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Quantum geometric properties of Bloch wave functions in solids, that is, Berry
curvature and the quantum metric, are known to significantly influence the ground-
and excited-state behaviour of electrons'™. The bulk photovoltaic effect (BPVE), a
nonlinear phenomenon depending on the polarization of excitation light, is largely
governed by the quantum geometric properties in optical transitions® ™, Infrared
BPVE has yet to be observed in graphene or moiré systems, although exciting strongly
correlated phenomenarelated to quantum geometry have been reported in this
emergent platform™ ™. Here we report the observation of tunable mid-infrared BPVE
at5pmand 7.7 pumin twisted double bilayer graphene (TDBG), arising from the
moiré-induced strong symmetry breaking and quantum geometric contribution.
The photoresponse depends substantially on the polarization state of the excitation
light and is highly tunable by external electric fields. This wide tunability in quantum
geometric properties enables us to use a convolutional neural network™'® to achieve

full-Stokes polarimetry together with wavelength detection simultaneously, using
only one single TDBG device with a subwavelength footprint of merely 3 x 3 um?.
Our work not only reveals the unique role of moiré engineered quantum geometry
intunable nonlinear light-matter interactions but also identifies a pathway for
future intelligent sensing technologies in an extremely compact, on-chip

manner.

Quantum geometric properties of Bloch wave functions, known as
Berry curvature and quantum metric, are crucial in determining the
ground-state behaviour of electrons, such asthe electric polarization
of crystals”, orbital magnetization'", and quantum?® and anoma-
lous? Hall effects. They also play critical roles in the recently discov-
ered superconductivity™" and ferromagnetism™** ingraphene moiré
superlattices. Infact, the bulk photovoltaic effect (BPVE), anonlinear
direct-current photoresponse dependent on light polarization, isalso
governed by physical quantities associated with Berry curvature and
quantummetric®>. In thiswork, we report the tunable infrared BPVE in
twisted double bilayer graphene (TDBG). Using its tunability, we have
generated photovoltage (V,;,) mappings that are unique for different
polarization states and infrared wavelengths. Furthermore, using a
trained convolutional neural network (CNN), we have demonstrated
anintelligent TDBG photodetector with a footprint of 3 x 3 um? capa-
ble of extracting the full Stokes parameters and the wavelength of an
incident light simultaneously from the V,,, mapping. This device has
aunique operational mechanism compared with previous demonstra-
tions. For example, previous miniaturized polarimeters usually use
meta-surfaces??* or anisotropic or chiral materials®?, inwhich light s
selectively scattered or absorbed depending onits polarizationstate.
However, anisotropic and chiral materials typically cannot provide
full-Stokes detection; meta-surfaces require extra photodetectors

and usually have anarrow operational wavelength range owing to their
resonant nature.

Transport properties of TDBG device

Figure 1a shows a schematic of our hexagonal boron nitride (hBN)
encapsulated TDBG photodetector fabricated using a previously
reported deterministic transfer technique (Methods). Independent
control of the carrier concentration n and the vertical displacement
field Dinour TDBG deviceis realized by tuning both the top-gate (V;¢)
and back-gate (V) voltages (Methods). Here we use the moiré band
structures of a1.2° TDBG at different interlayer potential differences
AV=0,50 and 100 meV (Methods) to illustrate the band structure
evolvementunder D (Fig.1b). The superlattice-induced insulating states
atfullfillings of the lowest-energy moiré bands, thatis, four electrons
or holes per moiré unit cell (denoted by the light green bars) are sup-
pressed with increasing D (central panel of Fig. 1b) and closed at large
D (right panel of Fig. 1b). By contrast, abandgap opens at the charge
neutrality point (CNP) and increases with D (marked by the light red
bar). Such evolution features have been reported in previous works?
32 and are generic for TDBG with a twist angle from ~1.1° to 2°. The
two-terminal resistance R measured at 7=79 K as a function of both
Vicand Vg isshownin Fig.1c. Prominent resistance peaks are observed
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Fig.1| Transportproperties ofthe TDBG photodetector. a, Schematic of the
TDBG photodetector. Agraphene monolayerisontop of thehBN encapsulated
TDBG, functioning as the top-gate electrode. A degenerately dopedsilicon
substrateis used as the back-gate electrode. Metal contacts (M) are made along
the two edges of the stack. Inset: schematic of the TDBG moiré superlattice.

b, Calculated band structures of 1.2° TDBG with interlayer potential difference AV
of 0,50 meVand100 meV. Only one valley-spinis shown. Light green (red) bars
denotethe superlattice-induced (charge-neutrality) bandgaps. ¢, Resistance (R)
mappingasafunctionoftop (V;s) and bottom (V) biasing voltages at T=79 K.

along the CNP at substantial D, consistent with our calculated band
structure evolutionand other transport studies® 2. To determine the
twist angle of TDBG, we performed temperature-dependent R meas-
urements. The temperature coefficient of resistance (TCR), -AR/
(AT x R), is plotted versus V;; and V. in Fig. 1d, using the resistance
mappings taken at 7=79 K and 84 K. Regions with positive TCR are
expected to arise frominsulating states in which thermal excitation of
carriers reduces the resistance. TCR maxima occur at finite D along the
CNP (grey dashedlines), correspondingto the field-induced bandgaps
shownin Fig. 1b, c. In addition, local maxima of TCR also appear at
n=23.2x10"2 cm™ (white dashed line), implying the presence of the
superlattice gap at the electronside. The formation of the TDBG moiré
superlattice is further confirmed by the temperature-dependent R
measurements (Extended Data Fig.1). We assign this carrier concentra-
tion to be the four-electron full filling and estimate the twist angle to
be1.2°, close to the angle targeted in the stacking.

Tunable BPVEin TDBG

The BPVEis anonlinear optical phenomenon, consisting of shift (linear
BPVE) andinjection (circular BPVE) currents generated under linearly
and circularly polarized excitations, respectively? (Methods). We first
focus on the linear BPVE, which is related to the electric field E of

Resistance maximacanbeidentified at large displacement fields (D) at the CNP.
Inset: opticalimage of the TDBG photodetector. Topmost hBN and monolayer
graphene cover the entireimage, although they are not visible owing to their

high transparency.Scalebar,3 um.d, Temperature coefficient of resistance (-AR/
(RxAT)) mappingasafunction of V;cand V. The resistance difference ARwas
calculated using two resistance mappings at T=79 Kand 84 K. Grey dashed lines
denote bandgaps atthe CNP under large D, whereas the white dashed line denotes
theelectron-sidesuperlatticebandgap. Thelatteris closed under large D.

incidentlight throughathird-rank nonlinear conductivity tensor cby®
Vi<J, =%, r OyE jEx to the leading order. Here, V, J, o, and E; , are ele-
ments of the photovoltage, photocurrent density, nonlinear conduc-
tivity and optical field withi,j, k= {x, y, z} (Methods). The crystalline
symmetry of a material sets strong constraints on its o (Methods).
Figure 2a shows a schematic of TDBG with varying atomic registries
including ABBC, ABCA and ABAB. TDBG has three-fold rotation (G;,)
and two-fold rotation (C,,) symmetries, and the latter is broken in our
devicesby D (see the detailed symmetry analysis in the Supplementary
Information). Following our symmetry analysis (Methods), we deduce
two non-trivial, independent elements, o,,, and g,,,, in the conductiv-
ity tensor, which give rise to the unique polarization dependence of
the nonlinear photovoltage V,,, under normal incidence of linearly
polarized light (Methods):

