Remote imprinting of moiré lattices
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Two-dimensional (2D) moiré materials have emerged as an exciting platform for
discoveries of new physics and device concepts 5. These materials are formed by
overlaying two layered crystals with small differences in orientation or/and lattice
constant, the direct coupling of which generates moiré potentials. The moiré
materials (such as doping density) are highly tunable, but the moiré lattices, once
formed, cannot be easily altered. Here we demonstrate electrostatic imprinting of
moiré lattices onto a monolayer semiconductor. The moiré potential is created by a
lattice of electrons that is supported by a Mott insulator state in a remote
MoSe2/WS: moiré layer. The imprinted moiré potential generates flat bands and
correlated insulating states in the target material, which are detected by an exciton
sensor. It can be turned on/off by a gate voltage that controls the doping density
only in the moiré layer. We also illustrate the interplay between the electrostatic and
structural relaxation effects for moiré imprinting as a function of the target and
moiré layer spacing. Our results demonstrate a pathway towards the gate control of
moiré lattices in an arbitrary 2D semiconductor or semimetal.

In moiré materials with two directly coupled layers, moiré potentials are generated by
periodic modulations with the moiré periodicity in interlayer tunneling, dielectric
screening, and/or structural relaxations '"!!. In the latter, the structural relaxation produces
a periodic strain pattern and a smooth superlattice potential due to the strongly strain-
dependent electronic band structure '°. Although the moiré materials are highly tunable in
the electronic doping density, bandwidth, and band topology '-*> 6, dynamical control of
the moiré lattice (e.g. turning it on/off and/or modifying its symmetry) has remained
challenging. A promising approach to overcome this limitation is to remotely imprint a
moir¢ lattice onto a 2D target layer by the periodic electrostatic potential defined by the
electron lattice in a semiconductor moiré layer 2. Here the moiré and target layers are
spatially separated by an insulating spacer with thickness thin compared to the moiré
period (a, ). Both the depth and the symmetry of the superlattice potential can in
principle be controlled by electrostatic gating (e.g., by setting the moiré layer to an
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incompressible electron crystal state or a compressible fluid state), thereby allowing the
dynamic control of the superlattice in the target layer.

To demonstrate this concept, we fabricate the vertical heterostructure shown in Fig. la
(Extended Data Fig. 1). It consists of an angle-aligned MoSe2/WS:2 moiré layer and a
target MoSe2 monolayer with large electron band mass. The two layers are not angle-
aligned with each other so that interlayer tunneling is strongly suppressed '*. The two
layers are separated by a 4-layer thick hBN spacer in device 1 and a 2-layer hBN in
device 2. The moir¢ layer has ay; = 8 nm due to the 4% lattice mismatch between MoSe2
and WSz (Ref. '%). The combined heterostructure is encapsulated between hBN and few-
layer graphite top and bottom gates. The two gates allow independent tuning of the total
electron doping density (v, in units of the lattice filling factor) and the vertical electric
field (E); the latter controls the electron distribution between the moiré and the target
layer (v = v,,, + v;). Here v,,, and v, denote the electron doping density in the moiré and
the target layer, respectively.

In order to probe the dielectric response of the combined (moiré plus target layer) system,
we further insert a WSe2 monolayer as an exciton sensor into the device !°. The sensor is
separated from the target layer by another 3-4-layer hBN spacer; it is kept charge neutral
(Extended Data Fig. 2) and is non-perturbative to the physics of the target layer '>. The 2s
Rydberg state of the sensor is sensitive to the compressibility of the combined system; in
particular, a blueshift and a spectral weight enhancement in the 2s Rydberg state signify
the emergence of an incompressible state (Methods). Unless otherwise specified, all
results are acquired at 5 K for electron doping (v > 0). See Methods for details on device
fabrication and optical measurements.

