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ABSTRACT: Understanding the formation and recombination dynamics between excitons and trions is critical for evaluating
and improving the performance of two-dimensional material-based optoelectronic devices. Herein, we have investigated the
competitive luminescence processes of intralayer excitons and trions in WS2/WSe2 heterostructures with different (0°, 30°, and
60°) twisted angles. We observed the increased photoluminescence (PL) ratio of trions compared to excitons in
heterostructures with twisted angles of 30° and 60°. For a twisted angle of 30°, the relatively large PL ratio of trions is caused by
the high probability of trion formation than that of excitons, while for a twisted angle of 60°, the ultrafast formation time of
trions is the main reason for the trion-dominant proportion in the PL spectrum. Moreover, the power law between the
excitation laser and the PL emission intensity reflects how the many-body effect affects the competition luminescence of
excitons and trions. Our present results provide further understanding of the optical behaviors of intralayer excitons and trions
in different twisted angle heterostructures.
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Engineering Coulomb interactions between layers give rise
to novel physical phenomena and designable optoelec-

tronic devices in van der Waals (vdW) heterostructures.1−3
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Two types of Coulomb interaction are mainly included in vdW
heterostructure: intralayer and interlayer. The intralayer
Coulomb interaction in an atomically thin layer is poorly
screened, which leads to the formation of intralayer excitons
(so-called neutral excitons) with high binding energy of
hundreds of millielectronvolts.4−7 However, in the presence of
residual free electrons or holes, excitons interact with excess
electrons or holes and bind to each other to form charged
positive or negative trions.4,5 For the interlayer Coulomb
interaction, the separation of electrons and holes between
adjacent layers leads to the emergence of interlayer excitons
with lifetimes of several nanoseconds.6 These “many-body”
species are elementary quasi-particles, and Coulomb inter-
actions between them are of vital importance as they are the
key parameter that determine the nature of the electronic
properties of the material for quantum information,7

valleytronics devices,8−10 and coherent control applica-
tions.11,12 “Many-body effect” will affect the electronic
properties (the carrier mobility, device performance) and
arise in linear and nonlinear optical spectroscopy of semi-
conductors. Many aspects of the optical response of semi-
conductors can be described successfully by microscopic
many-body theory. Already in the linear optical regime the
Coulomb interaction leads to characteristic signatures, that is,
the so-called excitonic effects, which are a consequence of the
Coulomb attraction between photoexcited electrons and holes.
Here we focus on the excitonics and trionic effects in the
heterostructure with different twisted angles.
Manipulating the Coulomb interaction of intralayer excitons

and trions in two-dimensional materials has been employed by
various means, such as electrical control,13,14 dielectric
screening,15,16 and chemical doping.17,18 However, momentum
mismatch and the regulation of the Coulomb interaction

induced by twisted angles between layers have a relatively large
impact on the emergence of interlayer excitons, the transition
rate, and the binding energy and valley lifetime of intralayer
excitons,6,19−24 giving rise to a variety of fascinating physical
behaviors (e.g., Hofstadter’s butterfly and an interlayer moire ́
potential25−28). Research on controlling the relative twisted
angles of the heterostructure is still needed; however, the
appearance of these novel physical phenomena requires
extremely high sample quality and ultralow temperature,
which further limits the application of the heterostructure in
practical optoelectronic devices. Meanwhile, intralayer excitons
and trions with different Coulomb interactions between two
layers are governed by different twisted angles.29 As a result,
interlayer excitons and intralayer trions induced by charge
transfer in a twisted vdW heterostructure are always
accompanied by complicated electron−hole, electron−hole−
electron, or electron−hole−hole relaxation pathways. All these
limitations hinder a clear understanding of the physical
behavior of excitons or trions in the twisted angle
heterostructure for further application in fields such as
controllable valleytronics or quantum information devices.
In this work, we have investigated twisted-angle-dependent

optical behaviors of intralayer excitons and trions in the WS2/
WSe2 heterostructure at room temperature. From steady-state
photoluminescence (PL) spectra, the increased luminescence
ratio of trions in the heterostructures with twisted angles of 30°
and 60° were observed. To understand the PL features tuned
by the different twisted angles, ultrafast transient absorption
spectra were used to directly monitor the fomation rates of
excitons and trions and the hole concentrations were
calculated according to the mass action model. The formation
time for trions being much faster than that of intralayer
excitons, thus, making the luminescence of trions stronger in

