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Twist angle-dependent valley polarization switching

in heterostructures

Danjie Dai"%, Bowen Fu?, Jingnan Yang?, Longlong Yang?, Sai Yan'?, Xiqing Chen3, Hancong L,
Zhanchun Zuo'?, Can Wang1'2’4*, Kuijuan Jin'%4 Qihuang Gong3’5, Xiulai Xu3°*

The twist engineering of moiré superlattice in van der Waals heterostructures of transition metal dichalcogenides
can manipulate valley physics of interlayer excitons (IXs), paving the way for next-generation valleytronic devices.
However, the twist angle-dependent control of excitonic potential on valley polarization is not investigated so far
in electrically controlled heterostructures and the physical mechanism underneath needs to be explored. Here, we
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demonstrate the dependence of both polarization switching and degree of valley polarization on the moiré period.
We also find the mechanisms to reveal the modulation of twist angle on the exciton potential and the electron-hole
exchange interaction, which elucidate the experimentally observed twist angle-dependent valley polarization of
IXs. Furthermore, we realize the valley-addressable devices based on polarization switch. Our work demonstrates
the manipulation of the valley polarization of IXs by tunning twist angle in electrically controlled heterostructures,
which opens an avenue for electrically controlling the valley degrees of freedom in twistronic devices.

INTRODUCTION

Van der Waals (vdW) heterostructures, composed of two-dimensional
transition metal dichalcogenides (TMDs), exhibit a type-II align-
ment. This alignment allows for the vertical stacking of two distinct
monolayers (MLs) of TMDs, facilitating the generation of electrons
and holes in separate layers (1-4). This spatial separation between
electrons and holes results in a small overlap of their wave functions,
leading to prolonged lifetimes of interlayer excitons (IXs) on the order
of nanoseconds. The spatial separation of IXs carriers also gives rise to
an out-of-plane electric dipole moment, enabling the manipulation of
exciton energy through an external electric field (5-8). Furthermore,
the properties of IXs with specific valley polarizations have attracted
substantial attention benefiting from their controllable band align-
ment and wave function distribution, which can be flexibly tuned by
an electrical control (9-11). For example, the electrical gating can
modulate the preserved degree of circular polarization (DCP) of IXs
by changing the valley depolarization (10). The moiré superlattice in-
troduces a periodic potential where the optical selection rule is deter-
mined by the atomic registry. The different local interlayer distances
between the two local potential minima allow their potential differ-
ence to be modulated by the electric field, therefore enabling the valley
states of these quasi-particles to be electrically tuned (12, 13).

In addition to electrical control, the twist angle also offers an ef-
fective tool to manipulate electronic properties of IXs (14). Twist
engineering has also been used to control the valley degrees of free-
dom. The twist angle can control the potential landscapes for IXs and
momentum alignment of valleys, leading to the engineering of the
spin-valley properties in TMD heterostructures (15, 16). Introduc-
ing twist engineering into electronic devices provides an additional
degree of freedom by which to modulate the excitonic potential,
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thereby enhancing controllability over valley properties and en-
abling spintronic devices with more functions, such as electrically
switchable spin-valley-based devices. However, the experimental
demonstration of twist angle—dependent valley polarization in elec-
trically controlled heterostructures is still missing. Meanwhile, deeper
mechanisms underneath that how the moiré period govern the po-
larization switching by modulating the excitonic potential also re-
mains to be further explored.

In this work, we demonstrate the dependence of both polariza-
tion switching and degree of valley polarization on the moiré period
in electrically controlled heterobilayers (hBLs), enabling the precise
control through twist engineering. We experimentally observe the
twist angle-dependent valley polarization, clarified by the mecha-
nism that considers the contributions of interlayer and intralayer to
excitonic potentials and electron-hole (e-h) interactions. We also
observe a complete polarization reversal to the twisted heterostruc-
ture. The critical gate voltage required for the valley state switching
of IXs increases with the twist angle. We propose a theory by consid-
ering the excitonic potential difference on the moiré period, which
reveals the mechanism underneath the twist angle-dependent
polarization switching. Furthermore, we successfully demonstrate a
valley-addressable encoding device based on valley polarization
switching with IXs, where a periodic reversal of DCP and energy
shift of IXs under a periodic bias voltage are obtained.

