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Band structure sensitive photoresponse in twisted
bilayer graphene proximitized with WSe,+
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The ability to tune the twist angle between different layers of two-dimensional (2D) materials has enabled
the creation of electronic flat bands artificially, leading to exotic quantum phases. When a twisted blilayer
of graphene (tBLG) is placed at the van der Waals proximity to a semiconducting layer of transition metal
dichalcogenide (TMDC), such as WSe,, the emergent phases in the tBLG can fundamentally modify the
functionality of such heterostructures. Here we have performed photoresponse measurements in few-
layer-WSe,/tBLG heterostructure, where the mis-orientation angle of the tBLG layer was chosen to lie
close to the magic angle of 1.1°. Our experiments show that the photoresponse is extremely sensitive to
the band structure of tBLG and gets strongly suppressed when the Fermi energy was placed within the
low-energy moiré bands. Photoresponse could however be recovered when Fermi energy exceeded the
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moiré band edge where it was dominated by the photogating effect due to transfer of charge between
the tBLG and the WSe, layers. Our observations suggest the possibility of the screening effects from
moiré flat bands that strongly affect the charge transfer process at the WSe,/tBLG interface, which is

rsc.li/nanoscale further supported by time-resolved photo-resistance measurements.

Published on 10 November 2023. Downloaded by Indian Institute of Science on 2/21/2024 10:48:39 AM.

Owing to exceptional band tunability, twisted bilayer graphene
(tBLG) has emerged as an ideal system to study various inter-
action-driven phases such as correlated insulators,
superconductivity,””> magnetism,>” non-Fermi liquids®’ and
non-trivial band topology.>® More recently, it has been shown
that tBLG proximitized with a layer of WSe, can not only lead
to orbital ferromagnetism'® but also the broken symmetry
states at half-integer fillings."" Although different transport
measurements have shed light on the rich-phase diagram of
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WSe,/tBLG devices, the understanding of light-matter inter-
action in such systems remains elusive as previous experi-
ments in this direction are limited only to twisted graphene
layers'™'* or twisted layers of transition metal dichalcogen-
ides.”® It has been demonstrated and well established that
photoresponse in single-layer graphene enhances by orders
of magnitude when proximitized with TMDC, owing to the
efficient charge separation at the heterostructure interface and
the photogating effect.'®>' Probability of charge transfer
across the interface is dictated by the availability of electronic
states at the Fermi energy of graphene'® and the tunability of
photoresponse characteristics of conventional graphene inte-
grated heterostructures is limited by the linear band
dispersion."®** With the emergence of flat band electronics,
the photoresponse measurements on tBLG/TMDC hetero-
structures could hence open up new avenues to explore the
rich physics in tBLG.

In this work, we demonstrate photoresponse in tBLG proxi-
mitized with few-layer WSe,. We identify strong photoresponse
via photogating when the Fermi energy is located beyond the
moiré band edge. Surprisingly however, we observe a complete
suppression of photoresponse as the Fermi level is tuned
inside the low-energy moiré band at low temperatures. Since
the twist angles of our different measurement channels are
close to the magic angle (1.17°), we speculate the role of
screening effects from moiré flat bands in the observed photo-
response. Our results are further validated by detailed time-
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resolved photoresponse measurements where the device is
exposed to successive light on-off pulses while maintaining
the back gate voltage at a constant value.

A schematic of the tBLG/WSe, heterostructure device used
for photoresponse measurements is shown in Fig. 1a. The
measurement channel consists of few-layer WSe, proximitized
tBLG encapsulated by bottom and top hBN layers. The desired
vertical heterostructure is assembled using a dry transfer tech-
nique involving the tear and stack method reported in ref. 11
and 23. The stack is etched to Hall bar geometry, and Ohmic
edge contacts are defined by e-beam lithography followed by
Cr/Au (5/50 nm) thermal evaporation. Fermi energy level and
hence the number density of tBLG channel is tuned using a
Si**/Si0, back gate. Details of electrical transport and opto-
electronic measurements are presented in ESI-L.}
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To characterize the transport properties of the device, four
terminal longitudinal resistance (R) is measured as a function
of back gate voltage (Vpg) at different temperatures and pre-
sented in Fig. 1b. At the lowest temperature of T = 12 K, we
observe the maxima of R appearing at the charge neutrality
point (CNP) and two prominent side peaks emerging on either
side of the CNP that correspond to the full filling of moiré
band (v = +4) (see ESI-IIf for general discussion on flat bands
in WSe, proximitized tBLG and ESI-III} for band filling factor
and angle estimation). While the peaks at v = +4 show insulat-
ing behaviour throughout the measured temperature range, at
the CNP we observe resistance increases with increasing temp-
erature till 150 K and then decreases with increasing tempera-
ture up to 293 K. From the position of side peaks, we calculate
the effective twist angle 0 ~ 1.17° + 0.03. The transport data for
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Fig. 1 Schematic and device characterization (a) Schematic of hBN-encapsulated tBLG-WSe, heterostructure for electrical and optoelectronic
measurements. (b) Four-probe resistance R as a function of filling factor v measured at different temperatures between 12 K and 293 K. (c) R as a
function of v in the absence (green) and presence (orange) of light with 4 = 585 nm and T = 12 K. The inset shows the zoomed in region near v = -4
(marked by dashed rectangle), where photoresponse is most prominent. (d) Normalized resistance (R/R4ark) as a function of time when device is illu-
minated with two consecutive light on—off pulses keeping the Fermi level at v = —4.6. The experiments are repeated with five different wavelengths

