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Correlated fluorescence blinking in two-
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‘Blinking’, or ‘fluorescence intermittency’, refers to a random 
switching between ‘ON’ (bright) and ‘OFF’ (dark) states of an emitter; 
it has been studied widely in zero-dimensional quantum dots1 and 
molecules2,3, and scarcely in one-dimensional systems4,5. A generally 
accepted mechanism for blinking in quantum dots involves random 
switching between neutral and charged states6,7 (or is accompanied 
by fluctuations in charge-carrier traps8), which substantially 
alters the dynamics of radiative and non-radiative decay. Here, we 
uncover a new type of blinking effect in vertically stacked, two-
dimensional semiconductor heterostructures9, which consist of two 
distinct monolayers of transition metal dichalcogenides (TMDs) 
that are weakly coupled by van der Waals forces. Unlike zero-
dimensional or one-dimensional systems, two-dimensional TMD 
heterostructures show a correlated blinking effect, comprising 
randomly switching bright, neutral and dark states. Fluorescence 
cross-correlation spectroscopy analyses show that a bright state 
occurring in one monolayer will simultaneously lead to a dark state 
in the other monolayer, owing to an intermittent interlayer carrier-
transfer process. Our findings suggest that bilayer van der Waals 
heterostructures provide unique platforms for the study of charge-
transfer dynamics and non-equilibrium-state physics, and could see 
application as correlated light emitters in quantum technology.

During the past two decades, quantum dots have been invoked as a 
classical model system for understanding the blinking effect1,6,8. Owing 
to the puzzling nature of blinking—and the need for effective strategies 
to produce non-blinking quantum dots10—several different types of 
models4 have been developed to explain the physical origins of the 
effect. However, controversial reports notwithstanding11,12, a  generally 
accepted underlying mechanism is the random switching between  
neutral states (ON periods) and charged states (OFF periods, 
 characterized by the non-radiative Auger effect), driven by charge 
transfer6,8. For zero-dimensional (0D) or one-dimensional (1D) 
 systems,  emission properties are highly related to the charge state of the 
surface. But for bulk fluorescent materials, the surface state no longer 
makes a  dominant contribution to the overall emission, and thus the 
blinking effect is usually absent.

Monolayer two-dimensional (2D) TMD semiconductors have 
emerged as promising systems in fundamental and technologically 
relevant studies of valleytronic, electronic and optoelectronic devices, 
whose unique properties are enabled by inversion symmetry  breaking 
and strong spin–orbit coupling13. Such monolayers usually exhibit 
strong excitonic emission, in which neutral and charged excitons have 
been well characterized; the relative intensity and emission energy 
of the excitons are sensitive to the injection of holes/electrons with 
gate modulation14,15. Although surface state is crucial to the emission  
properties, most 2D monolayer emitters have been found to emit 
light with stable intensity16. This might be due to an equilibrium 
charge-transfer state (if any), leading to non-blinking emission.

2D heterostructures that are stacked vertically in Lego-like fashion 
provide additional knobs by which to manipulate the charge  dynamics, 
leading to unprecedented functionalities that are beyond the reach 
of any single component; for example, these heterostructures can 
act as tunnelling field-effect transistors17, as light-emitting diodes18, 
or in interlayer exciton valleytronic applications19,20. This variety of 
functions results from a variety of dielectric confinements or from a 
unique charge-transfer mechanism that is enabled by the staggered 
band alignment. Here we demonstrate that vertically stacked bilayer  
heterostructures exhibit a new fluorescence blinking effect. Unlike 
the random switching that occurs between pristine and dark states  
(or between several dark states21,22, owing to multiple charge states and 
recombination pathways) in 0D and 1D systems, the blinking effect 
in 2D heterostructures exhibits a correlated switching between two 
monolayers, leading to blinking between bright, neutral and dark states 
(Fig. 1a), with the bright and dark states in each of the two monolayers 
being negatively correlated.