RESULTS

Optical characterizations of WSe,/WS, hBLs

ML WSe; and ML WS; were first obtained by chemical vapor depo-
sition (CVD) and then were sequentially transferred onto silica sub-
strates by a wet transfer method to form WSe,/WS, twisted hBLs.
The twist angles were roughly estimated with an optical microscope
(fig. S1) and then further confirmed by using the second harmonic
generation spectroscopy (fig. S2). The weak vdW force in hetero-
structures allows a stacking of lattice mismatch between the con-
stituent layers (4). The twist between two layers in real space leads to
the emergence of moiré periodic patterns, as shown in Fig. 1A. In
this periodic pattern, three high-symmetry points (inset of Fig. 1A)
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Fig. 1. Device characterization. (A) Moiré pattern formed by stacking two MLs. The area marked by the green diamond represents one moiré period, which includes
three extreme points. The inset shows a zoom-in of these three locations. (B) Schematic of the Brillouin zone of ML WS, (red) and ML WSe; (blue) with a twist angle of 6.
(C) Schematic of the device structure. (D) Raman spectra of ML WSe; (blue line), ML WS; (red line), and hBLs (green line) at room temperature. (E) Low-temperature
(T =10 K) PL spectrum of 0 =~ 0° device. Inset: Second harmonic generation measurement of the heterojunction with 6 ~ 0°. (F) Schematic illustration of the formation of
IXs in +K valley with 3R stacking. The black arrows denote the spin orientation of the conduction and valence bands, respectively. The green lines indicate 6+ excitation
in both WS, and WSe; layers. The yellow arrows delineate the charge transfer process. The blue arrows symbolize interlayer emission, where IXs inherit intralayer copolar-

ized emission in the 3R-stacking configuration. a.u., arbitrary units.

with different local atomic registry inherit C; symmetry (12, 17, I18).
The unique interlayer optical selection rule is governed by the C;
rotation, where the interlayer transition at K (—K) point can couple
with 6+ or 6— photons. Hence, exciton wave packets at these three
locals have different C; transformations, giving the different optical
selection rules (12). Here, we use R: denoting the 3R stacking. Tak-
ing the hole-layer hexagon center (h) site as the rotation center,
these three positions correspond to the electron-layer at h (R, site
A), chalcogen (RX, site B), and metal (R, site C). The twist in real
space leads to a displacement in momentum space (Fig. 1B). This
momentum mismatch can be compensated by the finite kinetic
energy of the exciton (4, 19). The valley shifts in each layer change
the transformation at the +K valleys from direct to indirect. The
type-II energy bands are aligned so that the electrons and holes in
the heterostructure are located at the energy minima in different
layers (6, 11).

As shown in Fig. 1C with our device configuration, optical char-
acterization can be performed with electrical control. To confirm
the interlayer coupling, both Raman and photoluminescence (PL)
characterizations of the devices are investigated on the heterostruc-
ture. The Raman spectra of the heterostructure exhibit superim-
posed Eyg and Ajg modes of the two MLs (Fig. 1D). Figure 1E shows
the PL of the heterostructure at low temperature (T = 10 K), where
we observe the emission of ML WS, and ML WSe, as well as the
interlayer emission. The green region shows the energy peaks of
neutral exciton (X, 2.05 eV), charged exciton (X7, 2.01 eV), and
localized excitons (1.98 eV) for ML WS;. The red region shows the
energy peaks of neutral exciton (1.72 eV), charged exciton (1.70 eV),
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and localized state (LS; 1.62 eV) for ML WSe; (20-22), respectively.
We attribute the emission with energy peak of 1.39 eV (IXs, blue) to
the interlayer transition resulting from charge transfer. In compari-
son to the emission of pristine ML excitons at room temperature,
the emission of intralayer excitons in heterostructure exhibits a red
shift (fig. S3). The observed red shift can be attributed to the changes
in the dielectric environment and charge transfer processes (23, 24).
The power dependence PL spectra of IXs are shown in section S3. As
the power increases, the IXs undergo a blue shift in contrast to the
red shift observed in intralayer emission, which is attributed to the
repulsive dipole-dipole interactions (5, 7, 25).

