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C O N D E N S E D  M AT T E R  P H Y S I C S

Moiré ferroelectricity modulates light emission from a 
semiconductor monolayer
Dong Seob Kim1,2, Chengxin Xiao3, Roy C. Dominguez4, Zhida Liu1,2, Hamza Abudayyeh1,2, 
Kyoungpyo Lee1,2, Rigo Mayorga-Luna4, Hyunsue Kim1,2, Kenji Watanabe5, Takashi Taniguchi6, 
Chih-Kang Shih1,2, Yoichi Miyahara4,7, Wang Yao3, Xiaoqin Li1,2*

Semiconductor moiré superlattices, characterized by their periodic spatial light emission, unveil a new paradigm 
of engineered photonic materials. Here, we show that ferroelectric moiré domains formed in a twisted hexagonal 
boron nitride (t-hBN) substrate can modulate light emission from an adjacent semiconductor MoSe2 monolayer. 
The electrostatic potential at the surface of the t-hBN substrate provides a simple way to confine excitons in the 
MoSe2 monolayer. The excitons confined within the domains and at the domain walls are spectrally separated 
because of a pronounced Stark shift. Moreover, the patterned light emission can be dynamically controlled by 
electrically gating the ferroelectric domains, introducing a functionality beyond other semiconductor moiré su-
perlattices. Our findings chart an exciting pathway for integrating nanometer-scale moiré ferroelectric domains 
with various optically active functional layers, paving the way for advanced nanophotonics and metasurfaces.

INTRODUCTION
While semiconductor monolayers such as transition metal dichalco-
genides (TMDs) have already found many photonic applications 
such as optical modulators (1, 2), detectors (3, 4), and light-emitting 
devices (5, 6), a moiré superlattice consisting of a twisted bilayer of-
fers a substantially expanded parameter space for tunable properties. 
With subwavelength periodic light emission patterns, semiconduc-
tor moiré superlattices are emerging as an innovative form of active 
metasurfaces. They feature prominent exciton resonances whose 
resonant energies, lifetimes, and transport all depend on the twist 
angle (7–9). However, many properties of moiré excitons change si-
multaneously, imposing undesirable constraints. For example, as the 
lateral confinement size reduces with an increasing twist angle, the 
exciton lifetime increases rapidly, likely leading to reduced quantum 
efficiency (10, 11).

Hexagonal boron nitride (hBN), a different class of van der Waals 
materials, is often used as passive encapsulation layers or tunnel 
barriers. It has become increasingly relevant as a photonic material 
for hosting quantum defect emitters (12, 13) or detecting ultraviolet 
light (14) or as a natural hyperbolic material in the midinfrared 
range (15, 16). Very recently, slid or twisted hBN (t-hBN) bilayers 
with a parallel interface have been found to exhibit ferroelectricity 
(17, 18). Furthermore, it has been suggested that the periodic elec-
trostatic potential on the top t-hBN surface can alter the properties 
of an adjacent functional layer placed on top of the t-hBN substrate 
(19). In this case, the generation of the moiré potential is separated 
from the functional layer, offering greater flexibility.

Here, we explore a strategy to seamlessly integrate the ferro-
electric (FE) functionality of a t-hBN with a light-emitting semi-
conductor monolayer. The electrostatic potential on the surface of 
the t-hBN confines excitons in an adjacent MoSe2 monolayer. 
Those excitons confined within the domains and along the do-
main walls (DWs) are spectrally separated because of the Stark 
shift induced by an in-plane electric field (E-field) that is the 
strongest at the DWs. By correlating Kevin probe force microsco-
py (KPFM) and optical microscopy experiments, we show that the 
spatial light emission pattern follows the moiré pattern of the t-
hBN substrate. Through electric gating, one can erase and restore 
the FE domains. Consequently, the light emission from the MoSe2 
monolayer exhibits characteristic hysteresis behavior. Because the 
FE domain size is readily controlled by the twist angle, the light 
emission pattern can be modulated at a length scale far below the 
optical diffraction limit, charting a pathway for creating active 
metasurfaces (20, 21).

