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Abstract 

Van der Waals heterostructures have emerged as a versatile platform to study correlated and 
topological electron physics. Spectroscopy experiments in the THz regime are crucial, since the 
energy of THz photons matches that of relevant excitations and charge dynamics. However, their 
micron-size and complex (dual-)gated structures have challenged such measurements. Here, we 
demonstrate on-chip THz spectroscopy on a dual-gated bilayer graphene device at liquid helium 
temperature. To avoid unwanted THz absorption by metallic gates, we developed a scheme of 
operation by combining semiconducting gates and optically controlled gating. This allows us to 
measure the clean THz response of graphene without being affected by the gates. We observed the 
THz signatures of electric-field-induced bandgap opening at the charge neutrality. We measured 
Drude conductivities at varied charge densities and extracted key parameters, including effective 
masses and scattering rates. This work paves the way for studying novel emergent phenomena in 
dual-gated two-dimensional materials. 
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Van der Waals (vdW) heterostructures of two-dimensional (2D) materials have emerged as a 
powerful platform to study physics of electron correlation and topology.1,2 Lots of intriguing 
ground states have been discovered thanks to various tuning knobs available to this material 
system, such as composition, stacking order, electrostatic gating, and twist angle.3-23 To understand 
the underlying physics of these emergent quantum phenomena, information gained through 
spectroscopy experiments is needed in addition to electrical transport measurements. However, 
many conventional spectroscopy techniques cannot be directly applied to this new material system 
due to mainly two challenges. Firstly, most of the systems require a dual-gated structure, where a 
top gate and encapsulating dielectric prevent surface probes such as scanning tunneling 
microscopy and photo-emission spectroscopy from exploring the full phase space controlled by 
the charge density and the gate electric field.24-27 Secondly, the relevant energy scale of the electron 
correlation is much smaller than that of conventional strongly correlated materials. For instance, 
the lattice period of moiré superlattices much larger than atomic bond lengths in crystals results in 
smaller energy scales for their emergent phenomena. For optical spectroscopy, directly probing 
excitations in 2D heterostructures requires the application of photons with wavelength (hundreds 
to thousands of microns) much larger than the typical size of high-quality devices (~10 μm). The 
Fourier-transformed infrared photocurrent spectroscopy partially overcame these issues,28-30 but it 
cannot be directly applied to metallic states due to the large current noise. 

On-chip terahertz (THz) spectroscopy has been demonstrated as an effective technique to 
study low-energy electron dynamics in micron-sized 2D materials (1 THz = 4.14 meV).31,32 
Different from far-field THz spectroscopy, the on-chip configuration confines the THz electric 
field between a pair of metal transmission lines to efficiently couple to 2D material flakes. 
Although it has been employed to study monolayer graphene, superconducting NbN and K3C60,

31-

34 applying the same technique to dual-gated vdW heterostructures faces significant additional 
challenges, especially at liquid helium temperature which is often required for revealing the 
electron correlation effect in vdW heterostructures. Firstly, a metallic top gate may screen the THz 
electric field and mask the signal from the underlying material of interest. Secondly, although one 
can potentially reduce the gate disturbance by using a poorly conducting gate layer such as 
semiconducting transition metal dichalcogenides (TMDs), this scheme has not been demonstrated 
at liquid helium temperature due to a dilemma: charges in semiconducting TMDs tend to be frozen 
at liquid helium temperature due to the metal-insulator transition,35,36 but using a metallic TMD 
layer could result in DC and THz conductivities similar to or higher than the layer of interest, for 
example, magic-angle twisted bilayer graphene (see Section S1 in the Supporting Information for 
detailed discussions).3,37 

Here, we devise a novel scheme to tame these obstacles by optically activating and 
deactivating semiconducting TMDs. We show that TMDs can act as a gate when they become 
photo-conductive, even when they are originally insulating. After the optical illumination to 
activate the gates is turned off, charges at both TMD gates and a sample layer of interest are 
maintained. Importantly, the mobility of charges in the gate layers is greatly reduced in the dark 



environment and their contribution to THz absorption becomes negligible. We demonstrated this 
scheme by using dual-gated Bernal-stacked bilayer graphene (BLG) as an example, where we 
measured the dynamic responses of its Fermi liquids. 