Figure 1b shows an optical image of an as-prepared WS2/MoSe2 
bilayer heterostructure (see Methods). The monolayer characteristic  
of the components of 2D heterostructures can be seen in  optical 
 contrast and confirmed through the identification of low- frequency 
vibrational fingerprints in Raman scattering23 and emission 
 features (see Supplementary Information and Supplementary  
Figs 1, 2). The absence of the interlayer breathing mode23 in most 
as- prepared bilayer heterostructures suggests a weak interlayer 
interaction. Figure 1c–e displays three fluorescence images of the 
 heterostructure, taken with a colour charge-coupled-device  camera 
at different times, and clearly indicating distinct bright, neutral and 
dark states for WS2 emission at the  heterostructure region. We also 
used a high-speed camera to record the emission dynamics of the 
 heterostructures; representative snapshots are shown in Fig. 1f, g, 
and  correspond to the dynamical emission of A excitons from WS2 
(Fig. 1f) and from MoSe2 (Fig. 1g; see Methods). Video clips of WS2 
and MoSe2 emissions are provided in Supplementary Videos 1 and 2.  
In accordance with the literature16, we find that monolayers of WS2  
(Fig. 1h, black trace) or MoSe2 (Fig. 1i, black trace) emit light with almost 
constant intensity over time. But the emission intensity at the hetero-
structure region shows a typical blinking behaviour (see Fig. 1h, i, red 
traces, and statistical analyses of state distributions in Supplementary 
Fig. 4). This is intriguing given that most studies of emission in 2D 
heterostructures uncovered a quenching effect as compared with  
monolayer emitters19,24–27.

According to the band alignment (see Supplementary Fig. 5), 
WS2 and MoSe2 monolayers form a heterojunction with a stag-
gered gap, different to that in the typical fluorescence resonance 
energy  transfer model28 (with a straddling gap). When the two 
monolayers are near each other, the electrons excited in MoSe2 tend 
to move and accumulate at the conduction band of WS2, while the 
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holes excited in WS2 will  accumulate at the valence band of MoSe2, 
 possibly on an ultrafast timescale for closely contacted monolayers24.  
Figure 2a shows a model of a neutral state with negligible interlayer 
carrier transfer; here, the emission feature of the heterostructure 
will be  similar to the combined emission spectrum of two individual 
 monolayers. However, we hypothesize that, if net electrons are injected 
from the conduction band of the electron donor to the electron  acceptor, 
this ‘electron-dominated’ carrier-transfer process will cause a bright  
(or dark) state of the electron acceptor (or donor) (Fig. 2b); mean-
while, if net holes are injected from the valence band of the 
electron acceptor to the electron donor, this ‘hole-dominated’ 
carrier-transfer process will lead to a dark (or bright) state of the 
electron acceptor (or donor) (Fig. 2c). If the two processes occur 
simultaneously, emission of both MoSe2 and WS2 will be quenched, 
leading to a probable interlayer exciton emission (Fig. 2d),  
as previously observed in a few combinations19,26. Meanwhile, for 
a loosely contacted vertical bilayer junction, the charge-transfer 
 channel might be partially blocked, resulting in unbalanced  electron/
hole  transfer. We refer to our model as ‘intermittent interlayer  carrier 
transfer’ (IICT). We anticipate that the blinking behaviour of these 
heterostructures originates from random switching between these 
different kinds (and different degrees) of charge-transfer states.  
We have observed blinking  phenomena in five out of six possible bilayer 
heterostructure combinations (see Supplementary Information and 
Supplementary Figs 5–10),  suggesting that the IICT process is a general 
phenomenon in 2D TMD heterostructures.

To probe the actual charge-transfer dynamics, we studied the 
 transient absorption spectroscopy of a MoSe2/WSe2 heterostruc-
ture with two distinct regions of charge-transfer state (see Fig. 2e 
for optical and fluorescence images)—that is, a near-neutral region 
(charge- transfer state ‘a’) and a darker region (charge-transfer state ‘d’; 
see Methods and Supplementary Fig. 3 for more details). Our results 
indicate that, in the darker region, there is an ultrafast charge-transfer 
timescale of about 120 fs (indicated by the vertical black lines); in the 
near-neutral region, charge transfer is much weaker (Fig. 2f, g).