Figure 1. (a) One typical optical image of a WS2/WSe2 heterostructure with a twisted angle of 30°. The scale bar is 10 μm. (b) Schematic view of
the formation of a negative trion (XT−) in WS2, a positive trion (XT+) in WSe2, and an interlayer exciton (XI) between layers. The blue dashed
arrow and red dashed arrow show schematically the electrons and holes transferred between WS2 and WSe2. (c) PL spectra measured at the WS2/
WSe2 heterostructure with twisted angle of 30°.
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the 60° twisted heterostructure. The photogenerated carriers
were quickly separated owing to the potential energy gradient,
which then led to the accumulation of a large number of
residual carriers in the monolayer, resulting in a higher
probability of trion formation than that of exciton in the
heterostructure with a twisted angle of 30°. All these results
provide us with a further understanding of the competition
mechanism of intralayer excitons and trions in heterostructures
with different twisted angles.

■ RESULTS AND DISCUSSION

Single-layer WS2 (P type) and WSe2 (N type) were grown by
chemical vapor deposition (CVD) and then transferred on 285
nm SiO2/Si substrates to form a type II WS2/WSe2
heterostructure with different twisted angles. Figure 1a shows
an optical image of the typical WS2/WSe2 heterostructure with
a twisted angle of 30°. The schematic view in Figure 1b
indicates the formation mechanism of negative charged trions
(electron−electron−hole) in WS2, positive charged trions
(electron−hole−hole) in WSe2, and interlayer excitons
between two adjacent layers (the intralayer excitons are not
shown here). In Figures 1c and S1a and b, the typical PL
spectra of WS2/WSe2, monolayer WSe2, and monolayer WS2
are exhibited, respectively. The PL spectra of monolayer WS2
and monolayer WSe2 can be fitted by two Gaussian peaks,
which are associated with intralayer excitons (XWSe2 and XWS2)

and charged trions (X and XWSe
T

WS
T

2 2

+ − ), respectively. The
power-dependent PL spectrum of monolayer WSe2 is
constructed to further determine whether the source of the
peak-fitting component is reliable, as shown in Figure S1c. As
previously reported, intralayer excitons and trions in transition-

metal dichalcogenides (TDMCs) materials exhibit a linear
dependence as a function of power.30,31 In our experiment, the
peak intensities of XWSe2 and XWSe2

T+ and excitation powers
both satisfied a linear relationship with a slope close to 1
(Figures S1d). In the heterostructure region, these peaks are
largely suppressed, and they can be assigned to the charge
separation between the adjacent WS2 and WSe2 as a result of
the formation of a type II heterostructure. In terms of PL
intensity, recombination of intralayer excitons dominates the
PL spectra for the monolayer region, whereas, for the
heterostructure region, the recombination of trions plays an
important role in the PL emission spectra.
To determine the twisted angle of the WS2/WSe2

heterostructure, we identified the orientation of the monolayer
by using angle dependent second harmonic generation (SHG)
spectra. Monolayers WS2 and WSe2 both exhibit a 6-fold
symmetric response as a function of rotation angles.32−35 As
previously reported,36 SHG intensities of both WS2 and WSe2
satisfy the expression ISHG = I0 cos

2(3θ), where θ indicates the
angle between the armchair direction and the polarization of
the pump beam. If the input pump beam has the same
polarization with the armchair direction of monolayer, the
SHG intensity reaches its maximum value of I0. In our work,
both SHG intensity and twisted angle were obtained, which
made angle-dependent SHG measurements a common method
for determining twisted angles without destroying the sample.
The atomic structure diagrams of stacking order of WS2/WSe2
heterostructure with different twisted angles are displayed in
Figure 2a−c. The top layer is monolayer WS2, represented by
orange triangles; the smaller symbols represent S atoms. The
bottom layer is monolayer WSe2, represented by pink triangles;
the smaller symbols represent Se atoms. The black and red

