
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 2
:5

1:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Twist-angle-dep
aState Key Laboratory of ASIC & System

Technology, Fudan University, Shanghai 20
bState Key Laboratory of Functional Materi

Microsystem and Information Technology, C

Road 865, Shanghai 200050, China
cEngineering Research Center of Smart Mic

Education, College of Electronics and Inf

Hangzhou 310018, China
dYiwu Research Institute of Fudan Univers

Zhejiang, China

† Electronic supplementary informa
https://doi.org/10.1039/d3ra02952b

‡ These authors contributed equally to th

Cite this: RSC Adv., 2023, 13, 18099

Received 4th May 2023
Accepted 29th May 2023

DOI: 10.1039/d3ra02952b

rsc.li/rsc-advances

© 2023 The Author(s). Published by
endent momentum-space direct
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Interlayer excitons (ILEs) in the van der Waals (vdW) heterostructures of type-II band alignment transition

metal dichalcogenides (TMDCs) have attracted significant interest owing to their unique exciton

properties and potential in quantum information applications. However, the new dimension that

emerges with the stacking of structures with a twist angle leads to a more complex fine structure of ILEs,

presenting both an opportunity and a challenge for the regulation of the interlayer excitons. In this study,

we report the evolution of interlayer excitons with the twist angle in the WSe2/WS2 heterostructure and

identify the direct (indirect) interlayer excitons by combining photoluminescence (PL) and density

functional theory (DFT) calculations. Two interlayer excitons with opposite circular polarization assigned

to the different transition paths of K–K and Q–K were observed. The nature of the direct (indirect)

interlayer exciton was confirmed by circular polarization PL measurement, excitation power-dependent

PL measurement and DFT calculations. Furthermore, by applying an external electric field to regulate the

band structure of the WSe2/WS2 heterostructure and control the transition path of the interlayer

excitons, we could successfully realize the regulation of interlayer exciton emission. This study provides

more evidence for the twist-angle-based control of heterostructure properties.
1. Introduction

As semiconductor materials, monolayer transition metal
dichalcogenides (TMDCs) have recently attracted signicant
interest as they exhibit a strong Coulomb connement effect,
and the unique exciton characteristics brought about by spin-
valley coupling provide a new platform for the study of exci-
tonic phenomena.1–6 van der Waals (vdW) heterostructures
formed by stacking different TMDCs have further emerged as
a new powerful tool for exploring new excitonic phenomena
with designed functionalities, especially in the so-called type-II
band alignment, wherein the conduction band minimum
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(CBM) and the valence band maximum (VBM) are in different
layers.7–12 In the vdW heterostructures with type-II band align-
ment, spatially indirect interlayer excitons can be formed with
electrons and holes localized in different TMDC layers with
much longer lifetimes and13,14 valley depolarization time15 than
those of spatially direct intralayer excitons, thereby allowing
ultrafast charge transfer16–18 and ultra-long-range exciton diffu-
sion.19 Meanwhile, the lattice mismatch and rotational
misalignment in the heterostructure are predicted to strongly
inuence interlayer coupling,12,20–24 which suggests the possi-
bility of regulating the interlayer excitons by simply varying the
twist angles.

However, the twist angle and lattice mismatch between the
two layers in the heterostructure inuence the overlap of elec-
tron clouds between the two components and generate moire
superlattice potential, which makes the structure of the inter-
layer exciton more complex and ne.25–27 For example, similar to
monolayer TMDCmaterials, neutral excitons and trions are also
observed in the interlayer excitons of MoSe2/WSe2 hetero-
structures.28 Meanwhile, considering spin–orbit coupling, band
splitting enables the formation of two indirect interlayer exci-
tons, which hold opposite circular polarization. Moreover,
unlike the excitons in monolayer TMDCs, the breaking of the
out-of-plane mirror symmetry in the TMDC heterostructures
allows spin–ip transition dipole coupling with both in-plane
RSC Adv., 2023, 13, 18099–18107 | 18099
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and out-of-plane light.29 As a result, spin-singlet and spin-triplet
interlayer excitons can be observed in TMDC heterostructures
without any special congurations, such as a magnetic eld and
out-of-plane light.30–32 Indeed, although there are many reports
on the ne structure of interlayer excitons, the energies of the
interlayer excitons are very close, which also leads to many
deciencies in the understanding of interlayer excitons, espe-
cially in the twisted structure. On the other hand, the study of
momentum-space direct and indirect interlayers, which can
provide information on different energy valleys, is still insuffi-
cient, due to which the regulation of the momentum-space
direct and indirect interlayers remains a challenge.