A loose contact state is essential in the IICT model, allowing the 
selective opening of electron/hole transport channels. We anticipate 
that incident light excites electrons and holes in both monolayers, and 
that, after a certain degree of carrier accumulation, the built-in  electrical 
field between the two monolayers drives an interlayer carrier- transfer 
process (possibly through interlayer tunnelling or hopping). Such cycles 
of accumulation, tunnelling, accumulation, and so on produce  patterns 
of bright, neutral and dark emission in a 2D  heterostructure. This 
IICT model predicts that: first, the intensity and energy of neutral and  
(positively or negatively) charged exciton emission are altering owing 
to dynamic charge transfer; and second, the intensity and dynamics 
of exciton emission in two components exhibit negative correlations 
in time.

We further studied the emission spectra as a function of time 
 during the blinking process, in order to unravel the dynamics of the 
intermittent charge transfer. Interlayer carrier transfer in a bilayer 
 heterostructure will change the degree of doping in both  monolayers, 

Figure 1 | Fluorescence blinking in a loosely contacted WS2/MoSe2 2D 
bilayer heterostructure. a, Illustrations of a typical blinking quantum 
dot (top; with ON/OFF states) and a blinking 2D bilayer heterostructure 
(bottom; with bright/neutral/dark states). b, Optical image of a trapezoidal 
WS2/MoSe2 bilayer heterostructure, formed by aligned stacking of a WS2 
monolayer and a MoSe2 monolayer. c–e, Fluorescence image taken with a 
colour camera at different times, showing a bright (c), neutral (d) and dark 
(e) emission state of WS2 at the WS2/MoSe2 junction. The exposure time 
was 50 ms. f, g, Snapshots of representative fluorescence images at different 

times, showing emission from WS2 (f) and MoSe2 (g); the exposure time 
for each frame was 8 ms. h, i, Time traces showing variations in emission 
intensity for: h, a WS2 monolayer alone (black trace) or within a WS2/
MoSe2 bilayer (red trace); and i, a MoSe2 monolayer alone (black trace) 
or within a WS2/MoSe2 bilayer (red trace), over a time period of 20 s. 
These traces were calculated from the greyscale of frames from two videos 
recorded with a high-speed camera, with a 645-nm bandpass filter for WS2 
(h) and a 794-nm bandpass filter for MoSe2 (i).
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affecting their neutral and charged exciton emission features14. We 
first  examined the time-dependent spectral features of a blinking 
MoS2/WS2 bilayer in which WS2 is an electron donor (and MoS2 is an  
electron acceptor). Figure 3a shows typical spectra from WS2 emission 
in the heterostructure region, revealing a brighter state (but weaker than 
that seen with WS2 alone; see Methods and Supplementary Video 3)  
at 73.2 seconds (top frame) and a darker state at 76.8 seconds (bottom 
frame). We fitted the spectra with two Gaussians, for neutral exciton 
and trion emission. Our pristine WS2 layer is an n-type semiconductor, 
which emits neutral excitons (X0) as well as negatively charged trions 
(X−). Electron emigration and hole accumulation lead to a more posi-
tively (less negatively) charged WS2 (while hole accumulation is minor, 
as more dark states were observed). Figure 3b (top) shows how the inte-
grated intensity and the intensity ratio X+/X0 varies with time. The two 
curves show a mirror symmetry, suggesting that the WS2 in MoS2/WS2  
heterostructures is no longer n-type (polarity has reversed, possibly 

owing to an initial balanced charge transfer); otherwise, the X−/X0 
ratio for n-type WS2 would decrease with decreased intensity (because  
electron emigration in a dark state makes the WS2 layer less negative).

Furthermore, the IICT process also induces a time-dependent shift in 
the emission energy of the MoS2/WS2 bilayer—that is, a small blueshift 
in the X0 emission (within 1 meV) and a pronounced redshift in the  
X+ emission (which can reach 7 meV) during switching between a 
weaker and a darker state (Fig. 3b, bottom). The change in excitonic 
energy results from the combined effect of band-structure renor-
malization and band filling (see Supplementary Information and 
Supplementary Fig. 9). Figure 3 shows state-distribution diagrams that 
plot intensity versus the X+/X0 (X−/X0 for bare WS2) ratio (Fig. 3c), and 
intensity versus emission energy (Fig. 3d), for MoS2/WS2. Data from a 
bare WS2 region (which is non-blinking) are plotted for comparison. 
The range of intensities is much greater for the heterostructure versus 
the bare WS2; moreover, we can see a monotonous dependence in the 

