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The interlayer coupling is emerging as a new parameter for tuning the physical properties of two-
dimensional (2D) van der Waals materials. When two identical semiconductor monolayers are stacked with
a twist angle, the periodic interlayer coupling modulation due to the moiré superlattice may endow exotic
physical phenomena, such as moiré excitons and correlated electronic phases. To gain insight into these
new phenomena, it is crucial to unveil the underlying coupling between atomic layers. Recently, the
rhombohedral-stacked transition metal dichalcogenide (TMD) bilayer has attracted significant interest
because of the emergence of an out-of-plane polarization from nonferroelectric monolayer constituents.
However, as a key parameter responsible for the physical properties, the interlayer coupling and its
relationship with ferroelectricity remain elusive. Here, we probe the asymmetric interlayer coupling
between the conduction band of one layer and the valence band from the other layer in a 3R-MoS, bilayer,
which can be understood as a result of a layer-dependent Berry phase winding. By performing optical
spectroscopy in a dual-gated device, we show an effective type-1I band alignment exists at K points in the
3R-MoS, bilayer. Furthermore, by unraveling various contributions to the band offset, we quantitatively
determine the asymmetric interlayer coupling and spontaneous polarization in 3R-MoS,. Our results unveil
the physical nature of stacking-induced ferroelectricity in TMD homostructures and have important
implications for moiré physics in 2D semiconductors.

S, Bilayer

3

022)

DOI: 10.1103/PhysRevX.12.041005

Interlayer coupling, a ubiquitous ingredient in van der
Waals (vdW) materials, offers unprecedented freedom to
tailor the electronic band structure of two-dimensional (2D)
materials. Through precise control of the layer orientation
in an artificial 2D assembly, one can create a periodically
modulated interlayer coupling in moiré superlattice, which
leads to many intriguing phenomena different from their
monolayer substituents [1-6]. In semiconducting transition
metal dichalcogenides (TMDs), such moiré potentials can
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quench the kinetic energy of electrons and localize them at
the energy local minimum of the moiré superlattice, giving
rise to a new platform for creating quantum emitter arrays
and simulating various correlated physics [7—17]. In order
to have a full grasp over these emerging phenomena, it is
therefore important to understand the underlying interlayer
coupling at different localization sites with different layer
orientations.

Recently, parallel stacked TMD layers have attracted
significant attention, as they have a broken mirror sym-
metry with an out-of-plane spontaneous electrical polari-
zation [18-25]. In an artificially stacked TMD bilayer with
a marginal twist angle, the crystal structure may sponta-
neously relax into multiple rhombohedral domains with
alternating polarization [26], which can be electrically
switched via in-plane sliding motion. As a result, the
rhombohedrally (R) stacked TMD becomes a new ferro-
electric semiconductor with a promising range of electronic
and optoelectronic applications [24,25,27]. Here, we
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FIG. 1. Schematic of asymmetric interlayer coupling in the 3R-MoS, bilayer. (a) Side view of atomic structures of the 3R-MoS,
bilayer with AA (left) and BA (right) stacking configurations, where the yellow and green spheres denote the S and Mo atoms,
respectively. (b) Schematic of the phase winding at K points in monolayer MoS, when the C; rotational center is located at a Mo site
(left) and the hollow center of the hexagon formed by Mo and S (right). The middle is the top view of the atomic structure of the
3R-MoS, bilayer with BA stacking configuration. The small, dashed orange circle denotes the C; rotational center. (c) Electronic band
structure at K points of a 3R-MoS, bilayer with BA stacking configuration. Yellow (green) dashed lines denote the original uncoupled
bands. Yellow (green) solid lines denote the bands of the top (bottom) MoS, layer. Numbers denote the overall azimuthal quantum
number (AQN) of the conduction or valence band edge at K points. Interlayer coupling ¢ exists only between the conduction band of the
top layer and the valence band of the bottom layer, resulting in a level repulsion >/ E, between these two bands, where E,, is the direct
band gap of MoS,. (d) Schematic of spontaneous out-of-plane polarization P pointing from the top layer (yellow) to the bottom layer
(green) in a 3R-MoS, bilayer with BA stacking configuration. (e) Schematic of direct band gap at the K point of the top (yellow) and
bottom (green) layer in a 3R-MoS, bilayer with BA stacking configuration. The atomic structure shows the nonequivalent environments

of the Mo atom in the top and bottom MoS, layers.

optically probe the spontaneous polarization and interlayer
coupling in an R-stacked TMD bilayer. Unlike in the
common hexagonal polytype, the interlayer coupling in
the rhombohedral polytype is interestingly asymmetric:
The conduction band in one layer couples only to the
valence band in the other, but not vice versa, due to the
layer-dependent Berry phase effect. Such an asymmetric
coupling is also the electronic origin of spontaneous
polarization and interlayer potential in TMDs with natural
rhombohedral crystal structure or artificial parallel stacking
with a marginal twist. Here we perform both electric-field
and doping-dependent optical spectroscopy in a dual-gated
device made of a homogeneous bilayer MoS, exfoliated
from a chemically synthesized 3R crystal.

In a 3R-MoS, bilayer, the adjacent layers are stacked in
the same direction [Fig. 1(a)]. A relative interlayer dis-
placement along the armchair direction gives two inequi-
valent stacking configurations: BA or AB stacking order,
where the S atom in the top layer lies directly on the top of
the Mo atom in the bottom layer for BA stacking order
[28,29]. The parallel stacking direction maintains the

broken inversion symmetry of the monolayer, while the
lateral shift breaks the mirror symmetry between the top
and bottom layer, resulting in the C3, point group of the
3R-MoS, bilayer. Under C; rotational operation, the geo-
metric phase of the Bloch states at K points, the high-
symmetry points at the Brillion zone edge, has two
contributions: Cyyg = e~ "m)C2/3)y, . where m is the
magnetic quantum number associated with the rotation of
the atomic orbital and m’ is associated with the Berry phase
when hopping occurs from one site to the next, which is
dependent on the rotation center [Fig. 1(b)] [30-34]. The
sum m + m' is the total azimuthal quantum number (AQN).