RESULTS
We first explain the formation of FE domains in a t-hBN bilayer 
conceptually, as depicted in Fig. 1A. A natural hBN crystal consists 
of layers stacked in an AA′ sequence, in which hexagonal lattices 
overlap, and B (N) atoms are vertically aligned with corresponding 
N (B) atoms in adjacent layers. In another energetically favorable 
AB or BA (Bernal) stacking configuration, in which hexagonal lat-
tices laterally slide, the B (N) atoms in the upper layer align with the 
N (B) atoms in the lower layer, and the N (B) atoms in the upper 
layer are positioned above the vacant center of the hexagon in the 
lower layer. The spatial inversion symmetry is broken, leading to op-
posite polarization directions between AB and BA stacking, as indi-
cated by the black arrows.

An array of FE domains with alternating polarization directions 
is formed in a t-hBN bilayer in which the domain size is readily 
controlled by the twist angle. These FE domains can be directly visu-
alized via KPFM shown in Fig. 1B as an example. Details of the 
sample preparation and KPFM measurements can be found in Ma-
terials and Methods. The color contrast in a KPFM image represents 
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the electrostatic potential near the top surface of the t-hBN, which is 
related to polarization via

where the net polarization is calculated from P(R) = ∫ z�Δρ
(
R, z�

)
dz

�, 
G =

4π√
3b

, R represents the lateral position vector, b characterizes the 
supercell size, and z is the vertical distance to the buried interface (19). 
The magnitude of P is 2.01 pC m−1 obtained from the first principles 
calculations. The surface potential extracted from KPFM measure-
ments agrees remarkably well with the prediction of this theory (22). 
When a semiconductor functional layer is placed on top of a t-hBN 
substrate, the E-field (green lines in Fig. 1C) generated by the surface 
potential of the t-hBN can periodically modulate the spectral and spa-
tial patterns of the semiconductor layer, as illustrated in Fig. 1D.

We calculate the in-plane E-field developed at the DWs due to an 
electrostatic potential drop between adjacent domains (Fig. 2A). In 
this example, we use a supercell size of 500 nm and a top thickness 
of t-hBN of 4.8 in Eq. 1. The side view of E-field vectors at the DW 
is plotted in Fig. 2B. The in-plane E-field decreases with an increas-
ing distance z from the t-hBN interface. We hypothesize that the 
in-plane E-field at the DWs separates the electron and hole without 
dissociating the excitons in MoSe2, as illustrated in Fig. 2C. To veri-
fy this hypothesis, we conduct experiments by placing a MoSe2 
monolayer on a t-hBN substrate with large domains identified via 
the KPFM image shown in Fig. 2D.

Optical reflectivity measurements are taken from three locations 
across the DW, as indicated by the red arrow in Fig. 2D. The derivatives 
of reflectance spectra are displayed in Fig. 2E [corresponding photolu-
minescence (PL) spectra are displayed in fig. S3]. The three stacked 
spectra (bottom to top) are labeled by their respective locations shown 
in Fig. 2D. While spectra 1 and 3 taken within a domain feature one 

exciton resonance, an additional exciton resonance is observed in 
spectrum 2 taken from a region that overlaps with the DW (the full 
optical spectra with finer steps are provided in fig. S4). We fit these 
resonances using Lorentzian functions (solid lines in Fig. 2E). The X0 
exciton resonance measured within the AB and BA domains (spectra 
1 and 3) exhibits a small energy shift of ⁓1 meV. Because the spontane-
ous polarization directions are opposite in AB and BA domains, there 
may be some difference in how charge defects in MoSe2 accumulate 
within each domain, causing this energy shift (23). The energy of X0 
exciton in spectrum 2 lies in between the values in spectra 1 and 3. 
Considering the spatial resolution of ⁓1.5 μm, this intermediate ener-
gy likely derives from averaging over excitons residing in the two adja-
cent and opposite FE domains. We attribute the lower-energy exciton 
in spectrum 2 to the exciton Stark shift because of the in-plane E-field 
at the DW, as illustrated in Fig. 2C. The exciton Stark shift or the sepa-
ration between the two resonances is ⁓3 meV in this case.