In this work, we report the evolution of the interlayer
exciton with the twist angle in the WSe2/WS2 heterostructure
and precisely identify the direct (indirect) interlayer excitons
by combining photoluminescence (PL) and density functional
theory (DFT) calculations. The twist angle between two layers
shows a strong modulatory effect on the interlayer excitons.
The PL of the interlayer excitons was enhanced only when the
twist angle was close to 0° and 60°. Moreover, the interlayer
excitons could be resolved into two components ILE1 and
ILE2, corresponding to the direct transition of K–K and indi-
rect transition of Q–K, respectively. The nature of the direct
(indirect) interlayer exciton was conrmed by circularly
polarized PL measurement, excitation power-dependent PL
measurement, and DFT calculations. In addition, by applying
an external electric eld to regulate the band structure of the
WSe2/WS2 heterostructure and control the transition path of
the interlayer excitons, we could successfully realize the
regulation of interlayer exciton emission, and the results were
also conrmed by the DFT calculations. Our results provide
a simple solution for regulating interlayer excitons and more
possibilities for optoelectronic devices based on twisted angle
heterostructures.
2. Experimental details
2.1 The growth of monolayer WS2 and WSe2

Monolayer WS2 and WSe2 were grown on a sapphire substrate
by using the method reported in ref. 25. In detail, a 5 nm W
source was coated onto a sacricial substrate by thermal evap-
oration. Aer that, the sapphire substrate was placed on the
sacricial substrate face-to-face and placed in the high-
temperature zone of a furnace. 200 mg X (S or Se) powder was
placed in the low-temperature zone of the furnace. The two
zones were heated to the target temperature (950 °C for the
high-temperature zone and 300 °C for the low-temperature
zone) at the same time and maintained at the growth temper-
ature for 20 min. Argon gas at a ow rate of 100 sccm was
employed as the carrier gas during the whole process. Aer the
growth of the monolayers, the furnace was cooled down to room
temperature naturally.
2.2 Fabrication of the heterostructures

The mechanically exfoliated samples were transferred by the
dry transfer method. Each sample was exfoliated onto the
18100 | RSC Adv., 2023, 13, 18099–18107
PDMS polymer, which was pre-deposited on quartz glass
rst. Aer that, the samples were released onto the target
substrate by using a micromanipulator system. The CVD-
grown materials were transferred by combining the wet
and dry transfer methods. Firstly, the PDMS polymer was
coated onto the materials on the sapphire substrate.
Secondly, the samples were etched at 90 °C in a NaOH
solution (2 mol L−1) for 4 min. Thirdly, the samples were
placed in deionized (DI) water, and consequently, the
materials detached from the sapphire substrate and trans-
ferred onto the PDMS polymer because of the hydrophilic
surface of sapphires. Finally, the materials were transferred
onto the target substrate by using the dry transfer method,
as mentioned above.

Notably, to remove the residues and enhance contact
between the layers, aer each layer was transferred, the sample
was annealed at 300 °C in a vacuum chamber for 2 h.
2.3 Optical measurements

The Raman and PL measurements were performed using
a confocal Raman microscopy system (WITec Alpha 300R) with
a 532 nm continuous wavelength (CW) laser as the excitation
source. For room-temperature measurements, the Raman and
PL spectra were collected using a 100× (Zeiss, N.A. = 0.9)
objective lens. For temperature-dependent PL measurements,
each sample was mounted inside the chamber of a high-
vacuum multifunctional system with liquid helium refrigera-
tion (CRYO Industries of America, Inc), and the signal was
collected using a 50× (Zeiss, N.A.= 0.8) objective lens. The SHG
measurement was also performed using this system but with
a 1064 nm picosecond laser for excitation.
2.4 DFT calculations