Voo EA(0,,COS(29) — 0,,5in(24)),

where ¢ is the orientation angle of the in-plane field E with respect to
the voltage collection direction (xaxis). The amplitude of the V,;; oscil-
lation is proportional to (03, + 03,,)/?, witha phase ¢, determined as

wy
, = arctan(gy,,/0,,,). Furthermore, from the expression of o, and g,

ny
(Methods) it is evident that the quantum geometric properties, that

is, the interband Berry connections, play an essential role in
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Fig.2|Tunablelinear BPVEin TDBG. a, Schematic of the moiré patternand
atomicregistriesof TDBG. Thered and blue spheres represent the two
sublattices (A and B) in each graphene monolayer. The hexagonal moiré pattern
issimilar to that of twisted bilayer graphene (TBG) but withthe AA, ABand BA
atomicregistriesreplaced by ABBC, ABCA and ABAB, respectively. b, Calculated
integrands S, (left panel) and S, (right panel) used in the evaluation of the
nonlinear conductivity elements o, and o,,, in the mBZ (0, =jdzksxxx(w)).
Only onevalley-spinis shown,and the mBZ centreisthel point. Theincident
photonenergyissettobe iiw =161 meV, corresponding to the wavelength
A=7.7 um.The Fermilevel (£;) and interlayer potential difference (AV) are set to
be £r=0and AV=100 meV.c, Calculated nonlinear conductivity elements o,,,
(red) and o,,, (blue) versusincident photon energy Aw at £:= 0,AV'=0,+100 meV

determining o and hence the BPVE. Figure 2b shows the calculated
distributions of the integrands S,,, and §,,,, related to o by
To— :Idzksxxx(yyy), inthe moiréBrillouin zone (mBZ) with the Fermi
level E; = O, the interlayer potential difference AV'=100 meV and the
incident photon energy hw =161 meV (7.7 pm). By integrating S, and
S,,yover the mBZ, we obtain the dependence of o,,, and 0, on hiw at
different E; and AV (Fig. 2c). Notably, both £ and AV can effectively
tune the magnitude and the polarity of o, and 0,,,, and hence the result-
inglinear BPVE. In addition, 0,,,and 0,,, are strong and oscillatingina
broad spectral range (Fig. 2c). Unlike any pristine material (Supple-
mentary Information), the large interlayer moiré potential in TDBG
leads to abundant states with substantial quantum geometric proper-
ties from multiple minibands available for the optical transitions over
awideenergyrange. Therefore, TDBG s the simplest system for achiev-
ing tunable BPVE enabled by moiré quantum geometry (Methods).
In experiments, we measure V,;, in our TDBG device under normal
lightincidenceat 7.7 and 5 pm at different V;;and Vg, without applying
anexternalin-plane bias (Methods). Half-wave plates at corresponding
wavelengths are used to rotate the polarization of the incident linearly
polarizedlight, and the deviceis held at T=79 K for all measurements
except forthe temperature-dependent ones. We first fix ¥ and measure
Vonas afunction of Vigand Vyg at 7.7 um, as shown in Fig. 2d (¢ = 45°)
andFig.2e (=135°).In V,;;mappings, tuning V;;and V,; changes both
the magnitude and polarity of V,;,. Maximum and minimum V,,, occur
around CNP atlarge D, and the polarity flips by reversing the direction
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(left panel) and AV=50 meV, £ = 0,+32meV (right panel). Contributions from
bothvalleysand bothspins areincluded. Grey dashed linesindicate the zero
value.Black triangles denote the photon energies correspondingto the
wavelengthsA=5pmand7.7 um.d, e, Linear bulk photovoltaic voltage

(Vyn) asafunctionof Vigand Vg at T=79 Kunder linearly polarized light
(A=7.7 um) withanorientation angle ¢ =45° (d) and ¢ =135° (e) with respect to
thevoltage collection direction. Insets: schematics of the measurement
scheme with differentlight polarizations.f, Polarization dependence of V/,,
atasetoffixed gate voltage biases (Vyg, Vig). The dataarefitted by using
Von=V.cos29) + Vsin(2g) + Vooner- The extracted V.and V, areplottedin theinset
foreachoscillation curve. Astrong tuning effect of V. and V, by gate voltage
biasesisevident.

of D. Away from the extrema, V,, shows complex dependences on V¢
and V;; for both ¢ = 45° and 135°. To better reveal the polarization
dependence of V,;;, we measure V,,, as a function of w at multiple sets
of (Ve V16), as shown in Fig. 2f. Each set of measured V,, (red circles)
canbe wellfitted byV,, = V.cos(24) + VSin(2¢)) + Voner- Here Vegns TEP-
resents the offset voltage and V, and V are fitting parameters of the
polarization-dependent terms, which are plotted in the insets of Fig. 2f.
The magnitudes and polarities of both V,and V, are largely tunable by
gate voltages, leading to the tunable amplitude and phase of V,,,,
(vZ+Vv)Y2andy; = arctan(V,/V,), respectively. The maximum extrin-
sicresponsivity reaches 3.7V W!at 7.7 um, whichis defined as the peak
amplitude divided by the power on the device. The converted
short-circuit photocurrent response is 0.74 mA W, This photore-
sponse is surprisingly strong in the infrared range®® considering its
second-order nature. Our experimental observationis consistent with
our theoretical analysis that two independent nonlinear conductivity
elementso,,,and o, aretunableby E.and D (Fig. 2c), giving rise to the
unique polarization dependence of V,;,. Moreover, V,;, versus ¢ taken
under linearly polarized lightat 5 umis plotted in Extended DataFig. 2.
Asimilar tuning effect on V,;, by V3¢ and Vi is observed, and the mag-
nitudes and polarities of V., and V are different from those under the
excitation of 7.7 umlight. Power, spatial and temperature dependences
of V,,are presented in Extended Data Figs. 3-5.Inaddition, asimilarly
strong, electrically tunable linear BPVE has been observed in another
TDBG device (Extended DataFig. 6). We expect that the linear BPVE is
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Fig.3|Tunablecircular BPVEin TDBG. a, Photovoltage (V,;,) as afunction of
theangle of the quarter-wave plate (QWP) (0) at different gate voltage biases
(Vie, Vig), measured at T=79 Kand A =5 pm. The incident light first passes
through a half-wave plate (direction of fast axis fixed) and then a quarter-wave
plate (direction of fast axis changing onrotation). The polarization states of the
incidentlight are denoted at the top of the figure. The offset of the linear

prominentin TDBG with a wide range of twist angles, as shown by our
theoretical calculations (Extended Data Fig. 7).

Furthermore, we investigate the nonlinear photoresponse when the
light is modulated between linear and circular polarizations by first
passing it through a half-wave plate (fast axis fixed) and then a
quarter-wave plate before focusing it onto the TDBG device. The
values of V,;, measured at 5 pm versus the angle of the quarter-wave
plate 6 (the direction of the fast axis with respect to the z axis in
laboratory coordinates) at different biasing conditions are shown
by the hollow red circles in Fig. 3a. The corresponding polarization
states for different 6 are denoted at the top. A two-periodicity
waveform can be used for fitting the dependence of V,, on 0,
Vph = |/cir(:ular + l/Iinear + |/const = VICOS(ZG + 90) + VZSin(49 + 06) + Vconst ,as
shown by the solid red lines in Fig. 3a. The component V;;,.,, with a 90°
periodicity in 8 stems from the linear BPVE discussed above (the light
resumes linear polarization every 90° when rotating a quarter-wave
plate), whereas the other component V., arises from the circular
BPVE thatis closely related to theinterband Berry curvature dipoles®”***
(Methods). We plot these two fitted components versus 6 separately at
different gate voltagesin Fig. 3b. Similar to the linear BPVE (Fig. 2f), the
amplitude of V... can be tuned whereas the phase of V., can be
switched by 180° by the gate voltages, whichimplies the electrical tun-
ability of the interband Berry curvature dipoles in TDBG. In principle,

Angle of QWP, 6 (°)

polarization state from 6 = O is caused by the half-wave plate, of which the fast
axisisapproximately 60° away from the zaxis in laboratory coordinates.