The dependence of the Berry phase on the rotation center
has a profound impact on interlayer coupling in 3R-MoS,.
In the monolayer, the AQNs between the conduction and
valence bands are different by +1 or —1, depending on the
valley index, which gives rise to the well-known valley
selection rule [30]. In the 3R-MoS, bilayer, the lateral shift
leads to a distinct rotational center of two layers, which
causes a different Berry phase in different layers [Fig. 1(b)].
Take the BA-stacked 3R-MoS, bilayer as an example:
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The states at K points in the bottom layer obtain an extra
quantum number from the Berry phase of m’ = +1,
resulting in the overall AQN of 41 and 0 for the conduction
and valence bands [Fig. 1(c)]. In contrast, the AQN of the
conduction and valence bands in the top layer remains 0
and —1. Since electrons can tunnel only between bands of
the same AQN, the interlayer coupling ¢ exists only
between the conduction band of the top layer and the
valence band of the bottom layer at K points. Neither the
conduction nor the valence bands at K points are directly
coupled between the two layers, so the band edges can be
distinctively defined for each layer in the 3R-MoS, bilayer
at K points, in contrast to the strongly hybridized valence
band at the I' point. Such an interesting asymmetric
interlayer coupling induces a level repulsion between the
two coupled bands and splits the layer degeneracy, resulting
in a staggered gap at K points where the valence band edge at
the Brillouin zone corner is localized in the top layer while
the conduction band edge is localized in the bottom layer,
which we refer to as an effective type-II band alignment at K
points in a 3R-MoS, homobilayer [Fig. 1(c)] [27,33-35].

On the other hand, the asymmetric interlayer coupling also
mixes the Bloch wave functions from different layers, which
causes the Wannier center of the valence band from the
bottom layer to shift toward the top layer while the valence
band of the top layer is unchanged. Consequently, the overall
Wannier center of all occupied valence band states shifts
to the top layer, resulting in a downward out-of-plane
polarization (P) according to modern Berry phase theory
[Fig. 1(d)] [33,34,36-38]. The interlayer electrostatic poten-
tial associated with the polarization, ¢y = Pd,/€ege,,, gen-
erates an additional band offset in the 3R-MoS, bilayer,
where ¢, and ¢, denote the vacuum permittivity and the out-
of-plane dielectric constant of MoS,, respectively, and d,, is
the interlayer distance.

Last but not least, the local chemical environments of the
two layers are nonequivalent due to the lateral shift. In the
BA stacking, the Mo atom in the bottom layer lies directly
beneath the S atom in the top layer, but the Mo atom in the
top layer does not coincide with the S atom in the bottom
layer. Such an asymmetric atomic configuration is known
for causing some high-order electronic coupling, which
leads to a larger band gap in the bottom layer than in the top
[33,35]. The band-gap energy difference & is observed in
both artificial and natural TMD bilayers through optical
spectroscopy [Fig. 1(e)]. As a result, the total band offset at
the K points in a 3R-MoS, bilayer has three contributions:
the asymmetric interlayer coupling strength ¢, the polari-
zation-induced intrinsic interlayer potential ¢,, and the
band-gap difference 6, which, according to our effective
four-band model, can be approximately expressed as
(Supplemental Fig. S1 and Note 1 [39])
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Here, A, and A, are the conduction and valence band
offsets, respectively, and Ef]’ denotes the direct band gap of
the top layer MoS,. Clearly, if we measure the total band
offsets and unravel the contributions from each term, the
coupling constant ¢ can be determined.

In our experiment, we determine each contribution using
doping and field-dependent optical spectroscopy. A bilayer
MoS, exfoliated from bulk 3R crystal (HQ graphene Inc.)
is employed in this work. In contrast to artificial stacks, the
sample is uniformly stacked with a BA stacking order,
which is assigned by the interlayer exciton dipole direction.
A dual-gated device is fabricated from exfoliated vdW
materials using a layer-by-layer dry-transfer method [40],
which allows independent control of the doping density (1)
and the vertical electric field (E,) between two layers (see
Methods in Supplemental Material [39]). Figure S2 illus-
trates the schematic device structure and the optical image
of the dual-gated device employed in this study. According
to the thickness ratio of the bottom hexagonal boron nitride
(h-BN) gate and the top #-BN gate, one can introduce the
external doping or electric field by applying a top gate (V,)
in proportion to the bottom gate (V) voltage with the same
or opposite polarity (Supplemental Note 2 [39]).

We first investigate the optical response of the 3R-MoS,
bilayer as a function of carrier density by reflectance contrast
(RC) spectroscopy (see Methods in Supplemental Material
[39]). All measurements are performed at 8 K. We also take
the energy derivative of the RC to highlight small features
[Fig. 2(b)]. As shown in Fig. 2(a), the doping-dependent RC
spectrum can be divided into three regions. In region II, the
Fermi level is inside the band gap of both layers. As in the
case of its monolayer counterpart, the 3R-MoS, bilayer
exhibits two prominent exciton peaks, termed A and B
excitons, associated with the direct optical transition at the
K points [41]. In contrast to the monolayer, the intralayer A
exciton is split into two peaks: the low-energy A exciton at
1.918 eV (X,,) and the high-energy A exciton at 1.929 eV
(X4p)- Such a peak splitting (6 = 11.0 0.5 meV) is
observed in the artificial and natural TMD bilayers and is
attributed to the intralayer exciton emission from two layers,
which is a powerful tool for probing the optical response from
different layers. Here, the photon energy difference of the
intralayer excitons is directly read from the peak separation in
the RC spectra, since the gate-dependent RC spectra are
complex due to the #-BN encapsulation and the presence of
top and bottom gates. The uncertainty of the band-gap
difference is determined by the spectral resolution of
0.5 meV. Furthermore, the full width at half maximum of
the intralayer exciton in the 3R-MoS, bilayer is about
12 meV, broader than that of the monolayer MoS, [42],
which could arise from the phonon scattering-induced
exciton lifetime reduction, as the MoS, bilayer is an
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FIG. 2. Doping-dependent reflectance contrast spectrum of intralayer excitons in the 3R-MoS, bilayer. (a) Contour plot of the doping-
dependent reflectance contrast spectra of the 3R-MoS, bilayer. The gate voltage is applied proportionally on top and bottom gates with
relation V,, = 0.85V,. The right vertical axis denotes the corresponding doping density (positive n for electron doping and negative n for
hole doping). The black dashed lines divide the spectrum into three regions when the Fermi level is in the (I) conduction band, (II) band
gap, and (III) valence band. (b) First energy derivative of the reflectance contrast spectrum in arbitrary units (arb. units) at different top
gate voltages. Dashed gray lines denote different exciton polarons in region I and region III. (c) The electronic band structure of the
3R-MoS, bilayer with BA stacking configuration at region I (top) or region III (bottom) in (a). The yellow (green) color denotes the
electronic states localized in the top layer (bottom layer). The dashed gray line denotes the Fermi level. In region I, electrons are doped
into the conduction band at the K point of the bottom layer. XP;; and XP,, represent attractive and repulsive exciton polarons,
respectively, from the bottom layer when the intralayer excitons X, are dressed with electron-hole pairs in the FS. In region III, holes
are doped into the I point. XP;! and XP}, represent attractive and repulsive exciton polarons, respectively. The subscript i is 7 or b,