Figure 1b shows the schematic electrostatics phase diagram (in v and E) of the combined
system. Similar phase diagram has also been observed in other 2D heterostructures with
weak interlayer hopping [e.g., bilayer WSe2 (Ref. '¢13) AB-stacked MoTe2/WSe2 (Ref.
19.20) and Coulomb coupled WSe2/WS2 and WSe:z (Ref. 2> ?2) etc.]. The grey-shaded area
corresponds to sharing of electrons between the moiré and target layers. The black and
pink solid line (determined based on the optical spectroscopy results in Extended Data
Fig. 4 and 6) denotes the boundary for full charge transfer to the moiré and the target
layer, respectively. The boundaries disperse in the phase diagram as v and E changes the
Fermi level and the relative band edge alignment of the combined system, respectively 2*-
22_ While the pink line displays no jumps in E as the Fermi level moves through the
conduction band of the target layer, the jump at v =1 and v = 2 for the black line
corresponds to the finite Mott and moiré band gap in the moiré layer, respectively 2022,
Moreover, the darker grey area bound by the pink dashed (dotted) lines corresponds to a
fixed filling v, = 1 (v;,, = 2) in the moiré layer; here the Fermi level is inside the Mott
or moiré band gap of the moiré layer as the doping density in the target layer varies 2°.
See Methods for additional discussions on the electrostatics phase diagram.

Figure lc-f correlates the reflectance contrast spectrum near the fundamental exciton
resonances of the combined system (left panel) and that from the 2s Rydberg state of the
sensor (right panel) for four representative cases of device 1 with: (¢) v,, = v, = 0, (d)



Vm > 0andv, =0, (¢) v;, = 0 and v, > 0, and (f) v,;, > 0 and v, > 0. (We have taken
an energy derivative of the 2s exciton reflectance contrast in order to enhance its
visibility.) The dots in Fig. 1b with the same color as the spectrum locate the positions of
the four cases in the electrostatics phase diagram. The corresponding band alignment for
each case is also shown.

We can see that for (¢) the fundamental exciton resonance of the moiré layer (MX1) 2325,
the neutral exciton resonance of the target layer (X) and the sensor 2s resonance are all
strong, as expected for all charge-neutral layers. In contrast, all of the exciton resonances
turn weak in (f); here the neutral exciton features evolve into weaker charged exciton
features 26 and the sensor 2s exciton is effectively screened by the compressible sample
15, Finally, MX turns weak and X remains strong for (d) while the reverse happens for
(e). The 2s exciton is effectively screened in both cases but it shows a stronger redshift
for (e) because of the closer proximity of the sensor to the target layer and therefore more
effective screening !> %7.

With the sensitivity of the various exciton resonances on doping and interlayer charge
distribution established, we now focus on the sensor 2s exciton, which is sensitive to the
compressibility of the sample !> (see Extended Data Fig. 3 and 4 for a summary on other
exciton resonances for device 1). Figure 2 shows the dependence of the 2s reflectance
contrast spectrum on the total filling factor v for three cases: v,, > 0 and v, = 0 (Fig.
2a); v, = 0 and v; > 0 (Fig. 2b); and v,, = 1 and v; > 0 (Fig. 2c). The three cases
correspond to the arrowed trajectories in the phase diagram in Fig. 1b.

In Fig. 2a, the enhanced 2s reflectance contrast signals the emergence of correlated
insulating states atv = 1/3, 1/2, 2/3 and 1 in the moiré layer. The fractional and the
integer states are the charge-ordered states '* '3 2% and the Mott insulator '4 28 29
respectively. The results are fully consistent with doping only the moiré layer !4 152829,

Figure 2b shows the case of doping only the target layer. A sudden redshift in the 2s
exciton (by ~ 25 meV) accompanied by a substantial reduction in its spectral weight is
observed for v > 0. The result is consistent with the emergence of a compressible target
layer upon electron doping. The redshift is substantially stronger than that for the
compressible regions in the moiré layer in Fig. 2a because the target layer is spatially
closer to the exciton sensor and therefore the 2s exciton is screened much more
effectively by doping in the target layer !7-27-30,