Two components, Vjyeqr and Veuiar With the periodicity of 90°and 180° can be
identified by fittings. b, Constructed Vj;,e.r and Vi from fittings, from which
adoubled periodicity of V..., coOmpared to V... is observed. The amplitudes
and phases of both components are tunable by gate voltage biases (Vy, Vio).

the C;,symmetry of TDBGresultsinzeroin-plane circular BPVE, because
thesum oftheinterband Berry curvature dipoles over the mBZ vanishes.
However, possible strain® or interaction-induced nematic phase®* may
weakly break the C;,symmetry, generating the observed circular BPVE
(Methods). Further work is needed to clarify its origin. Nevertheless,
thesimultaneous observations of both linear and circular BPVEin TDBG
and their tunability by gate voltages, to our knowledge, are unprece-
dented (Methods), leading to distinct patternsinthe V,, mappings that
are both polarization and wavelength dependent.

Intelligent infrared sensing

Next, we discuss how the tunable BPVE can be used for sensing of the
polarization, power and wavelength. Figure 4ais a representative V,,,
mapping with a dimension of 20x26 pixels when the device is excited
by elliptically polarized light at 5 um, which can be represented by a
polarization ellipse with the ellipticity angle y=36.5° and the orienta-
tion angle ¢ =110°, as shown in the inset. As revealed above, the V,;,
mapping shows the unique gate dependence. Figure 4b shows V/,as a
function of V. (extracted from corresponding V,, mappings) under
the excitation of 5 um light with different polarization states at
Vic=5.2 V.For adifferent polarization, the dependence of V,;, on Vy is
distinct. Likewise, the dependence of V,;, on Vi also critically depends
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Fig.4|Principles ofthe neural networkinfrared polarimetry and wavelength
detection. a, Photovoltage mapping excited by elliptically polarized light at
5pm, with y=36.5°and ¢ =110°. y and { are the ellipticity and orientation angles
ofthe polarizationellipsein theinset, respectively. The photovoltage mapping
consists of 20 x 26 pixels, corresponding to 20 values of the top-gate voltage
(V1) and 26 values of the back-gate voltage (V). b, Photovoltage as a function of
Vg forthreerepresentative polarizationstatesatA =5 pm. RCP, right circularly
polarizedlight.c, Photovoltage asafunction of Vs excited by 5pmand 7.7 pm
linearly polarized (LP) light withg =165°and V4= 5.2 V.d, Polarizationstates
andwavelengths read out from photovoltage mappings due to the unique
dependencesshowninband c. Polarization states of the incidentlight canbe
described by Stokes parameters and drawn on the Poincaré sphere (bottom left).
Six representative polarization states are shown onthe Poincaré sphere. The

ontheexcitation light polarization. Moreover, theinitial and final states
inanoptical transitionare closely related to the incident photon energy,
which leads to the wavelength dependence of V,,,.. Figure 4c shows a
marked differencein V,,betweenthe 5 pmand 7.7 pmincident light of
the same polarization state. Lastly, the power of light can also be
deduced from V,,asboth the polarization-dependentand -independent
components are linearly proportional to the power (Extended Data
Fig.3). Therefore, by evaluating V,, and its gate dependence of the
incident light, itis possible toread outits polarization, wavelength and
power. The power and polarization state can be described by the
well-known Stokes parameters, Sy=/, S;=Ipcos(2y)cos(2y),
S, =Ipsin(2y)cos(2y)and S; = Ipsin(2y), where /is theincidence power,
pisthe degree of polarization, and ¢ and y are the orientation and
ellipticity angles (Fig. 4ainset), respectively. Figure 4d shows the Poin-
carésphere withsix representative polarization states toillustrate this
Stokes parameterization. We focuson the 5 pmand 7.7 pm excitations,
asillustrated by the possible transitions shown in the inset of Fig. 4d.
Decoding the Stokes parameters and wavelength in Fig. 4d froma
measured V,, mapping in Fig. 4a is not trivial (Methods). Here the
polarization state, power and wavelength of unknown incident light
areallencoded inits two-dimensional (2D) V,, mapping implicitly. We
resort to a CNN to decipher the physical properties of incident light,
as a CNN is most suitable for the interpretation of 2D images'>*. The
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Sumand7.7 umincidentlight excite different optical transitionsin TDBG
(topright), and they canbe distinguished by the trained CNN. Two representative
transitions for 5 um (light red arrow) and 7.7 um (dark red arrow) are labelled
onthecalculated band structure. e, Schematic of the CNN used for the
demonstration of the polarimeter and wavelength detection. Theinput layer
isthe measured 20x26-pixel photovoltage mapping, and the outputisa
five-elementvector, (S,, $;, S5, S5, ). The hidden layers consist of the first
convolution layer, the maximum-pooling layer, the second convolution layer and
three subsequent fully connected layers. Stokes parameters can be directly
calculatedbasedon (S, $,, $,, $5). The wavelengthlabels A = 1 correspondto
Sumand7.7 pm, respectively.f, MSE as a function of trainingepoch for the
training and validation sets. MSE is markedly reduced in the training process.

structure of the CNN is shown in Fig. 4e. The input layer is a mapping
matrix consisting of 20 by 26 V,, values measured at different combina-
tions of Vigand V. The hidden layers consist of the first convolutional
layer, a maximum-pooling layer, the second convolutional layer and
then three fully connected layers'®*”*, The output layer provides a
five-component vector (predicted values) including four scaled Stokes
parameters (S, $,, $,, $;) andawavelengthlabel A set tobe -1and1for
5Sumand 7.7 pm, respectively (Methods). The training and validation
datasets consist of 9,100 V,,, mappings generated from 91 measured
original sets and their corresponding output vectors (Methods). Inthe
training process, aloss function, whichis the mean squared error (MSE)
between the measured and predicted values of the output vector plus
12-norm regularization terms®, is minimized using the Adam opti-
mizer®. As shownin Fig. 4f, the MSEs decrease significantly to around
2 x 107 for both sets as the number of training epochs increases.
Detailed configurations of the CNN and the training processes are
presented in the Methods.

Afterthe CNNis properly trained, the performance of thisintelligent
light sensor is tested. Representative results, including 12 test and 35
training data, are summarized in Fig. 5 (see Extended Data Fig. 8 for a
complete plot from the total 12 test and 91 training datasets). Figure 5a
compares the polarization states (three Stokes parameters §;-S;)
obtained from the CNN outputs (red spheres for training data and
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Fig.5|Intelligentlight sensing by leveraging a CNN. a, Polarization states
(47intotal, including 35 training and 12 test data) from the output of the

CNN training (red spheres) and test (orange spheres) datasets with their
corresponding measured values (blue spheres) plotted on the Poincaré sphere.
Thereare91original training datain this work. The number of training data was
expanded to 9,100 by applying linear extrapolation and adding random noise
for CNNtraining (Methods). All the Stokes parameters are normalized by the
power Syfor clarity. Some of the data points from the CNN do not perfectly
reside onthe Poincaré sphere, owing to the small deviation of the polarization
degreepfrom1in CNN outputs despite having p =1for allmeasured data used

orange spheres for test data) with those directly measured values (blue
spheres). Evidently, the CNN predicts consistent results for all input
polarization states. For better clarity and error analysis, Fig. 5b, ¢ project
theresultsinFig. 5aontothe S;-S,and S,~-S;planes, and error bars are

included in the measured ¢ and y values(Methods). The left panel of

Fig.5d plots the predicted S,values by CNN as a function of the directly
measured power. The error in the measured S, is estimated to be 10%
from multiple measurement results read from the power meter, denoted
by the light red area. The right panel of Fig. 5d presents the correctly
predicted wavelength labels, in the vicinities of -1and 1 for 5 um and
7.7 um, respectively. To conclude, our implemented CNN provides an
accurate prediction of the light polarization, power and wavelength.