which denotes the optical transitions at the K points from the top or bottom layers.

indirect-gap semiconductor with a valence band maximum at
the I" point.

In the electron doping region I, the electron doping
dependences of the two A excitons X4, and X ,;, are clearly
different [Figs. 2(a) and 2(b)]. With increasing electron
doping density, the high-energy X4, blueshifts and transfers
its oscillator strength to another emergent peak on the low-
energy side of X,,. The observation can be explained by the
interaction between the exciton and degenerate Fermi sea
(FS) of excess charge carriers. As shown in Fig. 2(c), the X 4,
excitons are dressed by excitations (electron-hole pairs) of
the FS and split into two branches: a low-energy attractive
exciton polaron (XP,;) and a high-energy repulsive exciton
polaron (XPy,) [43-47]. Around the transition area of region
I and region II, we estimate the binding energy of XP}; to be
25 meV. With increasing electrostatic gating, the exciton-FS
interaction is enhanced due to the expanding FS, which
enlarges the repulsion between the XP;, and XPj;.
Consequently, the XP,; redshifts whereas the XP,, blue-
shifts with increasing electron density, and the high-energy
repulsive exciton-polaron branch XP7, transfers its oscillator
strength to the low-energy attractive exciton-polaron branch

XP,;,, whichis consistent with previous studies of monolayer
MoS, [41]. On the other hand, the intralayer A exciton from
the top layer X4, remains largely unchanged except for a
slight initial redshift, potentially due to the weak screening or
a Pauli-blocking-free exciton polaron effect with the charges
in the other layer [Fig. 2(c)]. The different doping depend-
ence of the two A excitons suggests that the electrons are
doped into the layer with the larger band gap, indicating a
type-II band alignment at the K points of the 3R-MoS,
bilayer [48].

In contrast to the distinctive response in electron doping,
the two MoS, layers respond similarly to hole doping. The
two prominent exciton peaks X4, and X,, are quickly
replaced by two emergent peaks with lower energy, which
redshift together with the increasing negative voltage
[Figs. 2(a) and 2(b)]. Such a doping dependence arises
from the valence band maximum at the I'" point in the
3R-MoS, bilayer, where the two layers hybridize strongly.
When holes are doped into the bilayer, they become nearly
equally distributed between two layers. As a result, both
X4, and X4, excitons are dressed by electron-hole pairs of
the FS at the I'" point and become split into low-energy
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attractive exciton polarons (XPf/ and XP:,) and high-
energy repulsive exciton polarons (XPj, and XP},), as
shown in the first energy derivative of the RC spectra
[Figs. 2(b) and 2(c)]. The more abrupt oscillator strength
evolution than that in the electron-doping region might
originate from the higher density of states at the I" point
associated with the larger effective mass. Since XPj, is
expected to have similar energy as XP, at low doping and
should rapidly diminish with increasing doping, we cannot
distinguish them in the first derivative spectra, but their
opposite doping dependence can be found in the second
derivative spectra (Fig. S3 [39]). As hole doping density
further increases, the FS expands, and, consequently, the
XP:/ and XPj, redshift at the same rate. The binding
energy of XP;/ (XP1,) at a low doping density limit is
estimated to be 18 meV (11 meV). The binding energy
difference could be caused by the finite layer polarization
of the hole at the I" point due to the interlayer potential [35].
Our doping assignment agrees with the photoluminescence
(PL) spectra in Fig. S4 [39]. The doping dependence of
optical response could also be explained by the trion model
without affecting the main conclusion of this work
[41,48-50].

Next, we utilize the field dependence of the RC spectra
in the electron-doping region I to determine the intrinsic
interlayer potential ¢,. Since the exciton is mainly dressed
with the electron doped in the same layer to form exciton
polarons, as shown in Fig. 2, the oscillator strengths of the
excitons and exciton polarons become efficient probes of
the doping imbalance between two layers, which is
determined by the conduction band offset A.. As a part
of A, arises from the interlayer potential associated with the
electric field between two layers, one can tune A. by
applying an external electric field with an antisymmetric
top and bottom gate, AV =V, —V,. When A, becomes
zero, the doped electrons are equally distributed in two
layers, and X4, and Xy; should have the same oscillator
strengths. The specific relationship between A, and AV
depends on the ratio between the averaged gate capacitance
C and the geometric and quantum capacitance of MoS, (C,,
and C,, respectively), which can be calculated from the
film thickness and dielectric constants (Supplemental Note
2, Fig. S5 [39]). In particular, when the Fermi level is in the
conduction band of both layers,

2eC,, bo— 2¢C
2C, +C,+2C"" 2C,,+C,+2C

A (AV)~ AV, (3)

where e is the electron charge. We note that A. has a
different ¢, dependence when the Fermi level is inside the
gap of one layer or two. Only when the Fermi level is in the
conduction bands of both layers can the intrinsic interlayer
potential ¢y be obtained by measuring AV at A, =0
condition (Supplemental Note 2 [39]).

