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ABSTRACT: Transition metal dichalcogenides (TMDs) with rhombohedral (3R)
stacking order are excellent platforms to realize multiferroelectricity. In this work,
we demonstrate the electrical switching of ferroelectric orders in bilayer, trilayer,
and tetralayer 3R-MoS2 dual-gate devices by examining their reflection and
photoluminescence (PL) responses under sweeping out-of-plane electric fields. We
observe sharp shifts in excitonic spectra at different critical fields with pronounced
hysteresis. These phenomena are attributed to distinct interlayer polarizations
resulting from specific lateral displacements between the layers, with each
configuration yielding a unique ferroelectric state. Our findings indicate two,
three, and four ferroelectric regimes for bilayer, trilayer, and tetralayer structures,
respectively, in agreement with theoretical prediction. Moreover, each polarization state can be stabilized at zero applied electric
field. The tunable ferroelectric phases of these multilayers pave the way for innovative applications in non-volatile memory, logic
circuits, and optoelectronic devices.
KEYWORDS: transition metal dichalcogenides, MoS2, 3R stacking, ferroelectric order, multiferroelectricity, electrical switching

The stacking sequence of layers is critical in defining the
properties of two-dimensional (2D) materials. While

most studies focus on the common Bernal or 2H stacking with
180° interlayer twisting, the less common rhombohedral (3R)
sequence offers unique material properties and novel
phenomena.1−5 For instance, rhombohedral multilayer gra-
phene can exhibit flat bands, strongly correlated states and
superconductivity.6−8 For transition metal dichalcogenides
(TMDs) like MoS2 and WSe2, 3R-stacked multilayers provide
an excellent platform for realizing multiferroelectricity. In 3R-
MoS2 layers, for instance, the Mo atoms in one layer align
vertically with the S atoms in the adjacent layer (Figure 1b-c).
The difference in electronic affinity between Mo and S leads to
charge transfer, resulting in a permanent out-of-plane electric
dipole. Interestingly, sliding the layers by one intralayer Mo−S
bond-length (0.242 nm) reverses the interlayer Mo−S
alignment, creating an opposite electric dipole, thus allowing
the realization of two opposite ferroelectric orders in bilayer
3R-MoS2.

9,10 As the layer thickness increases, the number of
ferroelectric states grows significantly due to the numerous
ways to displace the layers, presenting an exciting opportunity
for multiferroelectricity in 2D materials.11−13 Such ferroelec-
tricity has been demonstrated in 3R layers, both artificially
stacked14−18 and coherently stacked crystals, showing photo-
voltaic effects,19−21 enhanced nonlinear optical response22−25

and electric-field-driven switching behavior.26−28 However, the
impact of multiferroelectricity on optical responses remains
underexplored and warrants detailed investigation.

In this paper, we demonstrate electrical switching of
ferroelectric orders in bilayer, trilayer, and tetralayer 3R-

MoS2 by measuring their reflection and photoluminescence
(PL) response under a sweeping out-of-plane electric field. We
observe abrupt changes in the excitonic spectra at discrete
critical fields, indicating phase transitions. Reversing the
electric field direction reveals pronounced hysteresis, a
hallmark of ferroelectric behavior. These phenomena are
attributed to distinct interlayer polarizations induced by
specific translational displacements between 3R-stacked MoS2
layers. Our results reveal two, three, and four ferroelectric
regimes in bilayer, trilayer, and tetralayer 3R-MoS2, respec-
tively, consistent with the anticipated number of distinct
interlayer polarizations in these structures. Notably, by
manipulating the sweeping fields, we can stabilize each
ferroelectric polarization state at zero applied electric field.
The electrically controllable multiferroelectricity holds promise
for novel device applications, including next-generation non-
volatile memory and optoelectronic sensors. Compared to
recent studies focusing on the reflection response of trilayer
3R-MoS2,

11,29 our work encompasses bi-, tri-, and tetra-layer
3R-MoS2, integrates reflection and PL responses, and
demonstrates the stabilization of intermediate ferroelectric
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states. These advancements provide new insights and broaden
the scope of ferroelectric phenomena in 2D materials.

