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ABSTRACT: van der Waals (vdW) heterostructures of transition metal
dichalcogenides (TMDCs) provide an excellent paradigm for next-
generation electronic and optoelectronic applications. However, the
reproducible fabrications of vdW heterostructure devices and the
boosting of practical applications are severely hindered by their
unstable performance, due to the lack of criteria to assess the interlayer
coupling in heterostructures. Here we propose a physical model
involving ultrafast electron transfer in the heterostructures and provide
two criteria, η (the ratio of the transferred electrons to the total excited
electrons) and ζ (the relative photoluminescence variation), to evaluate
the interlayer coupling by considering the electron transfer in TMDC heterostructures and numerically simulating the
corresponding rate equations. We have proved the effectiveness and robustness of two criteria by measuring the pump−probe
photoluminescence intensity of monolayer WS2 in the WS2/WSe2 heterostructures. During thermal annealing of WS2/WSe2, ζ
varies from negative to positive values and η changes between 0 and 4.5 × 10−3 as the coupling strength enhanced; both of
them can well characterize the tuning of interlayer coupling. We also design a scheme to image the interlayer coupling by
performing PL imaging at two time delays. Our scheme offers powerful criteria to assess the interlayer coupling in TMDC
heterostructures, offering opportunities for the implementation of vdW heterostructures for broadband and high-performance
electronic and optoelectronic applications.
KEYWORDS: vdW heterostructures, interlayer coupling strength, pump−probe, exciton relaxation time, criteria, PL intensity

Two-dimensional (2D) transition metal dichalcogenide
(TMDC) semiconductors have attracted significant
research interest from the viewpoint of fundamental

physics and for promising applications in various areas,
resulting from their reduced dimensionality and crystal
symmetry.1−4 One of the most intriguing aspects of these
2D materials is that they provide an encouraging platform to
fabricate multilayer structures by combining monolayers of
different 2D materials via van der Waals (vdW) forces.5−7 The
so-called heterostructures constitute an excellent paradigm for
promising electronic and optoelectronic applications, including
superlattice Dirac points,8 tunneling transistors,9 light-emitting
devices,10 and ultrathin photodetectors.11 Emergent properties
of 2D heterostructures heavily rely on the interlayer electronic
coupling, thus the ultrafast electron and energy transfer across
the interface and interlayer coupling.12 However, the presence
of unwanted organic residues (such as poly(methyl meth-

acrylate) (PMMA),13 polypropylene carbonate (PPC),14 and
polydimethylsiloxane (PDMS)),15 spatially inhomogeneous
interfaces (such as blisters16 or bubbles,17 wrinkles,18 and
strain19), and crystal defects20,21 is inevitable during the
imperfect fabrications. The unpredictable interlayer coupling
generally leads to unrepeatable or even incompatible
experimental results.
To realize reproducible fabrications of vdW heterostructures

and promote practical applications, two key elements should
be explored. The first one is tuning the interlayer coupling as
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demanded after device fabrications. Many efforts have been
made during the past few years, including thermal annealing,22

laser/ion irradiation,23,24 atomic force microscope (AFM) tip
squeezing,25 and chemical treatment.26 The second one is
establishing criteria to characterize and monitor the interlayer
coupling during the tuning processes. So far, the character-
izations of the interlayer coupling are often presented as
optical,27 photoluminescence (PL),28 Raman spectra,29 and/or
AFM imaging.30 For example, Evgeny et al. developed PL
imaging in a bright-field optical microscope to identify the
layer thickness and track changes in the interlayer coupling
during thermal annealing.31 The Sow group transformed the
WS2/WSe2 heterostructure from the noncoupling to the strong
coupling regime by focused laser treatment and monitored the
transforms via PL imaging.32 Matthew et al. created clean 2D
material interfaces using the AFM tip as a nano “squeegee”,25

demonstrating the result by AFM topography and PL spectra.
These works have made many groundbreaking efforts to

enhance and characterize the interlayer coupling. However,
these techniques generally present qualitative descriptions and
suffer inherent limitations. For example, although AFM
imaging exhibits a completely flat topography, the interlayer
coupling is still inhomogeneous for the heterostructures (as
evident from PL imaging).25 On the other hand, PL intensity is
sensitive to the excitation power and sample quality and, thus,
may vary from sample to sample. Considering that the
interlayer coupling of vdW heterostructures is associated
with the ultrafast electron/energy transfer between different

