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Moiré superlattices formed by vertically stacking van der Waals layers host a rich variety
of correlated electronic phases ' and function as novel photonic materials >’. The moiré
potential of the superlattice, however, is fixed by the interlayer coupling of the stacked func-
tional layers (e.g. graphene) and dependent on carrier types (e.g. electrons or holes) and
valleys (e.g. ' vs. K). In contrast, twisted hexagonal boron nitride (hBN) layers are pre-
dicted to impose a periodic electrostatic potential that may be used to engineer the proper-
ties of an adjacent functional thin layer ®. Here, we show that this potential is described by a
simple theory of electric polarization originating from the interfacial charge redistribution,
validated by its dependence on supercell sizes and distance from the twisted interfaces. We
demonstrate that the potential depth and profile can be further controlled by assembling a
double moiré structure. When the twist angles are similar at the two interfaces, the potential
is deepened by adding the potential from the two twisted interfaces, reaching ~ 400 meV.
When the twist angles are dissimilar at the two interfaces, multi-level polarization states are
observed. As an example of controlling a functional layer, we demonstrate how the electro-
static potential from a twisted hBN substrate impedes exciton diffusion in a semiconductor
monolayer. These findings suggest exciting opportunities for engineering properties of an

adjacent functional layer using the surface potential of a twisted hBN substrate.

Moiré superlattices have proven to be an exceptionally rich material platform in which dif-
ferent phases of matter can be realized by engineering electronic bands via either changing the
twist angle, doping, or electric field 1*>7. The existing moiré systems, however, have limitations
in various aspects. Firstly, moiré patterns useful for electronic band engineering typically form
between van der Waals (vdW) layers with similar lattice constants. Secondly, the potential depth
is fixed by interlayer coupling and not easily adjustable. Thirdly, lattice and electronic properties

are necessarily coupled, resulting in undesirable constraints such as lattice reconstructions at small



twist angles. Thus, a new approach that separates the generation of the moiré potential from the

functional layer would significantly expand the flexibility in moiré engineering.

Hexagonal boron nitride (hBN) as a wide-gap insulator has played an essential role in van
der Waals (vdW) materials and heterostructures. In the vast majority of the studies, hBN layers
act as passive layers such as atomically smooth substrates °, capping layers '°, or ultrathin tunnel
barriers !!, drastically improving charge carrier mobility !? or reducing inhomogeneous broadening
of optical resonances. One exception is that moiré patterns may form between hBN and graphene
layers due to their similar lattice constants, modifying the properties of the multilayer '>. hBN
itself offers superior thermal conductivity and interesting photonic and phononic properties '*. For
example, hBN exhibits natural hyperbolic dispersion in the mid-infrared range '°, hosts defect-
bound single photon emitters at room temperature '°, and functions as UV photon detectors !”.
Very recently, twisted hBN bilayers have been found to exhibit ferroelectric states in both transport

and scanning probe measurements 822,

Here, we demonstrate that the electrostatic potential on the surface of a twisted hBN (t-hBN)
bilayer or a multilayer can be used to impose a universal moiré potential on an adjacent functional
layer. This moiré potential is tunable in several ways. First, the potential depth changes with
the supercell size and the top hBN layer thickness. The magnitude of the potential agrees with
predictions from a simple theory of electric polarization originating from the interfacial charge re-
distribution. Furthermore, this surface potential can be engineered in a double moiré configuration
formed by three twisted hBN layers. When the supercell sizes of the two moiré patterns are similar,

the potential at each interface adds constructively, leading to a deeper potential modulation of ~



400 meV. When the supercell sizes of the two moiré patterns are different, multiple polarization
states form, enabling different applications, i.e. ferroelectric domains for multi-state memory. As
an example of controlling optical properties of a functional layer, we demonstrate how a twisted
hBN substrate can impede exciton diffusion in an adjacent MoSe, monolayer. Our work may stim-
ulate future studies that combine the t-hBN substrates with rather different materials (e.g. layered
materials with different lattice constants and symmetry or polar molecules and polymers), thus,

expanding the footprint of moiré engineering in materials science.