Figure 2. (a−c) Top view of the atomic structures of the WS2/WSe2 heterostructure with different twisted angles (0°, 30°, and 60°, respectively).
The top layer is monolayer WS2, represented by orange triangles; smaller symbols represent S atoms. The bottom layer is monolayer WSe2,
represented by pink triangles; smaller symbols represent Se atoms. The black and red dashed lines correspond to orientations of WS2 and WSe2,
respectively. (d−f) Angle dependence of SHG intensity for the WS2/WSe2 heterostructure with different twisted angles (0°, 30°, and 60°,
respectively). (g) PL spectra of the WS2/WSe2 heterostructure with twisted angles of 0°, 30°, and 60°, respectively. The spectral bands are fitted by
a Gaussian function to the observed spectral shapes. (h) Power-dependent peak position (XT+ and XWSe2) and binding energy of the positive trions
of the WS2/WSe2 heterostructure. (i) Histogram of the peak intensity ratio distributions of the WS2/WSe2 heterostructure with twisted angles of
0°, 30°, and 60°, respectively, extracted in (g).
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dashed lines correspond to orientations of WS2 and WSe2,
respectively. In contrast to natural bilayers (Bernal stacking
order) that generate zero SHG signal, the SHG of the
heterostructure is the stacking angle that is dependent and
consistent with the twisted angles measured above. More
interesting is that the intensity and orientation of the
heterostructure with different twisted angles exhibit distinct
behaviors owing to the artificial stacking orders induced by
symmetry breaking. As shown in Figure 2d−f, the red, blue,
and green dots are consistent with the angle-dependent SHG
intensity of the monolayer WS2, monolayer WSe2, and the
heterostructure, respectively. The twisted angles between
monolayer WS2 and monolayer WSe2 extracted from Figure
2d−f are determined to be 0°, 30°, and 60°, respectively. For a
heterostructure with a twisted angle of 0° (see Figure 2a), the
orientations of WS2 and WSe2 are arranged in the same
direction that makes the atomic structure satisfy the broken
inversion symmetry. As a result, the SHG intensity of WS2/
WSe2 is significantly enhanced compared to that of monolayer
WS2 or monolayer WSe2, and the heterostructure maintains a
6-fold symmetry, with the orientation parallel to that of both
top and bottom layers. When the twisted angle is 30°, the
atomic structures maintain a broken inversion symmetry,
which yields the same SHG intensity as that of monolayer WS2
or monolayer WSe2. Besides, the heterostructure orientations
are in the direction in which the angle between WS2/WSe2 and
WS2 or WSe2 is 15°. In terms of the twisted angle of 60°, the
resultant atomic structures show relatively good in-plane
symmetry. Fortunately, the different S atoms and Se atoms
provided by the top and bottom layers lead to broken inversion
symmetry and yield a weak SHG intensity, as shown in Figure
S2.
After determining the twisted angles, we conducted a steady-

state PL experiment of heterostructure with different angles
and systematically analyzed the competitive luminescence
processes of intralayer excitons, trions, and interlayer excitons.
The corresponding angle-dependent PL spectra are shown in
Figure 2g; the excitation energy was fixed at 2.41 eV, which is
above the band gap value of WS2 and WSe2 to ensure that both
materials can be excited. As can be seen from the PL spectra,
the negative trions XWS2

T− account for the dominant PL
intensity of WS2, which means there is a high enough
concentration of electrons transferred from WSe2 to WS2. The
intralayer excitons XWSe2, positive trions XWSe2

T+, and interlayer
excitons XI share different proportions for different hetero-
structure twisted angles owing to the distinct Coulomb
interaction between them. Obviously, XI of the 0° stacked
heterostructure exhibits a PL intensity comparable with that of
other peaks, which indicates that large proportions of electrons
and holes are separated in WS2 and WSe2 layers in this case.
For the heterostructure with a twisted angle of 30°, the PL
intensity of XWSe2

T+ exhibits a growth trend and XI occupies
only a very small fraction of the PL intensity. Intriguingly,
XWSe2

T+ accounts for the majority of the PL intensity in the 60°
stacked heterostructure, and XI and XWSe2 play only minor roles
in the PL spectrum. Moreover, the position of intralayer and
interlayer excitons in the heterostructure with different twisted
angles exhibits a slight shift compared to others. This
phenomenon can be well explained by the different band
structures of heterostructures caused by different stacking
configurations, as calculated by using density functional theory

(DFT) and shown in Figure S3a−c. According to the results of
the peak fitting of PL spectra, we have determined the peak
position of trions of WSe2 and calculated the corresponding
binding energies of trions to be ∼31, 52, and 80 meV for
heterostructures with twisted angles of 0°, 30°, and 60°,
respectively. The binding energy of trions based on the peak
difference between intralayer excitons and trions versus
excitation power is plotted in Figure 2h (more details in
Figures S4 and S5). The trion binding energy is obtained by
formula Eb = EX − ET, where the EX and ET are the exciton and
trion peak energy of the WSe2 monolayer, respectively.14,37,38

