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ABSTRACT: Although selective singlet and triplet interlayer
exciton (IX) emission of transition metal dichalcogenides (TMD)
heterostructures can be achieved by applying an electric or
magnetic field, the device structure is complex and a low
temperature is usually required. Here, we demonstrate a simple
all-optical approach to selectively enhance the emission of singlet
and triplet IX by selectively coupling singlet or triplet IX of a WS2/
WSe2 heterostructure to a SiO2 microsphere cavity. Angle-resolved
photoluminescene reveals that the transition dipole of triplet IX is
almost along the out-of-plane direction, while singlet IX only has
69% out-of-plane dipole moment contribution. Since the out-of-
plane dipole presents a higher Purcell factor within the cavity, we can simultaneously enhance the emission intensity of IX and
control the emissive IX species at room temperature in an all-optical route. Importantly, we demonstrate an all-optical valley
polarization switch with a record high on/off ratio of 35.
KEYWORDS: Transition metal dichalcogenides, heterostructures, interlayer exciton, SiO2 cavity, valley polarization switch

Transition metal dichalcogenide (TMD) van der Waals
(vdW) heterostructures with type-II band alignment

enable the generation of interlayer exciton (IX), where
electrons and holes reside in separated layers.1−4 The spatial
separation between electrons and holes gives rise to a long
lifetime in the order of hundreds of nanoseconds,5−7 which is
beneficial to valleytronic devices. In addition, the electronic
band hybridization and strong spin−orbit coupling lead to the
unique spin-valley physics in TMD heterostructures.8−10 Spin-
singlet (IXS) and spin-triplet (IXT) interlayer excitons have
opposite spin orientation, making them useful in valley switch
and valley logic devices.11,12 In contrast to the scenario of
monolayer TMDs in which only intralayer excitons with in-
plane (IP) dipole moment are transition allowed,13 theoretical
calculations and experimental demonstrations validate that IXS
and IXT in the heterostructure exhibit comparable coupling
strength with in-plane and out-of-plane (OP) polarized light
depending on the atomic registry.14−17 In other words, the
transition dipole moment of IX can be IP orientated although
they have permanent OP electric dipole moment.14

The modified selection rule of IX in heterostructure offers
opportunities to construct a valley polarization switch by
selectively exciting IXS and IXT. However, most of the previous
work used the electric field induced Stark effect or magnetic
field induced Zeeman effect to observe fine structures of
IX.11,18−20 For instance, Ciarrocchi et al. utilized the

electrostatic doping effect and the quantum confined Stark
effect simultaneously to regulate the spin−orbit coupling of IX
at the temperature of 4.2 K.12 They also realized interlayer
exciton Zeeman splitting by the magneto-induced Zeeman
effect on the same sample.12 Although previous works have
observed and controlled IXS and IXT fine structures, complex
device structures and harsh experimental conditions such as
large electric/magnetic field and low temperatures impose
limitations on practical applications.
Here we report an all-optical approach to selectively control

IXS and IXT emission and their valley polarization by coupling
tungsten diselenide (WSe2)/tungsten disulfide (WS2) vdW
heterojunctions to a SiO2 cavity. The SiO2 microsphere cavity
prefers to enhance the IXT emission since the IXT transition
dipole has a larger component in the OP direction. The
polarization-resolved momentum-space emission measurement
indicates that IXT has 92% OP dipole moment contribution,
while the IXS dipole only has 69% OP component. By utilizing
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the selective emission of IXS and IXT, we realize a valley
polarization switch with an on/off ratio of 35 in an all-optical
route. These marvelous optical properties pave the way for the
development of all-optical valleytronics devices.
Figure 1a displays a schematic illustration of our device in