The DFT calculations were performed using the Vienna ab initio
simulation package (VASP). The generalized gradient approxi-
mation (GGA) of Perdew–Burke–Ernzerhof (PBE) parametriza-
tion was selected to treat the exchange–correlation interaction
with a plane-wave cutoff energy of 500 eV. The semi-empirical
correction scheme of Grimme (DFT-D2) was selected to eval-
uate the effects of vdW interactions on the electronic properties
of the WSe2/WS2 heterostructure. Different WSe2/WS2 hetero-
structure congurations with twist angles equal to 0°, 27.8°,
38.2°, and 60° were constructed with a vacuum layer larger than
14 Å to avoid interactions between the periodic images along
the c axis. The convergence condition for energy was chosen as
10−5 eV, and the forces on each atom converged to less than
0.01 eV Å−1. The Monkhorst–Pack grid was employed to sample
the Brillouin zone with a mesh of 15 × 15 × 1 for the full
relaxation and self-consistent calculations of both 0° and 60°
twisted WSe2/WS2 heterostructures, respectively, while a mesh
of 5 × 5 × 1 was adopted for the 27.8° and 38.2° twisted
structures. The spin–orbit coupling (SOC) effect was considered
in the calculation for investigating the effect of the electric eld
on the band structure of the heterostructure with 0° twisted
stacking.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

The WSe2/WS2 heterostructures with different twist angles were
fabricated by the dry transfer approach. High-density WS2 was
directly grown on the SiO2/Si substrate by a chemical vapor
deposition (CVD) process (see method section).33 Since most of
the samples grown by CVD possessed the regular shape of
a triangle, it enables us to preliminarily control the twist angle.
In order to better control the angle between WS2 and WSe2 and
reduce the inuence of material non-uniformity on the results,
a large WSe2 monolayer exfoliated from a single crystal was
stacked on top of WS2 by dry transfer (as shown in Fig. S1†).34

The precise twist angle between the two layers was decided by
the optical second-harmonic generation (SHG) (Fig. S2†). To
reveal the evolution of interlayer coupling in the WSe2/WS2
heterostructure at different twist angles, we performed PL
measurements at room temperature, and the results are shown
in Fig. 1a and b. Obviously, when the twist angle was switched
from 0° to 60°, the neutral exciton of WSe2 (AWSe2) and WS2
(AWS2) showed a periodic but opposite evolution. These inter-
esting behaviors indicate that the strength of interlayer
coupling periodically changes with the twist angle of the het-
erostructure. When the twist angle was near 0° or 60° corre-
sponding to AA and AB stacking, respectively, AWSe2 showed
a red shi, but AWS2 showed a slight blue shi, which may be
because the smaller distance between the two layers increases
Fig. 1 PL and Raman measurements of the WSe2/WS2 heterostructures w
WSe2 andWS2 inWSe2/WS2 heterostructures with different twist angles; th
variation of the peak frequencies of the A1g Raman mode of WSe2 and W

© 2023 The Author(s). Published by the Royal Society of Chemistry
the overlap of the electron and hole wavefunctions and facili-
tates charge transfer between the two layers. The type II band
alignment of the WSe2/WS2 heterostructure allows the electrons
to transfer into the WSe2 layer and cause n-type doping.35,36

Meanwhile, the holes transferred into the WS2 layer lead to p-
type doping behavior and lead to the renormalization of the
bandgap in WS2, which may enlarge the bandgap.37,38 These
behaviors also were evidenced by the variety of Raman signals
(Fig. S1e†) at the peak position of the out-of-plane mode A1g of
WSe2 and WS2, which are sensitive to doping and interlayer
coupling, as shown in Fig. 1c and d, respectively. The A1g of
WSe2 showed a red shiwhen the twist angle was near 0° or 60°,
which may stem from the increase in electron density and
enhanced carrier–phonon interaction.39 However, the A1g of the
WS2 also showed a red shi when the twist angle was near 0° or
60°, and this phenomenon was unexpected. Since more elec-
trons from WS2 are transferred into the WSe2 layer with the
enhancement of interlayer coupling, the decrease in electron
density stiffens the A1g mode, as reported previously.40 We
deduce two possible reasons for this phenomenon; one is that
WS2 lies in the bottom layer, thus its strong coupling with the
substrate makes the A1g mode insensitive to charge transfer.41–43