We also calculated the ratio of each peak in the heterostructure
with different twisted angles and plotted a histogram of the
peak intensity ratio as a function of twisted angle extracted
from Figure 2g in Figure 2i. For the heterostructure with a
twisted angle of 0°, the peak intensity ratio of interlayer
excitons reaches 43%, which indicates the effective electron
and hole separation between WS2 and WSe2 layers. In terms of
the heterostructure with a twisted angle of 30°, positively
charged trions of WSe2 and negative charged trions of WS2
occupy a relatively large part of the PL emission. The ratio of
interlayer excitons exhibits an apparent reduction, which
probably originates from the mismatch of momentum between
WS2 and WSe2. For the heterostructure with a twisted angle of
60°, the ratio of XWSe2

T+ exhibits predominance with a value of
62%. The interlayer excitons PL ratio in 60° stacked
heterostruture is larger than that of 30°, but smaller than
that of 0° stacked heterostructure. The larger interlayer PL
ratio in a 0° and 60° stacked heterostructure is caused by its
stronger interlayer coupling and momentum matching as
proved by the low-frequency (LF) Raman spectra in Figure S6.
However, not only the momentum matching and stronger
interlayer coupling give rise to a higher formation probability
for interlayer excitons, but also the charge transfer induced
intralayer trions will compete with the interlayer excitons and
affect PL emission of interlayer excitons from K valley. The
reason why the PL emission ratios of interlayer excitons in 0°
and 60° stacked heterostructure are different will be discussed
in the following section.
Moreover, to exclude the different optical behaviors from

sample-to-sample variations induced by the transfer process,
we also carried out several groups of heterostructure with other
twisted angles and corresponding statistical histogram of
different proportion of XWSe2, XWSe2

T+, and XI as a function of
twisted angle in WS2/WSe2 heterostructure, as shown in Figure
S7. They exhibit similar PL spectra of Figure 2g and confirmed
the authenticity of the data. Besides, based on the statistical
analysis of the angle-dependent distribution of peak position
and peak ratio for quasi-particles, the heterostructures with
other twisted angles exhibited a similar optical behavior with
selected representative heterostructures with twisted angles of
0°, 30°, and 60°. To predict the optical behaviors of random
twisted heterostructures, we can assign the twisted angle to
their close one. If it is close to 0°, interlayer excitons occupy a
favorable competitive position in luminescence due to
momentum matching. If the twisted angle is close to 30°, a
large number of carriers are accumulated in the single layer
material due to the momentum mismatch, resulting in an
increased formation probability of trions. However, if the
twisted angle of the heterostructure is close to 60°, due to its
special stacking sequence, the binding energy of the trions
becomes larger, which makes the formation of trions much
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easier and the PL emission of trions takes a favorable
proportion.
Moreover, we measured the low temperature (77 K) PL

spectra of the heterostructure with twisted angles of 0°, 30°,
and 60° to further confirm the assignment of PL peak fitting
results in Figure 2g. The corresponding PL spectra ranging
from room temperature to liquid nitrogen temperature (77 K)
of heterostructures with twisted angles of 0°, 30°, and 60° are
shown in Figure S8. As can be seen from Figure S8a, as the
temperature decreases, the proportion of luminescence of
interlayer excitons increases significantly in 0° stacked
heterostructure at low temperature. The heterostructure with
a twisted angle of 0° satisfies the angular momentum matching;
the PL emission of interlayer excitons is more competitive than
other quasi-particles at low temperature. The results help us
confirm that the peak assignment for the interlayer excitons in
heterostructure with a twisted angle of 0° in Figure 2g is
reliable. In terms of the heterostructure with a twisted angle of
30°, similar to the case at room temperature, no obvious
interlayer excitons are observed, and the luminescence
intensity of WSe2 also decreases with the decrease of
temperature. While the PL peaks of negatively charged trions
and neutral excitons in WS2 are clearly separated and the
binding energy of trions are approximately 40 meV. For 60°
stacked heterostructure, negatively charged trions and neutral
excitons in WS2 still dominate the PL emission intensity as the
temperature goes down. The luminescence intensity of WSe2 is
weaker than that of WS2, but the positively charged trions and
neutral excitons of WSe2 are clearly separated. The interlayer
excitons occupy a large proportion of PL emission at 77 K.