Outlook

The utilization of a CNN as a decoder, together with the tunable BPVE

of TDBG as an encoder, enables the simultaneous decipherment of

light polarization, power and wavelength using a single on-chip device
withasubwavelength footprint. Althoughin this work we focus on the
mid-infrared spectral range, we expect that such anonlinear photore-
sponse shaped by the quantum geometric propertiesin TDBG persists
downtotheterahertzregime (Supplementary Information), and that
the demonstrated intelligent graphene sensor can be operational from
the mid-infrared to the terahertz range. A similar nonlinear photore-
sponse may also be prominent at visible or near-infrared wavelengthsin
hetero- or homo-bilayers of transition metal dichalcogenides because
oftheanalogous symmetry reduction and geometric properties™*°. Our

demonstrationthus opens up a potential avenue for on-chip intelligent

light sensing in abroad spectral range.
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Methods

Device fabrication processes

The hBN encapsulated TDBG was fabricated using a ‘tear-and-stack’
dry-transfer technique***% Half of an AB-stack graphene bilayer was
first teared by ahBN flake, thenrotated by around 1.3°and used to pick
up the remaining part. The entire heterostructure hBN/TDBG/hBN was
placed onaSiO,/Sisubstrate and then etched into the desired shapes.
Electrical contacts were made along the edges with Cr/Au (3 nm/47 nm).
Another hBN flake and monolayer graphene were transferred onto the
fabricated device, to serve as an additional dielectric layer for gating
and the top-gate electrode.

Electrical and optical measurements and error estimations

A dual-gate two-probe scheme was used for photovoltage measure-
ments. The two gate voltages V;; and Vg, applied to the top
monolayer graphene and degenerately doped Si substrate, respec-
tively, can independently control the carrier concentration n
and displacement field D in TDBG through the following
relations®: n=~(Cr¢ (Vig— Vig,0) + Cac (Vo — Vig,0))/€ and D= (- Cy¢
(V6= Vr6,0 + Coo (Vag — Vg, 0))/2€0,where Crg (o), Vg, 0 (Voe, o), €and
goarethetop (back) gate capacitance, top (back) offset voltage, elemen-
tary charge and vacuum permittivity, respectively. The device was
placed in a cryostat filled with argon gas for variable temperature
measurements down to 79 K. Infrared light (at 5or 7.7 pm) fromaquan-
tum cascade laser first passed through a half-wave plate and/or a
quarter-wave plate at the corresponding wavelength, then was chopped
by anoptical chopper at 967 Hz and finally was focused on the sample
by an infrared microscope. The photovoltage was collected without
anexternal in-plane bias using alock-in amplifier with reference to the
chopping frequency. States of the light polarization described by yand
winthe polarization ellipse were measured by acommercial polarizer
andamercury cadmiumtelluride (MCT) infrared detector. Specifically,
the polarizer was used to detect the direction of the major axis of the
polarization ellipse. The angle between it and the photovoltage col-
lecting direction defined the orientation angle w. By rotating the polar-
izer and recording the maximum and minimum intensity values from
thereadings of the MCT detector, denoted as /,,and /.;,, respectively,
we obtained the absolute value of || = arctan(/,;,// a0 The sign of
xwas deduced by examining the angle abetween the polarization direc-
tion of the incident linearly polarized light and the fast axis of the
quarter-wave plate. ForO >a>90°, y>0and for90 <a <180°, x<O0.
The incidence power S, was obtained by measuring the total power
under amicroscope and the beam profile. The measurementerror was
estimated to be 8S,/S,=10%. The other three Stokes parameters S;-S;
were obtained using the measured w and y values and the relations
$1/S0=pcos(2y)cos(2x),5,/S, = psin(2y)cos(2x)and S;/S, = psin(2y).
Inthiswork p =1, as polarized laser light was used. We further took the
finite difference to estimate the measurement errors in these quanti-
ties. Theerror in the orientation angle was 6y = 3°from the uncertainty
inmeasuringthe direction of the major axis of the polarization ellipse.
Theerrorintheellipticity angle x was given by 6x = (S;/S,) /2 6/ /41 ,in
which 61/1= 61,3/ lnax = Olin/Inin=10% from the fluctuation of the
intensity values read out by the MCT detector. The error bars of the
Stokes parameters S,/S,, S,/Soand S;/Syin Fig. 5b, cand Extended Data
Fig. 8 were then calculated by taking the finite difference of their expres-
sions presented above and substituting for 6¢ and §x. Two TDBG
devices were measured. All the data presented in this work were taken
from TDBG D1 except for thatin Extended Data Fig. 6, which was taken
from TDBG D2.

CNN structure and training processes

The CNN used in this work was developed based on Tensorflow
library*” and Keras interface®. In the CNN (Fig. 4¢), the dot product
ofalearnablefilter andits receptive field (the squares inthe previous

layers) produces anew elementin the convolutional layers, and per-
forming the convolution gives us the whole layer'. The
maximum-pooling layer selects maximum valuesinthe correspond-
ing field as its elements, which retain the major features of the data
and reduce their dimensions’. The weight and bias parametersin the
convolutional layers and fully connected layers are optimized in the
training process through back propagation. Specifically, the first
convolutional layer consisted of 32 kernels (filters), with a size of 5
by 5. The maximum-pooling layer had a pool size of 2by 2. The second
convolutional layer had 16 kernels, with asize of 3 by 3. The rectified
linear activation function (ReLU) was used for all hidden layers, and
the hyperbolic tangent function was used for the output layer®. The
12-normregularizations were applied to the convolutional layers and
fully connected layers, and both regularization coefficients were
chosen to be 10~ based on the performance in cross validation. The
CNN outputs $;(i=0, 1,2, 3) given by the hyperbolic tangent activa-
tion function® werein the range of -1to 1. We used S, = S¢/20-1and
$:=5:/S,i=1,2,3,to map them to -1to 1. The value of A was set to
be-land1for5pmand?7.7 umincidencelight, respectively. We meas-
ured 91 original V,,, mappings for training and validation, and their
corresponding output vectors were calculated based on the equations
above. To expand the training and validation sets, we applied linear
extrapolationand added random noises to generate a total of 9,100 V,,,
mappings based on the original 91 measured mappings, and they
were randomly split into the training set (90%) and the validation
set (10%). The extrapolation was appropriate as the overall V,;, scaled
linearly with the excitation power as shown in Extended Data Fig. 3.
These techniques were widely used in machine learning when a
larger training set was desired**. Acquiring more training data
was expected to further improve the performance. In the training
process, aloss function was minimized using the Adam optimizer®,
The loss function in our case is the MSE between the measured and
predicted values of the output vector plus I12-norm regularization
terms®. The directly measured polarization state, wavelength and
power (as discussed in the last section) are used as the ground truth
inthe training. After each epoch, the MSEs are calculated separately
for the training and validation datasets. In Fig. 5d, we used
So=(Sy+1) x 20to recover the power Sy from S, which was generated
from the CNN.