Another reason is the layer decoupling effect caused by laser
resonance.39

We then studied the effect of the twist angle on the WSe2/
WS2 heterostructure by PL measurement at 7 K. Fig. 2a shows
ith different twist angles. (a) and (b) Display the PL of the A excitons of
e dashed spectrum is the PL of monolayer WSe2. (c) and (d) Present the
S2 in the WSe2/WS2 heterostructures with different twist angles.

RSC Adv., 2023, 13, 18099–18107 | 18101
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Fig. 2 The PL measurements of the WSe2/WS2 heterostructures with different twist angles at 7 K. (a) The typical PL spectrum of the WSe2/WS2
heterostructure at 7 K. (b) The PL spectra of interlayer excitons in the WSe2/WS2 heterostructures with different twist angles. The variation of the
intensity of the interlayer exciton with the twist angle is shown in (c). (d) and (e) are the Gaussian-line-shape compositions of the interlayer
exciton in the WSe2/WS2 heterostructures with twist angles of 2.1° and 59.1°, respectively.
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the PL spectrum of the WSe2/WS2 heterostructure; the emerging
peak located at ∼1.4 eV corresponds to the interlayer exciton,
which is another strong evidence of strong interlayer coupling
in the type II band alignment heterostructure.35,36 PL mapping
(shown in Fig. S3†) showed that this peak exists only in the
heterostructure region, which also conrms the nature of the
interlayer exciton rather than the defect-trapped state.44,45

Fig. 2b shows the specic PL spectra of the WSe2/WS2 hetero-
structures with different twist angles. The evolution of the
integrated intensity of the interlayer exciton with the twist angle
is shown in Fig. 2c. Although all these spectra are acquired
under the same condition, the interlayer exciton is enhanced
obviously when the twist angle is near 0° or 60° but almost
disappears when the twist angle approaches 30°. This periodic
change in strength behavior can be attributed to the different
distances between the two layers at different twist angles, which
strongly affects interlayer coupling. Then, we focused on the
emission properties of the WSe2/WS2 heterostructures with
a twist angle near 0° or 60° and stronger interlayer coupling.
Fig. 2d and e show the interlayer exciton emission peaks of the
heterostructures with twist angles of 2.1° and 59.1°, respec-
tively. The peak located at ∼1.4 eV could be resolved into two
peaks at ∼1.390 eV (ILE1) and ∼1.423 eV (ILE2) at a twist angle
of 2.1°, as shown in Fig. 2d, which may be assigned to the direct
transition path of K–K and indirect transition path of Q–K,
respectively. However, when the twist angle was 59.1°, ILE1 and
ILE2 were shied to∼1.433 eV and∼1.460 eV, respectively. This
phenomenon results from the difference in the strength of
interlayer coupling when the twist angle is near 0° and 60° (the
details are discussed later).

To reveal the nature of ILE1 and ILE2, another WSe2/WS2
heterostructure was fabricated using a CVD-grown sample with
18102 | RSC Adv., 2023, 13, 18099–18107
a twist angle of ∼1.8° and encapsulated in hBN, as shown in
Fig. 3a (see methods). The emission of the interlayer excitons is
the result of the recombination of the electrons from the WS2
layer and the holes from the WSe2 layer, which can be strongly
affected by the carrier density. In view of this, excitation-power-
dependent PL measurement was applied on the hBN-
encapsulated WSe2/WS2 heterostructure to regulate the carrier
density; the color plot of the PL intensity as a function of exci-
tation power is shown in Fig. 3b. Fig. 3c displays the variation of
PL intensity with excitation power, and the linear increase of the
integrated intensity with increasing excitation power eliminates
the possibility of the ILEs originating from the defect-bound
state. Meanwhile, with increasing excitation power, both ILE1
and ILE2 showed blue shis, as seen in Fig. 3d. This phenom-
enon is attributed to the dipole–dipole repulsive effect, which
increases the exciton energy.46,47 With the increase of carrier
density, more interlayer excitons are formed and enhance the
repulsive effect. Fig. 3e shows the energy difference between
ILE1 and ILE2 (EILE1 − EILE2) versus the ratio of the integrated
intensities of ILE1 and ILE2 (IILE1/IILE2). We analyzed the
interlayer exciton emission intensity in a simple two-level
system. At thermal equilibrium, the population of excitons in
the two interlayer states follow the Boltzmann distribution:48