layers, we develop two criteria to assess the interlayer coupling
of TMDC heterostructures by using ultrafast pump−probe PL
spectroscopy. Based on our physical model, when the coupling
tuning from the noninteraction to the strong regime, PL at
zero time delay between the pump and probe laser pulses will
vary from quench to enhancement. This prediction has been
proved in WS2/WSe2 heterostructures, where the coupling was
modified by thermal annealing. Particularly, the relative PL
difference (labeled as ζ) at zero delay time is insensitive to the
excitation power and absolute PL intensity, providing a good
criterion to assess the coupling among different samples. We
also provide another parameter, η, denoting the efficiency of
electron transfer between the two monolayers, to quantitatively
characterize the interlayer coupling. Our scheme presents a
powerful tool for the characterization of the interlayer coupling
in TMDC heterostructures, enabling the rational design and
development of vdW heterostructure-based electronic and
optoelectronic applications with enhanced features and
performance.

RESULTS AND DISCUSSION

Theoretical Model. Considering that the interlayer
coupling in heterostructures is intrinsically linked to the
ultrafast electron transfer between different monolayer
materials, the ultrafast dynamics can consistently characterize
the interlayer coupling. Here we develop an ultrafast pump−
probe PL spectroscopy method to reveal the interlayer
coupling of 2D heterostructures, benefiting from the zero-

Figure 1. Schematic illustration of a pump−probe photoluminescence (PL) scheme for (a) monolayer WS2 and (b) WS2/WSe2
heterostructures. Ev, Ec, and Ee represent the top of the valence band, the minimum of the conduction band, and the higher excited
state of the intraconduction state of monolayer WS2. Ev1 (Ev2), Ec1 (Ec2), and Ee1 (Ee2) denote the corresponding states of monolayer WS2
(WSe2) in the heterostructures. ker (ker1 and ker2) represents the cooling rate in monolayer WS2 (WS2/WSe2 heterostructure). kPL (kPL1 and
kPL2) represents the rate of spontaneous emission of monolayer WS2 (WS2 and WSe2 in the heterostructure), kPLIE represents the emission
rate of interlayer excitons. Filled (red) and empty (blue) circles indicate the electrons and holes. (c) PL spectra of monolayer WS2 and WS2/
WSe2 heterostructure. The inset shows a photograph of the sample, where a monolayer WS2 film was fabricated on a Si/SiO2 substrate;
triangle monolayer WSe2 was then transferred on the top of WS2. Scale bar: 20 μm. (d and e) Ultrafast pump−probe PL intensity (PL
trajectory) as a function of time delay for monolayer WS2 (circles) and WS2/WSe2 (squares), the fits (dash−dot lines) based on eq 5, and the
simulations (solid lines) based on the corresponding rate equations, respectively. (f) PL trajectory of the WS2/WSe2 heterostructure as a
function of η.
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background feature of the PL technique and the sensitivity of
the PL intensity to the interlayer coupling. The schematic
diagram of the pump−probe PL spectroscopy to monolayer
materials is depicted in Figure 1a, which can be considered as
the noncoupling case for 2D heterostructures. The energy
diagram is simplified as a three-level system, the top of the
valence band (Ev), the minimum of the conduction band (Ec),
and the higher excited state of the intraconduction state (Ee).
The transitions between Ev and Ee states are coupled via the
pump and probe laser pulses. PL emission is associated with
the transition from Ec to Ev. The electrons will first be excited
from Ev to Ee by the pump laser. Then the hot electrons will
either be stimulated emission by the probe laser or relax to Ec
via subsequent thermalization and relaxation with the rate of
ker. Here we ignore the influence of the excitation wavelengths
(see Supplementary S9). The stimulated emission, with the
same wavelength as the pump and probe laser, will be filtered
by the dichroic mirror and thus cannot be detected. On the
other hand, the cooled electrons will decay spontaneously back
to Ev with a rate of kPL, contributing to PL intensity. Note that,
in this model, the influence of other quasi-particles (such as
charged exciton, defect-bound exciton, and biexciton) has been
taken into account in the value of kPL; see Supplementary S7
for details. In this case, the ultrafast processes of monolayer
materials can be described with the following coupled rate
equations:33−35

N t
t

I t N t I t N t k N t
d ( )

d
( ) ( ) ( ) ( ) ( )v

L v L e PL cσ σ= − + +
(1)