Moiré band structure modelling
Thefollowing Hamiltonian for the AB-AB TDBG was used for calculating
its band structures* and nonlinear conductivity tensors:

- A _
h +? t 0 0
e h'+A T(r) 0
_ 6
H= A ,
T +_ 48 +
0 T'(r) h 6 t
A
+f +_Aa
0 0 t h 2

where h* are the low-energy effective Hamiltonians of monolayer gra-
phene near the K point, t* are the interlayer couplings within each AB
bilayer graphene, T(r) is the interlayer coupling between the two
twisted AB bilayer graphene, 4 is the interlayer potential difference,
and the dagger denotes the Hermitian conjugate. In this model.
. +f N SN &
h™= huo(l?i ”O j and t*= ‘;1 _U;nﬂ with . = % ais the
graphene lattice constant, 7% = ei(6k+3), 8, is the momentum orienta-
tionangle and Ois the TDBG twist angle. The twisted bilayer part follows
the standard Bistritzer-MacDonald continuum model*®, with the
interlayer AA and AB couplings respectively expressed
as wy, = (-0.1835t2+1.036t,- 0.06736)/3 and w,z=1t,/3 . In our
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calcualtions, 8=1.2°,t,=-3.100 eV, {,=0.360 eV, ;= 0.283 eV and
t,=0.138eV were used*. Moreover, a total of 81 moiré reciprocal lattice
points were used, resulting in a 648 x 648 Hamiltonian matrix at each
mBZ momentum per spin-valley.

BPVE

With summation notation, the rectified nonlinear current density J is
related totheelectricfield Ethrough a third-rank conductivity tensor
asfollows:

i = X5 (0 — 0, 0)Ei( ~ @) Ex(w) = X, (0; ~ 0, w)Ew)* Ex(w),

wherei,j, k=1{x,y, z}, wis the frequency of the incident light, and the
asterisk denotes the complex conjugation. Xiix vanishes for inversion
symmetric systems. x.. can be decomposed into its real (R) and
imaginary (3) parts, which are symmetric and anti-symmetric, respec-
tively, in the last two indexes. The current density can then be written
a547

J; = O Ef(w)E(w)* + E{w)"E(0))/2 + iy, (E"(@) X E(w));,

where Oy = {R()(l.jk), and Y, =3(X,)/2 s a second-rank pseudo-tensor
composed of the anti-symmetric part of y. . The two separated terms
areresponsible for the linear and circularﬁPVE, respectively.

We first focus on the intrinsic shift current contribution to the
linear BPVE. For linearly polarized light with its electric field

polarized inthe j direction, the conductivity tensor can be expressed
353,5,48

me® ¢ d%k
0;(0;0,-w) = ?J‘

(21.[)2 Z fr;m j(r{rmr{l-m:i)(s(wnm - w) ’

where j;misthe differencein Fermi occupat_ion,ri,m =i{n |0,|m) isthe
non-abelian Berry connection, r;,,..= 0, r =i (Fpy = Fpn) 18 the
generalized derivative and hw,,,,, = hw, - hw,, is the energy difference
between the nth and mth bands. hw is the energy of the irradiation
photons and the integration is carried out in the first mBZ.

The pseudo-tensor for the intrinsic injection current rate can be
calculated by**

d’k ;
(2”)2 Z f;,m Alnm rﬁzmrlr;mé‘(wnm - w).
n,m

me®

0T

Under uniaxial heterostrain* (which breaks C,, symmetry and

induces circular BPVE), the graphene Dirac cones are shifted such

thatk, > k;e=[1+€/1[q - D, ¢l whereDy ¢ = [1 - €/1K, ¢~ €A, givesthe

positions of the Dirac points, A, = 5> (/* - €%, - 2¢;”) istheinduced

gauge field,  and [ denote the valley and layer degrees of freedom,
respectively, and

—cos?p +vsin’p (1+v)cosgsing

el:]:l & . 24 2 .
(1+v)cosgsing vcos“g—sin“¢g

We assume that the bottom (b) two and top (t) two layers of the TDBG
arestrained in the opposite directions, thatis, 7, .= +1/2, butwith the
same strength €. In the simulations, the graphene hopping modulus
factor {=3.14, the graphene Poisson ratio v=0.165, € = 0%,
0.1% and 0.6%, and the strain direction ¢ = 30° were used.

Nonlinear conductivity calculations

In evaluating the conductivity tensor Oy (0; w,— w),a‘sumrule’intro-
duced previously** was used such that the differentiations act on the
Hamiltonian matrix instead of the Dirac kets:

i

i _ Unm ri .
nm iwnm’ nm;j
: i J JoAl i ) J i
— | VB * VB i, y UnpVpm _ VnpVpm
- nm
Wnm Wnm pzn,m | Wpm Wnp

wit h2 Vb= Uy 10 H| YR, By =0 @y = V= Vi a0 d =
(U, 0% HI uy,)/h. Moreover, the Dirac delta function was smeared by
a Gaussian function g with a smearing parameter W as follows:

— (0= @pa(k))”
2w? ’

1
g(k)—mwexp[

Giventhat the moiré bands can be extremely flat, the adaptive smear-
ing approach® was used. In this approach, the smearing parameter is
state dependent and given by

0w, 0w,

an(k)=‘w oK Ak,

where Ak is the distance between the neighbouring sampling points.
The mBZ was discretized into 346x346 sampling points, which are
sufficiently dense to ensure convergence of the calculations. Contribu-
tions to o were ignored if |w — w,,,(K)| > 6 W (K).

Symmetry analysis

In our work, only in-plane photovoltages were collected, and the
light was at normal incidence to the material, so we find that J can be
expressed as

EX
[Jx] (Gxxx Oxxy Oxyx O'ny] ExE y

1y ) Opx Oy Oy 0, EJE. [
2
Ey

YXX FYXY FYYx FYyy

In the experimental setup, the current or the electric field direc-
tions may not be aligned with the principal axes of the crystal coor-
dinate system (that is, the x and y axes used above), owing to the
difficulty in knowing the crystallographic axes of TDBG, but with
an angle ¢ measured from the x axis. In this device coordinate sys-
tem, denoted by the prime symbol, the current and electric field are
related to those in the crystal coordinate system by the following
rotations:

E}? E2
j% =R jx, Bl g5, E%E:y =R’ E"Ey,
77 B TR S | B E)E,

72 2

Ey Ey

where the rotations Rand R’are given by

R=(c05(p sin(p]’
-sin@ cos@
cos?@ cos@sing@  cos@sing sin@
Re -cos@sing  cos’@ -sin%p  cos@sing
—cosgsing  -sin’@ cos’p  cosgsing |
sin?@ -cos@sing -cos@sing  cos’p

In the presence of a C;, symmetry in AB-AB TDBG, there is a sym-
metry constrainto= R70R’ with @ =2m/3thatleads to
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Thereare only twoindependent elements for @. For an electric field
of magnitude £ that makes an angle ¢ above the x axis, the photocur-

rent density / exhibits a 2y dependence with respect to the optical
field polarization:

J = E2 (040 COS2¢ = 0y, SiN24D), ], = E? (= Gy SIN24 - 0,,,COS24p)..

It follows that the polarization for the maximum or minimum pho-
tovoltage (V<J) depends on the ratio between g, and g, ; it changes
withthetop and bottom gate voltagesin our experiments. Inthe numer-
ical calculations of o, and 0, (Fig. 2¢), the crystal coordinate system
isused.Inthe device coordinate system, if the x”axis (the photocurrent
and photovoltage collection direction) makes an angle ¢ with the
xaxis, J,, =/, cosg +jy sing and jy, ==/, sing +jy cos@ , equivalent to
achange of variable 2y > 2y + ginthe current density equations above.

With an extra mirror symmetry M, (the symmetry group Cs, is
enlarged to C;,), any elementin the conductivity tensor that contains
an odd numberofthe index x should vanish, resulting in

0=[ 0 -0y 0y O _
~Opy O 0 oy

In this case, there is only one independent non-zero element, and
the photocurrentis given by

__r2 : __r2
Jo=—E ayyysmzw, jy =—F ayyycoszw.

In contrast to the C;, case, the polarization for the maximum or
minimum photovoltage does not change with g, or the top and bot-
tom gate voltages in experiments. The analysis for the mirror sym-
metry M, is similar. Note that both mirror symmetries are broken in
AB-AB TDBG.