To establish the Stark shift as the mechanism giving rise to the ad-
ditional resonance at the DWs, we quantitatively evaluate the in-plane 
E-field. By measuring the potential profile (VS) across two domains with 
opposite polarization via KPFM and fitting it with a linear function 
across the DW width dDW, we extract the E-field via Fx = ΔVS ∕dDW. 
An example of this analysis is shown in Fig. 3A. Because the potential 
depth depends on the domain size, the in-plane E-field varies between 
regions with different domain sizes. To fully establish the correlation 
between the estimated in-plane E-field and the exciton Stark shift, 
Eshift = EX0

− EXStark
, we investigate two samples (Fig. 3B) in which the 

MoSe2 monolayer is separated from the t-hBN interface by 4.8 (square 
points) and 7.8 nm (triangle points), respectively. We also take mea-
surements from several locations on each sample.

The in-plane E-field at the DW tends to separate the electron and 
hole along the field direction to lower the electrostatic energy at a 
smaller cost of binding energy. Thus, the overall exciton energy is 

V (R, z) ≈ sgn(z)
P(R)

2ϵ0
e
−G∣z∣ (1)

Fig. 1. Moiré ferroelectric domains in t-hBN modulate light emission from an adjacent semiconductor layer. (A) Top and side views of the hBN parallel interface at high-
symmetry points. Inversion symmetry breaking leads to spontaneous polarization as indicated by down (up) black arrows corresponding to AB (BA) stacking. (B) KPFM image 
of the electrostatic moiré potential on the top surface of a t-hBN substrate. AB (BA) domains are marked by white (black) dashed triangles. (C) Sketch of a t-hBN/MoSe2 mono-
layer/hBN van der Waals multilayer with alternating domains at the t-hBN interface. Green lines and arrows illustrate the E-field generated by the FE domains with the largest 
in-plane E-field at the DWs. s-hBN, slid hBN. (D) Illustration of spectral and spatial modulation of light emission from a semiconductor functional layer on top of a t-hBN substrate.
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lowered. This red shift of the Stark exciton is consistent with previ-
ous observations on the TMD monolayer embedded in a p-n junc-
tion (24, 25). Because of the absence of a permanent dipole moment, 
exciton energy does not shift linearly with the E-field. Instead, the 
lowest-order energy shift arises from the second-order perturbation 
theory, i.e., a quadratic Stark effect. This energy shift for 1s excitons 
can be expressed as

where α is the exciton polarizability of MoSe2 monolayers that we 
extract from a previous experiment (26). To display the data clearly, 
we only plotted the magnitude of the Stark shift in Fig. 3B. In other 
figures with original spectra, the red shift is clearly observed.

We calculate the Stark shift of the 1s excitons in MoSe2 monolay-
ers (blue dashed line) in Fig. 3B. Our experiment reports a larger 
Stark shift or higher exciton polarizability than previous studies 
(26, 27). This difference may originate from several reasons. First, 
there is a systematic error in extracting the in-plane E-field from 
KPFM measurements. In all measurements, the tip is kept at ⁓2 nm 
above the top surface of t-hBN substrates (details in Materials and 
Methods). This tip-sample separation is not negligible, considering 
the thin hBN layers (4.8 to 12 nm) used in assembling the twisted 

substrates, thus contributing to underestimated in-plane E-fields. 
Second, a linear fit across the DW we chose may underestimate the 
in-plane E-field, while other reports have applied a nonlinear fit and 
chosen the steepest slope to extract the in-plane E-field (28).