We fabricated a device (see Section S2 for the procedure) as illustrated in Figure 1a. On a 
fused silica substrate, the THz emitter, the dual-gated BLG stack, and the THz receiver are 
dispersed along a pair of transmission lines. The emitter and receiver are photo-conductive 
switches based on GaAs. THz pulses are launched by femtosecond-laser-excited carriers in the 
emitter and detected by the receiver in the form of photocurrent. The electric field of THz pulses 
are recorded as a function of time delay, which can be later transformed into a frequency domain 
to reveal the spectrum (see Section S3 for the details of THz measurements). When transmitting 
through the BLG stack, the THz electric field is reduced due to the absorption, and the transmitted 
THz signal can be used to extract the optical conductivity spectrum of the stack. In our device, the 
absorption and conductivity are modulated by the charge density and gate electric field by 
controlling the back and top gate voltages, VBG and VTG. In contrast to previous studies, one 
important new component in our configuration is a white light (WL) illumination that will be used 
to modulate the electric properties of the semiconducting gate layers. 

Figure 1b shows the details of the BLG stack, where two WS2 flakes serve as the gate layers. 
The THz waveguide is separated from the BLG stack by the hBN dielectrics. Electrodes are 
deposited for controlling the electrostatic potentials of BLG and gate layers. We used few-layer 
graphite flakes to bridge the WS2 flakes and the gold electrodes. 

 

 

Figure 1. Device structure and measurement scheme. (a) Schematic of our device and 
measurement setup from a top view. BG, TG, and FLG denote back gate, top gate, and few-layer 
graphite, respectively. A current pulse generated in the waveguide by the emitter generates a THz 
electric field. The transmitted electric field after going through the sample and traveling the 
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waveguide is received by the receiver. White light illumination is used to activate the TMD gates. 
(b) Optical micrograph of our dual-gated BLG device BLG1 embedded in the waveguide. The 
flakes are outlined by dashed lines with corresponding color. Scale bar, 20 μm. 
 

The key to a reliable measurement of the BLG THz conductivity is to suppress the free-
charge-carrier contribution from the gate layers. This is a dilemma, however, since the mobile 
charges that supply the gate electric field will unavoidably absorb THz pulses in the static gating 
scheme and mislead the true absorption by BLG only (see Section S4 for the THz measurements 
performed with a conducting back gate). We now demonstrate a scheme to solve this problem by 
combining light illumination, application of gate voltages, and defect/impurity states in WS2. We 
purposely choose WS2 as the gate, which remains insulating in a wide range of gate voltage at 
liquid helium temperature.36 As a result, the gate cannot function in the dark environment due to 
the lack of free carriers. This is shown as the blue curve in Figure 2a, in which the transmitted 
photocurrent signal remains as a constant while the gate voltage is scanned. To activate the gate, 
we can illuminate it using WL and excite free carriers in WS2. A certain range of WL’s photon 
wavelength is chosen so that it can trigger the photon absorption of WS2 and avoid photo-induced 
doping effect simultaneously (see Section S3).38,39 As a result, the transmitted photocurrent signal 
now responses to the sweeping gate, as shown in the orange curve in Figure 2a. At VBG = −0.6 V, 
the current reaches a maximum, which corresponds to when BLG is in the charge-neutral state. 
Here, we fix the time delay t at when the photocurrent across the receiver, Ix(t), reaches a positive 
maximal value, and define this time delay as t = 0 as shown in the inset of Figure 2a. 