NILE1 ¼ NILE2 exp

��DE
kBT

�

where NILE1 and NILE2 are the populations of the ILE1 and ILE2
excitons, respectively, DE= EILE1 − EILE2 is the energy difference
between the ILE1 and ILE2 exciton states, and KB is the Boltz-
mann constant. The good t of our experimental data conrms
the direct transition of ILE1 and the indirect transition of ILE2.
The circularly polarized PL measurement was applied to further
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PL measurements of the hBN-encapsulated WSe2/WS2 heterostructure. (a) The schematic of the WSe2/WS2 heterostructure fabricated
using the CVD-grown samples. (b) The excitation-power-dependent PL measurements of the WSe2/WS2 heterostructure. (c) and (d) Depict the
PL intensity and PL energy as a function of excitation power, respectively. (e) The fitting results of the energy difference vs. intensity ratio of the
two interlayer excitons. (f) The circular polarized PL measurement of the WSe2/WS2 heterostructure with an excitation source energy of 2.33 eV.
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reveal the origin of the two interlayer excitons, as shown in
Fig. 3f. We excited the hBN encapsulated WSe2/WS2 hetero-
structure with positive helicity (s+) and detected the emission
signals with the same (s+) or opposite helicity (s−). The degree

of polarization (DoP) is dened as P ¼ IðsþÞ � Iðs�Þ
IðsþÞ þ Iðs�Þ, where

I(s±) is the integrated PL intensity of the same helicity (s+) and
the opposite helicity (s−). Notably, the two interlayer excitons
showed opposite circular polarization; ILE1 had a DoP of
−10.8%, and ILE2 had a DoP of 25.2%. This behavior denotes
emission from the direct transition path K–K and the indirect
transition path Q–K, which possess opposite spin directions of
the states at these two points.

To further reveal the nature of the two emergent interlayer
excitons, we performed gate-voltage-dependent PL measure-
ments at 7 K (Fig. 4a). Fig. 4b shows the color plot of the PL
intensity versus gate voltage; it can be seen that the gate voltage
effectively modies the optical signatures of the WSe2/WS2
heterostructure. First, we focused on the emission of the
intralayer excitons from the WSe2 and WS2 layers. In the elec-
tron doping region (VBG > 0), the intensity of the excitonic states
of WS2, including the neutral exciton (AWS2) and negatively-
charged exciton (XWS2

−), enhanced with the increase in VBG.
However, for WSe2, the emission of the neutral exciton AWSe2

decreased immediately. This phenomenon can be explained by
the charge transfer between theWSe2 layer and theWS2 layer. In
detail, the external electric eld VBG results in the transfer of
electrons from WSe2 to WS2 and holes transfer from WS2 to
WSe2, which induce p-doping of WSe2 and n-doping of WS2. The
increase (decrease) in electrons leads to the enhancement
(decrease) of excitons and charged exciton emission in WS2
© 2023 The Author(s). Published by the Royal Society of Chemistry
(WSe2). On the contrary, in the hole doping region (VBG < 0), the
electrons from WS2 are transferred to the WSe2 layer and result
in the disappearance of the emission peaks of AWS2 and XWS2

−

and the appearance of the emission peak of the positively-
charged exciton (XWS2

+). In WSe2, the excessive electrons injec-
ted because of the external electric eld facilitated the forma-
tion of the negatively-charged exciton (XWSe2