which a SiO2 cavity is placed on the top of the WSe2/WS2

heterostructure. Figure 1b exhibits the optical microscopy
image of a heterostructure device with the monolayer WSe2,
monolayer WS2, and SiO2 cavity highlighted by different colors
of dashed lines. The inset of Figure 1b shows the scanning
electron microscopy (SEM) image of a SiO2 cavity with the
diameter of 5 μm. Due to the effect of gravity and
intermolecular forces, the SiO2 cavity will adhere tightly to
the surface of the heterostructure, preventing it from moving
or rolling. The sphere was kept at a fixed position during our
measurement. The photoluminescence (PL) spectra of WSe2/
WS2 heterostructure under the 633 nm laser excitation were
carried out on the position with (red curve) and without (blue
curve) the SiO2 cavity (Figure 1c). Both the intralayer exciton
of monolayer WSe2 and IX emission can be observed around
the energy of 1.65 and1.42 eV,21 respectively. It should be
pointed out that the oscillations of intralayer exciton emission
in the presence of SiO2 cavity is caused by the resonance of the
whispering gallery mode (WGM) of the cavity22,23 (Figure S1,
Supporting Information). Strong interlayer exciton emission
and quenching of monolayer WSe2 luminescence suggest that
strong interlayer coupling is present. Significant IX enhance-
ment can be observed in the presence of SiO2 cavity with an
average enhancement factor of 3, and the maximum
magnification is around 7 times. More importantly, an obvious
splitting of IX emission peak can be observed in the presence
of SiO2 cavity with the splitting energy around 50 meV, which
is consistent with the WS2 conduction band splitting.24

Accordingly, we speculate that the IX peak splitting is caused
by spin−orbit splitting of the WS2 conduction band. We
measured SHG of monolayer WS2, WSe2, and the hetero-
structure, as displayed in Figure S2. SHG of heterostructure is
the coherent superposition of SHG of monolayer WS2 and
WSe2 with phase difference determined by the twist angle. It is
observed in our sample that SHG in the heterostructure region
is enhanced compared with the monolayers, which indicates
that the heterojunction is near 0° stacking (R-stacking).25

Figure 1. (a) Schematic illustration of the device structure. (b)
Optical microscopy image of the fabricated device. SiO2 cavity,
monolayer WSe2, and WS2 flakes are highlighted by the white, blue
and red dashed lines, respectively. The scale bar is 10 μm. The inset
shows the scanning electron microscopy (SEM) image of a SiO2
cavity with the scale bar of 2 μm. (c) PL spectra of the WSe2/WS2
heterostructure with (red line) and without (blue line) SiO2 cavity on
top. IXS and IXT donate the spin-singlet and spin-triplet interlayer
excitons as fitted. (d) Band alignment of the heterostructure with R-
stacking. The black and purple elliptical dashed lines show the
formation of singlet and triplet interlayer excitons.

Figure 2. (a and b) Excitation power-dependent interlayer exciton PL spectra of the heterostructure without and with the SiO2 cavity, respectively.
(c) Excitation power-dependent emission intensity ratio of IXS to IXT for the heterostructure with SiO2 cavity. (d and e) Temperature-dependent
interlayer exciton PL spectra of the heterostructure without and with SiO2 cavity, respectively. (f) Temperature-dependent emission intensity ratio
of IXS to IXT for the heterostructure with SiO2 cavity.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c01698
Nano Lett. 2023, 23, 6581−6587

6582

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01698/suppl_file/nl3c01698_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01698/suppl_file/nl3c01698_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01698?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01698?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01698?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01698?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01698?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01698?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01698?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01698?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c01698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 1d displays the band alignment of the heterostructure
with R-stacking. Electrons in the high-energy spin-up and low-
energy spin-down conduction band of WS2 interact with the
holes in the valence band of WSe2 via Coulomb force to form
spin-singlet IX (IXS) and spin-triplet IX (IXT), respectively.

26

In order to verify the formation of IXS and IXT, we have
carried out excitation power-dependent PL measurements of
the heterostructure region without and with cavity, as shown in
Figure 2a,b, respectively. The detailed curve fitting is displayed
in Figure S3. Only one IX emission peak can be observed in
the heterostructure region without a cavity (Figure 2a), which
is normally assigned as IXS according to a previous report.

27

The IXS peak blue-shifts with the increase of the excitation
power, which is attributed to the dipole−dipole repulsion at
high exciton density.28 In contrast, we can clearly observe two
emission peaks in the energy range of 1.31−1.46 eV for the
sample with cavity and both emission peaks blue shift with the
excitation power, indicating both of them are interlayer
excitons instead of intralayer excitons (Figure 2b). In addition,
the energy difference of these two peaks remains 50 meV
regardless of excitation power, suggesting they originate from
IXS and IXT emission due to the intrinsic conduction band
splitting of WS2. The mechanism of the appearance of the
additional IXT peak for the sample with a SiO2 cavity will be
discussed later. The additional IXT for the sample with SiO2
cavity is also observed in the WSe2/MoSe2 heterostructure
with splitting energy of 30 meV (Figure S4), which is
consistent with the conduction band splitting of MoSe2.