We first describe the formation of a net polarization and the electrostatic potential of a t-
hBN bilayer conceptually as shown in Fig. 1a. Commonly used hBN crystals are naturally stacked
in an AA’ sequence, i.e., B atoms are vertically aligned with N atoms in adjacent layers. In an-
other energetically favorable AB or BA (Bernal) stacking configuration, a perpendicular electric
polarization emerges because both inversion and out-of-plane symmetry are lifted at these high
symmetry points, unlike in the case of AA’ stacking. An electric polarization (indicated by black
arrows) originates from charge redistribution Ap at the buried interface (Fig. 1a). The Bernal stack-
ing can be realized as a t-hBN bilayer with a nearly parallel interface. In this case, the electrostatic

potential is described by

PR
V(R,z2) ~ sgn(z)ge_qz', (1)
260
where the net polarization is calculated from P(R) = [ 2’Ap(R, 2)dz', G = %, R represents

the lateral position vector, b characterizes the supercell size, and z is the vertical distance to the
buried interface 8. The magnitude of P is 2.01 pCm~! obtained from the first principles calcula-

tions (Fig. 1a), consistent with previous experiments '*2°, In a t-hBN bilayer, the lateral variation



of this potential V' (R) follows the superlattice periodicity, and its amplitude reduces with decreas-

ing supercell sizes.

The moiré potential generated by a t-hBN substrate may modulate the electronic bands of an
adjacent thin functional layer as illustrated by Fig. 1b. As an example, we calculate a semiconduct-
ing MoSe, monolayer placed on two hBN monolayers with a parallel interface. The orientations
of crystalline axes of MoSe, and hBN layers are assumed to be aligned with a 4:3 ratio of their
lattice constants in the calculation. The conduction and valence band edge states are modulated as
the atomic registry of the t-hBN (1) varies as shown in the left panel of Fig. 1c. This calculation
confirms that all band-edge states are modulated with the same profile as a function of rzy, which
is one reason for the term “universal potential”. In contrast, translating the MoSe, monolayer on
top of the t-hBN substrate (e.g. as a function of r;) does not influence the bands of the functional

layer, making this remote potential modulation a robust approach for band engineering.

We now experimentally quantify the electrostatic potential at the surface of the t-hBN sub-
strate. The t-hBN layers are assembled by folding as illustrated in Extended Data Fig. 1 (more
details in Methods). When the hBN is folded along the armchair (zigzag) direction, a parallel
(anti-parallel) interface forms as shown in recent experiments '*2°. Self-folding commonly leads
to t-hBN bilayers with a marginal twist angle 23. The resulting moiré superlattice can be imaged
with several scanning probe techniques and transmission electron microscopy **2°. Here, we mea-
sure the electrostatic potential at the top surface of the t-hBN layers using frequency modulation
Kelvin Probe Force Microscopy (KPFM) (details in Methods) 2. A representative KPFM image

is shown in Fig. 2a. A gradual change in the supercell size is observed and likely originates from



strain-induced twist-angle variations. The supercell sizes range from ~ 500 nm to ~ 50 nm. The
twist angles are estimated to be between 0.03° and 0.3° using the relation b = a/d where b is the
supercell size, a is the hBN lattice constant, and ¢ is the twist angle. The color contrast in the

KPFM image corresponds to the surface potential.