Performing THz measurements with the WL turned on, however, is problematic for several 
reasons: 1. The photo-excited free carriers in the WS2 gate will absorb the THz pulse and this 
absorption varies with the gate voltage. Correspondingly, the extraction of the THz response from 
the BLG will be misinterpreted, and the problem will be even more severe for 2D flat-band systems 
due to their smaller Drude conductivity; 2. The WL illumination could excite and heat up the BLG, 
resulting in the measured response being different from the ground state of BLG. To overcome 
these issues, we developed a procedure that is composed of three steps as shown in Figure 2b and 
2c. The left and middle panel in both Figure 2b and 2c illustrate how the WS2 gate and BLG 
respond to gate voltages when WL is turned off and on, as we have explained above. After the 
charges settle down in both the WS2 gate and BLG, we can turn off the WL as shown in the third 
column of Figure 2b and 2c. In the final state with WL off, the photo-excited free carriers in WS2 
in the second step get trapped at defect/impurity states. The key point here is that these trapped 
charges contribute to negligible THz absorption but can keep the gating effect persisting even after 
turning off the WL. We tested this scheme with other BLG devices (see Section S5 and S6). As a 
result, we showed the reproducibility of our gating method and confirmed that doped charges can 
persist for 30 minutes at least. Although the obtained value of persisting time was limited by 
measurement time, it was still long enough for practical THz measurements. 



 

Figure 2. Optical activation of semiconducting TMD gates at T = 2.5 K. (a) Comparison of gating 
with and without WL. When the WL was turned on, gate voltages were set to be VBG = −2.1 V and 
VTG = −0.4 V. Afterwards, VBG was swept to 1.5 V when the WL was turned on (yellow) or off 
(navy), and Ix(t = 0) was recorded. Inset: Representative time-domain current Ix data. (b) Change 
in a transmitted THz field as the WL is turned on and off again. Gate voltages were set to be VBG 
= 2 V and VTG = −1 V when the WL was turned off, and then the time-domain current Ix was 
recorded (red). Then, the WL was turned on and then Ix was measured (yellow). Subsequently, Ix 
was measured again after the WL was turned off (green). The maximum positive and negative 
current were identical for the yellow and green curve (black and blue dotted line, respectively), 
which showed clear difference from that of the red curve. (c) Illustrations of charges in BLG and 
back gate (BG) layer in the sequence of (b). When the WL is turned off (left), charges cannot be 
injected to the BG and BLG layer since the BG is too insulating. When the WL is turned on 
(middle), charges are injected and are mobile (represented by double-sided arrows). When the WL 
is off again (right), charges in the BG layer are frozen and thus cannot contribute to THz 
absorption. 

 

Using this gating procedure, we now examine the transmitted THz pulses as a function of 
charge density n and gate displacement field D which are controlled by the combination of VBG 
and VTG. Before performing the THz measurement at specific n and D to extract the optical 
conductivity spectrum, we need to understand the basic band structure and experimentally 
determine the relation between (VBG, VTG) and (n, D). Figure 3a shows the current Ix(t = 0) going 
through the THz receiver as a function of VBG and VTG. We observed a bright stripe, which 
corresponds to increased Ix(t = 0), in the diagonal direction as traced by the red dashed line. In the 
direction orthogonal to this line, the Ix(t = 0) signal decreases away from the points on the dashed 
line. Along the dashed line, Ix(t = 0) shows a minimum at the point indicated by the black arrow. 
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We can understand the Ix(t = 0) map based on the previous studies of the BLG band 
structure.40,41 As illustrated in Figure 3b, at n = D = 0, BLG is in a charge-neutral state with zero 
bandgap. In this case, the interband optical transitions result in some THz absorption as represented 
by vertical arrows in the left panel of Figure 3b. Starting from this scenario, fixing at charge 
neutrality and increasing |D| will open up a bandgap, which suppresses the interband transition and 
gives rise to an increase in Ix(t = 0). These expectations agree with the observed Ix(t = 0) signals 
along the red dashed line in Figure 3a, and the black arrow indicating the n = D = 0 point. Fixing 
D and increasing |n| will induce intraband transitions corresponding to the doped charge carriers, 
and results in more THz absorption and a decrease in Ix(t = 0). These expectations agree with the 
observed Ix(t = 0) signals along the orthogonal direction of the red dashed line in Figure 3a. 