6 The
similar results in different heterostructures indicate that the
method to selectively enhance the IXT emission is universal.
Figure 2c shows the extracted PL intensity ratio of IXS to

IXT for the sample with SiO2 cavity. The ratio increases with
excitation power, indicating that IXS dominates at high
excitation power, while IXT is much stronger under low-
power excitation. Under high-power excitation, electrons are
populated in the high-energy spin-conserving states, and thus,
IXS is dominant. In contrast, electrons mostly occupy the low-
energy spin-flipping states under a low-power excitation, which
results in the dominant IXT.

6

We have further performed temperature-dependent PL
measurements on the heterojunction without and with a
SiO2 cavity as shown in Figure 2d,e, respectively. Both IXS and
IXT can be observed even at room temperature for the
heterostructure with the SiO2 cavity (Figure 2e). In addition,
as the temperature increases, IXS and IXT emission peaks show

a redshift, which is a typical characteristic of interlayer
exciton.29 Figure 2f plots the extracted IXS/IXT ratio versus
temperature, which suggests that IXS becomes more obvious at
higher temperature. Electrons in the spin-flipping conduction
band are excited to the high-energy spin-conserving con-
duction band with increasing temperature, which is consistent
with a previous report that IXS emission will gradually become
stronger with the increase of temperature.30 The lifetimes of
IXS and IXT are also measured as shown in Figure S5. For the
heterostructure without a cavity, only IXS can be detected with
a lifetime of 1.9 ns. When coupling to a cavity, IXS and IXT
exhibit lifetimes of 1.7 and 4.0 ns, respectively. The reduction
of the lifetime of IXS after coupling to the cavity is attributed to
the Purcell effect induced by the cavity. The Purcell effect
enhances the local density of states (LDOS) and the radiative
recombination rate, resulting in declined lifetime of the exciton
and thus an enhancement of PL intensity. The longer lifetime
of IXT compared with IXS for the heterostructure with cavity is
because of the additional spin-flipping process,31 which agrees
with our interpretation that the observed additional peak in
Figure 1c is IXT emission.
As shown in Figures 1c and 2b, the IXT emission peak

exhibits a much larger PL enhancement than IXS in the
presence of SiO2 cavity. In order to further explore the
coupling of IXS and IXT states to SiO2 cavity, we conduct
angle-resolved PL measurements at room temperature using an
objective lens with a numerical aperture (NA) of 0.9 (Figure
S6). Figure 3a,b displays the back focal plane (k-space) images
of IXT and IXS emission, respectively. The white double arrows
in the figures represent the excitation polarization while the red
and blue dotted lines represent the s-polarized and p-polarized
emission, respectively. The left and bottom panels are
extracted p-polarized and s-polarized PL intensity. By fitting
the s- and p-polarized PL,32,33 we obtain that IXT composes
92% OP dipole moment, while IXS only has 69% OP dipole
contribution. These results are consistent with previous
theoretical studies and experimental reports that IX transition
dipole can have both IP and OP components although the
electric dipole is always along the OP direction.14 It is worth
noting that the angle-resolved PL in Figure 3 was measured at
room temperature instead of low temperature. The dipole
orientation is independent of temperature and room temper-
ature is preferred for angle-resolved PL measurement in our
experiment because an objective with large NA (0.9) is desired