We perform detailed analysis of the supercell size (i.e. twist-angle) dependence of the surface
potential in Fig. 2. We anticipate the measured potential to be dominated by the leading Fourier
harmonics expansion, i.e., a sinusoidal function !° where the maximal and minimal values occur
at AB and BA points. The first principles calculations and the illustration supporting this expected
potential profile are shown in Fig. 2b. The line profiles along the diagonal directions (labeled as
red and blue lines in Fig. 2a) are presented in Fig. 2c-d, in which the solid line is a sinusoidal fitting
function, Asin B(x — C'). The depth of the potential AVs = Vg oz — Vismin extracted from the
fitting is plotted as a function of the supercell size in Fig. 2e. The error bars along the horizontal
and vertical-axes indicate the uncertainty of supercell size and surface potential, respectively. The
potential increases and becomes saturated with increasing supercell sizes. This observation is in
excellent agreement with the prediction (solid blue line) of equation 1 taking into account the
measured top hBN thickness of 2 = 7.8 nm. In plotting these theoretical curves, the maximum
absolute value of the potential is set to be 225 meV unless stated otherwise. In all measurements,
the tip of the KPFM is kept at ~ 2 nm above the sample. The tip-to-sample distance dependence is
further discussed in the Extended Data Fig. 2. In the analysis, we chose regions of the sample with
equilateral triangle patterns, which are less susceptible to unintentional extrinsic strain, to extract

the potential value. The supercell shape influences the extracted potential modulation as further



discussed in Extended Data Fig. 3.

Having established a good understanding of t-hBN bilayers, we further engineer the moiré
potential by assembling double moiré structures consisting of three t-hBN layers. In the example
shown in Fig. 3a, three hBN layers each with a thickness of ~ 20 nm and twist angles ~ 0.02°
are assembled. The surface potentials from the single and double moiré regions are compared
by taking two line profiles plotted in Fig. 3b from regions indicated by the blue and red lines
indicated in Fig. 3a.) The potential modulation in the double moiré structure (red data points
and curve) in Fig. 3b is nearly twice of that in the single moiré superlattice (blue data points and
curve) when two supercells of ~ 800 nm are analyzed. In the double moiré region, the potential
modulation is as deep as Vyoune= 390 meV (Fig. 3b) because the electrostatic potential from each
interface adds constructively. In this example, we analyzed large supercells approaching ~ 1 pym.
Deviations from the sinusoidal function due to lattice reconstructions are observed near the peaks,
e.g. data points taken in the single moiré region (blue points). Complete lattice relaxations of
moiré superlattices would lead to domains with AB and BA atomic registry separated by sharp

domain walls.

Another example of the double moiré structure is presented in Fig. 3¢, which consists of two
interfaces with very different periods of ~ 3.5 ym and ~ 300 nm, corresponding to twisted angles
of 0.004° and 0.05°, respectively. Each layer has a thickness of ~ 20 nm. Stacked triangular su-
percells are clearly observed where the larger supercell is encircled by a dashed blue line. Taking
a line cut (red line) of the potential modulation across the boundary of two large supercells, we

observe a step-like increase of ~ 150 mV superimposed on a sinusoidal modulation with an am-



plitude of ~ 120 mV (Fig. 3d). The solid line is a sinusoidal fitting function while the dashed line
is a guide to the eye. This pattern corresponds to the formation of two polarization states in this
double moiré structure. The accumulative polarization from multiple interfaces has been recently

reported in transition metal dichalcogenide multilayers ?’, consistent with our findings.

Finally, we demonstrate how the electrostatic potential generated by a t-hBN bilayer can
impede exciton diffusion in a MoSe,; monolayer. As a prototypical vdW semiconductor, optical
properties of MoSe, monolayers and heterostructures have been investigated extensively. For ex-
ample, exciton lifetimes and diffusion are both critical properties in determining the performance
of optoelectronic devices, and they are modified drastically by moiré potential in heterostructures,
e.g. MoSe,/WSe, 7. Here, we show that diffusion of intralayer excitons in a MoSe, monolayer is
impeded by the moiré potential imposed by a t-hBN substrate. The layered structure and its optical
microscope image are shown in Fig. 4a-b. We perform spatially-resolved pump-probe experiments
to compare exciton diffusion in two regions (marked by red dots in Fig. 4b) of the sample with
either a single hBN layer or a t-hBN bilayer with supercells of ~ 700 nm. The measurements are
taken at 10 K, and the wavelength of both pump and probe is tuned to the A exciton (more details

in Method).