With this qualitative picture in mind, we try to quantitatively define the relation between (VBG, 
VTG) and (n, D). Figure 3c shows a line-cut along the black dotted line in Figure 3a at varying 
temperatures. In each curve, the maximal value of Ix(t = 0) corresponds to n = 0, i.e., the charge-
neutral point (CNP). The determination of VTG corresponding to the CNP becomes more accurate 
at lower temperatures, as the peak becomes sharper due to reduced thermal fluctuations. For each 
VBG, the corresponding VTG to get CNP can be determined in this way shown in Figure 3c. 
Repeating this procedure for several VBG values, we can obtain all the CNPs through linear fitting, 
as shown in Figure 3d. We further determine (n, D) from (VBG, VTG) through the analysis of gate 
capacitances (see Section S7). 

 

 

Figure 3. Optical determination of BLG’s CNP. (a) Time-domain current Ix at the time delay of 
zero (white arrow in the inset) as a function of gate voltages. The red dotted line denotes the local 
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maximum of Ix(t = 0) and a point where Ix(t = 0) is minimum along this line is attributed to D = 0 
CNP (black arrow). (b) Schematic illustrations of low-energy BLG band structures that show 
BLG’s THz absorption. When n = 0 and D = 0 (left), some THz pulse can be absorbed by interband 
transitions. When n = 0 and D ≠ 0 (middle), a bandgap at CNP is open and THz absorption by 
interband transitions is suppressed. When n ≠ 0 (right), intraband transitions give rise to THz 
absorption. (c) Relationship between Ix(t = 0) normalized by its maximum value and VTG for VBG 
= 0.3 V, taken at three different temperatures. The corresponding line-cut in (a) is shown there as 
a black dotted line. (d) Relation between VBG and VTG corresponding to maximum Ix(t = 0) from 
the experimental data (yellow) and its linear fit (green). 

 

We now turn to the measurements of complex optical conductivity spectra at independently 
controlled n and D. Assuming the THz absorption by WS2 gates can be neglected due to our new 
scheme of gating as described in Figure 2, the next issue to solve is to find a good reference THz 
signal to mimic the incident THz pulse totally unaffected by the BLG stack. For far-field THz 
spectroscopy, the reference signal can be obtained by removing the sample. However, a sample 
cannot be taken out from our device structure without disturbing the waveguide. Instead, we use 
the THz signal obtained at D/ε0 = 80 mV/nm and n = 0 cm−2 as the reference, since the bandgap is 
big enough to suppress all inter-band transitions and the intra-band transitions cannot happen at 
zero charge density.28 

We collected the time-domain current Ix at this reference condition and at n = −0.6, −0.9, −1.2 
× 1012 cm-2 and D/ε0 = 60 mV/nm, as shown in Figure 4a. Similar measurements were done for n 
= −0.6, −0.9, −1.2 × 1012 cm-2 and D/ε0 = 20 mV/nm (Figure 4b). For the fixed D, the Ix(t = 0) 
signal decreases as n increased, suggesting the change is dominated by the intraband transitions.  

To extract the spectrum as a function of frequency f, we first perform Fourier transformation 
to obtain both the reference 𝜖𝜖ref(𝜔𝜔 = 2𝜋𝜋𝜋𝜋) and the signal 𝜖𝜖(𝜔𝜔) in the frequency domain. Then, 

we calculate the optical conductivity as 𝜎𝜎(𝜔𝜔) = 𝜎𝜎1(𝜔𝜔) − 𝑖𝑖𝜎𝜎2(𝜔𝜔) = 2𝑊𝑊
𝑍𝑍0𝑑𝑑

�𝜖𝜖ref(𝜔𝜔)
𝜖𝜖(𝜔𝜔) − 1�, which is 

derived from waveguide electrodynamics.31 Here, Z0 = 126 Ω is the characteristic impedance of 
the waveguide obtained from simulations (see Section S8), W = 8 μm is the gap between the two 
metal lines of the transmission line, and d = 21 μm is the length of BLG along the waveguide 
direction. This approach compensates for intrinsic and extrinsic effects that may affect the faithful 
extraction of optical conductivities, such as the frequency-dependent intensity of the generated 
THz field and the dispersion of a THz pulse during its propagation along the waveguide.  