We fabricate 3R-MoS2 dual-gate devices encapsulated with
hexagonal boron nitride (BN) on Si/SiO2 substrates (Figure
1a). Thin graphite flakes serve as contacts and electrodes to
enhance device performance. By applying gate voltages of

opposite signs on the top and bottom gates, vertical electric
fields are applied to the MoS2 samples with minimal or no
charge injection. Reflectance contrast (ΔR/R) and PL
measurements are conducted under varying electric fields at
a sample temperature of T = 6 K. Additionally, we calculate the
second-order energy derivative d2(ΔR/R)/d(ℏω)2 of the

Figure 1. Switching ferroelectric order in bilayer 3R-MoS2. (a) The schematic of dual-gate 3R-MoS2 device (b-c) Bilayer stacking configurations
with polarizations ±P. (d-e) Color map of the second-order energy derivative of reflectance contrast spectra of bilayer 3R-MoS2 device under
opposite electric-field sweeping directions (denoted by the red and blue arrows). Distinct ferroelectric regimes with opposite interlayer
polarizations ±P are denoted. The dashed lines denote the critical fields at which the ferroelectric order switches. The A and B excitons are
denoted. (f) The bilayer ferroelectric hysteresis extracted from Panels d-e. (g) Schematic K-valley band structures of individual layers (L1 and L2)
in bilayer 3R-MoS2. A potential difference between the two layers is induced by the interlayer polarization of the ferroelectric order.

Figure 2. Switching ferroelectric order in trilayer 3R-MoS2. (a-c) Trilayer stacking configurations with 0P, ±2P polarizations. (d-e) Color maps of
the second-order energy derivative of reflectance contrast spectra of trilayer 3R-MoS2 device under opposite electric-field sweeping directions
(denoted by the red and blue arrows). Distinct ferroelectric regimes with interlayer polarizations 0P, ±2P are denoted. The dashed lines denote the
critical fields at which the ferroelectric order switches. As the B exciton feature near 2.03 eV is quite weak, we have enhanced it by magnifying the
value above 1.95 eV for 12 times in both maps. (f) The trilayer ferroelectric hysteresis extracted from Panels d-e. (g-h) Schematic K-valley band
structure of individual layers (L1, L2, L3) in trilayer 3R-MoS2 at +2P and 0P polarizations.
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reflection contrast spectra to enhance weak spectral features.
Detailed device fabrication and experimental procedures are
provided in the Supporting Information. The following
sections present the results for bilayer, trilayer, and tetralayer
3R-MoS2 devices in sequence.

First, we examine the properties and results of the bilayer. In
a 3R-MoS2 bilayer, when the Mo atoms in Layer One (L1)
align with the S atoms in Layer Two (L2), charge transfer
between them induces a spontaneous dipole moment (P)
pointing from L2 to L1 (Figure 1b). However, if L1 is laterally
displaced by one intralayer Mo−S bond length, the S atoms in
L1 will align with the Mo atoms in L2, creating an opposite
dipole moment (−P) (Figure 1c). In a pristine bilayer, the ±P
ferroelectric phases are related by mirror symmetry and
theoretically should exhibit identical excitonic spectra.
However, realistic bilayer devices often have layer-imbalanced
charges that break this symmetry, resulting in slight excitonic
spectral differences between the ±P phases.

This subtle difference is observed in the d2(ΔR/R)/d(ℏω)2

maps of our bilayer Device 01. In Figure 1d, when the electric
field (E) is swept from negative to positive, an abrupt change
occurs at E = 0.095 V/nm in the spectral lines of A exciton
(1.88 eV) and B exciton (2.02 eV), indicating a phase
transition. Conversely, when sweeping the field from positive
to negative, similar changes are noted at E = −0.106 V/nm.
The results show pronounced hysteresis, as depicted in Figure
1f. These sharp spectral changes and hysteresis match the
expected behavior of ferroelectric switching in bilayer 3R-
MoS2.

9,26

The ferroelectric order becomes richer in trilayer 3R-MoS2,
which can exhibit three distinct interlayer polarizations with
+2P, 0P, and −2P dipole moment (Figure 2a-c). For the +2P
polarization (Figure 2a), the three layers are displaced
sequentially, aligning the Mo atoms in L1 (L2) with the S
atoms in L2 (L3). This creates a +P polarization between L1

and L2 and between L2 and L3, resulting in a total +2P
polarization for the trilayer. For the 0P polarization (Figure
2b), the three layers are displaced in a zigzag pattern, aligning
Mo atoms in L1 and L3 with S atoms in L2 (or S atoms in L1
and L3 with Mo atoms in L2). This creates opposite
polarizations between L1 and L2 and between L2 and L3,
resulting in zero net polarization. Finally, for the −2P
polarization (Figure 2c), the S atoms in L1 (L2) align with
the Mo atoms in L2 (L3), creating a −P polarization for each
interface.