The spatial images of exciton diffusion taken from the MoSe./single hBN region are dis-
played in Fig. 4c-e while the line cuts (white dashed lines) from each image are shown in Fig. 4f.
As the delay time between the pump and probe increases, exciton diffusion beyond the excitation
laser spot (black dashed curve) is clearly observed. In contrast, no exciton diffusion is observable

from the MoSeo/t-hBN region (Fig. 4g-j). Similar data taken from different locations on the sample



and at different exciton densities are shown in the Extended Data Figs. 9 and 10. In many previ-
ous studies of TMD monolayers encapsulated by hBN, exciton diffusion was observed 2. These
experiments demonstrate that electrostatic potential from the t-hBN substrate functions differently
from encapsulation layers and effectively impedes exciton diffusion in the MoSe,; monolayer. Mo-
bile carriers (electrons or charged excitons) in two-dimensional systems (quantum wells and TMD
monolayers) can be confined or completely localized by lateral electrostatic potential. The mecha-
nisms impeding exciton diffusion in the current experiments are complex and need further studies.
One possibility is that excitons are polarized and trapped by the potential. The band structures of
the TMD monolayers are modified by the remote moiré potential, leading to the emergence of flat
bands. When the size of lateral confinement (5-20 nm) is on the same order as exciton Bohr radius
(1-2 nm in TMDs), carriers may be completely localized by the moiré potential, which essentially
defines a regular array of quantum dots (zero-dimensional quantum systems). Near-field optical
techniques with higher spatial resolutions would be necessary to demonstrate neutral or charged

exciton localization.

We compare the experiments presented here with other recent studies of t-hBN layers. It has
been recognized that spontaneous polarizations form at the interface of t-hBN layers and ferro-
electric domains can be controlled via a bias voltage '°. However, the electrostatic potential has
never been studied systematically, preventing the evaluation of t-hBN layers as a general approach
for moiré engineering. One previous experiment extracted the surface potential using electrostatic

20

force spectroscopy “°. In their measurements, the tip oscillation phase is measured as a func-

tion of applied voltage at the centers of two neighboring domains. They measured the shift of



the parabola maxima of the resulting phase vs voltage curves from which the potential depth was
extracted. This method of extracting the potential depth relies on the measurements at only two
locations and, thus, is more susceptible to influences of measurement noises or surface adsorbates,
especially for smaller supercells. In addition, we found supercells are often distorted in shape, e.g.
exhibiting elongation along one direction. The surface potential from such distorted supercells
shows a deeper potential along the elongated direction, making a comparison between different
supercell sizes challenging (Extended Data Fig. 3). Thus, no accurate theory-experimental com-

parison of the surface potential of the t-hBN layers have been reported previously.

In conclusion, we quantify the deep electrostatic potential on the surface of t-hBN layers
and suggest that it can impose a universal moiré potential modulation on an adjacent functional
layer. Having established a simple model describing this electrostatic potential via its systematic
changes with the twist angle and distance to the interface z (Extended Data Fig. 4), we demon-
strate the accumulative effect from two interfaces in double moiré structures, reaching a potential
as deep as ~400 meV. Such a strong moiré potential depth has been inaccessible in previously
studied moiré systems. As a simple example of controlling properties of an adjacent semiconduc-
tor monolayer, we show exciton diffusion is impeded by a t-hBN substrate, complementing a prior
study of dielectric modulation of exciton resonances by a graphene/hBN substrate 2°. Furthermore,
we calculate how a combined t-hBN substrate and a gate voltage can be used to tune the electronic
band of a natural graphene bilayer from topologically trivial to non-trivial (Extended Data Fig. 6).
The hetero-interface between the hBN and functional layer should not change the energy band of

the functional layer, evidenced by the common practice of using hBN as a substrate and capping

10



layer. Thus, our work suggests a promising approach to broaden moiré engineering to periodically

modulate properties of a wide range of electronic and photonic functional layers.

