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Cumulative polarization in conductive 
interfacial ferroelectrics
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Ferroelectricity in atomically thin bilayer structures has been recently predicted1 
and measured2–4 in two-dimensional materials with hexagonal non-centrosymmetric 
unit-cells. The crystal symmetry translates lateral shifts between parallel 
two-dimensional layers to sign changes in their out-of-plane electric polarization,  
a mechanism termed ‘slide-tronics’4. These observations have been restricted to 
switching between only two polarization states under low charge carrier 
densities5–12, limiting the practical application of the revealed phenomena13.  
To overcome these issues, one should explore the nature of polarization in 
multi-layered van der Waals stacks, how it is governed by intra- and interlayer 
charge redistribution and to what extent it survives the addition of mobile charge 
carriers14. To explore these questions, we conduct surface potential measurements 
of parallel WSe2 and MoS2 multi-layers with aligned and anti-aligned configurations 
of the polar interfaces. We find evenly spaced, nearly decoupled potential steps, 
indicating highly confined interfacial electric fields that provide a means to  
design multi-state ‘ladder-ferroelectrics’. Furthermore, we find that the internal 
polarization remains notable on electrostatic doping of mobile charge carrier 
densities as high as 1013 cm−2, with substantial in-plane conductivity. Using density 
functional theory calculations, we trace the extra charge redistribution in real and 
momentum spaces and identify an eventual doping-induced depolarization 
mechanism.

Electronic devices based on two-dimensional (2D) materials use 
electric fields that add/remove mobile charge carriers to control 
the material conductivity. If these materials also possess switchable 
electric dipoles, they could serve in future high-density memory tech-
nology13–16. Therefore, a visionary goal is to design 2D materials that 
simultaneously show non-volatile memory and rapid logic response 
where internal charge dipoles and free electrons coexist17,18. Such 
coexistence, however, is typically unfavoured because free charge 
carriers tend to screen dipole formation and cooperative orienta-
tion19–23. The recent discovery of interfacial ferroelectricity by inter-
layer van der Waals sliding suggests an approach to overcome the 
above difficulty by exploiting a partition between in- and out-of-plane 
phenomena: in-plane conductivity is afforded by a conducting 2D 
electron/hole gas, whereas out-of-plane switchable polarization 
emerges from intrinsic symmetry breaking at the interface that can be 
controlled by interlayer sliding. This inherent anisotropy of layered 
ferroelectrics further distinguishes them from thin ferroelectric 
films, which are highly susceptible to surface/interface depolariza-
tion fields24. Specifically, at the 2D limit, the polarization magnitude 
rarely scales with the system thickness and can switch between only 
two local states25–27.

 
Cumulative polarization in trilayers
To explore the potential of interfacial ferroelectrics, we study devices 
made of two or three transition metal dichalcogenide (TMD) layers that 
are artificially stacked in a parallel lattice orientation and encapsulated 
by thin flakes of non-polar hexagonal boron nitride (h-BN), placed atop 
a graphite or gold metallic electrode (Fig. 1a, inset). We measure the 
room temperature surface potential, roughly 10 nm above the surface, 
with an atomic force microscope operated in a side-band Kelvin probe 
mode (Supplementary Information)2,4. Fig. 1a presents the obtained 
potential map, showing a triangular domain landscape of various polar-
ization values, separated by thin domain walls that form owing to a 
slight twist angle between the flakes. For a sufficiently small global twist, 
these domain walls accommodate a shear displacement of precisely 
one interatomic spacing, allowing for perfect AB/BA stacking  
(zero twist) within the triangular domains28–30. The potential profile 
measured in the top-left triangular region in Fig. 1a (red line) shows two 
polarization states (Fig. 1b), consistent with previous reports on 
non-centrosymmetric bilayer TMDs incorporating a single polar inter-
face1,9,11. This indicates regions of the WSe2 trilayer sample where only 
one of the two interfaces is active, namely showing finite polarization 
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due to non-centrosymmetric stacking and in-plane atomic relaxation. 
Notably, the Kelvin probe profile VKP measured at the central region 
(dashed blue line) shows three polarization states separated by poten-
tial steps of VΔ ≈ 110 mVKP  (Fig. 1b). The potential of the intermediate 
step is the average of the two potential values corresponding to a single 
active-interface trilayer, suggesting two oppositely polarized (↑↓) 
interfaces within a trilayer WSe2 region, as for mirror-symmetric Bernal 
stacking (ABA) of WSe2. Furthermore, the potential differences between 
the three polarization states equal those measured at the single 
active-interface regions, which translates to absolute polarization values 
twice as large as for the bilayer system. This can be achieved if the two 
interfaces have parallel polarizations (↑↑, ↓↓), which is the case for the 
rhombohedral ABC and CBA stacking configurations.