Electrical tuning of valley polarization of IXs

The stacking of the ML WSe, and ML WS, forms a vdW hetero-
structures with type-1I band alignment (Fig. 1F). Figure 2 (A and B)
shows the gate-dependent PL spectra of the device with 6 ~ 0°. The
energy of the IXs is modulated by gate voltage from Fig. 2C. The
emission of IXs undergoes a blue shift with increasing gate voltage. An
energy shift of about 80 meV is obtained when the gate voltage
changed from —40 to 40 V. The shift of the IXs with the gate voltage
is also controlled by the stacking configuration. With a reversed
stacking order of the two MLs, an opposite shift in IXs is observed
(fig. S5). Furthermore, selectively addressing the valley degree of
freedom of excitons using circularly polarized light under a gate
voltage is an important approach to understanding electrically tun-
able valley-contrasting physics of IXs (6, 10). The DCP of IXs as a
function of the gate voltage is shown in Fig. 2D, with PL intensities
extracted from the emission intensities of 6+ and 6— (Fig. 2, A and
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Fig. 2. Electrical control of the IXs in the device with 6 = 0°. (A and B) Contour plots of gate-dependent PL spectra (T = 10 K) using 6+ excitation with o+ and c— detec-
tion. (C) Energy shift of IXs as a function of the gate voltage. (D) DCP of PL spectra from IXs as a function of the gate voltage.

B). Here, the DCP is defined by p = (I, — I_)/(I+ + I-), where I ()
represents the intensities of the 6+ and o— circularly polarized
emission with o+ excitation. As illustrated in Fig. 2D, a predomi-
nant co-circular polarization of IXs is observed with a positive ap-
plied voltage, whereas a reversal of polarization is observed when
applying a negative voltage of —20 V. Thus, this polarization switch-
ing can be attributed to the modulation of periodic excitonic poten-
tial by electrical controlling (12), where a spatial modulation of the
electronic structure induces a shift of local minimum. These distinct
local minima can be identified within moiré superlattices (Fig. 1A),
with different C; rotations and distinct optical selection rules (17, 26).

Twist angle-dependent valley polarization of IXs

To clarify the dependence of valley polarization of IXs on the gating
and moiré superlattice, Fig. 3 (A to C) shows the gate-dependent
circular polarization of the IXs for the devices with three different
twist angles (the full dataset is provided in fig. S6). For emissions of
IXs, the reversal of polarization under negative bias is observed for
all the devices with © ~ 0°, 1°, and 3°. The critical voltage required to
enable the reversal of the circular polarization of the IXs becomes
larger as the twist angle increases. For devices with 6 = 0°, 6 = 1°,
and 0 = 3°, the reversal of the circular polarization of IXs occurs at
biases close to —10, —20, and —30 V, respectively. We used density
functional theory (DFT) theoretical calculations to determine the
exciton potential of IXs at different twist angles. The calculation
method is presented in section S9. IXs experience a periodic poten-
tial in a moiré superlattice, leading to variations in the excitonic po-
tential difference between sites A and B for different moiré periods.
The dependence of rg (the displacement of the metal site in the hole
layer to the nearest neighboring metal site in the electron layer) on
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twist angle in the moiré superlattice generally results in spatial mod-
ulation in the local bandgap of excitons, thereby affecting their exci-
tonic potential (12). Figure 3 (E and F) shows the contour plots of
excitonic potential in moiré patterns and diagonal scanning curves
under zero gate voltage, respectively. When we set the twist angle to
1°, 2°, and 3°, the difference between V(A) and V(B) is calculated to
be 94, 124, and 147 meV, respectively. As reported in the literature,
the electrical effects to switch the polarization are diverse, including
Stark shift (12), charge doping (6), or altering Hubbard (U) interac-
tion (27, 28), and specific details are still under discussion. Nonethe-
less, the theoretical result that V(A)-V(B) increases with the twist
angle is general and indicates that a higher external potential is re-
quired for a device with larger twist angle to switch the PL polariza-
tion. This corresponds well with our experimental observations.