Methods

Sample preparation: We exfoliated hBN flakes using scotch tape onto 285 nm SiO4/Si substrates.
After choosing a target hBN flake via microscope imaging, nitrogen gas is blown to facilitate
the folding process. Samples typically fold along either zigzag or armchair directions. After
stacking or folding, the samples are annealed up to 500°C for 4 hours under vacuum ~ 10~7 Torr
to increase interface bonding by removing polymer residue. For the MoSes/t-hBN structure, the
MoSe, monolayer was exfoliated and then dry transferred using a 15% PPC solution, dissolved

into anisole.

KPFM measurements: Kelvin probe force microscopy (KPFM) measurements were performed
using SmartSPM (AIST-NT) in two-pass frequency modulation KPFM (FM-KPFM) mode and
amplitude modulation KPFM (AM-KPFM) mode. All the data except for the one in Extended
Data Fig. 5a were taken by FM-KPFM mode. We used Pt coated conductive cantilever probes
with a nominal resonance frequency of 70 kHz and a spring constant of 2 N/m (OPUS 240AC-
PP, Mikromasch) and the gold coated cantilevers with supersharp diamond-like carbon tips with a
nominal resonance frequency of 150 kHz and a spring constant of 5 N/m (BudgetSensors SHR150).
In the FM-KPFM mode of SmartSPM, the resonance frequency shift of the mechanically excited
oscillations (amplitude 20 nm), which are caused by the electrostatic force gradient with respect to
the tip-sample distance, is detected via the phase of the cantilever oscillations. The amplitude of the

11



modulation of the phase, which is caused by applying an ac voltage (3 V, 1 kHz), is proportional to
the difference between the applied dc bias voltage between the contact potential difference (CPD)
and is fed into a feedback controller to nullify the electrostatic force. In FM-KPFM measurements,
the resonance frequency shift is determined by the electrostatic force gradient with respect to the
tip-sample distance rather than the force itself 3*3!. Due to the spatial averaging effect caused by
the cantilever, AM-KPFM measurements typically underestimate the potential modulation up to a

fifth of FM-KPFM (Extended Data Fig. 5).

Transient differential reflection spectroscopy: For the pump-probe measurements, 80 fs pulses
are derived from a Ti:sapphire oscillator operating at a 100 MHz repetition rate. The pump beam
was modulated at 100 kHz using an acoustic optical modulator for the lock-in detection. Both
pump and probe beams were spatially filtered before focused to a spot size of ~ 2 pm in diameter
using a x50 (NA = 0.55) objective. The reflected probe beam was collected by the same objective
and detected by an avalanche Si photodiode. A galvanometer scanner was used to scan the probe
beam to obtain the exciton diffusion images presented in Fig. 4. The excitation power is 20 ©W,

corresponding to an exciton density of ~ 7x 10!t cm~2

Computational methods: First-principles calculations based on density functional theory are
performed within the general gradient approximate (GGA) using the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional as implemented in the Vienna Ab initio Simulation Package
(VASP) 323, The cut-off energy for plane wave-basis expansion is 450 eV. The vdW interlayer
interactions are included via the semi-empirical Grimme-D3 scheme. The Brillouin zone is sam-

pled with 9x9x1 k points using the Monkhorst-pack scheme. The out-of-plane polarization of

12



bilayer h-BN is calculated based on the charge distribution integration and checked with geometric
quantum phase (Berry phase) approach ** with a relaxed lattice constant a = 2.51 A. To avoid in-
teractions between neighboring units, a 20 A vacuum space is added between bilayer units. Dipole
correction is employed in the simulation.