N t
t

k N t k N t
d ( )

d
( ) ( )c

c
er e PL= −

(2)

N t
t

I t N t I t N t k N t
d ( )

d
( ) ( ) ( ) ( ) ( )e

L v L e er eσ σ= − −
(3)

The interpretations for each term have been illustrated in
Supplementary S1. Particularly, σ is the absorption cross
section of monolayer materials (assumed to be equal for pump
and probe processes). Nv(t), Nc(t), and Ne(t) are the time-
dependent population in the three states. IL(t) is the laser
intensity at time t. In our experiment, both pump and probe
pulses are modeled as Gaussian intensity profiles, I ⃗L(t) = I ⃗·
(e−t

2/τ0
2

+ e−(t+Δt)
2/τ0

2

)·sin(ω0t), with a certain wavelength (c/
2πω0), a pulse width (τ0), and a time delay (Δt) between the
pump and probe pulses. Generally, the power intensities of
pump and probe pulses are set to be equal.
Considering PL photons are emitted from Ec to Ev, the

measured PL intensity is proportional to the total population
that passes through the Ec state. To this end, we numerically
calculated the rate equations integrated over a time interval
from before the first pulse until after the second pulse. Taking
monolayer WS2 as an example, the simulation result is
presented in Figure 1d (the solid line; the corresponding
parameters are listed in Table 1). Note that PL intensity at a
relatively long time delay (beyond the time scale of ker), Ilong, is
stable, consistent with previous transient absorption and
reflectance spectroscopy.36,37 While PL intensity at zero time
delay, I0, presents a clear reduction (or quenching). To
quantitatively describe the reduction, here we define the
relative PL difference ζ as

I
I

I I

Ilong

0 long

long
ζ = Δ =

−

(4)

Hence, ζ is a negative value for monolayer WS2. This can be
well understood as the hot electrons are stimulated to Ev by the
probe laser at zero time delay, thus depleting the hot electrons
and quenching PL intensity. When the pulse width is
significantly smaller than the relaxation time (1/ker), the
evolution of PL intensity, IPL, as a function of the delay time
(Δt) can be described as

I I I I( ) e k t
PL 0 long 0

er= − × +− ·|Δ |
(5)

In other words, we can determine the relaxation rate ker by eq
5.
On the basis of this model, we further consider the

heterostructures with a strong coupling, regarding the effective
electron transfer between different monolayers, as illustrated in
Figure 1b. For simplicity of the model, we only account for
type II heterostructures (taking WS2/WSe2 as the sample in
this context) and further assume that (i) the interlayer electron
transfer is treated as an instantaneous process because it
generally occurs on a time scale shorter than 100 fs,36

convoluted with the laser pulse width used in our experiment
(400 fs); (ii) the absorption coefficient is equal to the
simulated emission coefficient, as discussed above; and (iii) PL
spectra of the two monolayer materials can be well separated,
and we only detect photons from one of them or the interlayer
exciton emission (PL of monolayer WS2 is detected here). In
this condition, the rate equations of the monolayer material
with a lower Ev state (WS2 here) can be expressed as

N t
t

I t N t I t N t k N t
d ( )

d
( ) ( ) ( ) ( ) ( )v1

v1 e1 PL1 c1σ σ= − + +
(6)

N t
t

k N t k N t I N
d ( )

d
( ) ( ) (0) e k tc1

er1 e1 PL1 c v1
er1η σ= − + · · · − ·|Δ |

(7)

N t
t

I t N t I t N t k N t
d ( )

d
( ) ( ) ( ) ( ) ( )e1

v1 e1 er1 e1σ σ= − −
(8)

Here we ignore the transition of interlayer excitons, due to
their slow spontaneous emission rate. η represents the ratio of
the transferred electrons over the excited amount (Iσ·Nv1(0)).
After assuming the thermalization of the transferred electrons
following exponential decay behavior, the electron transfer can
be expressed as η·Iσ·Nν1(0)·e

−ker1·|Δt|; see Supplementary S2 for
details. That is, the stronger the coupling, the more the

Table 1. Parameter Values Used in the Simulations to Fit
the Pump−Probe PL Spectroscopy of Monolayer WS2

parameter value ref

σ 10−18 cm2 38
ker 1.5 ps 39, 40
kPL 1.0 ns 41, 42
τ0 400 fs
Pa 100 μW
I·σb 3 × 10−3 s−1

aTypical powers used in the experiments are 10 μW to 1 mW. bI·σ is
calculated after considering the wavelength of the femtosecond laser
(532 nm), its repetition frequency (80 MHz), and the absorption
coefficient of monolayer WS2 (0.03).