The above experimental evidence indicates that the polarization is 
localized at the interfaces between layers, indicating a weak coupling 
between adjacent interfaces and, therefore, a cumulative polarization 
effect in layered stacks. This is supported by the comparable coverage of 
the ABC and ABA domains in the map, demonstrating no significant ener-
getic stability preference to either configuration29,30. We note, however, 
that for larger domains, small coverage differences are observed, indicat-
ing weak coupling that favours a co-aligned polar ABC configuration over 
the anti-aligned ABA counterpart (Supplementary Information). Figure 1c 
presents density functional theory (DFT)-computed potential profiles 
for the ABC stacked WSe2 trilayer. The potential drop, ϕΔ , calculated 
between points far above and below the layered system agrees well with 
the measured potential drop V ϕ(Δ = 2Δ )KP . Its step-like shape31,32 empha-
sizes the interfacial confinement of the polarization and hence the weak 
coupling between adjacent polarized interfaces.

Ladder ferroelectricity in multi-layers
To demonstrate multi-polarization states beyond tri-layered stacks,  
we measured the potential at the surface of naturally grown ABC stacked 

(3R-) MoS2 crystals. The addition of layers with aligned polarization 
yields an essentially linear increase of the total polarization with stack 
thickness (Fig. 2a,b,e), confirming the cumulative interfacial effect. 
Some flake regions show potential values indicative of several interfacial 
polarization configurations (Fig. 2c,d) of aligned and anti-aligned polar-
ized interfaces. For a given number of layers, regions of different stack-
ing and polarization are spatially separated by local domain walls, whose 
crossing yields evenly spaced potential steps. The potential value above 
each region is determined by the difference between upwards N( )↑  and 
downwards N( )↓  polarization-pointing active interfaces, which is dic-
tated by the local stacking configuration as extracted from the measured 
local potential (Fig. 2f). For example, for seven layers (N = 6 interfaces), 
the system can show N + 1 polarization values (we note that adding AA’ 
stacked layers does not affect the overall polarization due to mirror 
symmetry (as in h-BN)). Therefore, by a relative shift of each pair of 
adjacent layers, one could, in principle4, increase/decrease the surface 
potential in a sequential ladder of polarization values.

Polarization and mobile charge doping
The interface-localized nature of the polarization leads to another 
unusual effect, namely its coexistence with in-plane conductance 
through the individual layers. We explore this by introducing external 
gate electrodes to induce free charge carriers in polarized MoS2 or 
WSe2 bilayers. In Fig. 3a–c, we map the surface potential of the same 
spatial MoS2 region while applying several fixed gate biases, Vg. Already 
on application of a relatively small bias, one notices a conductance 
response (Supplementary Fig. 1c) and an improvement in the map 
quality (Fig. 3a,b), indicating that the gate bias affects the bilayers 
carrier density. Application of a larger gate bias leads to domain wall 
sliding and reversible polarization orientation switching, as reported 
here and previously for bilayer systems4–12 (Supplementary Information 
and Supplementary Fig. 2). VΔ KP measurements under different gate 
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Fig. 1 | Several polarization states in artificially stacked trilayers. a, Surface 
potential map at the WSe2 trilayer surface. Dashed white lines mark borders 
between regions consisting of single and two active interfaces. Arrows denote 
the out-of-plane polarization orientation in five domains with different 
stacking configurations. Inset, schematic illustration of the KPFM setup.  
Scale bar, 0.5 μm. b, Typical line cuts of the lateral potential drop across walls 
separating large domains (extracted from Supplementary Fig. 1f) of single 