The band structure of the bilayer graphene under moiré potential is calculated using the following
real-space Hamiltonian of the AB-stacked bilayer graphene *°>. We only consider electrons from

the K valley.

ﬁ t,
Hpra(R) = hwpt?(—id,0" — i0,0%) + Z2m (ot — 720?) (2)

v 1s the Fermi velocity. 7 and o are Pauli matrices acting on layer and sublattice spaces. t;,; ~
0.33 eV is the interlayer coupling for bilayer graphene. The applied bias and moiré potential

generated by twisted hBN takes the following form ®

Hbias - %7300 (3)

Hyp(R) = Varp((7° 4+ 72) + (70 — 7%))0” Z sin(én : R) 4)
n=1,3,5
According to the moiré potential formula given in the main text, we take Vy;p = C'exp (—47rﬁ>

and o = exp(—%). d = 0.35 nm is the interlayer distance of bilayer graphene. For Extended

Data Fig. 6, P =35.49 meV and z = 0.58 nm. G,, = %(cos(n%) ,sin(nf))

Modulation potential fitting: Lattice reconstructions may occur in moiré superlattices with small
twist angles and fall into three different regimes . In the fully relaxed regime with the smallest

twist angle, the superlattice is triangular and the AB (BA) domains are separated by sharp domain
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walls with AA stacking. In the transition regime with increasing twist angles, domains are less de-
fined, variations between atomic alignment occur driven by intrinsic strain. In the rigid regime with
large twist angles, the two layers are largely decoupled and no atomic displacements occur within
each layer. The smooth variations of the electric potential shown in KPFM images may originate
from either partial lattice relaxation in the transition regime. In the largest supercells, a plateaus is
observed in the potential line profiles due to lattice relaxation, deviating from a sinusoidal fitting

function.
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Figure 1: Electrostatic moiré potential from a t-hBN substrate modifies properties of an adja-
cent functional layer a, Top and side views of the hBN parallel interface at high-symmetry points.
Calculated charge redistribution corresponding to the three dashed red boxes. Black arrow repre-
sents a net polarization. b, Illustration of an electrostatic moiré potential V(R) at the top surface
of a t-hBN substrate that modifies the properties of an adjacent functional layer. ¢, modulation of
band-edge energies in MoSe, by a t-hBN substrate. Atomic registry between the two hBN layers
(rgn) modulates the conduction band minima and valence band maxima (left). In contrast, atomic
registry between MoSe; and t-hBN does not induce change in the band (right).
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Figure 2: Supercell size dependence of the moiré potential at the surface of a t-hBN bilayer.
a, A representative KPFM image showing supercell sizes changing gradually. b, Calculated real
space polarization map for a supercell (left). Illustration of the surface potential modulation depth,
AVg, and moiré period, b (right). c-d Potential line profiles extracted from two different supercells
— (). The potential
depth becomes shallower for a smaller supercell. e, Summary of potential depth (AVs = Vgm0 —
Vismin) as a function of the moiré period b. The potential depth saturates as the supercell size
increases. The solid blue line is the theoretical curve calculated from equation 1 with the measured