We now consider the electric field dependence of the RC
spectra at a fixed electron doping density (n = 6Xx
10" cm™2). As V, is swept between 5.5 and 9.5V, V,, is
always 0.85 times smaller than V, with an opposite polarity to
compensate for the ~#-BN thickness difference [Fig. 3(a)].
When the external field is small (V, < 6.5 V), the electrons
are located in the bottom layer. So the exciton in the top layer
(X4,) is observed together with the exciton polaron in the
bottom layer (XP,; and XP,), similar to region I'in Fig. 2(a).
With increasing electric field, the offset between two con-
duction bands decreases, until the Fermi level reaches the
conduction band edge of the top layer (V, = 6.5 V). From
this point on, the electron begins to migrate from the bottom
layer to the top layer [Fig. 3(d)]. The interaction between X 4,
and FS in the top layer forms an attractive and repulsive
exciton polaron, XP,/ and XP,,. As XP;, blueshifts and
diminishes with the expanding FS, the XP, redshifts and
gains oscillator strength. Such an oscillator strength transfer
terminates when the Fermi level is sufficiently away from the
conduction band edge of the bottom layer (V, = 8.2 V).

As discussed above, we can quantify the intrinsic inter-
layer potential ¢, by measuring when the electrons become
equally distributed in two layers [middle in Fig. 3(d)]. Since
the oscillator strength of the intralayer exciton is a sensitive
indicator of the electron doping in that layer, we extract the
strength of their peaks from the RC spectrum at fixed photon
energy (1.917 and 1.928 eV). Because the two excitons can
have different intrinsic oscillator strengths and their observed
peak strength can be convoluted with the local field factor
and the exciton-polaron formation in the neighboring layer,
we normalize the peak strength change with respect to the
maximum value within our gate tuning range [Fig. 3(e)].
Unsurprisingly, we observe a slope in both excitons where
the peak strength varies rapidly with the gate voltage. The
middle point of the slope region coincides with the crossing
point of the two curves (V, = 7.35 £ 0.15 V) indicating the
A. = 0 condition. The uncertainty is estimated from the
difference between two middle points, and the crossing point
is found to be largely insensitive to the total doping density 7.
According to Eq. (3), the intrinsic interlayer potential ¢, is
58 + 1.5 mV, corresponding to an out-of-plane polarization
P = 0.5540.02 uC/cm?. Our measured interlayer poten-
tial is about 20% larger than the previous report in artificial
stacks [24,25], which is expected since our optical meas-
urement is performed in a homogeneous sample without
mixed domains and does not require domain flipping.
Additionally, the downward polarization also confirms the
BA stacking-order assignment (Supplemental Note 2 [39]).
Multiple sets of field-dependent measurements are taken at
different locations, and they all show quantitatively similar
results as Fig. 3(a), confirming the homogeneous BA-
stacking order of our sample and the intrinsic nature of
our observation. An example of a field-dependent measure-
ment at a different location is shown in Fig. S6 [39]. The
determination of charge distribution via exciton contrast is
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FIG. 3. Electric-field-dependent reflectance contrast spectrum of intralayer excitons in 3R-MoS, bilayer at a fixed electron doping
density. (a) Contour plot of the electric-field-dependent reflectance contrast spectrum of 3R-MoS, bilayer at a fixed electron doping
density. The yellow and green arrows denote the intralayer A exciton, X,, and X,,, from the top and bottom layers, respectively.
(b) Reflectance contrast spectrum at different top gate voltages in steps of 0.5 V. The bottom gate voltage is V,, = —0.85V, + 1.65. The
yellow and green dashed lines denote X,, and X,, from the top and bottom layers, respectively. (c) From low energy to high energy,
electric-field dependence of XP}/ (attractive exciton polaron in the top layer), XPj; (attractive exciton polaron in the bottom layer), X4,
or XP}, (intralayer exciton or repulsive exciton polaron, respectively, in the top layer), and X, or XP,, (intralayer exciton or repulsive
exciton polaron, respectively, in the bottom layer) energies extracted from (a). (d) Schematics of band alignment and existing optical
transitions of a BA-stacked 3R-MoS, bilayer at a fixed electron doping density when (I) the Fermi level reaches the conduction band
edge of the top layer with A, = n/C,, (I) the Fermi level is in the conduction band of both layers and electrons are equally doped into
two layers with A, = 0, and (III) the Fermi level is at the conduction band edge of the bottom layer with A, = —n/C,. (¢) Normalized
intensity changes of X4, and X, extracted from (a) along the fixed photon energy indicated by yellow and green arrows. The crossing
point denotes the same oscillator strength of XP}, and XP}, when the conduction band offset is zero as shown in the middle panel of (d).

reliable, since the low exciton density excited by the broad-
band white light source during the RC measurement does not
affect the carrier distribution and the finite doped electrons do
not cause significant screening of excitons.

To quantify the asymmetric interlayer coupling strength
t, we also need to know the total intrinsic band offset. Here,
we measure this offset optically by investigating the
photoluminescence (PL) spectra of the interlayer excitons.
It is reported that, in the bilayer MoSe,, the interlayer
exciton comprises a hole residing in the I' point and an
electron at the K point [Fig. 4(b)] [35]. Since the electrons
located in the layers with different band edges emit photons
of different wavelengths, the intrinsic conduction band
offset A, can be measured by resolving the interlayer