43,44 See Supplementary S3 for
details.
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transferring and the larger the ratio. Assuming η = 0.03
(considering that the quantum yield of monolayer TMDC is
between 0.01% and 100%,45,46 this assumption is reasonable),
we determine the PL trajectory (i.e., PL intensity evolution of
heterostructures as a function of time delays), as the solid line
shown in Figure 1e. Intriguingly, a PL enhancement occurs at
zero time delay, and then PL decays to a plateau level. That is,
ζ is a positive value for the heterostructure with strong
interlayer coupling. This phenomenon is totally different from
monolayer WS2, which can be regarded as a noncoupling case.
A phenomenological explanation for the enhancement is that
the transferred electrons from monolayer WSe2 fill up the
stimulated electrons by the probe pulse (tip at zero time delay
for monolayer WS2) or even increase the total electrons and
thus enhance the PL intensity. Thus, we can instinctively
speculate that, with the increasing of the interlayer coupling,
PL intensity at zero time delay should be varied from reduction
to enhancement. To confirm this assumption, we numerically
simulate PL trajectories with different η values, as presented in
Figure 1f. The results fully support our hypothesis, except for a
sharp peak at zero time delay, arising from the interferometric
effect of the laser pulse (Supplementary S8). Thus, we can
conclude that both η and ζ can be used as criteria for assessing
the interlayer coupling of 2D heterostructures. The parameter
of η can quantitatively reveal the interlayer coupling, after
calibrating the fundamental parameters (including absorption
and emission coefficients and relaxation rates) from the
corresponding monolayer materials with the same technique.
On the other hand, the parameter of ζ can qualitatively
uncover the interlayer coupling, which is more convenient
without any further parameters.
Sample Preparation and Optical System. To prove the

effectiveness of our model, we performed ultrafast pump−
probe PL spectroscopy on the WS2/WSe2 heterostructure as
well as the monolayer WS2. The continuous monolayer WS2
film was fabricated by the chemical vapor deposition (CVD)
method on a Si/SiO2 substrate. Monolayer WSe2 with a
triangular shape, synthesized through CVD on a sapphire
substrate, was then transferred to the monolayer WS2 with a
PMMA-assisted method,47 as shown in Figure 1c. In this case,
the presence of residual PMMA molecules and other
contaminants is inevitable and thus reduces the interlayer
coupling. To tune the coupling and reveal the advantage of our
technique, we annealed the heterostructure sample under a
vacuum condition with different temperatures and times, as
discussed below.
The schematic of the pump−probe optical system is

presented in Supplementary S4. Briefly, a vertically polarized
sub-picosecond laser (Femto-Fiber pro TVIS, Toptica), with a
pulse width of 400 fs at a wavelength of 532 nm, was used as
the excitation laser. The pump and probe pulses with a tunable
time delay were generated by a homemade Michelson
interferometer structure. A linear stage was mounted on one
reflection mirror to vary the optical path and thus the time
delay between the two pulses. On the other arm, the beam
passed through a quarter-wave plate to convert the laser into
horizontal polarization. Thus, two beams recombining at the
beam splitter have orthogonal polarizations, which can
eliminate the two excitation light pulses interfering with each
other. In this case, the sharp peak at zero time delay can be
removed. Further description can be found in Methods and
Supplementary S4.

Ultrafast Pump−Probe PL Spectroscopy of WS2/WSe2
Heterostructures. We first performed the ultrafast pump−
probe PL spectroscopy on monolayer WS2, and the result is
shown in Figure 1d (the circles). Note that the PL trajectory is
in good agreement with the simulation by our model. And also
the trajectory can be well fitted by eq 5 (as the dash−dot line
shown in Figure 1d). The determined relaxation time is 1.45
ps, consistent with the previous reports.39,40 We further
performed PL spectroscopy on the WS2/WSe2 heterostructure,
which has been annealed at 525 K for 3 h. The two monolayers
have efficient interlayer coupling, evidenced by the quenching
of WS2 PL spectroscopy (Figure 1c), as well as PL quenching
of WS2/WSe2 heterostructures in their PL imaging (Supple-
mentary S5). The PL trajectory of the heterostructure is
presented in Figure 1e (the squares), which agrees reasonably
well with the corresponding simulation (the solid line). We can
analyze PL decay of the heterostructure by eq 5 as well (the
dash−dot line) and demonstrate the relaxation time to be 0.97
ps.
To reveal the robustness of our technique, we further