Because the PL intensity of monolayer WSe2 itself decreases
with the decrease of temperature, the intralayer trions of WSe2
occupy a disadvantage in competing with the interlayer
excitons.
Based on previous analyses, the different optical behaviors of

intralayer excitons, trions of heterostructures with different
twisted angles mainly arise from (1) the charge transfer
efficiency between two adjacent materials at different twisted
angles being different, which makes the carrier concentration in
the steady-state valley different; and (2) the formation rates of
excitons and trions being different for heterostructures with
different binding energies. To solve this puzzle, we used the
femtosecond transient absorption spectrum (instrument
response function ∼ 100 fs, see Figure S9) to obtain the
formation rates of different particles17,39−41 and calculated the
carrier concentration according to the mass action model.15

Here, the electron and hole transfers between WSe2 and WS2
are excited by a pump pulse where the central wavelength is
580 nm and the energy fluence is ∼1.9 μJ cm−2. The
corresponding differential reflection signals of monolayer WSe2
are shown in Figure S10 for reference, where the rapid band
renormalization is observed beacause the excitons quickly
absorb excess holes preferentially form trions. The photon
energy is above the band gaps of both WSe2 and WS2, it can
induce electron and hole transfer as well as exciton transition
in WSe2 and WS2. Excitons as well as trions of WSe2 formed by
hole transfer from WS2 were monitored by measuring the
differential reflection of a probe pulse, where the probe pulse
was tuned to the A exciton and trion resonance of WSe2,
respectively, for different twisted angles of WS2/WSe2. The

Figure 3. (a−c) Schematics of exciton- and trion-related radiative transitions between the WS2 and WSe2 valleys at the K point in the Brillouin
zone. εA and εA

+ represent the binding energies of neutral excitons and positive trions, respectively. (d−f) Differential reflection signal measured
from the WS2/WSe2 heterostructure with twisted angles of 0°, 30°, and 60°, respectively. The pink and green solid lines indicate biexponential or
triexponential decay fits of neutral excitons and trions, respectively. The inset of (d−f) is a plot of the corresponding differential reflection signal on
a short time scale within 3 ps.
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wavelength of the probe pulse can be obtained by the fitted PL
peak, as shown in Figure 2g with pump fluence of 0.19 μJ
cm−2. The corresponding differential reflection signal (ΔR/R0)
measured from WS2/WSe2 heterostructures with twisted
angles of 0°, 30°, and 60° are shown in Figure 3d−f. As can
be seen from the inset image of Figure 3d−f, the rising times of
trions and excitons are quite different, which directly reflect the
competion formation process in heterostructures with a
twisted angle of 0°, 30°, and 60°. The corresponding
schematics of exciton- and trion-related formation transitions
between WS2 and WSe2 valleys at the K point in the Brillouin
zone are shown in Figure 3a−c. εA and εA

+ represent binding
energies of intralayer excitons and positive trions, respectively.
For the heterostructure with a twisted angle of 0°, the rising
time of trions and excitons are comparable, which means the
time to form the trions and excitons is synchronized within
∼1.5 ps after the excitation of pump laser. The formation
processes of trions and excitons are synchronized in the
heterostructure with a twisted angle of 0°. However, for
excitons and trions of WSe2 in the 30° twisted heterostructure,
excitons are formed in preference to the trions after optical
pumping. The excitons are quickly formed within ∼1 ps and
converted into trions after ∼0.5 ps. As discussed above, the
binding energies of trions are 31 and 52 meV, respectively, for
heterostructures with twisted angles of 0° and 30°. The exciton
to trion formation time decreases with the increase of trion
binding energy, which is determined by the different Coulomb
interaction in heterostructures with different twisted angles.42

This explains why the formation time of trions for the 30°
twisted angle is very short and the decay times of excitons and
trions are comparable. For the 60° twisted angle hetero-
structure, as shown in Figure 3c, the binding energy reaches 80
meV, which means that the trion formation time should be
smaller (<0.4 ps). As can be seen from the inset image of
Figure 3f, the formation time of trions is significantly faster
than that of the excitons. We can observe a small concave
signal on the rising edge of the excitons and the time scales of
trions and the concave signal are comparable as shown in
Figure S11, which indicates that excitons tend to preferentially
form trions first, and then form excitons after relaxation of
trions is completed and the formation process of the trions
affects the formation of excitons. This also explain why the PL
emission ratios of interlayer excitons in 0° and 60° stacked
heterostructure are different. Since not only the momentum
match and stronger interlayer coupling give rise to a higher
formation propability for interlayer excitons, but also the
charge transfer induced intralayer trions will compete with the
interlayer excitons and affect PL emission of the interlayer
excitons from the K valley. For a 60° stacked heterostructure,
the formation time of trions in WSe2 is significantly faster than
that of excitons; therefore, the excitons preferentially trans-
formed into trions, owing to the less intralayer exciton binding
energy compared to 0° stacked heterostructure.
The decay process of the signal can be well fitted by a