The interaction between the two constituent layers determines
the strength of the interlayer coupling (4, 29, 30). When the twist
angle between the two layers is away from 0° or 60°, the interlayer
coupling gradually decreases to disappear because of a very low
wave function overlap (31-33). When the twist angle exceeds 3.5°,
the mismatch between the two layers cannot be ignored, and the
interlayer coupling is expected to be weakened (19, 30, 32). The
polarization-resolved PL spectra of devices with larger twist angles
are also investigated for comparison as shown in fig. S7. A signifi-
cant quenching of interlayer emission near 1.36 eV is observed,
which is insensitive to gate voltage. No polarization difference can
be resolved within the range of bias voltage applied. By using DFT
calculation, the statistic distributions of interlayer distance also con-
firm that the interlayer spacing increases with the angle, leading to
a weaker interlayer coupling (fig. S8), consistent with our experi-
mental results.
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Fig. 3. Twist angle-dependent polarization properties. (A to C) Polarization-resolved PL spectra (T= 10 K) at —40, 0, and 40V of 6 ~ 0°, 8 ~ 1°,and 6 ~ 3°. (D) DCP of IXs
as a function of gate voltage of the three devices. (E) Contour plots of excitonic potential at varying twist angles. (F) Diagonal scanning curves from the contour plots at
varying twist angles and interlayer optical selection rule of moiré excitons. (G) Contour plots of strength of interlayer e-h exchange energy.

Figure 3D depicts the DCP of IXs with different twist angles, in-
dicating a reduction in the DCP of IXs as the twist angle increases.
To further clarify the physical mechanism of the valley polarization
variation induced by the moiré period, we investigate the interlayer
and intralayer influences on the circular polarization of IXs. For the
interlayer, the interlayer excitonic potential and the e-h exchange are
dependent on the interlayer translation (17). It can be seen that the
excitonic potential profile of site A increases with the increasing
twist angle from Fig. 3 (E and F). Under zero gate voltage, site A
denotes the global minimum in terms of energy, and the polariza-
tion selection rule at this point is determined by the moiré superlat-
tice, with a o+ polarization. A lower exciton potential at local
minimum (site A) caused by larger moiré period results in a larger
population of excitons trapped at A and thereby enhancing the
emission of o+. Similarly, when the electrical control switches the
local minimum to site B, a smaller twist angle also results in an en-
hancement in the emission of 6—. To confirm the effect of moiré
period on the interlayer e-h exchange interaction, the strength of the
interlayer e-h exchange energy for different twist angles are also cal-
culated. Figure 3G shows the contour plots of interlayer e-h ex-
change energy calculated with DFT, indicating that the strength of
exchange interaction increases with twist angle. Exchange interac-
tions between electrons and holes can intensify spin hybridization,
thereby reducing the DCP of IXs. Therefore, the dependence of
the interlayer e-h exchange energy and excitonic potential on the
moiré periodicity induces a twist angle-dependent circular polar-
ization of IXs.

Dai et al., Sci. Adv. 10, eado1281 (2024) 15 May 2024

In TMD heterostructures, IXs inherit the coupled spin-valley
physics from constituent MLs, which enhances the interactions of in-
ternal degrees of freedom, including the spin and valley pseudospin
of electrons and holes confined in different MLs (17, 24, 34). The
interlayer transition dipoles are also controlled by the coupling with
the intralayer valley excitons through interlayer hopping (35). Con-
sequently, the observed interlayer valley polarization could depend
on the depolarization of intralayer excitons before relaxation to in-
terlayer state (32, 35). Figure 1F illustrates the configuration of IXs
in 3R stacking, with the electron and hole of the IXs located at
the +K valleys of WS, and WSe;, respectively. Spin-polarized ex-
citation allows the intralayer exciton to have an initial valley
polarization. Then, an ultrafast interlayer charge transfer via spin
conservation takes place before valley scattering, typically within a
picosecond timescale (2, 23, 36). After that, the interlayer e-h pair
radiatively recombines and emits photons that inherit the intralayer
valley polarization.