conducted excitation-power-dependent PL spectroscopy of the
heterostructures, as shown in Figure 2a. Note that PL

trajectories under different excitation powers have similar
profiles, although their absolute intensities rapidly increase
with the laser power. The PL difference between the zero time
delay (Δt = 0 ps) and the long time delay (Δt = 10 ps used
here), ΔIPL = I0 − Ilong, as a function of exciton powers is
depicted in Figure 2b. We can find that the PL difference scales
linearly with the excitation powers (the solid line is the linear
fitting), indicating the PL difference is insensitive to excitation
powers. This conclusion can be further supported by the
ignorable change of the relative PL difference, ζ, as the squares

Figure 2. Power-dependent pump−probe PL trajectories and the
robustness of ζ. (a) Ultrafast pump−probe PL trajectories as a
function of excitation powers. (b) PL difference at the time delay
between 0 and 10 ps, ΔIPL, as a function of excitation powers. The
solid line is the linear fit, with the correlation coefficients R2 >
0.98. (c) Relative PL difference, ζ, and the relaxation time, τer, as a
function of excitation powers. The color shadows represent the
corresponding averaged values, associated with the standard
derivations.
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shown in Figure 2c. We also determine the relaxation time by
eq 5 (the diamonds shown in Figure 2c). The slight variation
might result from the fluctuation of PL intensity and the low
signal-to-noise ratio, which can be solved by increasing the
integration time. One may also note that, under high power
excitation (such as 240 and 260 μW), PL trajectories present
slight downward profiles around short time delays, and ζ
emerges a mild variation. We tentatively attribute these
phenomena to the nonlinear optical behaviors (such as
saturation absorption) or many-body interactions (such as
exciton−exciton annihilation) in the WS2/WSe2 heterostruc-
ture.
Assessing the Interlayer Coupling of the Hetero-

structures via ζ and η. To illustrate the availability of ζ and η
as the criteria for assessing the interlayer coupling of 2D
heterostructures, we performed ultrafast pump−probe PL
measurements with tunable interlayer coupling. As discussed
above, the interlayer coupling can be tuned by thermal
annealing,22 laser/ion irradiation,23,24 and tip squeezing.25

Here we modified the coupling of the WS2/WSe2 hetero-
structure by thermal annealing under a high vacuum. PL
spectroscopy varied as the annealing temperatures is presented
in Figure 3a (the annealing times were all 3 h). As compared to
PL of monolayer WS2, the reduction of WSe2 indicates the
increase of the interlayer coupling with the increase of the
annealing temperature. Consequently, the PL intensity ratio of
WSe2 to WS2 has been regarded as a criterion of the interlayer
coupling previously.48 However, with the annealing temper-
ature further increased (such as T > 465 K), PL spectra of
WSe2 are fully quenched, as shown in Figure 3a and c. In this
case, the PL intensity ratio is invalid to characterize the
coupling. Note that although the spectra of WSe2 fully
disappeared with an annealing temperature larger than 465
K, both WSe2 and WS2/WSe2 heterostructures can be well
maintained until 725 K, evidenced by their Raman spectra
(Supplementary S6). On the other hand, ultrafast pump−

probe PL trajectories under different annealing temperatures
present obvious changes, where PL intensity at the zero time
delay varied from the quenched to the enhanced results
(Figure 3b). That is to say, with the increase of interlayer
coupling, the PL difference (ΔIPL) and the corresponding
parameter of ζ vary from negative to positive values (Figure
3d), consistent with our assumption. Therefore, we can declare
that the parameter of ζ can be regarded as a criterion to assess
the interlayer coupling. To further quantitatively assess the
interlayer coupling, we simulate the pump−probe PL trajectory
evolution as a function of the parameter η by eqs 6 to 8, as the
solid lines shown in Figure 3b. The determined η presented in
Figure 3d shows similar behavior to the parameter of ζ,
indicating the effectiveness and consistency of our criteria.
Our technique also provides a scheme to image the