−).
The external electric eld also strongly modied the emis-

sion of the interlayer exciton. Fig. 4c shows the PL spectrum at
ve specic gate voltages. Obviously, with the gate voltage
increasing from −10 V to 10 V, both ILE1 and ILE2 showed
signicant red shis. This phenomenon may be attributed to
the interaction between the external electric eld and the
dipole of the interlayer exciton, which can be briey described
as DU= jP$EEj, where, P is the dipole (as shown in Fig. 4a), and
E is the direction of the external electric eld. When E is
antiparallel (parallel) to the direction of dipole P, the energy of
the interlayer exciton should blue shi (red shi). The varia-
tion of peak position versus gate voltage is shown in Fig. 4d,
the ratios of the peak position and gate voltage were ∼4.9 meV
V−1 (ILE1) and ∼5.0 meV V−1 (ILE2). Such similarity also
conrms that the two interlayer emissions feature excitons
rather than the interlayer trion because the variation of energy
in the electric eld would be different for interlayer trions and
interlayer excitons due to the different types of charges carried
by them, leading to differences in the dipole.49,50 The intensity
of the interlayer exciton also changed with the gate voltage (as
shown in Fig. 4b). Obviously, as the gate voltage was decreased
from 10 V to −10 V, the intensity of the interlayer exciton was
strongly enhanced. This phenomenon may be ascribed to the
interaction between the interlayer exciton with the external
RSC Adv., 2023, 13, 18099–18107 | 18103
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Fig. 4 Gate-voltage-dependent PL measurement of the WSe2/WS2 heterostructure at 7 K. (a) The schematic of the setup used for the gate-
voltage-dependent PL measurements. (b) The color plot of the PL intensity as a function of gate voltage. (c) PL spectra at the gate voltages of
−10, −4, 0, +4, and +10 V. (d) The peak positions of ILE1 and ILE2 as functions of the gate voltage. (e) The ratio of the integrated peak intensities
(IILE1/IILE2) as a function of gate voltage.
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electric eld; when Vg < 0 V, the direction of the external
electric eld is the same as that of exciton recombination
(electron transition from WS2 to WSe2), which strongly
enhances the recombination of the interlayer exciton, and vice
versa. However, when an external electric eld is applied, the
extraction and injection of electrons from the heterostructure
due to the electrode may also lead to this phenomenon. In
order to eliminate this possibility as much as possible, we used
hBN to shield the inuence of the electrode in the hetero-
structure (details shown in Fig. S5†); however, the interlayer
exciton shows the same trend with the change in voltage,
which further conrms that the enhancement of interlayer
excitons results from the interaction between the interlayer
excitons and the external electric eld. Notably, in addition to
the overall intensity change of the interlayer exciton, the
relative intensity of ILE1 and ILE2 also changed with changes
in the external electric eld (as shown in Fig. 4c). Fig. 4e shows
the variation of the ratio of the ILE1 and ILE2 intensities (IILE1/
IILE2) with the gate voltage. It can be seen that with the gate
voltage increasing from −10 V to 10 V, the intensities of ILE1
and ILE2 displayed an interesting reversal phenomenon, and
the ratio IILE1/IILE2 increased.
Fig. 5 The DFT calculations of the WSe2/WS2 heterostructures with diff
heterostructure with twist angles of 0°, 27.8°, 38.2° and 60°, respectivel

18104 | RSC Adv., 2023, 13, 18099–18107
In order to understand the behavior of the interlayer exci-
tons, the band structure of the WSe2/WS2 heterostructures
with twist angles of 0°, 27.8°, 38.2° and 60° (Their side-views
and top-views are shown in Fig. S6.†) were calculated by
using the density functional theory (DFT), as shown in Fig. 5,
where the color-coding indicates the contribution of each
layer. In particular, when the twist angle approached 0° and
60°, the conduction band showed two valleys at the K point
and the Q point, respectively. The valence band maximum
(VBMK) and conduction band minimum (CBMK) located at K
and K′ are entirely contributed by WSe2 and WS2 respectively,
but the CBMQ located at Q is contributed by both WS2 and
WSe2. Notably, the energy difference between CBMK − VBMK