ranging from 585 nm to 1600 nm.
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other measurement channels with twist angles 6 ~ 1.17° + 0.02
and 6 ~ 1.14° + 0.02 are presented in ESI-IV.}

Next, we present the preliminary optoelectronic characteriz-
ation of the device. In Fig. 1c, we compare channel resistance
as a function of band filling factor under dark (green trace in
Fig. 1c) and continuous light (light emitting diode (LED) wave-
length 585 nm, power density 155 fW pm™?) illumination con-
ditions (orange trace in Fig. 1c). A difference is observed
between light on and off resistance values when the Fermi
level is tuned to |v| > 4 (see inset of Fig. 1c). At v = —4.26, we
further perform the typical time-resolved photoresponse of the
device under the light-on-off pulses of wavelengths ranging
from 585 nm to 1600 nm (Fig. 1d). The absence of photo-
response above 910 nm ie, photon energy below WSe,
bandgap, confirms that photo carriers are generated in WSe,
upon light illumination.**®® The observed negative photo-
response (decrease in resistance on light illumination) in the
hole side further suggests the transfer of holes from WSe, to
tBLG, leading to a photogating effect in the system."® However,
our observation of hole transfer from WSe, to tBLG is in con-
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trast to the previously reported photo-electron transfer in gra-
phene/TMDC heterostructures.”””*® We attribute this to the
inverse stacking order of tBLG/WSe, layers in our device geo-
metry, where the direction of the applied gate electric field is
reversed at the heterostructure interface, as we elucidate later
in detail.

We show the sensitivity of photoresponse to tBLG band
structure in Fig. 2. The photo-resistance (AR = R(n)oxy —
R(n)opr) is compared with dR/dn in Fig. 2a. We observe that
the photoresponse follows dR/dn with a sign reversal when the
Fermi level is below moiré edge in the valence band. The —dR/
dn trend further confirms hole transfer mediated photogating
dominating in the heterostructure.