(solid red) and two (dashed blue) active-interface regions. Line cuts crossing 
domain walls that separate smaller domains are illustrated by the red and 
dashed blue lines in a. The stacking configurations at the corresponding 
interfaces (shown schematically for the bilayer) are marked beside each 
potential step, with the corresponding interface polarizations marked by black 
arrows. c, Calculated laterally averaged vertical potential profile along an ABC 
stacked trilayer with co-oriented (black arrows) interfacial polarization.
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biases are presented in Fig. 3d for MoS2 (red stars) and WSe2 (blue  
triangles and circles) bilayers. The displacement field, D, and the carrier 
density, n, for each gate bias are extracted from the average surface 
potential, Vavg, change between the two domains (Fig. 1b). This proce-
dure (Supplementary Information) is insensitive to quantum capaci-
tance or Schottky barrier effects (the latter prevented us from 
attaining hole doping in MoS2). Notably, the polarization in both mate-
rials is sustained up to the highest experimentally accessible charge 
density of n ≈ 10 cm13 −2 . A reduction of 25–50% in the polarization, 
however, is observed at n ≈ ± 3 × 10 cm12 −2. These findings are in quali-
tative agreement with DFT calculations, also shown in Fig. 3d, in which 
doping is introduced by the inclusion of fractional nuclear charge 
‘pseudoatoms’, inducing excess free charge carriers without violating 
sample neutrality or distorting the underlying band-structure 
(Supplementary Information)33. The experimental polarization pro-
vides a lower bound to the true polarization34, because of limitations 
of local potential measurements under external bias and screening 
effects due to surface contaminants accumulating at large carrier den-
sities (Supplementary Information). This explains the underestimation 
of the experimental measurements with respect to the calculated 
values. Notably, a qualitative difference between the calculated MoS2 
and WSe2 polarization response to doping is observed, in which the 
former shows a weaker response to hole doping than to electron dop-
ing, whereas the latter shows an opposite trend.

To rationalize these results, Fig. 4a,b present the calculated laterally 
averaged excess electron charge density profiles, ρ z( )0

ex , for the 
undoped MoS2 (Fig. 4a) and WSe2 (Fig. 4b) bilayers, where ρ z( )0

ex  is 
defined as the difference between the density of the bilayer and the 
superposition of densities of the corresponding undoped infinitely 
separated layers (dashed black lines). The excess density features a 
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Fig. 2 | Multi-polarization states in naturally grown 3R MoS2. a–d, Topography 
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(a,b) and 7–13 (c,d) layers, respectively. Scale bars, a,b, 0.5 μm; c,d, 1 μm. The 
potential is measured relative to the value above an ABA stacked trilayer region 
(Vavg in Fig. 1b). e, Line cuts (marked in a,b) showing the flake thickness (blue 
squares, right axis) and surface potential (red circles, left axis). The horizontal 
grids show evenly spaced steps. f, Surface potential values and excess number 
of active interfaces (N↑- N↓) above different positions (as marked in a–d) versus 