and CBMQ − VBMK varied between the WSe2/WS2 hetero-
structures with twist angles of 0° and 60°, which is consistent
with our experimental results that the energies of their inter-
layer excitons are different. To further understand this
phenomenon, the differential charge densities were calcu-
lated (as shown in Fig. S7†). Obviously, charge transfer in the
WSe2/WS2 heterostructures with twist angles of 0° and 60°
were higher than that in the WSe2/WS2 heterostructure with
the twist angle close to 30°, which is consistent with our
erent twist angles. (a)–(d) Depict the band structures of the WSe2/WS2
y.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DFT calculations of the WSe2/WS2 heterostructure with a twist angle of 0°. (a) The component-resolved band structure of the WSe2/WS2
heterostructure with a twist angle of 0°. (b) The spin-resolved band structure of the WSe2/WS2 heterostructure with a twist angle of 0°. (c) The
band structure as a function of gate voltage. (d) The energy of CBMK–VBMK and CBMQ–VBMK as a function of gate voltage.
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ndings from the experimental results that interlayer excitons
are strongly enhanced when the twist angle is close to 0° or
60°.

Further, considering spin–orbit coupling in the WSe2/WS2
heterostructure with a twist angle of 0°, Fig. 6a and b show the
spin-resolved band structure. Obviously, CBMK demonstrated
very small splitting, which would make the electron more
likely to spin-ip and result in a smaller DoP for ILE1 (as
shown in Fig. 3f). However, the CBMQ band is entirely
contributed by the spin-down state, which leads to the higher
DoP of ILE2. Meanwhile, the CBMK and CBMQ show opposite
spin directions, which results in the opposite DoP of ILE1 and
ILE2. These results also conrm the nature of the K–K (Q–K)
transition of the ILE2 (ILE1). Furthermore, we also calculated
the behavior of the band structure under an electric eld.
Fig. 6c shows the band structure under the electric elds of
±0.5, ±0.3, and 0 V Å−1. Similar to the experimental ndings,
the direction of the electric eld was from the WS2 layer to the
WSe2 layer. The conduction band showed an obvious shi with
the variation of the electric eld from −0.5 V Å−1 to 0.5 V Å−1.
Both CBMK and CBMQ became closer to the valence band, and
the energy differences between K and Q are summarized in
Fig. 6d. This phenomenon is consistent with our experimental
results, in which the ILEs show a signicant red shi with the
increase of the electric eld. Meanwhile, with an increasing
electric eld, the energy difference between CBMK and CBMQ

increased; this behavior supports the fact that the electrons in
CBMQ tend to relax to CBMK and suppress the transition path
of Q–K. This is also the reason for the increase in the ratio of
ILE1/ILE2 with an increase in gate voltage in the experiments
(as shown in Fig. 4e).
© 2023 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

In summary, we have studied the evolution of the interlayer
excitons with the twist angle in TMDC heterostructures by
combining PL measurements and DFT calculations. Two
strong interlayer excitons were observed when the twist
angles were near 0° and 60° due to the enhancement of
interlayer coupling. Furthermore, two interlayer excitons
were identied as the direct and indirect interlayer excitons
based on the gate-, excitation-power-, and helicity-dependent
PL measurements. Helicity-resolved PL shows that the two
interlayer excitons hold opposite DoP. By comparing these
results with the DFT calculations, we could assign two
interlayer excitons to the direct transition of K–K and the
indirect transition of Q–K, respectively. Finally, the emission
properties of the interlayer excitons were further regulated by
applying an electric eld, and their emission energy and
intensity show great adjustability under the inuence of the
electric eld. Our results show great potential in the eld of
twist-angle optoelectronic-dependent devices in the future.
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24 O. Karni, E. Barré, V. Pareek, J. D. Georgaras, M. K. L. Man,
C. Sahoo, D. R. Bacon, X. Zhu, H. B. Ribeiro, A. L. O'Beirne,
J. Hu, A. Al-Mahboob, M. M. M. Abdelrasoul, N. S. Chan,
A. Karmakar, A. J. Winchester, B. Kim, K. Watanabe,
T. Taniguchi, K. Barmak, J. Madéo, F. H. da Jornada,
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