Surprisingly, it is observed that the response is greatly
suppressed when the Fermi level is tuned inside moiré band
(lv| < 4). Importantly, the suppression of photoresponse inside
the moiré band is consistent in all other contact configur-
ations irrespective of the enhanced dR/dn near the CNP (see
ESI-V}). We also present the photoresponse magnitude (AR =
Ron — Rorr) as a function of v calculated from pulsed light on-
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Fig. 2 Gate voltage dependence of the photoresponse (a) Comparison between R(n)on — R(n)orr (left axis) and dR/dn (right axis) at 12 K with 4 =
585 nm suggesting photogating as the prominent mechanism of photoresponse. R(n)ofr is the off-state (dark state) resistance and R(n)oy is the On-
state resistance under continuous light illumination. (b) Photo-resistance AR = Ron — Rorr as a function of v extracted from pulsed lighton-off
measurements. (c and d) Schematics depicting the charge transfer process at the interface for || > 4 (c) and |¢| < 4 (d).
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off measurements performed at discrete gate voltages in
Fig. 2b and note that the photoresponse features are repeated
in both continuous and pulsed illumination measurements.
For |v| > 4, the Fermi level in tBLG is tuned to the superlattice
band gap, and the channel is expected to behave as an insula-
tor in this regime.>® Hence the applied negative electric field
from the back gate through tBLG could effectively separate the
photo-generated carriers in WSe, and favour hole transfer, as
depicted in Fig. 2c. The insulating nature of the tBLG channel
in this gate voltage window can also be verified from the temp-
erature-dependent resistance measurements presented in
Fig. 1b and ESI-IV.T As we tune the Fermi level to |v| < 4, the
photo carrier dynamics and hence the response are crucially
influenced by the low-energy moiré bands. The high density of
states (DoS) in these bands can effectively screen the applied
back gate voltage from WSe,. We speculate that the screening
effect hampers the efficiency of uni-directional hole transfer at
the interface as the WSe, bands remain flat in this gate voltage
window. The inefficient charge separation leading to vanishing
photoresponse inside the low-energy moiré bands is schemati-
cally presented in Fig. 2d. We also note that the photoresponse
characteristics in TMDC based photo-detectors are susceptible
to interfacial effects.”**° In order to rule out the effect from
interface and trap states associated with WSe, in the observed
photoresponse behavior, we perform control experiments on
hBN/WSe,/bilayer graphene device and present in ESI-VLf
Electric field-assisted charge transfer and the photogating
mediated photoresponse are observed throughout the
measured gate voltage window in a bilayer graphene-based
device. Hence we confirm that the suppression of photo-
response is a unique signature of tBLG arising from the flat
bands.
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The screening effect inside low-energy moiré bands is cap-
tured further in the time-resolved photoresistance measure-
ments presented in Fig. 3. For |v| > 4, we observe persistence
in photoresistance (i.e, the channel resistance not recovering
back to the dark state after the illumination is turned off) as
reported in graphene/TMDC heterostructures previously.'®!7-2%271
Application of a gate voltage pulse above TMDC conduction
threshold is the conventional approach to recover the system
back to pre-illumination condition."® However, here we apply a
series of gate pulses ranging from —50 V to —15 V and observe
the extent of recovery at v = —4.6 (Vg = =55 V), following the
application of each gate pulse. The persistence is quantified in
terms of recovery percentage as shown in Fig. 3a. We plot the
recovery percentage as a function of the applied gate pulse for
two different measurement channels in Fig. 3b. An increase in
recovery is observed with the gate pulse pushing the Fermi
level far inside the moiré flat band. Interestingly, the resis-
tance recovers back to its pre-illumination dark state value as
the Fermi energy reaches close to v ~ 1.5 (corresponds to a
gate pulse of —15 V where the Fermi level is expected below
the conduction threshold of WSe, as shown in ESI-VIIT). The
observations imply that carrier recombination is restricted
mainly because of the applied field direction. As the Fermi
level is tuned deep inside the band, the screening effect
weakens the field, allowing the charge distribution to equili-
brate throughout the hybrid.

We extend our measurements further to higher tempera-
tures, as presented in Fig. 4. The temperature dependence of
photoresistance is compared with that of drR/dn for |v| > 4
(Fig. 4a and b). The sensitivity of dR/dn to temperature is per-
fectly captured in photoresistance measurements. The
reduction in the response magnitude with temperature, strictly
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Fig. 3 Persistence and reset operation (a) The time resolved photoresponse showing persistence at Vgg = =55 V (v = —4.6). Photo resistance and
recovery resistance are marked as Rpy and Rpec respectively. (b) Recovery percentage calculated as function of the applied gate pulse from time

resolved measurements performed at v = —4.6.
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Fig. 4 Temperature dependence of photoresponse (a) The derivative of

R as a function of v for different temperatures in the vicinity of v = —4. (b)

Change in R as a function of v for different temperatures when the device is illuminated with a light of wavelength A = 585 nm. (c and d) R as a func-
tion of time at v = —3.5 for 2 = 585 nm and T = 12 K and 180 K respectively. (e and f) Normalized standard deviation plotted as function of v for temp-

eratures T = 12 K (e) and T = 180 K (f) under light on and off conditions.

following the trend in dR/dn magnitude (ESI-VIII}), suggests
that photogating remains the dominant mechanism through-
out the measured temperature range for |v| > 4. Interestingly,
we observe clear photoresponse for |v| < 4 with increasing
temperature, and note a deviation from the dR/dn trend,
which is discussed in the context of bolometric effect in ESI
ESI-IXT following the references."*** The time-resolved photo-
response at v = —3.5 is presented at two different temperatures
of T=12 Kand T =180 K in Fig. 4c and d. We observe that irre-
spective of the small magnitude, the response becomes clearly
distinguishable from the noise level at elevated temperatures.
With increasing thermal energy, the carriers at the moiré edge
get access to higher bands. This effectively reduces the carrier
density and screening in the flat bands allowing the electric
field from the back gate to be effective at the heterostructure
interface. We anticipate that the effective applied gate electric
field, along with the thermal smearing of DoS, make the
charge transfer at the interface efficient at elevated
temperatures.

Adding further to the interest, in Fig. 4c and d we note that
the large fluctuations in resistance that could effectively mask
the small photoresponse at low temperatures decrease with
increasing temperature. We analyze the noise magnitude
under the light on and off conditions at different temperatures
to understand this effect further.