The calculated optical conductivity is shown in Figure 4c and 4d. The data were fitted by the 

Drude model 𝜎𝜎(𝜔𝜔) = 𝐷𝐷∗

𝜋𝜋
1

𝜏𝜏−1+𝑖𝑖𝑖𝑖
, where D* is Drude weight and τ is relaxation time. Here, the data 

are demonstrated up to the frequency of 1.2 THz due to the bandwidth of our THz pulse (see 
Section S9). The experimental data follows the model-predicted curves quite well across the whole 
frequency range, proving the effectiveness of our WL-controlled gating scheme.  



The Drude weight is expressed as 𝐷𝐷∗ = 𝜋𝜋𝜋𝜋𝑒𝑒2 𝑚𝑚⁄ , where m is the effective mass of charge 
carriers in BLG. In this regard, we could extract m and τ at each combination of n and D (see 
Section S10). The values of m fall into the range of 0.040 – 0.048m0, where m0 is the mass of a 
bare electron. These are consistent with previous quantum oscillation measurement results.42-44 We 
further extract the charge mobility to be of around 56000 cm2 V−1 s−1, thanks to the simultaneous 
and independent extractions of m and τ. The obtained mobility supports the value of studying a 
clean micron-scale hBN-encapsulated sample, rather than exfoliated graphene on SiO2 and large-
area graphene grown by chemical vapor deposition.45,46 

 

 

Figure 4. Optical conductivity spectra of Fermi liquids at T = 2.5 K and varied n and D. 
Representative time-domain current Ix measured at charge density n = −0.6 (red), −0.9 (yellow), 
−1.2 (green) × 1012 cm−2 at (a) D/ε0 = 60 mV/nm and (b) D/ε0 = 20 mV/nm. The reference (Ref, 
grey) was taken at CNP, D/ε0 = 80 mV/nm. Corresponding spectra of σ1 and σ2 at (c) D/ε0 = 60 
mV/nm and (d) D/ε0 = 20 mV/nm. Dots are the experimental data calculated from (a) and (b), and 
lines are fits to the Drude model. 
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In summary, we have developed a light-controlled gating scheme for performing the on-chip 
THz spectroscopy experiment on dual-gated 2D heterostructure devices at and below the liquid 
helium temperature. This new gating scheme strongly suppresses contribution to THz absorption 
by the gate layers and allows us to obtain clean optical conductivity spectra in BLG that agree 
nicely with the Drude model. In this scheme, the carrier density and displacement field could be 
tuned independently to measure and compare the properties of different ground states of the device.  
Our work opens up a lot of exciting opportunities for spectroscopic studies on correlated and 
topological physics in 2D vdW heterostructures, especially in two directions. Firstly, our technique 
can directly probe charge gaps in the sub-meV to a-few-meV range, where the energy gap of many 
interesting ground states such as superconductors and fractional Chern insulators are expected to 
reside.23-25 Secondly, it can be utilized to investigate the charge dynamics of diverse compressible 
states. THz spectroscopy has been employed to study unconventional metallic states such as non-
Fermi liquids,47 whose signatures have recently been observed in vdW systems as well.16,48,49 More 
recently, composite-fermion-like behavior has been observed in a half-filled flat Chern band at 
zero magnetic field.20,22 THz spectroscopy could provide valuable insights into such new emergent 
quantum phenomena. Technically, the on-chip THz spectroscopy covers the right frequency range 
that corresponds to the relaxation time in graphene and other clean 2D materials. Beyond THz 
measurements, our gating scheme could be generalized to other advanced spectroscopy and 
microscopy experiments such as a scanning single-electron transistor and microwave impedance 
microscopy,50,51 which are important techniques for understanding the underlying physics of dual-
gated vdW heterostructures. 
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