biexponential function with two time constants τ1 and τ2 for
heterostructures with twisted angles of 0° and 60°. However, a
triexponential fitting curve with three time constants of τ1, τ2,
and τ3 is used for the heterostructure with a twisted angle of
30°, as given in Table 1. The decay process of the intralayer
exciton signal of WSe2 can be fitted as a fast decay time of τ1 =
3 ps and a slow decay time of τ2 = 34 ps, which agree well with
a previous report.19 Comparably, the decay time constants of
the positive trions of WSe2 are τ1 = 2.3 ps and τ2 = 20 ps,

respectively. The fast decay (τ1) of XWSe2 is usually assigned to
carrier−carrier scattering or the formation of trions with the
excess hole.43,42 The fast decay (τ1) of XWSe2

T+ is associated with
the thermal relaxation process. The slow decay times (τ2) of
both XWSe2 and XWSe2

T+ are attributed to the carrier−phonon
scattering time.43,44 For the heterostructure with a twisted
angle of 0°, the PL intensity is mainly dominated by intralayer
excitons, and the trion formation time is ∼3 ps, which is similar
to that of the trion for thermal relaxation (∼2.3 ps). In this
situation, electrons and holes can be separated effectively by
charge transfer, and momentum matching is satisfied in the 0°
twisted heterostructure, which is more inclined to the
formation of the interlayer exciton, as shown in Figure 3a.
The fomation and transition rates of the trions and the
intralayer excitons are comparable, and the intralayer excitons
dominate the PL emission. For the decay process of 30°
twisted heterostructure, a new fast decay channel occurs. In
this scenario, both decay times of XWSe2 and XWSe2

T exhibit an
obvious reduction compared to that of the 0° twisted
heterostructure. By fitting by a triexponential function, three
time constants τ1, τ2, and τ3 are obtained, respectively. The fast
decay time (τ1) of ∼0.23 ps of XWSe2 gives it dominance
(accounting for 87% of the emission), which is attributed to
the ultrafast formation process of positive trions. The fast
decay time (τ1 = 0.2 ps) of XWSe2

T+ also gives it a similar
dominance (accounting for 93% of emission), which is
assigned to the thermal relaxation process. For the
heterostructure with a twisted angle of 60°, the fast decay
time (τ1 = 0.2 ps) of XWSe2

T+ gives it a similar dominance
(accounting for 97% of emission), which is assigned to the
thermal transition process, but the fast decay time (τ1 = 1 ps)
of XWSe2 is similar to that of the heterostructure with a twisted
angle of 0°, and this fast decay process occupies 46% of the
total decay time. Hence, we assign the fast decay of τ1 = 1 ps of
XWSe2 to trapping of the excitons by surface trap states, and this
also explains the significant difference between the relaxation
time of the intralayer excitons and the trions for the 60°
twisted angle. Here, the PL emission efficiency of the trions in
heterostructure is both determined by the formation
probability and formation time. In order to further confirm
the reasons for the dominant PL efficiency in 30° and 60°
heterostructures, we provide non-normalized differential
reflection data, as shown in Figures S11and S12 to analyze
the initial population of trions and excitons. The results prove
that the different initial population of trions and excitons is not
the main reason for the high PL efficiency of heterostructure
with twisted angles of 0° and 60°.
We also calculated the steady state carrier concentration by

using the mass action model to verify whether the charge
transfer efficiencies between two adjacent materials are
different with different twisted angles. The mass action law
can be expressed as45,46

Table 1

sample type A1 τ1 (ps) A2 τ2 (ps) A3 τ3 (ps)