InAB-AB TDBG, there is aC,, symmetry, in addition to the C;, sym-
metry. As aresult, any element in the conductivity tensor with an odd
number of the index y should vanish, leaving only one independent
non-zero element as shown in Fig. 2c (top left panel):

o= [axxx 0 0 - oxxx]
0 —Onx —Opx 0

Without any external bias to break the C,, symmetry, the polarization
for the maximum or minimum photovoltage does not change with g,.,.
However, the top and bottom gate voltages in our experiments break
the G, symmetry. The analysis for the C,, symmetry is similar.

AC,,symmetryis presentin twisted bilayer graphene (TBG) but not
in TDBG or other graphene moiré systems. Asaconsequence of the C,,
symmetry, any elementin the conductivity tensor with an odd number
of theindex x or y should vanish. Therefore, 0= 0in TBG.

For circularly polarized light at normal incidence to a 2D material,
E(w) x E*(w)isinthe zdirection. As aresult, thein-plane injection cur-
rent cannot be generated in TDBG, given its intrinsic C;, symmetry.
However, strain effects® and an interaction-induced nematic phase®
may weakly break the C;, symmetry and account for our observation
ofthe non-vanishingcircular BPVEin TDBG as shownin Fig. 3. The exact
origin of the observed circular BPVE deserves further research.

Detailed discussions on BPVE under different symmetries and asso-
ciated calculations can be found in the Supplementary Information.

Uniqueness of TDBG in BPVE
The BPVE in TDBG is unique in the following three ways. First, the
moiré-engineered C;,symmetry enables the aforementioned o, and

0,,, to be non-trivial and independent. This gives rise to linear BPVE
with electrically tunable amplitude and phase in the V/,, oscillation.
Notably, anadditional symmetry such as G, (in TDBG with AV=0), C,,
(present in TBG but absent in all other graphene moiré systems) or
vertical mirror (in non-moiré graphene systems) dictates that g, or/
and o,,, vanish, whereas the inversion symmetry dictates all conductiv-
ity elements to be zero (Supplementary Information). Second, both
the amplitude and phase of the BPVE response in TDBG are strongly
tunable by external electric fields because AV can largely modify the
bandstructure (Fig. 1b) and wave functions of TDBG, and thus its quan-
tum geometric properties; varying E; in TDBG can select moiré mini-
bands with different quantum geometric properties for the generation
of BPVE. Third, the widely tunable BPVE in TDBG is strong in a broad
spectral range. Unlike any pristine material (Supplementary Informa-
tion), the large interlayer moiré potential and the moiré-induced
Brillouin zone folding in TDBG lead to abundant states from multiple
minibands being available for the interband optical transitions over a
wide energy range. Thisis manifested in the strongly oscillating behav-
iour of the calculated o,,, and 0,,, with iiw (Fig. 2¢), as even a small
change in hw can alter the optical transitions substantially. To sum-
marize, the demonstrated BPVE is universal to graphene moiré systems
with no C,,symmetry, and TDBG is the simplest.

Essential role of the CNN

To read out the information of an unknown incident light froma V,,,
mapping is challenging, because light polarizations and power are
represented by the continuous Stokes parameters, and because wave-
lengthis also continuous (althoughin this work we used only two wave-
lengths). Direct quantitative modelling of the nonlinear photoresponse
to match the experimentally measured V,,, is not feasible, because of
the inevitable complexity in TDBG devices, such as lattice relaxation
and extrinsic scattering. Inferring the information of the incident light
based onanalytical fittings (Fig. 2fand Fig. 3a) is not practical because
itrequires numerous polarization-dependent measurements at mul-
tiple different gate biases, wavelengths and power levels for areliable
assessment. Moreover, to extract Stokes parameters and wavelength
by directly comparing the V,, mapping under a testing light with those
already measured under the excitation of light with known informa-
tionis highly unreliable, as the number of possible polarization states
is, in principle, infinite and the incidence wavelength and power can
also vary. By contrast, machine learning methods are well known for
their capability of completing specific tasks without being specifi-
cally programmed?®. Machine learning techniques have been used for
many applications including imaging recognition®, ultrafast optics™
and analysis of the angular momentum of light*>. Among all machine
learning methods, the CNN is most suitable for the interpretation
of 2D images, such as object recognition and classification™¢, and
indeed the polarization state, power and wavelength of each incident
lightare all encoded uniquely inits 2D V,, mapping. Introducing con-
volutional layers to the neural network greatly reduces the number
of training parameters and retains the essential features in the input
data®. After the training of the CNN with a reasonably large number of
experimentally measured V,;, mappings under the incident light with
known polarizations, powers and wavelengths, the CNN can predict
these continuous variables based on anew V,, mapping under the exci-
tation of an unknown light.

Temperature dependence of the resistance measured in TDBG D1
To confirm the presence of the superlattice-induced insulating state
and thus the formation of the TDBG moiré superlattice, we show the
temperature-dependent resistance (R) at selected carrier concentra-
tions (n) and displacement fields (D) in TDBG D1. Six sets of gate biases
(marked by coloured dots) are selected in Extended Data Fig.1a (same
as Fig. 1c with additional coloured dots), and their In(R) as functions
of 100/T are plotted in Extended Data Fig. 1b. For the resistances
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measured at charge neutrality (n=0) and at D=0.54 V nm™ (red dot)
and-0.54 V nm™ (orange dot), we observe insulating behaviours, that
is, Rincreases with a decrease in temperature, implying that there
exist bandgap openings at charge neutrality under D fields. Similarly,
atn=3.2x10" cm?(the white dashed line assigned to the electron-side
superlattice gap) and small displacement fields, D = O (light orange
dot) and 0.15V nm™ (yellow dot), we also observe insulating behav-
iours, indicating the presence of asuperlattice-induced gap. Moreover,
at the same concentration n=3.2x10"” cm™ but a large field,
D=0.6Vnm™(thelight blue dot in Extended Data Fig. 1a), the resist-
ance increases slightly with elevated temperature (light blue circles
in Extended Data Fig. 1b). This observation implies that the superlat-
tice gap is closed and the TDBG is metallic. In addition, introducing
more electrons also turns the TDBG into a metallic state again (see,
forexample, the darkblue dotin Extended DataFig.1a corresponding
ton=4.8x10” cm2and D= 0.2V nm™). These observations are consist-
entwithour theoretical results and other previously reported exper-
iments?®732, supporting our conclusion that the electron-side
superlattice-induced gap exists at n = 3.2x10” cm2and the TDBG moiré
superlattice is successfully formed. We note that the hole-side full
filling n = -n,is not evident in the TCR mapping, and that similar fea-
tures of alessinsulating hole-side superlattice gap were also reported
previously?32,

Linear BPVEunder 5 pm light excitationin TDBG D1

Extended Data Figure 2 shows V,;, as a function of y measured under
5umlinearly polarized light excitation at different sets of gate voltages
(Vge, V). Similar to our observations at 7.7 um, the photoresponse is
highly dependent on the polarization, which can be fitted by using the
formulaV,=V.cos(2¢) + Vsin(2g) + Vons. Gate voltages (Vye, Vo)
significantly modify the polarization dependent components V, and
V,,whichare shownintheinsets of Extended DataFig. 2. Another nota-
ble feature is that these components are also wavelength dependent.
Forinstance, the curve showninthe third panel of Fig. 2f (under 7.7 pum
excitation) has V.= 0 and V, = —45 pV, whereas the curve shown in the
fifth panel of Extended DataFig.2 (under 5 pmexcitation) has V.= -13 pvV
and V,=-19 pV, although they were measured under very similar gate
voltages. As discussed in the main text, the amplitude and the phase
ofthe V,oscillation curveare (V2 + V2)V*andy;, = arctan(V,/ V) respec-
tively, which lead to drastically different photoresponses for the two
incident wavelengths. This wavelength dependent V,, enables the
wavelength detection in our tunable TDBG photodetector using the
CNN.