The d2(ΔR/R)/d(ℏω)2 maps for trilayer 3R-MoS2 Device
02 reveal three distinct regimes, separated by abrupt spectral
changes at two critical electric fields. In Figure 2d, sweeping
the electric field from negative to positive causes changes of the
A and B exciton lines at E = 0.10 and 0.21 V/nm, indicating
two phase transition. Similar changes occur when the field is
swept in the reverse direction (Figure 2e). The results show
pronounced hysteresis (Figure 2f), consistent with ferroelectric
switching in trilayer 3R-MoS2. For comparison, we also
measured bilayer and trilayer MoS2 with 2H stacking order
but observed no abrupt spectral shifts under a sweeping
electric field (Figure S9, Supporting Information). This
contrast underscores the critical role of the 3R stacking
order in enabling the ferroelectric switching phenomenon.

The ferroelectric order in tetralayer 3R-MoS2 becomes
increasingly complex, exhibiting four distinct interlayer polar-
izations +3P, +P, −P, and −3P (Figure 2a-c). For the +3P
polarization (Figure 3a), the four layers are displaced so that
the Mo atoms in L1, L2, L3 align with the S atoms in L2, L3,
L4, respectively. This arrangement generates three +P
interfacial polarizations, resulting in a total dipole moment of
+3P for the tetralayer. The + P polarization (Figure 3b) can be
achieved through three different stacking configurations, where
the four layers are displaced in a zigzag pattern, creating
alternative interfacial polarizations, such as (−P,+P,+P), (+P,−

Figure 3. Switching ferroelectric order in tetralayer 3R-MoS2. (a-d) Tetralayer stacking configurations with ±P, ±3P polarizations. (e-f) Color
maps of the second-order energy derivative of reflectance contrast spectra of tetralayer 3R-MoS2 under opposite electric-field sweeping directions
(denoted by the red and blue arrows). Distinct ferroelectric regimes with interlayer polarizations ±P, ±3P are denoted. The dashed lines denote the
critical fields at which the ferroelectric order switches. As the B exciton feature near 2.03 eV is quite weak, we have enhanced it by magnifying the
value above 1.96 eV for 6 times in both maps. (g) The tetralayer ferroelectric hysteresis extracted from Panels e-f.
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P,+P) and (+P,+P,−P). Similarly, the −P and −3P polar-
izations are obtained by reversing the +P and +3P
configurations (Figure 3c-d). The d2(ΔR/R)/d(ℏω)2 maps
for our tetralayer 3R-MoS2 Device 03 show four distinct
regimes, marked by abrupt spectral changes at three critical
electric fields (Figure 3e-f). The results also display
pronounced hysteresis when the electric field is swept in the
opposite direction (Figure 3g), consistent with the expected
ferroelectric switching behavior in tetralayer 3R-MoS2.

Following the identification of distinct ferroelectric polar-
izations, we demonstrate how to stabilize each polarization
state at zero applied electric field. In the trilayer case, the 0P
intermediate state is typically observed only at finite electric
field in Figure 2. However, we find partial hysteresis between
the 0P and −2P (or +2P) states (Figure 4a-c). After reaching
the 0P state, if the electric field is swept reversely, the 0P state
can be maintained even at zero applied electric field. A similar
partial hysteresis exists between different ferroelectric phases in
the tetralayer, enabling the stabilization of each intermediate
state at zero field (Figure 4d-f).

We observe some minor abrupt spectral changes in our maps
while sweeping the electric field, highlighted by the white
arrows in Figure 4b, d, and e. These features suggest the
presence of multiple ferroelectric domains within the sample.

As the electric field increases, certain domains undergo
polarization flipping earlier, causing subtle shifts in optical
signals, while others flip at higher fields, resulting in more
pronounced changes. Further investigation with spatially
resolved probes is warranted to elucidate the characteristics
of the ferroelectric domains in 3R-MoS2.