Figure 2¢ shows the case of doping the target layer while keeping the moiré layer at the
Mott insulating state at v,, = 1. Interestingly, compared to the case in Fig. 2b, we
observe a new incompressible state at v, = 1 (corresponding to v = 2) signaled by a
blueshift in the 2s exciton. We summarize the results as a phase diagram in Fig. 4a,
which plots the gate- and electric field-dependence of the 2s exciton resonance (see
Methods for details of the analysis). An enhanced 2s exciton resonance signals the
emergence of an incompressible state. The phase boundaries are also labeled similar to
Fig. 1b. The new incompressible state appears only at v, = v, = 1.



Next we examine device 2, which has a thinner (2-layer thick) hBN spacer, under the
same doping conditions as device 1 in Fig. 3. Compared to device 1, the main difference
is that an incompressible state is also observed in the target layer at v, = 1 even for v,,, =
0. Figure 4b summarizes the phase diagram of device 2 by the 2s exciton reflectance
contrast amplitude (see Extended Data Fig. 5 and 6 for other exciton resonances). In
contrast to device 1, a v, = 1 incompressible state is observed in the target layer
irrespective of the doping in the moiré layer even when the latter is compressible (i.e.,
0<v, <land1<v, <2). Also, because of the robust incompressible state at v, = 1
for any values of v,,, there is now an electric field jump at v = 1 for the pink solid
boundary; the jump is directly proportional to the v, = 1 charge gap of the target layer 2%
21, Moreover, there are now areas bound by the black dashed lines that correspond to
fixed v, = 1; here the Fermi level is inside the v, = 1 charge gap of the target layer as
Vp varies.

We begin our discussions on device 1 (Fig. 2 and 4a). The observation of a new
incompressible state at v,,, = v; = 1 demonstrates the presence of a moiré potential in the
target layer when the moir¢ layer is doped at v,,, = 1. The induced moiré potential cannot
come from the negligible interlayer tunneling between the angle-misaligned moiré and
target layers with a 4-layer thick hBN spacer 3'; the sensitivity of the v, = 1 insulating
state to v,, is also inconsistent with the interlayer tunneling origin. The lattice relaxation
contribution to the moiré potential is also unimportant because otherwise an
incompressible state at v, = 1 and v,, = 0 similar to that in device 2 would have
emerged (see discussions below). In fact, the emergence of the incompressible state only
at v,,, = v¢ = 1 is consistent with the remote imprinting of a moiré lattice onto the target
layer by the periodic electrostatic potential of the Mott insulator in the moiré layer. In
particular, electrons in the Mott insulator are organized into a triangular lattice by the
strong on-site Coulomb repulsion in the moiré layer 32. The triangular charge lattice is
expected to imprint an electrostatic potential of honeycomb symmetry onto the target
layer (Fig. 1a and Extended Data Fig. 7). The imprinted potential induces flat bands that
substantially enhance the electronic correlations in the target layer, resulting in the
correlated insulating state at v, = 1.

In this picture, the new correlated insulating state is expected to disappear as the
triangular charge lattice melts when the moiré layer is doped away from the Mott
insulator 33 (consistent with Fig. 4a). The lack of correlated insulating states in the target
layer at fixed v,,, = 1/3, 1/2 and 2/3 can be explained by free carrier screening of the
long-range Coulomb repulsions in the moiré layer by the target layer; the screening melts
the charge-ordered states at fractional v,, in the moiré layer 2! and the associated
imprinted lattice. In other words, the combined (moiré plus target layer) structure should
be treated as a single, correlated system for fractional v,,, (Ref. 34). This is in contrast to
the robust v,,, = 1 Mott insulating state stabilized by the on-site Coulomb repulsion, in
which free carrier screening is much less effective 7.