The noise magnitude is estimated using the normalized
standard deviation in resistance under light on and off pulse
of 20 seconds duration each. We plot the normalized standard
deviation (std. dev) as a function of filling factor and observe
an overall enhancement in noise magnitude under light on
condition at 12 K (Fig. 4e). We observe that the difference in
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noise under on and off conditions is most pronounced near
the band edge, and gradually decreases on both sides of |v| =
4. The difference however becomes undetectable at higher
temperature (Fig. 4f). The large noise at |v| = 4 in the presence
of light seems to suggest a light-assisted McWhorter-like
number fluctuation noise,>*>> due to stochastic charge
exchange between the tBLG and the WSe, layers. Within this
framework, the noise magnitude is determined by the corre-
lated number-mobility fluctuation, which sharply increases at
|v] = 4 because of the suppression of screening when the
Fermi energy is located within the moiré gap. Both the
decrease in the absolute magnitude of ON-state noise, as well
as the difference between the noise in the ON and OFF states,
suggests that time scales of light-assisted back (tBLG to WSe,)
and forth (WSe, to tBLG) charge transfer at the interface short-
ens with increasing temperature and extends well beyond the
bandwidth of our experiments. The reduction in back transfer
time scale with increasing temperature in graphene/TMDC
heterostructure has been reported previously®® where it is
attributed to the thermally activated back transfer of photo-
generated charge carriers at the interface. We speculate that
the shortening of forward transfer timescales results from the
electric field assisted charge transfer from WSe, to tBLG as the
screening effect diminishes with increasing temperature.

We also want to highlight that by proximitizing tBLG with
WSe,, the photo responsivity reaches a value of 10° Vv W™" in
our device (see ESI-Xt). This value is orders of magnitude
higher than the responsivity reported for bolometric-origi-
nated photoresponse in BLG and tBLG devices.'**®
Photogating being the dominating mechanism in the current
device architecture, such an enhancement is naturally

This journal is © The Royal Society of Chemistry 2023
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expected owing to the high photoconductive gain.”>*” The
enhanced responsivity allows the system to be optically probed
with low illumination power, bypassing any heating effects.
Hence our observations open the possibility of further opto-
electronic investigations employing polarized light and mag-
netic field to probe exotic physics emerging in WSe, proximi-
tized tBLG system where maintaining ultra-low temperatures is
an essential requirement.

Finally, we comment on the electron-hole asymmetry pro-
minently observed in the photoresponse (Fig. 2). The intrinsic
electron-hole asymmetry in WSe, proximitized tBLG band
structure is well established.'®'"*® Theoretical calculations on
BLG/WSe, heterostructures show that the low-energy valence
bands in BLG originate from the non-dimer carbon atom orbi-
tals in the graphene layer adjacent to WSe,, while the conduc-
tion band is formed by non-dimer orbitals in other layer.*® It
leads to a larger overlap between wave functions of WSe, and
the graphene orbitals in the valence band as compared to the
conduction band, which can affect the charge transfer
efficiency. We speculate that this asymmetry in orbital overlap
leads to larger photoresponse observed in valence bands com-
pared to the conduction band. Although the theoretical predic-
tions were made for BLG, we believe a similar effect should
also be valid for tBLG. Another possibility for electron-hole
asymmetry can arise from the asymmetry in the dispersiveness
of higher energy valence and conduction bands that can have
pronounced differences in screening effect in the two cases;
however, there is no clear theoretical or experimental evidence
for this.

In conclusion, we show that photoresponse in tBLG proxi-
mitized by WSe, is highly sensitive to the tBLG band structure.
We demonstrate photogating effects in the tBLG layer prevail-
ing above moiré band edge, while strong suppression of photo-
response is observed as the Fermi level is tuned inside moiré
flat bands. To our knowledge there is no known platform
based on 2D materials where such sharp variation in opto-
electronic sensitivity could be observed across a band edge.
The absence of photoresponse within the low energy moire
bands is identified as a unique property of the tBLG arising
from the “flatness” of the bands that causes greater screening.
We propose a charge transfer model accounting for the screen-
ing effects from moiré carriers, thereby capturing photore-
sponse’s sensitivity to tBLG band structure. By proximitizing
tBLG with WSe, we also observe photo responsivity enhancing
by orders of magnitude in comparison to the bolometric-origi-
nated photoresponse in tBLG reported previously. This further
opens up the possibility of employing this device architecture
to optically probe spin-orbit coupling and other low-tempera-
ture effects, which would have been impractical otherwise due
to the high-power optical light illumination requirements and
the associated heating effects.
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