Previous discussions have focused on reflection contrast
results related to the absorption properties of intralayer
excitons. Ferroelectric orders also significantly influence
emission properties, as shown in the PL maps of trilayer and
tetralayer 3R-MoS2 (Figure 5). Unlike absorption properties
that are dominated by the intralayer excitons at the K valley,
the emission properties are governed by intervalley excitons at
lower energies.30,31 In the trilayer, strong PL is observed near
1.3 eV, attributed to indirect excitons between the K and Γ
valleys,9,32,33 which can recombine with the assistance of
defects or phonons.34 We observe abrupt changes in PL
spectra at two distinct electric fields, accompanied by
pronounced hysteresis (Figure 5a-c). The PL results are
consistent to the existence of three distinct ferroelectric
polarizations in trilayer. In the tetralayer, the PL spectra
become more complex as the Q valley drops slightly below the
K valley in the conduction band,32,35 leading to the emission of
QΓ excitons in addition to the KΓ excitons. These QΓ and KΓ

Figure 4. Stabilizing intermediate ferroelectric orders at zero applied electric field. (a-b) Color maps of the second-order energy derivative of
reflectance contrast spectra of trilayer 3R-MoS2 under opposite electric-field sweeping directions (denoted by the red and blue arrows). (c)
Ferroelectric hysteresis extracted from Panels a-b. (d-f) Similar maps and hysteresis for tetralayer 3R-MoS2 Device. As the B exciton feature near
2.03 eV is quite weak, we have enhanced it by magnifying the value above 1.95 eV for 12 times in both maps. The white arrows in Panels b, d, e
highlight possible domain effects.
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excitons can be distinguished by their distinct Stark shift. We
observe abrupt PL spectral changes at three critical electric
fields with hysteresis (Figure 5d-f), consistent with the
presence of four distinct ferroelectric polarizations in the
tetralayer. Both the trilayer and tetralayer PL results
demonstrate that ferroelectric switching significantly impacts
the emission properties of excitons in 3R-MoS2.

In addition to ferroelectric switching, we observe pro-
nounced K-valley interlayer excitons (IX) in the reflectance
contrast maps of trilayer and tetralayer (Figures 2, 3). These
excitons exhibit Stark shifts with an extracted dipole of
approximately 0.6 e·nm, which is close to the expected dipole
of a bilayer interlayer exciton given the interlayer spacing of
∼0.6 nm in MoS2. These interlayer excitons are typically dark
due to electron−hole separation (Figure 2g-h). Moreover,
group theory analysis indicates that, in bilayer, trilayer and
tetralayer 3R-MoS2, all interlayer excitons between adjacent
layers are forbidden from coupling with the intralayer A and B
excitons because they belong to different irreducible
representations under 3-fold rotational symmetry. However,
our results show that the K-valley interlayer excitons become

bright when they align energetically with the B excitons. This
anomalous brightening suggests that the coupling between
intra- and interlayer excitons is mediated by symmetry-
breaking defects (see the Supporting Information for more
discussion).

In summary, we demonstrate the electrical switching of
ferroelectric orders in bilayer, trilayer, and tetralayer 3R-MoS2
through reflection and photoluminescence (PL) measurements
under varying out-of-plane electric fields. Abrupt excitonic
spectral changes at critical fields signal phase transitions, while
hysteresis upon reversing the field confirms ferroelectric
behavior. These phenomena arise from distinct interlayer
polarizations caused by translational displacements between
layers, with each stacking configuration producing a unique
ferroelectric phase. Our study identifies two, three, and four
ferroelectric regimes for bilayer, trilayer, and tetralayer
structures, consistent with theoretical predictions, and suggests
even more complex orders in thicker 3R-MoS2 samples.
Furthermore, we demonstrate that each ferroelectric polar-
ization can be stabilized at zero applied field. The tunable
ferroelectric properties of 3R-MoS2 multilayers open new

Figure 5. Photoluminescence (PL) signatures of ferroelectric switching in trilayer and tetralayer 3R-MoS2. (a-b) PL maps of the trilayer 3R-MoS2
device under opposite electric-field sweeping directions (denoted by the red and blue arrows). Distinct ferroelectric regimes with interlayer
polarizations 0P, ±2P are denoted. The dashed lines denote the critical fields at which the ferroelectric order switches. (c) The trilayer ferroelectric
hysteresis extracted from Panels a-b. The inset shows a schematic band configuration of KΓ exciton responsible for the trilayer PL. (d-f) Similar
maps and hysteresis for the tetralayer 3R-MoS2 device. The inset in Panel f shows a schematic band configuration of KΓ and QΓ excitons
responsible for the tetralayer PL. All PL spectra in Panels a, b, d, e share the same color scale in Panel b.
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avenues for applications in non-volatile memory, logic circuits,
and optoelectronic devices. The ability to control multiple
polarization states and excitonic coupling, particularly through
symmetry-breaking defects, offers significant potential for
developing advanced photodetectors and sensors.
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