What is the nature of the v, = 1 correlated insulating state? The state corresponds to a
half-filled honeycomb lattice, which means that the translational symmetry of the
imprinted lattice is spontaneously broken. Possible scenario include a triangular lattice



charge density wave, which spontaneously breaks the sublattice symmetry of the
honeycomb lattice 3, and stripe phases, which spontaneously break both the translational
and rotational symmetries 3. We are not able to distinguish these possibilities at this
point. Note that we also do not observe an insulating state at v, = 2 and v,,, = 1 likely
because the imprinted moiré potential is not strong enough to stabilize a honeycomb
lattice Mott insulator (see Methods for additional discussions).

Next, we discuss the results of device 2 (Fig. 3 and 4b). The observation of av, =1
incompressible state in the target layer irrespective of v, demonstrates an imprinted
moiré lattice beyond the electrostatics mechanism. The lack of an obvious electric field
dependence for the v = 1 incompressible state at v,,, = 0 also shows that the interlayer
tunneling mechanism is irrelevant (resonance interlayer tunneling is expected to show
strong electric field dependence near band inversion '#). The most plausible origin for the
moiré potential is thus from lattice relaxations in the structure '°, which produce a
periodic strain pattern in the target layer. Such strain-induced moiré potential is known to
be the dominant contribution in some semiconductor moiré bilayers '°. Compared to the
thicker hBN spacer in device 1, the thinner hBN spacer in device 2 favors a more
substantial lattice relaxation, which in turn induces a strong enough moiré potential that
can stabilize the v, = 1 correlated insulating state irrespective of v,,,. This picture is
further supported by Ref. 37, which reports an exponential decay of a moiré-induced
lattice relaxation with the vertical distance from an embedded moir¢ layer.

Finally, we note that in addition to the strain contribution in device 2 there is also an
electrostatics contribution to the moiré potential. The latter is signified by the monotonic
increase in the 2s exciton reflectance contrast amplitude with increasing v,, from v,,, = 0
to 1 (Fig. 4b and Extended Data Fig. 8). The enhanced 2s amplitude reflects a larger
charge gap for the v, = 1 insulating state in the target layer !°. As the density in the moiré
layer increases from v, = 0 to 1, the electrostatics contribution gains importance relative
to the strain contribution, which is largely independent of v,,,. This in turn strengthens the
total moiré potential and the v, = 1 insulating state. However, it remains unclear at this
point if the moiré potentials from the two contributions have the same symmetry and/or
phase 3. It would be interesting to explore in future studies the interplay of the two
contributions with respect to their relative strengths, symmetries and phases.

In conclusion, we have demonstrated in this study remote imprinting of moiré lattice onto
a monolayer semiconductor through a proximal semiconductor moiré bilayer. We have
identified two separate contributions to the moiré potential: an electrostatically imprinted
contribution and a lattice relaxation contribution; the dependence of their relative
importance on the hBN spacer thickness has also been examined; the results have been
reproduced in additional devices (Extended Data Fig. 9). Our study is distinct from Ref.
''in both the origin of the imprinted moiré potential (periodic dielectric screening in Ref.
' versus electrostatic and structural imprinting in this study) and the ability to tune the
doping density in the target layer and to turn on/off the moiré potential by gating (both
are not possible in Ref. '"). Our study is also distinct from Ref. 2! and 3°. The device
structure in the former is not able to probe the effects of moiré imprinting in the target
layer; that in the latter has a different origin for the moiré potential, which is also not gate



tunable. Our results demonstrate the ability to control moiré lattices by electrostatic
gating and open the door for dynamical control of moiré potentials in future studies.