0° X 0.36 3.00 0.64 34.0
XT+ 0.19 2.30 0.81 20.0

30° X 0.87 0.23 0.06 5.0 0.07 77.0
XT+ 0.93 0.20 0.03 2.2 0.04 23.0

60° X 0.46 1.00 0.54 8.5
XT+ 0.97 0.20 0.03 3.7
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Here, mA = 0.79m0, mA
+ = 1.25m0, mh = 0.46 m0, me = 0.33m0,

and kBT = 25.9 meV, respectively8 (more details in Supporting
Information, S12). As a result, the concentrations of holes in
steady states of the heterostructure with twisted angles of 0°,
30°, and 60° are calculated to be ∼1012, ∼1013, and ∼1012
cm−2, respectively. Through the calculation, we know that hole
concentrations are within an order of magnitude in
heterostructures with twisted angles of 0° and 60°, which
means that carrier concentration is not the reason for the
different ratios of trion luminescence. However, for hetero-
structure with twisted angle of 30°, a large concentration of
carrier density is achieved by hole transfer from WS2 to WSe2,
which leads to a large binding energy of trions in
heterostructure. The results agree well with previous research
by Katoch et al., and the giant renormalization of the spin−
orbit splitting of the valence band in single-layer WS2
attributed to the formation of trionic quasi-particles has been
directly observed upon electron doping by using microfocused
angle-resolved photoemission spectroscopy (microARPES).47

Therefore, the increased trion luminescence ratio in 30°
twisted heterostructure is caused by the higher carrier
concentration, which leads to the accumulation of a large
number of residual carriers for the formation of trions. As for
the interlayer excitons, it does not satisfy the momentum
matching condition, so most of the transferred holes are used
to form intralayer trions. However, for the heterostructure with

a twisted angle of 60°, the large proportion of trion
luminescence is due to the fact that the formation rate for
trions is significantly faster than that of excitons.
After confirming the formation rates and steady state carrier

concentration of excitons and trions in heterostructures with
different twisted angles, we discussed about the inclination of
photogenerated carriers to form different quasi-particles by
analyzing the slope of power-dependent PL spectrum, as
shown in Figure S4a−c. Figure 4a−c shows plots of the
corresponding integrated PL intensity (I) versus laser intensity
(L) on a log−log scale where the excitation wavelength is fixed
at 514 nm. The power dependence curve can be described by
an I ∼ Lk law, where k is a coefficient. According to previous
research, the coefficient k can be used to reflect the origin of
different features and the value is generally in the range 1 < k <
2 for free- and bound-exciton emission, whereas k < 1 for free-
to-bound and donor−acceptor pair recombination.48 For the
complex heterostructure system, the value of k mainly reflected
the competing inclination of photogenerated carriers to form
different quasi-particles: (1) forming excitons in WS2, (2)
replenishing electrons to form trions in WS2, (3) forming
excitons in WSe2, (4) supplying electrons to form trions in
WSe2, and (5) forming interlayer excitons. For the
heterostructure with a 0° twisted angle, trions in WSe2 and
interlayer excitons nearly follow a linear relationship with
excitation power, which indicates an exciton-like transition for
processes (4) and (5); k values of XWSe2 and XWS2

T− are in the
range of 0 to 1, exhibiting a sublinear relationship (for (2) and
(3)) between PL intensity and excitation power which means
the formation of excitons of WSe2 and trions of WS2 occupy a
disadvantage in the competition process. For the 30° twisted
angle, processes (3) and (4) in WSe2 are more competitive

Figure 4. (a−c) Power-dependent PL integrated intensity spectrum of WS2/WSe2 heterostructure with twisted angles of 0°, 30°, and 60°,
respectively. (d) Schematic diagram of the competition mechanism between quasi-particles in the heterostructure under different power conditions
of excitation light, where (1)−(4) represent the direction of photogenerated carriers for emission of neutral excitons, negative trions in WS2 and
neutral excitons, and positive point trions in WSe2, respectively.
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compared to processes (1) and (2) in WS2 but the k value for
all of them satisfy the relationship 1 < k < 2. These k values are
consistent with the results of PL spectra for the 30° twisted
angle. Although trion components in WSe2 begin to dominate,
both the intralayer exciton XWSe2 and the trion XWSe2

T+ are both
likely to follow a radiative transition process. Meanwhile, the
proportion of luminescence of WSe2 began to rise, showing a
competitive trend with WS2. In terms of the competition
process in a heterostructure with a twisted angle of 60°, the
photonic carriers are more inclined to form intralayer excitons
XWSe2 and trions XWSe2

T+ in processes (3) and (4) and exhibit a
dominant trend, which explains the optical behaviors for the
60° twisted angle.
All the results helped us to understand the formation

difficulty of various quasi-particles in heterostructures and the
distinct competition behaviors are mainly caused by the change
of Coulomb interaction. As the twisted angle of the
heterostructure is different, the binding energy of trions
changes significantly ranging from (30−80 meV), which leads
to the change of the coulomb interaction strength. In the
power-dependent PL spectrum, the emergence of sublinear
and superlinear relations and transformation between them
directly reflect the way that “many-body” effect affects the
competition process among quasi-particles in heterostructures
with different twisted angles. These results clearly reveal the
selection tendency of different quasi-particles formed by
photogenerated carriers in different twisted heterostructures,
which lays a theoretical foundation for our future research on
heterostructure optoelectronic properties.