E-h exchange interactions can cause valley scattering and reduce
the DCP (37-40). Therefore, we investigate the intralayer exciton
valley dynamics and e-h exchange energy at various twist angles to
explore how initial intralayer valley polarization influences inter-
layer circular polarization through twist angles. Figure 4A depicts
the time-resolved spectra of intralayer excitons (WS;) in twisted
heterostructures and pristine ML, with both copolarized and cross-
polarized components. The green (red) dots represent 6— (c6+) de-
tection. Figure 4B shows the time-resolved DCP with different twist
angles. The solid line represents the data fitted with an exponential
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Fig. 4. Intralayer exciton valley dynamics in twisted hBLs. (A) Time-resolved measurements (T = 10 K) of co- and cross-polarized PL at varying twist angles. Green (red)
dots represent cross (co)-polarized PL decay. (B) Time-resolved DCP corresponding to measurements in (A). Solid black lines represent the exponential fits of valley time.

(C) Intralayer e-h exchange energy in WS, layer at different twist angles.

decay model. The valley lifetimes of intralayer excitons in the twisted
heterostructures significantly decrease with increasing twist angle,
accompanied by a gradual reduction in the DCP of IXs (Fig. 3). This
shows that the moiré period can modulate the intralayer initial val-
ley polarization and thus affect the DCP of the IXs (32). To explore
the physical mechanism of initial valley lifetimes dependence on
twist angle, we calculate the intralayer e-h exchange interactions for
different moiré period. Figure 4C illustrates a significant increase in
the strength of intralayer e-h exchange interactions with increasing
twist angle, resulting in a decrease on the valley lifetime. It can be
concluded that larger moiré period leads to an increase in the initial
degree of valley polarization of intralayer photo-created carriers
resulting in an enhancement in the valley polarization of IXs
with decreasing twist angle. The spin-polarized density of states
in twist heterostructures depicts that as the twist angle increases
(fig. S9), the spin-polarized density at site A decreases, demonstrat-
ing a weakening chirality throughout the entire system, which is
consistent with our results. Therefore, twist engineering in hetero-
structures can be used as a versatile tool to manipulate polariza-
tion of IXs.

Furthermore, the temperature-dependent valley polarization
properties of IXs are also investigated for two devices with twist
angles of 0° and 3° (section S7). The suppression of polarization
with increasing temperature results from enhanced intervalley
scattering and spin relaxation due to the phonon-mediated scatter-
ings (37, 41, 42). For example, with a gate voltage of —40 V, the
valley polarization of IXs reverses from c— to o+ with increasing
temperature. This is why we focus on the low-temperature mea-
surement to suppress the phonon scatterings in this work.

Valley-addressable switching

The information in valley-addressable devices can be stored, re-
trieved, and manipulated through the controlled excitation and de-
tection of the valleys, enabling reading/erasing/writing operations
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on the memory units (43). To investigate the valley optical address-
able of twist heterostructures, Fig. 5 shows time-dependent PL energy
and DCP under periodic gate voltage modulation for devices with
0~ 0°and O ~ 1° under T'= 10 K. Here, we detect the helicity switch-
ing between 6+ and 6— under the same gate voltage with 6+ excita-
tion. For the device with 0 = 0°, when the gate voltage periodically
varies into —40, 0, 40, and 0 V, the energy of the IXs also undergoes
periodic changes into 1.38, 1.42, 1.47, and 1.42 eV. This energy mod-
ulation resembles the selective operations of encoding devices, such
as writing, erasing, and reading, and exhibits repeatability during
the periodic modulations. The sign of valley polarization undergoes
periodic changes with the gate voltage as well. As shown in Fig. 5A
(bottom), for the device with 6 & 0°, the sign of interlayer polariza-
tion changes from positive to zero and to negative with the periodic
variation of gate voltages. Similar phenomena are obtained for the
0 ~ 1° device with the periodic gate voltage at —40, —20, and 40 V,
demonstrating the stability and reproducibility of our devices. Con-
sequently, the spin state of the emitted photon can be encoded as
0 and 1 with different polarizations, respectively. They can represent
different information bits being optically recognized and decoded.
Compared to electronic memories, photon polarization-based
memory may offer better integration with quantum photonics de-
vices, thereby enabling more efficient storage and processing of
quantum information, which can also be controlled optically. Our
devices demonstrate the functions of reading/erasing/writing
operations by selectively encoding the valley polarization information
through different helicity excitation or detection.