Power dependence of the photovoltage V,,,

Extended Data Figure 3a shows the V,;, as afunction of the orientation
angleyunderthe 7.7 umlinearly polarized light at different excitation
powers. The results from two sets of (Vyg, Vi), (0V,-7.6 V) and (14 V,
-7.6V), are shown. As shown in Extended Data Fig. 3b, the amplitude
of the V,;, oscillation, (V2 + V22 linearly depends on the incident power
for all four sets of gate voltage combinations in this experiment. The
linear-in-power dependence confirms the second-order nature of the
polarization-dependent V,,, whichis consistent with previous observa-
tions of BPVE®'°. Moreover, we examine the power dependence of the
overall V,;, including both the polarization-dependent (V2 + V2)¥?and
the polarization-independent V.., components, as shownin Extended
DataFig.3c, d. Alinear relationbetween the overall V,,and theincident
power is evident for different polarizations and gate voltages. This
featureimplies that the polarization-independent component V., is
also linearly dependent on the power, consistent with our argument
that it mainly comes from the photothermal effect, which depends
linearly on the incident power (as discussed in the next section). In
addition, thislinear dependence of V,;, on power provides the basis for
the expansion of the training and validation data sets as discussed
above.

Spatial dependence of the photovoltage V,,,

Inour V,, measurements, aknife-edge techniqueis used to determine
thesize of the laser spot and we assume a Gaussian profile for the inten-
sity distribution. The standard deviation o of the laser intensity profile
isapproximately 7 pum and 11 um for 5 um and 7.7 pm incident light,
respectively. Suchbeam spots are larger than our TDBG photodetector
(3 x3 um?). Although a large beam spot can reduce the contribution
fromthe photo-thermal effect due to the enhanced light intensity uni-
formity within the device area, the photo-thermal voltage arising from
non-uniformillumination canstill play arole, as discussed in previous
works?¢™®, As discussed below, the photo-thermal effect produces a
polarization-independent background in the measured photoresponse
Von Whichis minimized when aligning the light spot with the centre of
the device.

In general, the photo-thermal voltage V4, can be modelled as® ¢
Vin=(S,—S))AT.Here S, , is the Seebeck coefficient of material 1or 2,
and AT isthe temperature differenceinduced by light illumination. In
our TDBG photodetector, the photothermal-effect-induced photovolt-
age mainly occurs at the two contact regions, given by
Vihermal,+= % (Stppc — Smeta) AT, because of the difference in the Seebeck
coefficients of the TDBG and metal electrodes. Ideally, when the beam
spot is placed at the centre of the TDBG, the overall voltage induced
by the photothermal effect at the two metal-TDBG interfaces,
Vrnermal= Vrhermat + + Vrhermal,—» Vanishesinasymmetric device because
ofthecancellation of the photo-thermal voltages at the two interfaces.
However, adeviation of the beam spot from the device centre, together
with unintentional asymmetry in the contact regions, canlead to a
non-vanishing Vipem, in the measured V.. As the photo-thermal
voltage is proportional to the local laser power, the dependence of

Vinermal ©N the beam spot position x with respect to the centre of the

device along the 2voltalge gollecting path can be modelled by”®
(X=X (x+x0)
Vinermal =A1(e7( z,ﬂ) - e’Tﬂ ). Here x, = 1.5 pmis half of the length of

the device, xis the displacement of the beam spot with respect to the
centre of the device (shownin theinset of Extended Data Fig.4a), A, is
proportional to the absorbed power of the incident lightand w =7 um
is the fitting parameter representing the standard deviation of the
Gaussian beam profile along the x axis. This model accounts for the
contributions from the two interfaces and is thus an odd function of
x. By contrast, at a fixed polarization, the BPVE photovoltage Vgpye is

proportional to the light power and can be modelled by”® Vipye = Aze_szZ’
which is an even function of x. In Extended Data Fig. 4a, we plot the
measured V,,asafunction of the displacementx of the laser beamwith
respecttothedevice centre. The simulated Vqpema (blueline) and Vipye
(blackline) are also shownin Extended Data Fig. 4a, and their summa-
tion (red line) matches the experimental results well. This observation
indicates that the photo-thermal effect can indeed contribute to V,,,
inthe measured mappings, because of theimperfect beam alignment
withrespecttothe device centre and possible device asymmetry. How-
ever, itwillnot affect the device performance owingtoitsinsensitivity
to polarization.

Inaddition, we also performed measurements of the spatial depend-
ence of V,,inthe direction perpendicular to the photovoltage collection
pathway (y axis). As shown in Extended Data Fig. 4b, red squares are
measured V,, at different laser spot positions along the y axis (x=0
andy # 0). By contrast with the spatial dependence along the x axis
(Extended DataFig. 4a), the measured V,,, shows asymmetric depend-
ence on the displacement y and reachezs its maximum at y = 0, which

canbefittedbytheblackcurvelV =4’ e_ﬁ, where Vis the photovoltage,
A’ is the peak amplitude and w” = 6 um. No obvious odd-function
componentintheresponseisobserved. The deviation fromthe centre
along the y axis reduces the overall incident power on the device, and
both the BPVE and photo-thermal voltages are proportional to the
incident power on the device. This observation is very different from



moving the light spot along the x axis, in which the asymmetricillumi-
nation at two metal-graphene interfaces is introduced and the
photo-thermal voltage canflip the sign. Overall, the spatial dependence
of the V,, in our work is consistent with previous works™.
Furthermore, we note that the photo-thermal effect in TDBG is
expected tobeindependent of polarization, as the absorption of TDBG
isisotropic. Thus, the polarization-independent components in the
measured V,;, can be mainly attributed to Vyyemain our TDBG devices.
This property is very different from that of previously reported Weyl
semimetal systems*®®, in which the absorptions can be significantly
differentin different directions, giving rise to a polarization-dependent

|/Thermal'

Temperature dependence of the photovoltage V,,,

Extended Data Figure 5a shows the measured V,, versus the orientation
anglesyat different temperatures and gate voltages under the linearly
polarized, 7.7 umlight excitation. The overall V,, shows a strong tem-
perature dependence and decreases to nearly zero above 250 K. By
plotting (V2+ V32 as a function of the temperature (Extended Data
Fig. 5b), we observe an approximately ten times smaller oscillation
amplitude from 79 K to 250 K at all sets of gate voltage combinations.
Suchareductioninthe BPVE signal can be attributed to the shortening
of the relaxation time of hot carriers excited by photons because of
stronger scatterings at higher temperatures®*®, At a steady state, the
nonlinear photoresponse is proportional to the relaxation time and
decreases withincreasing temperature, as reported by previous works
on BPVE in Weyl semimetals®’. In addition, thermal smearing of reso-
nant optical transitions could also reduce the nonlinear photoresponse
at higher temperatures.