interlayer coupling of heterostructures. Considering that
performing the pump−probe PL trajectory for each pixel is
time-consuming, we offer an alternative scheme by carrying out
the pump−probe PL imaging (Im) at two delay times, Δt = 0
ps (Imt=0) and Δt = 10 ps (Imt=10), respectively. Then a
difference imaging (ΔIm) can be determined by subtracting
the above two imagings, ΔIm = Imt=0 − Imt=10. Consequently,
the interlayer coupling imaging (Imζ) can be obtained via
dividing the difference imaging by the PL imaging at a time
delay of 10 ps, i.e., Imζ = ΔIm/Imt=10. In this case, the
interlayer coupling can be readily determined, as shown in
Figure 4. Although the residual organics and other
contaminants may exist in the as-prepared sample, a weak
interlayer coupling is still present in the WS2/WSe2
heterostructure (Figure 4a). This can be evidenced by PL
intensities of WS2/WSe2 (2085 cps, see Figure S5 for the
statistical results) weaker than that of bare WS2 (2472 cps) at
the time delay of 10 ps. When we excited the sample by the
two pulses at zero time delay, as expected, PL intensities of
both heterostructure (1785 cps) and monolayer WS2 (2083
cps) are quenched, as presented in Figure 4b. Consequently,

Figure 3. Assessing the interlayer coupling of the heterostructure via η and ζ. Spectra and parameters as a function of annealing
temperatures. (a) PL spectra of the WS2/WSe2 heterostructure, (b) ultrafast pump−probe PL trajectories, (c) integrated PL intensity ratio of
WSe2 (IWSe2) to WS2 (IWS2), (d) the determined relative PL difference, ζ, and the simulated electron transfer ratio, η. The solid lines are the
simulation results. The corresponding parameters are listed in Table S1.
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the average values of ζ for WS2/WSe2 (−0.143) are only
slightly larger than that of monolayer WS2 (−0.154), indicating
the weaker interlayer coupling of heterostructures. After
annealing at 525 K for 3 h, the variation of PL intensity of
monolayer WS2 at a time delay of 10 ps (2458 cps) can be
ignored, while that of WS2/WSe2 presents a significant
reduction (1812 cps), due to the enhanced electron transfer
between the two monolayers. On the other hand, at zero time
delay, monolayer WS2 and the WS2/WSe2 heterostructure
present similar PL intensity (1994 vs 2094) and thus cannot be
well distinguished from PL imaging. In this case, ζ for
monolayer WS2 presents an insignificant change (−0.163),
while ζ for the WS2/WSe2 heterostructure varies from the
negative to a positive value (0.09), hinting that the interlayer
coupling has been dramatically enhanced after thermal
annealing. To further prove the effectiveness of our technique
to track the interlayer coupling of vdW heterostructures, we
displayed the Imζ imaging of another WS2/WSe2 hetero-
structure after annealing with a series of temperatures (from
295 to 575 K; see Supplementary S11), and the results are in

reasonable agreement with the predictions. Furthermore, we
also performed the ultrafast PL measurements on the MoS2/
WS2 heterostructures (Supplementary, S12),; the result is also
in accord with the WS2/WSe2 heterostructures, proving the
universality of our technique.
Here we provide two parameters, which can act as criteria to

evaluate the interlayer coupling of the TMDC heterostruc-
tures. To improve our technique, further experimental and
theoretical investigations are needed. First, some hypotheses
have been adopted to simplify the simulation, such as assuming
the same absorption and stimulated emission coefficients of
monolayer materials and their heterostructures, ignoring the
time of charge transfer between the heterostructures and the
pulse width of the excitation laser. These parameters may
significantly influence the resulting pump−probe PL trajectory
and thus the two criteria. Taking η as an example, according to
its definition (the ratio of transferred electrons over the total
excited electrons), the value of η is between 0 and 1. However,
it may be larger than the one in our simulation, because we
assume the number of excited electrons of monolayer WS2 and