Figure 3. (a and b) Back focal plane images of IXT and IXS emission, respectively. The white arrow represents the polarization of excitation laser.
The left and bottom panels in each picture are extracted p-polarized and s-polarized PL.
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to enhanced collection efficiency for the emission from the OP
dipole.
The distinct dipole orientation of IXS and IXT will lead to

different coupling strengths to the SiO2 cavity. The Purcell
factors are calculated via lumerical FDTD solutions to
investigate the PL enhancement difference between IXS and
IXT as shown in Figure 4. Figure 4a shows the cross-sectional
view of the simulated structure, including a SiO2 cavity with a
diameter of 5 μm on the top of a monolayer WSe2 and WS2. A
monitor with height of 50 nm and width of 1.2 μm is set to
resolve the electric field distribution at the interface between
the cavity and the TMDs. Noticeable electric field enhance-
ment at the TMDs/cavity interface can be observed (Figure
4b) and the magnification of the electric field is around 3 times
(Figure S7). Furthermore, we simulate the Purcell factor of the
bare OP dipole and cavity-coupled IP and OP dipole emission
in Figure 4c. The Purcell factor of the dipole emission of the
sample without cavity is close to 1 because there is no electric
field enhancement. Remarkably, the cavity-coupled OP dipole
exhibits a much larger Purcell factor than the cavity-coupled IP
dipole at the IX emission energy range (1.4−1.6 eV). To sum
up, the IXT transition dipole has a larger component in the OP
direction (Figure 3) and thus leads to a larger Purcell
enhancement when coupled to the SiO2 cavity. The selective
emission enhancement can render IXT dominant over IXS
emission in the presence of a SiO2 cavity.
According to the excitation power-dependent switch

between IXT and IXS in the heterostructure with SiO2 cavity,
we design an all-optical spin singlet−triplet interlayer exciton
switch in Figure 5a. It can be clearly seen that the low-energy
IXT emission peak dominates under an excitation power of 26
μW (red curve), while IXS dominates when the excitation
power increases to 280 μW (blue curve). Based on this, the
switch between IXT and IXS can be readily achieved by varying
the excitation power. The IXT/IXS ratio can be switched stably
(Figure 5b). For comparison, we also test the IXT and IXS
emission for the sample without SiO2 cavity by switching the
excitation power (Figure S8a), and only IXS can be observed
regardless of excitation power, which indicates that the SiO2
cavity indeed enables the selective emission enhancement of
IXT.
IXT and IXS have opposite spin orientation, and the emission

will present with distinct valley polarization depending on the
local atomic registry.14 Circularly polarized PL of the
heterostructure is measured, as shown in Figure 5c. A negative
degree of valley polarization (DOP = I I

I I+
+

+
) of −26% is

resolved for IXT peak under a 26 μW left-hand (σ-) polarized
excitation, where Iσ− and Iσ+ are the intensity of left- and right-

hand circularly polarized emission. Figure 3c indicates that
92% of the IXT dipole is z-polarized, which should exhibit zero
valley polarization. However, the observed DOP of IXT
emission is larger than 8%. This is because each dipole with
IP and OP moment has different contribution to the total PL
due to the deviated quantum efficiency, collection efficiency,
and scattering process. First, the quantum efficiencies of
luminescence of IP and OP dipole are different as the
calculation indicates.34 In terms of R-stacking, the optical
matrix elements (namely, quantum efficiency) of the IXT
dipole with the OP moment are lower than the IP moment.
This discrepancy makes PL coming from IP dipole moment
exceed 8%, although the amount of IP dipole only has 8% in
proportion. Second, an objective with NA < 1 exhibits a higher
collection efficiency for IP dipoles compared with OP dipoles
because IP and OP dipole exhibit distinct radiation pattern
spatially.35 An objective with NA of 0.6 is used in our PL
measurement, which leads to the contribution of IP dipole
exceeding 8%. Finally, valley polarization could be observed for
dark exciton with OP moment because of the scattering

Figure 4. (a) Setting of the simulation structure. The black box represents the calculation area. (b) The electric field enhancement of the device
with a SiO2 cavity. (c) Purcell factor of the bare out-of-plane dipole (red), SiO2 cavity-coupled in-plane (blue), and out-of-plane dipole (magenta).