DISCUSSION

We have demonstrated a manipulation of the polarization of the IXs
by changing moiré period in the WSe,/WS; hBLs with an electrical
control. We observe that the devices with larger twist angles require
a higher gate voltage to achieve polarization reversal, which can be
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Fig. 5. Valley optical addressing in electrically controlled twist heterostructures. (A and B) Time-dependent energy (red dots) and DCP (green dots) of IX emission of
devices (A) 0 ~ 0° and (B) 0 ~ 1° with a periodical bias voltage (blue lines). Each voltage lasts for 2 min with detecting 6+ or 6— polarizations.

clarified by our proposed theory based on the dependence of exci-
tonic potential difference between local minima with different cir-
cularly polarized emissions on moiré period. Theoretical calculations
confirm that the excitonic potential difference V(A)-V(B) increases
with the twist angle, leading to a larger external potential for switch-
ing between A and B. The moiré signature governing the DCP of IXs
is revealed with encompassing both interlayer and intralayer effects.
The observed twist angle-dependent interlayer DCP can be explained
well by the measurements of valley dynamics and our theoretical
calculations of excitonic potential and e-h exchange interactions. A
larger moiré period results in a reduction in the IX potential at the
local minimum, a decrease in both interlayer and intralayer e-h ex-
change interactions, and an increase in the initial intralayer valley
polarization, ultimately leading to an enhancement of degree of in-
terlayer valley polarization. The experimental modulation of DCP
and IX emission energy under periodic gate voltage indicates the po-
tential for further implementation of nonvolatile memories through
the construction of floating gates or substrate engineering. Photon
polarization-based memory provides a favorable platform for inte-
grating valley-addressable memory into quantum optical devices.
This work unveils the physical mechanism for modulating interlayer
circular polarization in twistronic systems and demonstrate the fea-
sibility of precisely controlling polarization by manipulating the
moiré period in electrically modulated hBLs.

MATERIALS AND METHODS

Device fabrication

WSe, and WS, MLs were grown by a CVD system, which were sub-
sequently transferred onto Si/SiO, substrates using a wet transfer
method, resulting in WSe,/WS, hBLs with different twist angles. To
obtain clean interfaces and enhance the interlayer coupling, each
transfer step was followed by an ultrahigh vacuum annealing process
at 160°C for 1 hour. The Au electrodes on the upper layer of the
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two-dimensional materials were fabricated with the electron beam
lithography and the thermal evaporation (5-nm Cr/50-nm Au). A
final annealing process was conducted after the electrode fabrication
to effectively eliminate organic residues from the material surface.

Optical measurements

The devices were mounted on a three-dimensional piezoelectric stage
in a temperature-controlled chamber ranging from 4.4 to 300 K. PL
and Raman measurements were conducted using 532-nm continuous
wave laser excitation. Except for room temperature Raman spectros-
copy, all characterizations were performed at 10 K using a confocal
microscope system with a 0.82-numerical aperture objective. The
signal was collected through a grating spectrometer and recorded by
a liquid nitrogen—cooled charge-coupled device (CCD) detector. The
signal was acquired through a grating spectrometer with a liquid ni-
trogen—cooled CCD detector. For all polarization-resolved PL, the
circularly polarized excitation was selectively excited by using a lin-
ear polarizer and a quarter-wave plate, and the PL circularly polar-
ized emissions are collected by using a quarter-wave plate and a
linear polarizer in front of the spectrometer. For second harmonic
generation measurement, the laser pulse with a central wavelength of
800 nm from a Ti:sapphire laser was used and focused on the sample
with a microscope objective. The second harmonic signal was col-
lected by the same objective and detected with a spectrometer.
Time-resolved spectroscopy was performed with a time-correlated
single-photon counting method. A pulsed laser with a wavelength of
532 nm was used to pump the sample, and the spin-polarized PL was
collected by a single-photon detector.
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