(red and blue lines in panel a). The red solid lines are fitted with A sin B(x

top hBN layer thickness 2 = 7.8 nm.
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Figure 3: Enhanced potential depth and multi-level polarization states in double moiré su-
perlattices and multilayers. a A KPFM image of single (dashed blue) and double (dashed red)
moiré€ regions. The twist angles at both interfaces are 0.02° in the double moiré. b, Comparing po-
tential modulations from supercells with similar sizes in single and double moiré regions. The line
profiles are extracted along the blue and red lines in a, respectively. The solid lines are sinusoidal
fittings. Electrostatic potentials at two interfaces of the double moiré add and deepen the potential
depth. Black arrows indicate polarization directions. ¢, KPFM image of a double moiré super-
lattice with dissimilar twist angles at both interfaces. Small supercells of ~ 300 nm superimpose
on large supercells of 3.5 um encircled by dashed blue lines. d, A line profile along the red line
marked in (¢). Multi-level states correspond to regions from the same or opposite polarizations
(black arrows) at the two interfaces. Solid red line is sinusoidal fittings and dashed blue line is a
guide to the eye.
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Figure 4: Moiré potential from a t-hBN substrate impedes exciton diffusion in a monolayer
MoSe;. a, Schematic of the MoSe,/t-hBN multilayer and the spatially-resolved exciton diffusion
measurement. Probe beam is raster scanned across an area centered around a fixed pump beam.
b, Optical microscope image of the monolayer MoSe, placed on either a single hBN or a t-hBN
bilayer. Inset: KPFM image of a region on the t-hBN bilayer where optical measurements are
taken. c-e, Normalized pump-probe images on MoSe, monolayer (ML) on top of a single hBN at
delay times of O ps (¢), 2.5 ps (d), and 5 ps (e). The scale bar is 1 um. f, Line profiles taken along
the white dashed lines in (c-e). g-j, Corresponding images and line profiles from the ML MoSe,

placed on top of the t-hBN substrate.
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Extended Data