Figure 5. (a) IX emission of the heterostructure under excitation
powers of 26 and 280 μW. (b) Cyclic test of the IXS/IXT emission
intensity ratio. The red and blue dots indicate the IXS/IXT ratio under
excitation powers of 26 and 280 μW, respectively. (c) Valley polarized
emission of IX under excitation powers of 26 and 280 μW. (d) Cyclic
test of the valley polarization switch. The red and blue dots indicate
the valley degrees of IXT emission under excitation powers of 26 and
280 μW, respectively.
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process of bright (singlet) to dark (triplet) states according to
the report by Tang et al.36 We interpret that the valley
polarization of the IX dipole with OP moment is possibly
initiated by a scattering process similar to that in the
literature.36 Valley contrast PL was also measured under
right-handed light excitation in Figure S9 with a DOP of 25%,
which is close to the result under left-handed light excitation.
However, valley polarized emission is absent for IXS

emission. There are three kinds of atomic registry (RhM, Rhh,
and RhX) in R-stacking heterostructure, and all of them
contribute to the IX emission. For singlet IX transition, RhM,
Rhh, and RhX sites will couple to z-polarized and σ+ and σ−

excitation, respectively,34 which indicates that the singlet
interlayer exciton contains both IP and OP dipole and is
consistent with Figure 3b. The zero DOP of IXS is probably
attributed to the scattering process of singlet to triplet states, as
discussed above, which requires more investigation in the
future. In contrast, both IXT and IXS show negligible DOP
under high-power excitation (bottom panel of Figure 5c). We
believe that the scattering process is one of the main reasons
for the vanished DOP.37 Please note that both IXT and IXS
exhibit blue-shift under higher-power excitation in Figure 5a,c.
The shift of peak position can be attributed to the repulsive
dipole−dipole interaction. Exciton density increases under
excitation with higher power, which enhances the dipole−
dipole interaction and thus leads to blue-shift of the exciton
peak.38

Utilizing the excitation power-tunable DOP, we designed an
all-optical valley polarization switch, as shown in Figure 5d.
Valley polarization switch indicates that the device has two
states with distinct valley polarization, namely, high degree of
valley polarization (ON state) and low degree of polarization
(OFF state). The all-optical valley polarization switch is very
stable within a few cycles with an on/off ratio up to 35. Table 1

summarizes the on/off ratio of several valley polarization
switches in the existing literatures, and the on/off ratio of our
device is an order of magnitude larger than reported values.
The heterostructure without the SiO2 cavity is also measured
for comparison (Figure S8b), and such a valley polarization
switch cannot be achieved. Therefore, we have demonstrated
an optical and valley polarization switch based on the SiO2
cavity-coupled heterostructure in an all-optical route with
record on/off ratio, providing a new approach for the
development of all-optical valley polarization switches.
In summary, we report on the all-optical modulation IXS and

IXT emission in a SiO2 cavity-coupled TMDs heterostructure.
The fine structure of the IX emission peak has been resolved
benefiting from enhanced emission of IXT. In addition, it is
found that IXT have a larger OP component thanIXS via angle-
resolved PL imaging, which leads to a stronger coupling
between IXT and the SiO2 cavity and thus significantly
enhances the IXT emission. By using the selective enhancement
of IX emission, an all-optical valley polarization switch with an

on/off ratio of 35 has been demonstrated by utilizing the
distinct valley polarization of IXT emission. Our study provides
a convenient and effective all-optical approach to investigate
the fine structure of IX in TMD heterostructure and offers an
alternative route to construct all-optical valleytronic devices.

■ MATERIALS AND METHODS
Sample Preparation. Monolayer WSe2 and WS2 flakes are

mechanically exfoliated onto a 300 nm SiO2/Si substrate in
sequence to form a heterostructure with precise alignment.
Both monolayers are identified by optical microscopy and
confirmed by PL spectrum. Then, the SiO2 spheres diluted in
isopropyl alcohol are dropped on to the heterostructure, and
SiO2 spheres can be found sprayed on the heterostructure.
Optical Measurements. Low-temperature PL measure-

ments are conducted in a temperature-controlled liquid
nitrogen bath cryostat (sample in vacuum), and PL spectra
are acquired on a home-built Raman spectrometer (Horiba,
iHR-550). In the time-resolved PL measurements, we used a
78.1 MHz pulsed laser with 633 nm wavelength filtered from a
supercontinuum light source (NKT Photonics, SuperK
Fianium FIU-15) by using an acoustic−optic tunable filter
(YSL Photonics, AOTF). The angle-resolved PL measure-
ments were carried out on a home-built back focal plane
momentum imaging system (Horiba, iHR320), and the
numerical aperture of the collection objective lens is 0.9.
SHG measurement is conducted under the excitation of a 780
nm fs laser.
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