the number of layers at each point. The dashed black line connects points of  
the fully co-aligned polar interfaces, where the symbols correspond to those 
appearing in a, b and e. Other points (with symbols corresponding to c and  
d) show fixed, evenly spaced values corresponding to multi-polarization 
configurations. For example, the four values measured above seven layers with 
six active interfaces correspond to the 6↓, 5 1↓ ↑, 3 3↓ ↑ and 2 4↓ ↑ combinations. 
Calculated maximal polarization values are indicated by full red squares.
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similar prominent asymmetric contribution at the interface between 
the two layers, for both MoS2 and WSe2, which is the origin of the inter-
face dipole shown in Fig. 1c (Supplementary Information). Doping- 
induced excess charge density variations, ρ zΔ ( )ex , are represented by 
coloured lines for different hole densities. With increasing doping 
density, excess charge accumulates primarily within the layers at the 
transition metal plane. To analyse the asymmetry of ρ zΔ ( )ex , which is 
responsible for depolarization, we plot in Fig. 4c,d the antisymmetric 
part of ρ zΔ ( )ex , defined as ρ z ρ zΔ ( ) − Δ (− )ex ex , where z = 0 is set at the 
interlayer region centre. For both MoS2 and WSe2, the asymmetric part 
of the excess charge shows two contributions, one at the interface and 
the other within the layers. We find two important differences in the 
doping response of ρ zΔ ( )ex  in the two materials: (1) at a given hole 

doping density, the overall charge distribution asymmetry is larger for 
WSe2 (compare, for example, the red curves in Fig. 4c,d); and (2) when 
integrating over the layer region excluding the interface (z ≳ 0.15 nm) 
the asymmetric contribution of MoS2 largely averages out, whereas 
that of WSe2 does not. This contribution has a stronger depolarization 
effect because of its larger distance from the interface. Owing to both 
factors, depolarization is expected to commence at a significantly 
lower hole doping value in WSe2 than MoS2 (see Supplementary Fig. 8 
for comparison).

Finally, to explain the computationally predicted asymmetry 
between the polarization response to electron and hole doping, we 
plot in Fig. 4e,f the band structures of the two interfaces, coloured 
according to the relative contribution of the two layers to each crystal 
momentum dependent state, ϕ x y z( , , )k . To this end, we evaluate its 

projection on the top layer as ∫ ∫ ∫P x y z ϕ x y z= d d d | ( , , )|k
Top

k
−∞

∞

−∞

∞

0

∞
2, with 

the corresponding projection on the bottom layer given by 
P P= 1 −k k

Bot Top. This analysis shows that the valence band states at the Γ 
point, ΓVB, which split considerably on the formation of the bilayer 
structure, are delocalized over both layers. Similar behaviour is found 
for the conduction band (CB) states at the Q point (positioned at the 
midpoint between the Γ and K points of the Brillouin zone), QCB, at the 
bottom of the conduction band31,32. Conversely, the corresponding K
-point states are localized on either of the layers35 and split to a much 
smaller extent (comparable to VΔ /2KP ), mainly because of the emergent 
interface dipole (Supplementary Information). Therefore, changes in 
the occupation of the last states will have a significant effect on the 
polarization. Fig. 4e shows that for MoS2 the KCB states are encountered 
earlier on raising the Fermi level (electron doping), whereas ΓVB states 
are encountered earlier on lowering the Fermi level (hole doping). This 
explains the trend observed in Fig. 3d (solid red line), namely that depo-
larization commences at lower electron doping in MoS2. Figure 4f 
predicts an opposite behaviour for WSe2, owing to a much larger 
spin-orbit coupling induced upshift of the layer polarized KVB states 
and downshift of the layer delocalized QCB states, which explains the 
trend shown by the dashed blue line in Fig. 3d.

Conclusions
To conclude, we have demonstrated stacked 2D layers that support 
robust interfacial polarization, which features three unique charac-
teristics: (1) it supports polarization as high as roughly 0.5 pC m−1 per 
interface (Supplementary section 1d,e); (2) it shows distinct and switch-
able several polarization configurations and (3) it is computationally 
predicted to sustain charge carrier densities up to 1014 cm−2, confirmed 
by current experimental values as high as 1013 cm−2. The coexistence of 
polarization and conductivity is attributed to the interfacial localiza-
tion of the polarization and the excess charge carrier delocalization on 
both layers, which inhibits strong depolarization fields. Notably, the 
measured polarization and density values are nearly ten times larger 
than those found for non-hexagonal TMDs to date5–8,10,12 and may sup-
port rich correlated electronic phases36–38. Whereas challenges remain, 
for example, scalability, long-term stability and selective switchability, 
the cumulative distinct multi-polar ladder of states reported here paves 
the way to bottom-up construction of three-dimensional multi-ferroic 
structures out of well-defined 2D building blocks in a controllable, 
position- and orientation-specific manner.
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edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-022-05341-5.
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Methods