Because the in-plane E-field and the XStark are only present at the 
DWs, one expects not only a spectral modulation but also a spatial 
modulation of the light emission from the functional semiconduc-
tor layer placed on top of the t-hBN with an array of FE domains 
(see fig. S7). We then compare the KPFM image (Fig. 3C) and con-
focal PL image (Fig. 3D) taken from a MoSe2 monolayer placed on 
the t-hBN substrate. In Fig. 3D, we plot the integrated intensity ratio 
of XStark and X0 and observe a spatial correlation between the XStark 
intensity and the DWs (dashed red lines). There are some mis-
matched areas between the KPFM image and the PL map, which 
could be attributed to optically active defects (see fig. S8). As our 
measurements are constrained by the optical diffraction limit, we 
can only image ⁓500-nm or larger domains in our current experi-
mental setup. In principle, light emission modulated by a van der 
Waals FE substrate can be patterned on a length scale far below the 
optical diffraction limit by simply increasing the twist angle.

Last, we demonstrate how an electric gate can modulate the exci-
ton Stark shift from MoSe2 by repeatedly erasing and restoring the 
FE domains of t-hBN substrates. To accomplish this, we fabricate a 

Eshift = −
1

2
αFx

2 (2)

Fig. 2. Stark-shifted excitons from MoSe2 because of the in-plane E-field at the DWs of a t-hBN substrate. (A) Calculated electrostatic potential (black) and in-plane 
E-field (blue) along a direction perpendicular to a DW. (B) Side view of E-field lines near the DW. The color represents the field strength. (C) The in-plane E-field at the DWs 
separates the electron and hole of an exciton and leads to a Stark-shifted exciton resonance. (D) KPFM image of a t-hBN substrate forming large domains. Optical spectra 
are taken from a MoSe2 monolayer at three locations along the red arrow. (E) Derivative of reflectance contrast spectra from the MoSe2 monolayer taken at three locations 
across two opposite and adjacent domains. The numbers correspond to the spots labeled in (D). One exciton resonance is observed within the AB and BA domains, while 
two resonances are observed at the DW.
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dual-gate device structure as illustrated in Fig. 4A. The device is 
built on the same stacked layers measured in Fig. 1C in which the 
MoSe2 monolayer is separated from the t-hBN interface by 12 nm. 
We measure a series of reflection spectra (Fig. 4B) as the vertically 
applied E-field; VB/dB is varied while keeping the MoSe2 monolayer 
undoped (i.e., under the condition VT/dT + VB/dB = 0). In the ab-
sence of a vertically applied E-field or a small E-field, exciton dou-
blets are observed because of the exciton Stark shift at the DWs. 
When the vertically applied E-field is sufficiently large (i.e., above 
VB/dB = ±0.2 V/nm), the exciton resonance subject to the Stark shift 
disappears. The observed change in optical spectra suggests that the 
DWs confining the Stark-shifted excitons are either erased or 

considerably reconfigured by the electric gate. The shape and the 
dynamic evolutions of the FE domains under gating depend on 
multiple factors including the domain sizes and defects within the 
domain network (29). We summarize the exciton Stark shift as a 
function of the vertically applied E-field in Fig. 4D (see fig. S9 for 
more details). At a large applied E-field exceeding the critical value, 
the domain polarization is flipped or reconfigured (18, 29, 30) such 
that the electrostatic potential from the hBN substrate becomes con-
stant, as illustrated in Fig. 4C. Consequently, the in-plane E-field 
vanishes and the XStark resonance disappears.