Parallel

Extended Data Fig. 1: Introduction of folding and folded hBN flakes. a, Illustration of folding
along the zigzag (armchair) direction leading to the parallel (anti-parallel) orientation at the inter-
face. Optical image of one ~ 4 nm thick hBN flake (a) before and (b) after folding. Scale bars
represent 5 pm. The folded regions are marked by dashed lines with different color contrasts. The
blue and red dashed lines encircle the bilayer and trilayer regions in (b), respectively.
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Extended Data Fig. 2: Parameter dependence of KPFM measurements. a, [llustration of the
tip scanning over the sample. Scan height A is the sum of the thickness of the top hBN, z = 7.8 nm,
and tip-to-sample distance, zj¢. b is the domain size as defined in the main text. b, Measured
modulation potential depth AV as a function of the scan height, h, for two domain sizes of 60 nm
(blue sphere) and 370 nm (red sphere). The measured potential depth remains constant for large
supercells while drops for small supercells with increasing scan height. It is important to note that
the potential can be sensitive to scan height even for large supercells with a blunt tip and a reduced
spatial resolution. The tip-to-sample distance is kept at z;; = 2 nm for all results presented in
the main text. ¢, Potential modulation as a function of scan speed for a supercell of 60 nm period.
The potential value does not change significantly for the scan speed between 0.5 and 1.5 Hz. The
images presented in the main text are taken at the scan speed of 1 Hz. d-f, KPFM images of the
domains with supercell size of 60 nm (d, e) and 370 nm (f). The images d and e are identical
images but represented on two different potential scales. The potential scale of e is chosen to be
the same as that of f for comparison. Notice that several small features with higher potential are
clearly resolved in d and e, which is indicative of a high spatial resolution. The measurements
were performed by a supersharp diamond-like carbon tip with a radius of 1 nm.
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Extended Data Fig. 3: Supercell shape influencing modulation potential. a, Illustration of
an isosceles triangular supercell. The base length is fixed at 240 nm and sides are defined as
the period in panel b. b, The modulation potential measured from several isosceles triangular
supercells. In regions where supercells are distorted by unintentional strain, equilateral triangles
become isosceles triangles. In this case, the extracted potential (blue spheres) deviates from the
theoretical prediction (solid curve). The vertical red dashed line corresponds to the period of 240
nm, i.e. an equilateral triangle.
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Extended Data Fig. 4: Top hBN layer thickness dependent potential modulation. a, KPFM
images of single (dashed blue) and double (dashed red) moiré superlattices. Scale bar represents
500 nm. b, Schematic of the sample in a. ¢, Surface potentials measured from the single (blue)
and double (red) moiré regions. The ferroelectric interface (the bottom interface) lies between
layers with 6 ~ 0° while the contribution from the second interface with 6 ~ 16° is negligible.
The shallower potential from the double moiré region is due to the effectively thicker hBN layer.
The blue and red lines plotted the theory curve with measured hBN thickness from the bottom
interface. d, Summary of potential modulation as a function of the top hBN thickness. Data points
were collected from several samples with the same supercell sizes of 130 nm and 290 nm.
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Extended Data Fig. 5: Comparison between AM-KPFM and FM-KPFM. a, AM-KPFM po-
tential map of the sample in main text. b, FM-KPFM potential map in region. ¢, Surface poten-
tials of 170 nm period moiré lattice measured by AM-KPFM (blue spheres) and FM-KPFM (red
spheres). While AM-KPFM images show reduced noise, it is known to underestimate the potential
modulation. Due to an averaging effect, AM-KPFM (~ 30 meV) yields one fifth of modulation
potential extracted from FM-KPFM (~ 150 meV).
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Extended Data Fig. 6: Non-trivial topological states in bilayer graphene induced by twisted
hBN. a, Proposed device structure to control band topology of a natural bilayer graphene by t-hBN
substrate with a gate voltage V. b, Phase diagram of the bilayer graphene under the moiré potential
generated by twisted hBN as a function of the applied bias 1} and the period of the moiré potential,
b. Within the shaded area, the highest valence band (marked by red in b-e) is topologically non-
trivial. Outside this area, the highest valence band is either trivial or does not have a well-defined
gap with other bands. c-f, Dispersion relation of the bilayer graphene corresponding to several
representative points of the phase diagram. ¢, V5 =60 meV ,b =12 nm. d, V[, =60 meV , b =25
nm. e, Vo =50meV ,b=25nm. f, V5 =10 meV , b =25 nm.
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Extended Data Fig. 7: Topography and KPFM images. a, c, e, g, Topography and b, d, f,
h, corresponding KPFM images for twisted bilayers and trilayers included in the main text and
Extended Data. There are no correlations between these images, indicating minimal influence of
topography in the modulation potential analysis.
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Extended Data Fig. 8: Oscillation amplitude dependence of KPFM measurements. a, KPFM
potential profile with the oscillation amplitude of 20 nm for a domain size of 100 nm. The thick-
ness of the top hBN is z = 13 nm, and tip-to-sample distance is, 27 = 1 nm. The measurements
were performed by a supersharp diamond-like carbon tip with a radius of 1 nm. b, KPFM potential
profile with the oscillation amplitude of 10 nm for the same domain. ¢, Summary of modulation
potential depth AV as a function of the oscillation amplitude. As reducing the oscillation ampli-
tude, noise becomes significant however the potential depth is independent. With the oscillation
amplitude of 5 nm, the data is too noisy so it is not meaningful to extract the potential value.
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Extended Data Fig. 9: Diffusion measurements in multiple locations on the ML MoSe,/t-
hBN. a-c¢, Normalized pump-probe images from the second position on the ML MoSe,/t-hBN at
delay times O ps (a), 2.5 ps (b), and 5 ps (¢). The scale bar is 1 ym. d, Line profiles taken along
the white dashed lines in (a-c). e-h, Corresponding images and line profiles from the third position
on the ML MoSe,/t-hBN. The exciton density is the same as the main text of ~ 7x 10! cm~2,
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Extended Data Fig. 10: Diffusion measurements with different exciton densities on the ML
MoSe,/t-hBN. a-c, Normalized pump-probe images on the ML MoSe,/t-hBN with exciton density
of ~ 3x10™ cm~2 at delay times O ps (a), 5 ps (b), and 10 ps (¢). The scale bar is 1 um. d, Line
profiles taken along the white dashed lines in (a-c). e-h, Corresponding images and line profiles
from the ML MoSe,/t-hBN substrate with exciton density of ~ 2x 10! cm~2.
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