■ CONCLUSION

In summary, we provided further understanding of twisted-
angle-dependent optical behaviors of intralayer excitons and
trions in WS2/WSe2 heterostructure with respect to the
competition mechanism of intralayer excitons and trions. The
mass action model and the formation dynamics confirmed that
the increased luminescence ratio of trions in the hetero-
structure with twisted angle of 30° and 60° are caused,
respectively, by the higher formation probability and faster
formation rate compared to excitons. Power-dependent PL
spectra reveal the way that “many-body” influence the
formation probability of excitons and trions in the hetero-
structure. All the results help us to understand the optical
behaviors of intralayer excitons and trions in twisted angle-
dependent heterostructures. It is critically important for
evaluating and improving the performance of two-dimensional
materials based optoelectronic devices.

■ EXPERIMENTAL SECTION

Sample Preparation. Monolayers WS2 and WSe2 were
grown on c-plane sapphire substrate separately by low pressure
chemical vapor deposition (LPCVD) methods in a two-
temperature-zone horizontal tube furnace. WO3 powders in a
quartz boat were positioned at the center of the first zone;
while the sapphire substrate was placed at the second zone
about 5 cm from the WO3 powders. Sulfur or selenium
powders were placed upstream of first zone 15 and 10 cm from
the WO3 powders, respectively. During the growth of WS2,
both zones were heated to 887 °C within 35 min and
maintained the temperature for 70 min. Sulfur powders were
heated to 90 °C by a heating tape. A mixture of 80 sccm Ar
and 10 sccm H2 was induced into the tube furnace as a carrier

gas. The pressure was maintained at 100 Pa. For the growth of
WSe2, the first and second zones were heated to 950 and 800
°C within 50 min and were maintained for 30 min to grow
monolayer WSe2. The carrier gas was a mixture of 50 sccm Ar
and 25 sccm H2. The pressure was maintained at 80 Pa.

WS2/WSe2 Heterostructure. WS2/WSe2 heterostructure
was prepared by a PMMA-assisted transfer method. Here, WS2
flakes grown on sapphire were covered with PMMA (AR-P
679.04) by spin coating. After 15 min of heating at 100 °C, the
PMMA/WS2 structure was separated from the sapphire
substrate through the etching of a 30% KOH solution (100
°C and 0.5−1.0 h) and then they are soaked in DI water to
clean the KOH residue. Afterward, the PMMA/WS2 was
transferred onto monolayer WSe2 grown on a sapphire
substrate and heated on a hot plate at 100 °C for about 10
min. After that, the PMMA/WS2/WSe2 structure was peeled
off the sapphire substrate and transferred onto the SiO2/Si
substrate by the same way described above. Then, the PMMA
layer was removed by immersing the samples into acetone.
Finally, to remove the polymer residue, the transferred WS2/
WSe2 samples were annealed at 350 °C in a Ar/H2 flow (50/
20 sccm, 60 Pa) for 3 h.

Optical Characterizations. Steady-state PL spectroscopy
was carried out by using Renishaw Spectrometer System, a CW
laser with wavelength of 514 nm was focused onto an WS2/
WSe2 heterstructure through an objective (Leica, 100×/NA
0.95) with size of 250 nm. For transient absorption
spectroscopy setup, the large part of 800 nm output (80%)
from the Ti:sapphire oscillator (∼100 fs, 76 MHz) was used to
serve as pump pulse for the OPO and the rest acted as the
probe pulse. The output from OPO was the pump beam with a
wavelength fixed at 580 nm. Both pump and probe beams were
focused on the sample through a 20×, 0.42 numerical aperture
(NA) objectives, and were spatially overlapped at the sample.
The signals were collected by the same objective, and the
probe signal was detected with an avalanche photodiode
(APD110A2/M, Thorlabs).
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