We observe the hysteresis behavior of exciton Stark shift in Fig. 
4D as the gate voltage is swept forward (blue circles) and backward 

Fig. 3. Spectral and spatial modulation of light emission from MoSe2 by a t-hBN substrate. (A) Electrostatic potential drops (ΔV
S
 indicated by the vertical blue arrow) 

across the DW (d
DW

) of the t-hBN substrate, producing an in-plane E-field and causing an exciton Stark shift. The gray strip indicates a finite DW thickness (d
DW

). The dashed 
red line is a guide for the eye. (B) Summary of the exciton Stark shift as a function of the in-plane E-field, extracted from the KPFM measurements via ΔV

S
/d

DW
. KPFM data 

are taken from two bare t-hBN substrates with different hBN thicknesses, d. The dashed blue line is the calculated exciton Stark shift. The error bars in the horizontal direc-
tion derive from both ΔV

S
 and d

DW
. The error bars in the vertical direction are fitting errors in extracting the exciton energy splitting for spectra taken across DWs. (C) KPFM 

image of the t-hBN substrate where PL spectra from an adjacent MoSe2 monolayer are collected. (D) Spatial map of integrated PL intensity ratio of two exciton reso-
nances XStark/X0. The DWs are marked by red dashed lines.
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(red circles). This behavior is attributed to the ferroelectricity of the 
t-hBN substrate. We further demonstrated that this FE switching is 
reversible and robust over many switching cycles, as shown in Fig. 
4E. The bottom gate and top gate are both changed in the range of 
−6 to 6 V to keep the MoSe2 layer charge neutral. The necessary 
switching voltage depends on the hBN thickness. The FE domain 
switching is measured via the exciton Stark shift. Over several cy-
cles, the Stark-shifted exciton energy drifts, which likely arises from 
the DW distortions (fig. S9) (29, 31). Optical spectroscopy data are 
typically averaged over several domains, except in special cases 
where we intentionally choose to perform experiments along the 
DW of a large domain greater than several micrometers (e.g., Fig. 2, 
B and C). To understand how electronic bands may be modified be-
tween the DWs and domain interior regions, experiments with 
high-spatial-resolution techniques such as scanning transmission 
electron microscopy should be performed in the future.

DISCUSSION
We discuss our findings in the context of previous studies. Hetero-
structures consisting of TMD thin layers placed on conventional FE 
substrates have been investigated previously (20, 32, 33). Conven-
tional FE substrates usually have atomically sharp DWs (28, 34), and 
the in-plane E-field generated by a conventional FE substrate is so 
strong (⁓400 mV/nm) that excitons are often dissociated (33). In 
contrast, the in-plane E-field at the surface of t-hBN substrates stud-
ied is on the order of ⁓20 mV/nm, which is much smaller than the 
binding energy (⁓200 meV) of excitons in TMD monolayers (35). 
Stark-shifted excitons are likely confined along the one-dimensional 
DWs and thus exhibit linear polarization (36). Furthermore, pat-
terning FE domains requires advanced scanning probes or litho-
graphic tools. The ability to easily create a regular array of FE domains 
with deep subwavelength length scales (⁓10 nm) and few-nanometer 
DW widths is a unique advantage of t-hBN in modulating atomically 

Fig. 4. Hysteresis of the exciton Stark shift demonstrating the combined functionality of the FE t-hBN substrate with the MoSe2 monolayer. (A) Dual-gate device 
structure. A MoSe2 monolayer is placed on a t-hBN substrate and encapsulated by a top hBN layer. A vertical E-field is applied by adjusting the back-gate voltage V

B
 and 

top gate simultaneously while keeping the monolayer undoped. GND, ground. (B) Reflectance spectra from the MoSe2 monolayer placed on the t-hBN substrate at differ-
ent applied vertical E-fields. The exciton Stark shift from the FE domains is observed at V

B
/d

B
 = 0 V nm−1. Above V

B
/d

B
 = ±0.2 V nm−1 (top), the XStark peak disappears. Circles 

are measured data, and solid lines are Lorentzian fits. a.u., arbitrary units. (C) Illustration of field-driven switching of the FE domains of the t-hBN substrate as manifested 
via exciton resonances in the adjacent MoSe2 monolayer. (D) Exciton Stark shift as a function of the applied E-field. The shift is constant until the resonance abruptly disap-
pears above ±0.2 V nm−1. Blue (red) circles are the measured exciton Stark shift as the vertically applied E-field sweeps forward (backward). Hysteresis behavior is charac-
teristic of ferroelectricity from the t-hBN substrate. The solid lines are a guide for the eye. Error bars represent the root mean square errors from the Lorentzian fitting to 
optical spectra. (E) Multicycle switching of the FE domains manifested by the exciton Stark shift.
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thin semiconductors, establishing a platform for engineering active 
photonic materials (23) and possibly correlated states (37).