Methods

Device fabrication. The heterostructures were fabricated by the layer-by-layer dry
transfer technique #°. Figure la shows the schematic cross section of the heterostructure.
Extended Data Fig. 1 shows the optical images of device 1 and 2. We exfoliate the
constituent layers from their bulk crystals and identify their thicknesses under an optical
microscope; more accurate thickness determination was achieved using an atomic force
microscope (AFM). To assemble the desired heterostructure, we first angle align the
MoSe2 and WSz monolayers to form the moiré layer using polarization- and angle-
resolved second-harmonic generation spectroscopy 2% 2%; we then stack the constituent
layers in the desired sequence following the procedures reported by earlier studies 2! 22,
The target layer MoSe2 was not angle aligned with the moir¢ bilayer. The thickness of the
hBN spacer (d,) between the moiré and target layer is four and two layers in device 1 and
2, respectively, and that (d,) between the WSe2 exciton sensor and the target layer is 3-4
layers. The top and bottom gates are nearly symmetric in thickness with few-layer
graphite gate electrodes and hBN gate dielectrics. The top and bottom gate hBN
thicknesses are d; = 15.8 nm and d;, = 15.4 nm for device 1 and d; = 10.1 nm and
d, =~ 10.2 nm for device 2. In the limit of d; = d}, > d;,d,, the total doping density is

& & . . . 1,V %4 1
n=~ —’;‘z’;t" (Ve + V,); the applied electric field is £ =~ - (d—i - d—l;) ~ 2a. (Ve = Vp). Here &

and &5y denote the vacuum permittivity and the hBN dielectric constant, respectively.
We define a downward pointing electric field as a positive electric field.

Optical measurements. The devices were characterized by optical reflection
spectroscopy. They were mounted in a Montana cryostation (Standard series) with base
temperature about 5 K. We focused white light from a tungsten halogen lamp onto the
devices with ~ 1 um spot size using a microscope objective (Olympus LUCPlanFLN
x40, 0.6 NA). The total incident power was less than 1 nW. The reflected light from the
devices was collected by the same objective and sent to a spectrometer equipped with a
charge-coupled device (CCD) for spectrum analysis. To obtain the reflectance contrast
spectrum R, we used the reflectance spectrum from the sample at a large hole or electron
doping density as a background, at which all the exciton features become negligible, and
then normalized the reflectance spectra at arbitrary gate voltages to this background.

Extraction of the exciton reflectance contrast amplitudes. To plot the phase diagram
in Fig. 4 and Extended Data Fig. 4 and 6, we took the maximum reflectance contrast in
the spectral range of 1.59-1.61eV for the fundamental moiré exciton MXi, of 1.636-1.65
eV for the excited moiré exciton MX2, of 1.618-1.628 eV for the charged exciton X in
the target layer, and of 1.823-1.873 eV for the 2s exciton in the sensor. To enhance the
contrast of the 2s exciton with respect to the background, we further took the first and

second derivatives of the 2s reflectance contrast spectrum with respect to the photon
dR d?R .
energy € (E and E) and extracted the maximum value.



2s exciton sensing. Excitons in monolayer transition metal dichalcogenides (TMDs)
support Rydberg-like bound states (e.g. 1s, 2s ...) in the optical absorption spectrum *!.
Because of the atomic thickness of the material, the electrostatic field lines responsible
for electron-hole binding reside largely outside the monolayer material. The exciton
binding energy is therefore highly sensitive to the dielectric environment surrounding the
material 3°. In particular, a metallic (or compressible) sample with large dielectric
constant in close proximity to the TMD monolayer would effectively screen the
electrostatic field lines for binding, resulting in a weaker excitonic binding compared to
the case of an insulating (or incompressible) sample with small dielectric constant. A
smaller exciton binding energy (i.e. a smaller energy difference between the 1s and 2s
Rydberg states) and a weaker excitonic resonance or oscillator strength are thus expected
for a metallic sample. This allows us to use the TMD monolayer as a sensor to probe the
compressibility and the emergence of insulating states in the sample '°. In our
experiment, we monitored the 2s rather than the 1s Rydberg state for sensing because of
the larger Bohr radius and therefore better sensitivity for the former.

