area was upscaled. Because the device 
operates under a zero-bias voltage, we attribute the intrinsic noise 
floor to Johnson noise, with R = 10,000 Ω (two-probe resistance of our 
devices), T = 10 K and 1 Hz. Extrapolating from Supplementary Fig. 16, 
we find NEP = 7 × 10–13 W Hz–0.5. The power-dependent measurements 
(Supplementary Fig. 16) were performed for θP = 50° illumination.

Data availability
The data that support the plots within this paper are available via 
Zenodo at https://doi.org/10.5281/zenodo.14882592 (ref. 56). Addi-
tional data including those from the Supplementary Information are 
available from the corresponding authors upon request.
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