Figure 4. Imaging the interlayer coupling of the WS2/WSe2 heterostructure via the relative PL difference, ζ. (a and b) PL imaging of the as-
prepared heterostructure at the time delay of 10 and 0 ps, respectively. The areas of monolayer WS2 and WS2/WSe2 heterostructures have
been marked in the figures. (c) Corresponding interlayer coupling imaging via ζ for the as-prepared sample. (d and e) PL imaging of the
heterostructures after thermal annealing at 525 K for 3 h at the time delay of 10 and 0 ps, respectively. (f) Corresponding interlayer coupling
imaging for the annealed sample. Scale bars: 10 μm.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c01787
ACS Nano 2021, 15, 12966−12974

12971

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01787/suppl_file/nn1c01787_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01787/suppl_file/nn1c01787_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01787?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01787?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01787?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01787?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c01787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


WSe2 is the same, while that of WSe2 may be much larger than
WS2. Thus, these parameters (including spontaneous emission
coefficients of intralayer and interlayer excitons and the
nonradiative rates) should be accurately supplied to determine
the optimized criterion. Second, the quantitative parameter of
η is determined by the simulation of PL trajectories. However,
measuring the pump−probe PL trajectories of the hetero-
structures is time-consuming, and η cannot be accurately
determined through simulations. These two limitations should
be overcome for practical applications. Third, for 2D
heterostructures where PL spectra of the two different
materials cannot be well separated, all the relevant energy
levels should be taken into account. The much more
sophisticated rate equation set complicates the task of
theoretical simulations and experimental data analysis. In this
case, advanced theoretical works may be performed to simplify
the physical model and to extract criteria. Last, this model so
far is incapable of the heterostructure without significant PL
emission (taking graphene/BN as an example). Therefore, it is
also necessary to modify the physical model and develop a
similar transient absorption scheme to evaluate the interlayer
coupling.

CONCLUSIONS
Here we provide two criteria to assess the interlayer coupling
of TMDC heterostructures by considering the electron transfer
between the two monolayers in heterostructures and numeri-
cally calculating the rate equations. The ratio of transferred
electrons over the total excited electrons, η, offers a
quantitative criterion to evaluate the interlayer coupling. The
relative PL difference at different time delays between the
pump and probe pulses, ζ, affords a qualitative criterion of the
interlayer coupling. We have proved the effectiveness of two
criteria by varying the interlayer coupling of WS2/WSe2
heterostructures through thermal annealing and measuring
the pump−probe PL trajectory of monolayer WS2. The value
of η, determined by comparison of the measured results and
the numerical simulations, varies from 0.001 to 0.045.
Furthermore, the value of ζ, determined by comparison of
PL intensity at time delays between 0 and 10 ps, changes from
a negative value (−0.137) to a positive value (0.379). We have
further provided that these two criteria are robust and
insensitive to the excitation power in a broad power region.
We also create a scheme to image the interlayer coupling by
performing PL imaging at two selected time delays. Our
criteria developed in this work enable a powerful technique to
characterize the interlayer coupling of TMDC heterostructures
and allows the reproducible fabrications of vdW hetero-
structures, which can boost the practical applications of
electronic and optoelectronic devices based on 2D hetero-
structured materials.

METHODS
The experiment setup is sketched in Figure S4. The polarized sub-
picosecond laser was split by a beam splitter with an intensity ratio of
50:50 (BS1) to obtain two laser pulses with the same power. On one
optical arm, the laser passed through a quarter-wave plate (λ/4) used
for polarization rotation. On the other arm, the optical path can be
continuously changed by the linear stage installed under the mirror
(M). Thus, the time delay (Δt) between the two pulses can be tuned
finely. The combined laser beam was further split by another BS with
a ratio of 10:90 (BS2). After a polarizer, the weaker beam was
monitored by a high-speed photodetector (PD, HCA-S-400M-SI) to
calibrate the time delays. The stronger beam was reflected into the

objective (OBJ, Olympus LMPlanFLN, 100×) lens via a dichroic
mirror (DM, Semrock, Di02-R532-25x36), and then the laser was
focused onto the prepared sample. The diameter of the laser spot is
close to the diffraction limit (∼400 nm). The vdW heterostructures
were placed on an XY piezo scanner (PiezoSystem Jena,PXY 102 SG).
PL imagings were achieved by moving the sample with respect to the
laser spot in a controlled way. The step size was generally set to 300
nm. The time-dependent PL from the sample was collected by the
same OBJ, transmitted through the DM and a short-pass filter (SP),
and finally detected by a single-photon counting modulator (SPCM,
PcoQuant τ−SPAD-50). Then the data were transferred to the
computer for further data processing.
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