Additional discussions on the electrostatics phase diagram. The top and bottom gates
allow us to independently tune the total doping density and the vertical electric field in
the device. The latter controls the charge carrier distribution between the moiré and the
target layer at a fixed total doping density. In particular, a large downward (upward)
electric field pushes all of the electrons to the target (moir¢) layer. The higher the doping
density, the higher the electric field is required to fully polarize all of the electrons to a
particular layer; this explains the general upward and downward dispersion of the solid
pink and black line, respectively, in Fig. 1b. Here the pink (black) line corresponds to the
Fermi level locked to the conduction band minimum of the moiré (target) layer 2!. There
are vertical jumps of the black line at integer filling factors; they correspond to the
chemical potential jumps (or charge gaps) at the incompressible states of the moiré layer
21 In order to sweep the Fermi level through the charge gap, we need to generate a Stark
shift between the bands of the two layers (by an amount equal to the charge gap) at a
constant filling; this results in an electric field jump. The jumps also create regions bound
by the pink dashed lines in the phase diagram; these regions correspond to the Fermi
level inside the charge gap of the moiré layer 2! (i.e. v, is fixed at an integer value). The
electric field jumps are nearly absent for the pink line because of the negligible charge
gaps in the target layer with a weak moiré imprinting effect.

Stability of the insulating states in the target layer other than v, = 1. As a result of
the weak moiré potential from electrostatic imprinting (Extended Data Fig. 7), we
observe a correlated insulating state only at v, =1 in the target layer. Both the
incompressible states at v, = 2 and at commensurate fractional v, are unstable. The
insulating state at v, = 2 requires trapping of two electrons per moiré unit cell. The moiré
potential depth (about 4 meV and is comparable to the electron kinetic energy of the
target layer at the moiré density) is, however, substantially weaker than the Coulomb
repulsion between the two electrons (about 100 meV). The electrons are thus delocalized
(or “ionized”) and the state becomes compressible. For commensurate fractional v, the
formation of a generalized Wigner crystal state requires a small electron kinetic energy
compared to the long-range Coulomb repulsion between the electrons 3. A weak moiré



potential, however, favors higher electron kinetic energy and therefore destabilizes the
incompressible states at fractional v;.

Estimate of disorder level broadening. The typical disorder density in TMD materials
is about ny =10"" ¢cm? (Ref. #*). We can estimate the disorder-induced energy level

2
broadening by %nd ~ 0.5meV, in which m* = 0.5m, is the typical effective mass in

monolayer TMDs (m, is the free electron mass). The disorder level broadening is much
smaller than the trapping depth (about 4 meV) of the imprinted potential.
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Figure 1 | Experimental setup. a, Top: device schematic. The target material (MoSe:
monolayer) is separated from the moiré layer (angle-aligned MoSe2/WS2) by a 2-4-layer
hBN spacer. The WSe2 monolayer is an exciton sensor. The top and bottom gate voltages
(V; and V) control independently the perpendicular electric field £ and the total doping
density v in the two MoSe: layers. Downward direction corresponds to E > 0. Bottom:
schematic 2D electrostatic potential profile. A honeycomb moiré lattice (black line) can
be imprinted onto the target material by a triangular electron lattice (white dashed line) in
the moiré layer. b, Schematic electrostatics phase diagram with (v,,, v;) denoting doping
density in the moiré and target layers, respectively. Different lines label the region
boundaries. The charge-sharing regions are shaded in grey. Gate voltages are swept along
the three arrowed lines for Fig. 2a-c. c-f, Reflectance contrast spectrum (R) of device 1 at
four points on the phase diagram in b with matched colors. MXi, X, X" and 2s denote,
respectively, the fundamental moiré exciton, the neutral and charged excitons of the
target layer, and the 2s exciton of the sensor layer (the first energy derivative of the 2s

spectrum, %, is chosen to bring out more the feature). The X feature in ¢ and d is scaled
by a factor of 0.12. Right column shows the corresponding conduction band alignment.
The bands for the moir¢ layer are the lower and upper Hubbard bands. The dotted lines

label the Fermi level.
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Figure 2 | Imprinted moiré potential in device 1 (4-layer hBN spacer). a-c, First
energy derivative of the sensor 2s spectrum (Z—i) as a function of the total filling factor.