exciton PL peaks. In our dual-gated 3R-MoS, bilayer
device, the intrinsic interlayer PL. spectrum has six peaks
around 1.45 eV. These six peaks can be grouped into three
pairs with an energy separation of about 20 meV in each
pair. One prior explanation for such an energy separation is
that each interlayer exciton has a phonon replica, since
phonons are needed for momentum-indirect optical tran-
sitions [51]. Available phonons for scattering the electron
from the K to I' point have energies of approximately
26 meV for the acoustic branch and approximately 47 meV
for the optical branch [51]. The energy splitting in each pair
of interlayer excitons is approximately 20 meV, comparable
to the energy difference between acoustic and optical
phonons, suggesting the two exciton peaks can be assisted
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FIG. 4. Doping-dependent and electric-field-dependent photoluminescence spectrum of I'-K interlayer excitons in the 3R-MoS,
bilayer. (a) Contour plot of the doping-dependent PL spectrum of momentum-indirect interlayer excitons in the 3R-MoS, bilayer
without an external electric field. The gate voltage is applied proportionally on top and bottom gates with relation V;, = 0.85V,. At zero
doping, from low energy to high energy, three pairs of peaks indicate 7, (interlayer trion), X;, (interlayer I'-K exciton), and X,
(interlayer I'-K exciton), respectively; X;, is more evident in (c) as indicated by the yellow arrow. The top is an average PL spectrum in
region II with the black arrow denoting the X, (interlayer I'-K exciton). cps: counts per second. (b) Type-II band alignment of BA-
stacked MoS, bilayer at K points of the Brillouin zone and momentum-indirect I'-K transitions. A, and A, denote the conduction band
offset and valence band offset at K points, respectively. (c) Contour plot of the electric-field-dependent PL spectrum in the 3R-MoS,
bilayer with zero doping. The green (yellow) arrow denotes the interlayer exciton X, (X;;). The gate voltage is applied proportionally on
top and bottom gates with relation V,, = —0.85V,. (d) Electric-field dependence of interlayer excitons extracted from (c). Solid lines
denote the linear fitting results. The dashed gray line denotes the same energy of X;;, and X;, when A, = 0.

is emitted from the top layer, as the top layer has a higher
conduction band than the bottom one at zero field. The

by different phonon branches. More studies are required to
determine the specific phonon modes responsible for the

optical transition. In the following, we focus on the low-
energy branch of each pair.

The origin of the three interlayer exciton pairs is clarified
by measuring their doping and electric field dependence.
Since the two high-energy pairs disappear in the doped
regimes [Fig. 4(a)], we attribute them to the intrinsic
interlayer exciton, X;, and X;,. The highest-energy pair

broad peaks of the lowest energy are likely to result from
trions emitted from the bottom layer (7). They are
observable in region II, since the bilayer is always doped
by bond charges induced by the spontaneous polarization.
Such an assignment is confirmed by the electric field
dependence of the emission energy [Fig. 4(c)]. With E,
varying from negative to positive, X;, redshifts and X,
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TABLE L.

The measured conduction or valence band offset at the K points, the asymmetric interlayer coupling, the

direct band-gap difference, and the polarization-induced interlayer potential in a 3R-MoS, bilayer.

Ac A,

4 $o

58 £ 0.5 meV 69 + 1 meV

100 4+ 25 meV

11 £0.5 meV 58+ 1.5 mV

blueshifts, respectively, and they cross each other at
V,=6.5 V. Similar to the picture in Fig. 3, such a
Stark shift is due to the tuning of the conduction band
offset at the K point, while the valence band maximum at
the I" point remains largely unchanged, since the two layers
hybridize strongly. When the conduction band offset is zero
(A, =0), X;, and X;, have the same photon energy
corresponding to the crossing point in Fig. 4(c). The dipole
moment of the interlayer exciton can be extracted from the
slope of the Stark shift to be 0.31 e - nm, which agrees with
the picture that the electron is localized in one layer while
the hole is shared between the two, so their out-of-plane
distance 1is about half of the interlayer distance
(d ~0.65 nm). The measured dipole moment agrees with
the calculated value of the I'-K interlayer exciton, which is
much larger than that of the I'-Q interlayer exciton, thus
further confirming our assignment [35]. Interestingly, we
find that the interlayer trion peaks have a similar field-
dependent Stark shift as the interlayer exciton.

When E, = 0, the energy difference between X, and X,
of 58.0 = 0.5 meV is equal to the intrinsic conduction band
offset A.. The uncertainty of A, is also determined by the
spectral resolution of 0.5 meV as that of 6. The spin
configuration of conduction bands should not affect the
determination as long as the two sets of spin bands have the
same band offset. Considering the optically determined A,
0, and ¢, we extract the asymmetric interlayer coupling of
the 3R-MoS, bilayer to be + = 100 £ 25 meV. This con-
clusion demonstrates that the asymmetric interlayer cou-
pling is not negligible, in contrast to some estimation in the
literature [38]. Instead, our measured asymmetric coupling
strength in the 3R bilayer is of the same order as the
predicted interlayer coupling strength between valence
bands in the 2H bilayer [38], in agreement with first-
principles calculations [34]. Our four-band Hamiltonian
should be regarded as an effective model which describes
the essential physics involving states near the conduction
and valence band edges of the 3R-MoS, bilayer. As such,
the interlayer coupling parameter ¢ should also be regarded
as an effective parameter which includes, in principle,
contributions from all interlayer tunneling processes
between the conduction band in one layer and the valence
band in the other. Besides the band-gap difference 8, the
higher-order corrections of remote bands to the band offset
are qualitatively discussed in Supplemental Note 1 [39].

As a summary, the polarization-induced intrinsic inter-
layer potential ¢, the interlayer coupling ¢, and the direct
band-gap difference & correspondingly contribute

58 £1.5, 6 2.5, and —5.5 = 0.25 meV to the intrinsic
conduction band offset A. of 58 meV at K points in
3R-MoS, (Table I). The experimental results agree with
previous self-consistent calculations which relate the
intrinsic interlayer coupling and interlayer potential
[27]. Since ¢, is determined only by the ratio of the
averaged gate capacitance C and the geometric capaci-
tance of bilayer MoS, (C,,), neither the size of the spin-
orbit coupling-induced conduction band splitting nor the
spin configuration of the lowest band affect our meas-
urement conclusions [52]. The contribution from the Q
points is not expected to have a qualitative impact on our
conclusions either for the same reason.