Sample preparation
MoS2 and WSe2, obtained from HQ Graphene, were exfoliated onto 
polydimethylsiloxane. Large single-layer flakes (roughly 20 μm or 
more) of TMDs were identified using optical contrast. h-BN flakes were 
picked up from the substrate using polydimethylsiloxane/poly(methyl 
methacrylate)-based dry transfer technique and placed on few-layered 
graphene or predesigned gold electrodes (Supplementary Fig. 1a). 
Subsequently, parallel bilayers of TMDs were prepared on the h-BN 
surface using the ‘tear and stack’ technique. The entire stack is then 
encapsulated with another h-BN flake. The bottom graphene or gold 
substrate acts as a reference electrode for Kelvin probe force micros-
copy (KPFM) measurements and as a gate electrode. In the trilayer 
measurements (without doping), the stack was placed directly on the 
conducting electrode without the bottom h-BN.

The samples studied in Fig. 2, with MoS2 multi-layered systems 
beyond trilayer stacks, were obtained by exfoliating the 3R single crystal 
(purchased from HQ Graphene) to a bare SiO2 surface and connecting 
the flakes to a metal electrode.

KPFM measurements
KPFM measurements were acquired using a Park System NX10 atomic 
fluorescence microscope in non-contact scanning mode. The electro-
static signal was measured at side-band frequencies using a built-in 
lock-in amplifier. We used PointProbe Plus Electrostatic Force Micros-
copy (PPP-EFM) n-doped tips with a conductive coating. The mechani-
cal resonance frequency of the tips was roughly 75 kHz and the force 
constant was 3 N m−1. The cantilever oscillated mechanically with an 
amplitude ranging from 20 to 5 nm. In several experiments, the aver-
age height above the surface, h, was controlled through a two-pass 
measurement. The first pass records the topography, whereas in the 
second pass the tip follows the same scan line with a predefined lift 
(typically 4–5 nm) and measures the KPFM signal. The cantilever was 
excited with an a.c. voltage to perform KPFM measurements, with an 
amplitude of 1.5–4 V and a frequency of 2–4 kHz. In the closed-loop 
measurements, the d.c. voltage was controlled by a bias servo to obtain 
the surface potential. Images were acquired using the Park SmartScan 
software and the data were analysed using the Gwyddion program.

Computation
Potential profiles were calculated using the Perdew–Burke–Ernzerhof  
generalized-gradient exchange-correlation density functional 
approximation39, augmented by the Grimme-D3 dispersion correc-
tion with Becke–Johnson damping40 as implemented in the Vienna 
ab-initio simulation package (VASP)41. The core electrons of the Mo, 
W, S and Se atoms were treated by means of the projector augmented 
wave approach. Spin-orbit interactions were included. Single-point 

electron density calculations were performed on relaxed layer struc-
tures with a plane wave energy cut-off of 600 eV and a k-point mesh of 
12 × 12 × 1, setting a vertical vacuum size of 10 nm to avoid interactions 
between adjacent bilayer images. To evaluate the vertical polarization, 
a dipole moment correction was used. Doping calculations of bilayer 
WSe2 and MoS2 were performed using the fractional nuclear charge 
pseudoatom approach33, allowing for simulating doping densities in 
the experimentally relevant range. To this end, we use pseudopotentials 
generated for atoms with fractional nuclear charge, within the open 
source Quantum Espresso package42.

Data availability
Source data are provided with this paper. 
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