The gate voltages are scanned along the three arrowed lines in Fig. 1b with v,,, > 0 and
v, =0(a),v,, = 0andv; > 0 (b) and v, = 1 and v; > 0 (¢). Incompressible states are
labeled by their filling factors.
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Figure 3 | Imprinted moiré potential in device 2 (2-layer hBN spacer). a-c, First
energy derivative of the sensor 2s spectrum (i—i) as a function of the total filling factor.

As in Fig. 2, the three cases correspond to v,,, > 0 and v; = 0 (a), v,,, = 0 and v; > 0 (b)
and v, = 1 and v, > 0 (¢). Incompressible states are labeled by their filling factors. The
sudden jumps near the insulating states are originated from the nonlinear gating due to
the unstable electrical contacts to the sample.
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Figure 4 | Mechanisms for remote imprinting of moiré potentials. a,b, Second energy
2

derivative of the 2s exciton reflectance contrast (ZTI:) as function of the gate voltage (V; +

Vp) and the electric field (E) for device 1 (a) and device 2 (b). The maximum amplitude

2
of ZTI; in the range of 1.823-1.873 eV is shown. The incompressible states are labeled by

their filling factor (v,,,, v¢). The phase boundaries (labeled by lines of the same color and
style as in Fig. 1b) are determined by the reflectance contrast of the different exciton
species (Extended Data Fig. 3-6). Dispersions of the phase boundaries and the
incompressible states (especially at low doping densities) are caused by the nonlinear
gating effect due to the high contact resistance. The v, = 1 incompressible state is
observed only at v,, = 1 in device 1; it is robust regardless of v,,, in device 2.



Extended Data Figures

Device #1 Device #2

Target MoSe,

)

Target MoSe,

Extended Data Figure 1 | Optical image of device 1 and 2. The target MoSe>
monolayer (white) and the moiré bilayer with monolayer MoSe: (blue) and WSz (red) are
labeled and outlined. The effective area of the devices is shaded in grey. The scale bars
are 10 um.
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Extended Data Figure 2 | Charge neutrality of the sensor. a. Conduction band
alignment for the TMD layers involved in the device structure under zero external

. . . . dR
electric field. b-d, First energy derivative of the sensor reflection contrast spectrum (E)

as a function of the total filling factor. The gate voltages are scanned along the three
arrowed lines in Fig. 1b with v, > 0 andv; = 0 (b),v,, = 0andv, >0 (c) andv,, = 1
and v; > 0 (d). Incompressible states are labeled by their filling factors. The 1s and 2s
excitons of the WSe: sensor layer as well as the 2s exciton of the MoSe: target layer are
labeled. The robust 1s exciton resonance of the WSe: layer, irrespective of the filling
factor, demonstrates the charge neutrality of the sensor.
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Extended Data Figure 3 | Gate dependent reflectance contrast spectrum (device 1).
a,b, Gate voltage (V; + V) dependent reflectance contrast spectrum at electric field 0.045
V/nm (a) and 0.12 V/nm (b). Five different exciton species can be identified: the
fundamental moiré exciton MXi, the excited moiré¢ exciton MXz, the neutral (X) and
charged (X") excitons of the target layer, and the 2s exciton of the sensor layer. The red
dashed arrows denote the onset of electron doping in the device. The moiré (target) layer
is first doped at low (high) electric field.
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Extended Data Figure 4 | Electrostatics phase diagram (device 1). a-d, Electric-field
(E) and gate (V; + V})) dependences of the spectral feature corresponding to the sensor 2s
exciton (a), charged exciton X of the target layer (b), moiré exciton MXi (¢) and MXz
(d). The analysis of the reflectance contrast spectra is described in Methods. The X
reflectance (b) determines the boundary between the doped (high) and neutral (low)
target layer (black solid line). The MX reflectance (¢) determines the boundary between
the doped (low) and neutral (high) moiré layer (pink solid line). The MX: reflectance (d)
determines the boundaries of the (v,,,v;) = (1,v;) region with enhanced contrast (pink
dashed lines). These boundaries are included in a.
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Extended Data Figure 5 | Gate dependent reflectance contrast spectrum (device 2).
a,b, Gate voltage (V; + V},) dependent reflectance contrast spectrum at electric field 0.07
V/nm (a) and 0.16 V/nm (b). Similar to Extended Data Fig. 3, five different exciton