In conclusion, we leverage the distinctive sensitivity of
the Fermi polaron to charges doped in different layers to
probe the intrinsic interlayer potential and, thus, the
spontaneous polarization in a homogeneous 3R-MoS,
bilayer. Compared to the graphene electrical sensing
approach to determining spontaneous polarization, our
optical technique does not rely on polarization switching
via interlayer sliding, rendering it suitable for quantifying
spontaneous polarization in a wide range of materials. In
combination with the optically measured band gaps and
band offsets, we quantitatively determine the strength of an
asymmetric interlayer coupling at K points, which is
fundamental to the ferroelectric and optoelectronic appli-
cations of semiconducting TMDs where sliding ferroelec-
tricity is observed [24]. Last but not least, our results lay an
important foundation for understanding the moiré super-
lattice formed by hetero- or twisted homostructures.
Besides the exotic physics predicted from the position-
dependent interlayer coupling [53], the hopping between
layers is known for determining the moiré potential depth
as well as the bandwidth of the moiré bands, whose
competition with the Coulomb interaction has led to a
range of correlated insulating states observed in various
experiments [54]. Therefore, the full understanding of
interlayer coupling in different stacking orders is crucial
for exploring these new semiconducting moiré materials.

We acknowledge support from the Natural Sciences and
Engineering Research Council of Canada, Canada
Foundation for Innovation, New Frontiers in Research
Fund, Canada First Research Excellence Fund, and Max
Planck—-UBC-UTokyo Centre for Quantum Materials [Max
Planck Society (Germany), University of British Columbia
(Canada), and the University of Tokyo (Japan)]. Z. Y. is also
supported by the Canada Research Chairs Program. The
authors thank Benjamin T. Zhou for the helpful discussion.

041005-8



OPTICALLY PROBING THE ASYMMETRIC INTERLAYER ...

PHYS. REV. X 12, 041005 (2022)

[1] E. Sudrez Morell, J. D. Correa, P. Vargas, M. Pacheco, and
Z. Barticevic, Flat Bands in Slightly Twisted Bilayer
Graphene: Tight-Binding Calculations, Phys. Rev. B 82,
121407(R) (2010).

[2] R. Bistritzer and A. H. MacDonald, Moiré Bands in Twisted
Double-Layer Grapheme, Proc. Natl. Acad. Sci. U.S.A.
108, 12233-12237 (2011).

[3] Y. Cao et al., Correlated Insulator Behaviour at Half-
Filling in Magic-Angle Graphene Superlattices, Nature
(London) 556, 80 (2018).

[4] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E.
Kaxiras, and P. Jarillo-Herrero, Unconventional Supercon-
ductivity in Magic-Angle Graphene Superlattices, Nature
(London) 556, 43 (2018).

[51 A.L. Sharpe, E.J. Fox, A.W. Barnard, J. Finney, K.
Watanabe, T. Taniguchi, M.A. Kastner, and D.
Goldhaber-Gordon, Emergent Ferromagnetism near
Three-Quarters Filling in Twisted Bilayer Grapheme,
Science 365, 605 (2019).

[6] K.P. Nuckolls, M. Oh, D. Wong, B. Lian, K. Watanabe, T.
Taniguchi, B. Andrei Bernevig, and A. Yazdani, Strongly
Correlated Chern Insulators in Magic-Angle Twisted
Bilayer Grapheme, Nature (London) 588, 610 (2020).

[7] P. Sahebsara and D. Senechal, Hubbard Model on the
Triangular Lattice: Spiral Order and Spin Liquid, Phys.
Rev. Lett. 100, 136402 (2008).

[8] Q. Tong, H. Yu, Q. Zhu, Y. Wang, X. Xu, and W. Yao,
Topological Mosaics in moiré Superlattices of van der
Waals Heterobilayers, Nat. Phys. 13, 356 (2017).

[9] M. H. Naik and M. Jain, Ultraflatbands and Shear Solitons
in moiré Patterns of Twisted Bilayer Transition Metal
Dichalcogenides, Phys. Rev. Lett. 121, 266401 (2018).

[10] E. Wu, T. Lovorn, E. Tutuc, and A. H. MacDonald, Hubbard
Model Physics in Transition Metal Dichalcogenide moiré
Bands, Phys. Rev. Lett. 121, 026402 (2018).

[111 E. Wu, T. Lovorn, E. Tutuc, I. Martin, and A.H.
MacDonald, Topological Insulators in Twisted Transition
Metal Dichalcogenide Homobilayers, Phys. Rev. Lett. 122,
086402 (2019).

[12] S. Brem, K.-Q. Lin, R. Gillen, J. M. Bauer, J. Maultzsch,
J.M. Lupton, and E. Malic, Hybridized Intervalley moiré
Excitons and Flat Bands in Twisted WSe, Bilayers, Nano-
scale 12, 11088 (2020).

[13] L. Wang et al., Correlated Electronic Phases in Twisted
Bilayer Transition Metal Dichalcogenides, Nat. Mater. 19,
861 (2020).

[14] Z. Zhang, Y. Wang, K. Watanabe, T. Taniguchi, K. Ueno, E.
Tutuc, and B.J. LeRoy, Flat Bands in Twisted Bilayer
Transition Metal Dichalcogenides, Nat. Phys. 16, 1093
(2020).

[15] T.I. Andersen et al., Excitons in a Reconstructed moiré
Potential in Twisted WSe,/WSe, Homobilayers, Nat.
Mater. 20, 480 (2021).

[16] A. Ghiotto et al., Quantum Criticality in Twisted Transition
Metal Dichalcogenides, Nature (London) 597, 345 (2021).

[17] M. Angeli and A. H. MacDonald, Gamma Valley Transition
Metal Dichalcogenide moiré Bands, Proc. Natl. Acad. Sci.
U.S.A. 118, 2021826118 (2021).

[18] L. Li and M. Wu, Binary Compound Bilayer and
Multilayer with Vertical Polarizations: Two-Dimensional

Ferroelectrics, Multiferroics, and Nanogenerators, ACS
Nano 11, 6382 (2017).

[19] M. Wu, Two-Dimensional van der Waals Ferroelectrics:
Scientific, and Technological Opportunities, ACS Nano 15,
9229 (2021).

[20] S.L. Moore et al., Nanoscale Lattice Dynamics in
Hexagonal Boron Nitride moiré Superlattices, Nat. Com-
mun. 12, 5741 (2021).

[21] C.R. Woods, P. Ares, H. Nevison-Andrews, M. J. Holwill,
R. Fabregas, F. Guinea, A. K. Geim, K. S. Novoselov, N. R.
Walet, and L. Fumagalli, Charge-Polarized Interfacial
Superlattices in Marginally Twisted Hexagonal Boron
Nitride, Nat. Commun. 12, 347 (2021).