Linear BPVEin TDBG D2

Here we show the experimental data from another TDBG with a twist
angle of around1.1°(TDBG D2). Extended Data Figure 6a-d shows zero
in-plane bias photovoltage V,, mappings as a function of top- (V;)
and back- (V;c) gate biases under the excitation of 5 pm linearly polar-
ized light at orientation angles of w=40°,130°,0° and 90°, allmeasured
at T=79 K. In the V,;, mappings taken at different light polarizations,
thereisastrong tuning effect of V,,both in the magnitude and polar-
ity by the gate biases, similar to thatin the device (D1) asshownin the
main text (Fig. 2d, e). Each of the V,,, mappings taken at a certain
polarization shows a distinct pattern that encodes the information of
the polarization state. The V,,, dependence on the orientation angle
y at different sets of gate biases is shown in Extended Data Fig. 6e.
Measured V,, (red circles) can be well fitted by
Von=Vcos(2¢) + Vsin(2h) + V,ons:: The polarization-dependent com-
ponents V. and V; are extracted and plotted in the insets of Extended
DataFig. 6e. A strong tuning effect of V.and V, by gate biasesisevident,
anditis consistent with our theoretical prediction that two independ-
ent, non-vanishing, tunable nonlinear conductivity elements existin
TDBG. The amplitude of V,,,, thatis, (V2+ VY2, as a function of the
power on the device is plotted in Extended Data Fig. 6f, in which the
linear dependence confirms the second-order nature of the photore-
sponse.Inaddition, asshownin Extended DataFig. 6g, the amplitude
of V,;, strongly depends on the temperature. In brief, all the major
observations on the linear BPVE are consistent with those measured
with D1as presented in the main text.

Twist-angle-dependence of the linear BPVE

Here we discuss the twist angle dependence of the linear BPVE. We have
calculated the nonlinear conductivity elements, 0, and g,,,, in TDBG
with twist angles 0f 1.2°,1.4°,1.6° and 1.8°. Extended Data Fig. 7a-d
shows o,,, and 0,,, as functions of iw when E; is placed in the CNP gap
andtheelectron-side superlattice gap, allat AV =50 meV. Because the
band structure of TDBG depends on the twist angle, the nonlinear con-

ductivity elements determined by the quantum geometric properties

and the available interband transitions are tunable by the twist angle.
In Extended Data Fig. 7e, f, we plot o,,, and 0,,, at iw =161 meV and
248 meV (corresponding to the wavelengths 7.7 pm and 5 pm used in
the experiments) against the twist angle. The conductivity elements are
substantial for all four twist angles. In brief, the twist angle is another

degree of freedom with which to tune the BPVE in TDBG.

Complete plots of the polarization outputs

InExtended Data Fig. 8 we plot the polarization outputs S;-S;with their
corresponding measured values of the total 103 CNN data sets (91 train-
ingand12test) used in this work. In Fig. 5 of the main text, we select 35
sets from these training data sets and plot them together with the 12
test data sets for better clarity.

Device performance metrics

Here we discuss the responsivity, response time, noise equivalent power
and polarization resolution of the TDBG photodetectors. In our work,
the BPVE canbelargely tuned by electrical biases, and thus the extrinsic
responsivity R, defined as the amplitude of the V,;, oscillation,
(V2+v2)Y2 divided by the power on the device, is tunable by (Vy, Vic).
The maximum R, in our measurement reaches approximately 3.7 VW™
at 7.7 umin TDBG D1, 3.1VW™at 5 pm in TDBG D1 and approximately
3.3VW!at5umin TDBG D2. These values are considerable, given that
our observed BPVEis asecond-order photoresponse, and even compa-
rable to the regular first-order photoresponse in monolayer graphene
withasimilar structure®. According to our theoretical calculations (Sup-
plementaryFig.2b), the BPVE should remain substantialin awide range
ofthespectrumand peaksinthe terahertz regime. (Strong shift current
response at terahertz frequencies has alsobeentheoretically predicted
in TBG with broken C,, symmetry®®®..) This observation shows the fea-
sibility of constructing a high-sensitivity, broadband intelligent sensor
based on TDBG.

InExtended DataFig. 9a, we show the photovoltage V,,as afunction
of the intensity modulation frequency, measured at (Vgg, Vi) =2V,
-7.6 V) and linearly polarized light of 7.7 pum and ¢ = 45°. We find that
V,nremains at around 170 pV and does not show any decrease up to
10 kHz (the highest available chopping frequency with our measure-
ment instrument).

Next, we present the noise characteristic of our TDBG device.
Extended Data Figure 9b shows the voltage noise spectral density meas-
ured at T=79 Kand (V;¢, V1) =2V, -7.6 V) without light illumination
inTDBGD1. We observe thatthe1/fnoise dominatesinthelow-frequency
range; however, the voltage noise quickly levels off at around
11 nV Hz 2 beyond 200 Hz. The thermal noise, which canbe estimated
by./4kzTR, where kgis the Boltzmann constant, gives a value of around
5nVHzatT=79Kand R=5,333 Qat (Vg Vic) =(2V,-7.6 V). The
difference between the measured value and the actual noise floor is
attributed to the noise from the instrumentation used in the measure-
ments. Furthermore, we use the thermal noise of approximately
5nV Hz "2 and the responsivity of approximately 3.7 VW™ (at 7.7 um,
as discussed above) of our TDBG device to compute the noise equiva-
lent power, resulting in a value of approximately 1.4 nW Hz ¥2, This
noise equivalent power value is smaller thanthat of aregular graphene
photodetector based on the linear photoresponse®.

Finally, we discuss the polarization detection resolution in our intel-
ligent light sensing scheme. The polarization state of an incident light
canberepresented by the Stokes parameters (S,/Sq, S,/So S3/5¢), whereas
the CNNpredicted valuesare (S, $,, $5). Thus, any two unknown polariza-
tion states whose Stokes parameters differences are smaller than (AS,,
AS,, AS3)=(85,/So—S1, S2/S0— S5 S5/S — S5) cannot be accurately distin-
guished by our scheme. We notice that (AS;, AS,, AS;) depend on the
positionofthe polarizationstate onthe Poincaré sphere, thatis, the actual
valuesof (§,/So, S»/Sq S3/50). The completeinformationabout (AS;, AS,,
AS;) forallmeasured states in our work can be read out from the projec-
tion $;-S,and S,-S;planesas showninFig. 5b, cand Extended DataFig. 8.
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Data availability

The data that support the plots within this paper are available from
the corresponding authors upon request. Source data are provided
with this paper.

Code availability

The code and CNN used in this paper are available from the correspond-
ing authors upon request.
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theorientationangle wof theincidentlight. D2 has adimension of 2.2 umx
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2 pm.e, Polarization dependence of V,,, at different gate biases. Insets:
extracted polarization-dependent components V,and V..f, Linear dependence

of the V,,amplitudes onthe power at selected gate biases. g, Temperature
dependence of the amplitudes of V.



a
27 CNP gap
S 0+ N Sha
2
E -2
<1 } } } } . } -
Y 40- _ _ Twist angle 1.2
< e-side superlattice gap AV =50 meV
\b/ 20 - — Oxxx
0l Oyyy
0 50 100 150 200 250 300
how (MeV)
C

CNP gap

Iy

:Twist an:gle 1.6°

o (x10* pA nm/V?)
X

16 - S
e-side superlattice gap AV =50 meV
8 | O-XXX
01 Oyyy

-8 T T T T
0 50 100 150 200 250 300
hw (MeV)
e
1.2
. o
= 00- 8 °
: e
<E1_1_2_CNP gap
"’O O o o
X | Sy o
< 24 e-side SG
o
o GXXX
364 o oy ho=161 meV

12 13 14 15 16 17 18
Twist angle (°)
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Extended DataFig. 8| Complete plots of the polarization outputs fromthe
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Extended DataFig.9|Speed and noise characterizations ofthe TDBGasa without lightillumination. Noise density spikes at multiples of 60 Hzare
photodetector. a, Photovoltage V,,as afunction of the chopping frequency caused by the power line “hums”in the ground loop. Both measurements were
measured under the excitation of 7.7 umlinearly polarized light with w = 45°, takenat T=79Kand (Vyg, Vig)=(2V,-7.6 V) in TDBG D1.

b, Voltage noise spectral density measured with zeroin-planeelectric bias
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