species can be identified. The red dashed arrows denote the onset of electron doping in
the device.
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Extended Data Figure 6 | Electrostatics phase diagram (device 2). a-d, Electric-field
(E) and gate (V; + V},) dependences of the spectral feature corresponding to the sensor 2s
exciton (a), charged exciton X" of the target layer (b), moiré exciton MXi (¢) and MX>
(d). The analysis of the reflectance contrast spectra is described in Methods. The X"
reflectance (b) determines the boundary between the doped (high) and neutral (low)
target layer (black solid line). It also determines the boundaries (black dashed lines) of
the (Vp,, V¢) = (Vi, 1) region. The MX reflectance (¢) determines the boundary between
the doped (low) and neutral (high) moiré layer (pink solid line). The MX: reflectance (d)
determines the boundaries of the (v,,,v;) = (1,v;) region with enhanced contrast (pink
dashed lines). These boundaries are included in a.
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Extended Data Figure 7 | Electrostatic potential imprinted from a triangular
electron lattice. a, Calculated electrostatic potential profile in a plane that is 1 nm above
a triangular electron lattice. To mimic the real moiré lattice, we set the period to 8 nm in
the calculation and used the dielectric constant of hBN. The triangular electron lattice
imprints a honeycomb potential profile (black line denotes the unit cell and dots denote
the sublattice sites). b, Electrostatic potential along the dashed line in a. It shows a
trapping potential depth of about 4 meV.
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Extended Data Figure 8 | Electric field dependence of the 2s intensity in device 2. a,

o . az .
Second energy derivative of the 2s exciton reflectance contrast (d—el;) as function of the

gate voltage (V; +V}) and the electric field (E) for device 2. b, Extracted 2s peak
intensity as a function of the electric field along the red dashed line in a. The blue and
green regions correspond to v,,, = 1 and v,,, = 0, respectively. The enhanced 2s intensity
in the blue region suggests a more robust correlated insulating state at v = 1 due to the
electrostatic imprinting effect.



a Device 3 Device 3 b Device 4 Device 4
Vi- V=4V Vi- V=05V Vi- V=4V Vi- V=1V

2s ‘ 2s 2s
1.871 ]

0.015

'g\r;;vt)#l,l)' ' e =1 |} (vm,v.)=(1,l)l

| |

-

Energy (eV)
Energy (eV)

20 2 4 6 0 2 4 6 420246 420246
Vi+ Vi (V) Vi+ Vi (V) Vit Vi (V) Vi+ Vi (V)

Extended Data Figure 9 | Results from additional devices. a,b, First energy derivative

of the sensor 2s spectrum (Z—I:) as a function of the gate voltage (V; + V) for device 3

with a 4-layer hBN spacer (a) and device 4 with a 2-layer hBN spacer (b). The gate
voltage (V; + V) controls the total filling factor under a constant electric field (controlled
by Vi — V})). We label the incompressible states (v;,,, v;) = (0,1) and (1,1) on the left and
right panels, respectively.