[22] M. Vizner Stern, Y. Waschitz, W. Cao, 1. Nevo, K.
Watanabe, T. Taniguchi, E. Sela, M. Urbakh, O. Hod,
and M. Ben Shalom, Interfacial Ferroelectricity by van
der Waals Sliding, Science 372, 1462 (2021).

[23] K. Yasuda, X. Wang, K. Watanabe, T. Taniguchi, and P.
Jarillo-Herrero, Stacking-Engineered Ferroelectricity in
Bilayer Boron Nitride, Science 372, 1458 (2021).

[24] X. Wang et al., Interfacial Ferroelectricity in Rhombohe-
dral-Stacked Bilayer Transition Metal Dichalcogenides,
Nat. Nanotechnol. 17, 367 (2022).

[25] A. Weston et al., Interfacial Ferroelectricity in Marginally
Twisted 2D Semiconductors, Nat. Nanotechnol. 17, 390
(2022).

[26] A. Weston et al., Atomic Reconstruction in Twisted Bilayers
of Transition Metal Dichalcogenides, Nat. Nanotechnol. 15,
592 (2020).

[27] D. Yang et al., Spontaneous Polarization Induced Photo-
voltaic Effect In Rhombohedrally Stacked MoS,, Nat.
Photonics 16, 469 (2022).

[28] M. Zhao, Z. Ye, R. Suzuki, Y. Ye, H. Zhu, J. Xiao, Y. Wang,
Y. Iwasa, and X. Zhang, Atomically Phase-Matched Sec-
ond-Harmonic Generation in a 2D Crystal, Light Sci. Appl.
5, el6131 (2016).

[29] R. Suzuki et al., Valley-Dependent Spin Polarization in
Bulk MoS, with Broken Inversion Symmetry, Nat. Nano-
technol. 9, 611 (2014).

[30] T. Cao et al., Valley-Selective Circular Dichroism of
Monolayer Molybdenum Disulphide, Nat. Commun. 3,
887 (2012).

[31] G.-B. Liu, H. Pang, Y. Yao, and W. Yao, Intervalley
Coupling by Quantum Dot Confinement Potentials in
Monolayer Transition Metal Dichalcogenides, New J. Phys.
16, 105011 (2014).

[32] G.-B. Liu, D. Xiao, Y. Yao, X. Xu, and W. Yao, Electronic
Structures and Theoretical Modelling of Two-Dimensional
Group-VIB Transition Metal Dichalcogenides, Chem. Soc.
Rev. 44, 2643 (2015).

[33] Y. Wang, Z. Wang, W. Yao, G.-B. Liu, and H. Yu, Interlayer
Coupling in Commensurate and Incommensurate Bilayer
Structures of Transition-Metal Dichalcogenides, Phys. Rev.
B 95, 115429 (2017).

[34] X. Zhang, W.-Y. Shan, and D. Xiao, Optical Selection Rule
of Excitons in Gapped Chiral Fermion Systems, Phys. Rev.
Lett. 120, 077401 (2018).

[35] J. Sung et al., Broken Mirror Symmetry in Excitonic
Response of Reconstructed Domains in Twisted MoSe,/
MoSe, Bilayers, Nat. Nanotechnol. 15, 750 (2020).

041005-9


https://doi.org/10.1103/PhysRevB.82.121407
https://doi.org/10.1103/PhysRevB.82.121407
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1073/pnas.1108174108
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1126/science.aaw3780
https://doi.org/10.1038/s41586-020-3028-8
https://doi.org/10.1103/PhysRevLett.100.136402
https://doi.org/10.1103/PhysRevLett.100.136402
https://doi.org/10.1038/nphys3968
https://doi.org/10.1103/PhysRevLett.121.266401
https://doi.org/10.1103/PhysRevLett.121.026402
https://doi.org/10.1103/PhysRevLett.122.086402
https://doi.org/10.1103/PhysRevLett.122.086402
https://doi.org/10.1039/D0NR02160A
https://doi.org/10.1039/D0NR02160A
https://doi.org/10.1038/s41563-020-0708-6
https://doi.org/10.1038/s41563-020-0708-6
https://doi.org/10.1038/s41567-020-0958-x
https://doi.org/10.1038/s41567-020-0958-x
https://doi.org/10.1038/s41563-020-00873-5
https://doi.org/10.1038/s41563-020-00873-5
https://doi.org/10.1038/s41586-021-03815-6
https://doi.org/10.1073/pnas.2021826118
https://doi.org/10.1073/pnas.2021826118
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1021/acsnano.0c08483
https://doi.org/10.1021/acsnano.0c08483
https://doi.org/10.1038/s41467-021-26072-7
https://doi.org/10.1038/s41467-021-26072-7
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-020-0682-9
https://doi.org/10.1038/s41565-020-0682-9
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/lsa.2016.131
https://doi.org/10.1038/lsa.2016.131
https://doi.org/10.1038/nnano.2014.148
https://doi.org/10.1038/nnano.2014.148
https://doi.org/10.1038/ncomms1882
https://doi.org/10.1038/ncomms1882
https://doi.org/10.1088/1367-2630/16/10/105011
https://doi.org/10.1088/1367-2630/16/10/105011
https://doi.org/10.1039/C4CS00301B
https://doi.org/10.1039/C4CS00301B
https://doi.org/10.1103/PhysRevB.95.115429
https://doi.org/10.1103/PhysRevB.95.115429
https://doi.org/10.1103/PhysRevLett.120.077401
https://doi.org/10.1103/PhysRevLett.120.077401
https://doi.org/10.1038/s41565-020-0728-z

JING LIANG et al.

PHYS. REV. X 12, 041005 (2022)

[36] J. Park, I. W. Yeu, G. Han, C. Jang, J. Y. Kwak, C.S.
Hwang, and J.-H. Choi, Optical Control of the Layer
Degree of Freedom through Wannier—Stark States in Polar
3R MoS,, J. Phys. Condens. Matter 31, 315502 (2019).