In conclusion, we demonstrate that a t-hBN substrate can modu-
late the light emission from an adjacent semiconductor layer both 
spectrally and spatially. The in-plane E-field introduced at the FE 
DWs is sufficiently large to induce a distinct Stark-shifted exciton 
resonance, similar to that found in semiconductor p-n junctions 
typically created with advanced lithograph tools (24, 25). The light 
emission can be further modulated by an electric gate that erases 
and restores the FE domains in the t-hBN. The hysteresis behavior 
observed in optical spectra demonstrates that the FE property of the 
t-hBN substrate is successfully combined with the light emission 
functionality of the semiconductor layer. Our findings open the ex-
citing possibilities for designing metasurfaces and optoelectronic 
devices based on FE-hBN substrates. For example, FE tuning of ex-
citon resonances may facilitate coupling to optical cavities, enabling 
polariton-based photonic devices.

MATERIALS AND METHODS
Sample preparation
We exfoliated hBN flakes using scotch tape onto 285-nm SiO2/Si 
substrates. After choosing a target hBN flake via microscope imag-
ing, nitrogen gas is blown to facilitate the folding process (see fig. S1 
for the detailed process). Samples typically fold along either zigzag 
or armchair directions. Those layers folded along the armchair di-
rection exhibit an interface with broken inversion symmetry. Thus, 
~50% of the folded hBN layers exhibit ferroelectricity as identified 
by KPFM images. After folding, the samples are annealed up to 
400°C for 4 hours under vacuum (⁓10−7 torr) to increase interface 
bonding by removing polymer residue. For the MoSe2/t-hBN device 
structure, prepatterned Pt/Ti is prepared by photolithography. Then, 
the t-hBN substrate is transferred using a 15% poly(propylene car-
bonate) solution and dissolved into anisole. Then, contact graphite, 
MoSe2 monolayer, top hBN, and top gate graphite are transferred in 
the same way.

KPFM measurements
KPFM measurements were performed using SmartSPM (Horiba) in 
two-pass frequency modulation KPFM (FM-KPFM) mode. All the 
data 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 Au-coated cantilevers with supersharp diamond-like car-
bon 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 me-
chanically excited oscillations (amplitude of 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 oscilla-
tions. The amplitude of the modulation of the phase, which is caused 
by applying an ac voltage (3 V, 1 kHz), is proportional to the differ-
ence between the applied dc bias voltage and the contact potential 
difference and is fed into a feedback controller to nullify the electro-
static force.

Optical spectroscopy measurements
For optical reflectivity measurements at 14 K, a compact stabilized 
broadband light source was focused to a spot size of ⁓2 μm in 

diameter using a 100× microscope objective. For PL measurements, 
a He-Ne laser was used, and the excitation power was kept below 5 μW 
to avoid local heating. The spatial mapping of PL was conducted in 
confocal geometry.

Computational methods
Extending the formula in (19) to a nonrigid twist region by consid-
ering all the reciprocal vectors, we can calculate the static electric 
potential at any position

where P̃(G) is the Fourier component of the electric dipole 
P(R) = ∫ Δρ(R, z)zdz, with Δρ denoting the differential charge den-
sity, and G is the moiré reciprocal vector. The strong lattice recon-
struction in the marginally twisted hBN results in a narrow DW 
between AB and BA stacking. Former ab initio study (38) shows that 
the DW width of strained bilayer hBN is around 8 to 10 nm. Thus, 
we calculated the electric potential and the E-field in Fig. 1 using Eq. 
3 with triangular modified P(R) and 8-nm DW width.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
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