[37] J. Park, I. W. Yeu, G. Han, C.S. Hwang, and J. H. Choi,
Ferroelectric Switching in Bilayer 3R MoS, via Interlayer
Shear Mode Driven by Nonlinear Phononics, Sci. Rep. 9,
14919 (2019).

[38] A. Kormédnyos, V. Zélyomi, V.I. Fal’ko, and G. Burkard,
Tunable Berry Curvature and Valley and Spin Hall Effect in
Bilayer MoS,, Phys. Rev. B 98, 035408 (2018).

[39] See  Supplemental ~Material at http://link.aps.org/
supplemental/10.1103/PhysRevX.12.041005 for additional
data and more details on the methods of device fabrication
and optical measurements, effective four-band model, and
electrostatic model for dual-gate 3R-MoS, bilayer device

[40] L. Wang et al., One-Dimensional Electrical Contact to a
Two-Dimensional Material, Science 342, 614 (2013).

[41] K. F. Mak, K. He, C. Lee, G. H. Lee, J. Hone, T. FE. Heinz,
and J. Shan, Tightly Bound Trions in Monolayer MoS,, Nat.
Mater. 12, 207 (2013).

[42] F. Cadiz et al., Excitonic Linewidth Approaching the
Homogeneous Limit in MoS,-Based van der Waals
Heterostructures, Phys. Rev. X 7, 021026 (2017).

[43] A.V. Koudinov, C. Kehl, A.V. Rodina, J. Geurts, D.
Wolverson, and G. Karczewski, Suris Tetrons: Possible
Spectroscopic Evidence for Four-Particle Optical Excita-
tions of a Two-Dimensional Electron Gas, Phys. Rev. Lett.
112, 147402 (2014).

[44] M. Sidler, P. Back, O. Cotlet, A. Srivastava, T. Fink, M.
Kroner, E. Demler, and A. Imamoglu, Fermi Polaron-
Polaritons in Charge-Tunable Atomically Thin Semicon-
ductors, Nat. Phys. 13, 255 (2017).

[45] D. K. Efimkin and A. H. MacDonald, Exciton-Polarons in
Doped Semiconductors in a Strong Magnetic Field, Phys.
Rev. B 97, 235432 (2018).

[46] D. K. Efimkin, E. K. Laird, J. Levinsen, M. M. Parish, and
A.H. MacDonald, Electron-Exciton Interactions in the
Exciton-Polaron Problem, Phys. Rev. B 103, 075417
(2021).

[47] E. Liu, J. van Baren, Z. Lu, T. Taniguchi, K. Watanabe, D.
Smirnov, Y.-C. Chang, and C.H. Lui, Exciton-Polaron
Rydberg States in Monolayer MoSe, and WSe,, Nat.
Commun. 12, 6131 (2021).

[48] C. Jin et al., Observation of moiré Excitons in WSe, /WS,
Heterostructure Superlattices, Nature (London) 567, 76
(2019).

[49] M. M. Glazov, Optical Properties of Charged Excitons in
Two-Dimensional Semiconductors, J. Chem. Phys. 153,
034703 (2020).

[50] F. Katsch and A. Knorr, Excitonic Theory of Doping-
Dependent Optical Response in Atomically Thin Semicon-
ductors, Phys. Rev. B 105, 045301 (2022).

[51] X.Li, J. T. Mullen, Z. Jin, K. M. Borysenko, M. Buongiorno
Nardelli, and K. W. Kim, Intrinsic Electrical Transport
Properties of Monolayer Silicene and MoS, from First
Principles, Phys. Rev. B 87, 115418 (2013).

[52] C. Robert et al., Measurement of the Spin-Forbidden Dark
Excitons in MoS, and MoSe, Monolayers, Nat. Commun.
11, 4037 (2020).

[53] H. Yu, M. Chen, and W. Yao, Giant Magnetic Field from
moiré Induced Berry Phase in Homobilayer Semiconduc-
tors, Natl. Sci. Rev. 7, 12 (2019).

[54] K. F. Mak and J. Shan, Semiconductor moiré Materials, Nat.
Nanotechnol. 17, 686 (2022).

041005-10


https://doi.org/10.1088/1361-648X/ab1d0f
https://doi.org/10.1038/s41598-019-50293-y
https://doi.org/10.1038/s41598-019-50293-y
https://doi.org/10.1103/PhysRevB.98.035408
http://link.aps.org/supplemental/10.1103/PhysRevX.12.041005
http://link.aps.org/supplemental/10.1103/PhysRevX.12.041005
http://link.aps.org/supplemental/10.1103/PhysRevX.12.041005
http://link.aps.org/supplemental/10.1103/PhysRevX.12.041005
http://link.aps.org/supplemental/10.1103/PhysRevX.12.041005
http://link.aps.org/supplemental/10.1103/PhysRevX.12.041005
http://link.aps.org/supplemental/10.1103/PhysRevX.12.041005
https://doi.org/10.1126/science.1244358
https://doi.org/10.1038/nmat3505
https://doi.org/10.1038/nmat3505
https://doi.org/10.1103/PhysRevX.7.021026
https://doi.org/10.1103/PhysRevLett.112.147402
https://doi.org/10.1103/PhysRevLett.112.147402
https://doi.org/10.1038/nphys3949
https://doi.org/10.1103/PhysRevB.97.235432
https://doi.org/10.1103/PhysRevB.97.235432
https://doi.org/10.1103/PhysRevB.103.075417
https://doi.org/10.1103/PhysRevB.103.075417
https://doi.org/10.1038/s41467-021-26304-w
https://doi.org/10.1038/s41467-021-26304-w
https://doi.org/10.1038/s41586-019-0976-y
https://doi.org/10.1038/s41586-019-0976-y
https://doi.org/10.1063/5.0012475
https://doi.org/10.1063/5.0012475
https://doi.org/10.1103/PhysRevB.105.045301
https://doi.org/10.1103/PhysRevB.87.115418
https://doi.org/10.1038/s41467-020-17608-4
https://doi.org/10.1038/s41467-020-17608-4
https://doi.org/10.1093/nsr/nwz117
https://doi.org/10.1038/s41565-022-01165-6
https://doi.org/10.1038/s41565-022-01165-6