Figure 2 | The IICT model of fluorescence blinking in 2D 
heterostructures. a, A neutral state. Top, band alignment showing the 
conduction band minimum (CBM) and valence band maximum (VBM) 
of a typical bilayer TMD heterostructure, with one component acting as 
an electron donor (for example, MoSe2 in WS2/MoSe2) and its counterpart 
as an electron acceptor (for example, WS2 in WS2/MoSe2). Grey arrows 
indicate the emission of an A-exciton from the electron acceptor (1) 
and from the electron donor (2). Bottom, diagram showing the junction 
between the monolayers in the TMD heterostructure. e−, electron; h+, 
hole. b, An electron-dominated carrier-transfer process, which will result 
in a dark emission state in the electron donor and a bright state in the 
electron acceptor. c, A hole-dominated carrier-transfer process, which 
will result in a bright emission state in the electron donor and a dark state 
in the electron acceptor. d, A bilayer heterostructure with unimpeded 
carrier-transfer channels (for both electrons and holes). Emission from 
electron donor and acceptor will be quenched. This process will probably 

appear when the two monolayers of the bilayer are in close contact, and 
will allow emission of an interlayer exciton (3). e–g, Transient absorption 
measurements from a MoSe2/WSe2 heterostructure. e, Optical (top) and 
fluorescence (bottom) images, showing a near-neutral region (state ‘a’) 
and a darker region (state ‘d’). f, g, Pump–probe measurements for the 
near-neutral region (f) and the dark region (g). In the main panels, the 
normalized differential transmission (Δ T/T(λ,t)) of the broadband 13-fs 
probe beam is depicted in two-dimensional false-colour maps versus the 
pump–probe delay time and the wavelength. In both cases, the spectrum 
of the 60-fs excitation pulse (810 nm to 845 nm) is adjusted to overlap 
with the absorption of MoSe2 monolayer. The top panels depict the 
signal dynamics evaluated at fixed wavelengths, indicated on the colour 
maps with horizontal colour-coded dashed lines. The right panels depict 
dynamic spectral signatures of the signal evaluated at fixed delay times t 
and indicated by black vertical dashed lines.
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intensity versus X+/X0 ratio and in the intensity versus X+ emission 
energy at the blinking region (see the white lines in Fig. 3c, d).

We then examined a blinking WS2/WSe2 bilayer heterojunction in 
which WS2 acts as an electron acceptor. We found that  intermittent 
electron injection and hole emigration (dominating) cause even 
higher n-doping of the WS2 layer, resulting in a larger X−/X0 ratio and  
redshifted X− emission (as compared with its pristine monolayer 
component) in a dark state (Fig. 3e–f and Supplementary Fig. 8). The 
dynamic fluctuations in the ratios of trions to neutral excitons—and the 
variations in emission energy—are in agreement with the intermittent 
interlayer carrier-exchange process.

We then carried out steady-state and time-resolved fluorescence 
cross-correlation spectroscopy, in order to understand in depth the 
physical mechanism underlying blinking in the 2D system. Such  
measurements allow us to monitor the time dependence of the 
 emission characteristics of both donor and acceptor, simultaneously 
but  separately. To unravel the possible correlation between the two 
components in an emitter pair (for example, WS2/MoSe2), we evaluated 
the cross-correlation function that is defined as:

τ
τ τ
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⋅ +
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where G(τ) is the cross-correlation function; I is the signal intensity 
with the largest occurrence in the signal-level distribution; t is time; 
and τ refers to the time delay of correlation (see Methods for more 
details). As shown in Fig. 4a–c, we carried out steady-state photolumi-
nescence spectroscopy of a blinking WS2/MoSe2 heterostructure, in 
which the emission of WS2 and MoSe2 can be recorded simultaneously  
(see Methods). The mirror symmetry of the intensity versus time 

trace (Fig. 4b) and the G(τ) dip (Fig. 4c) at zero time delay  suggests 
a  prominent negative correlation between the WS2 and MoSe2 
 components of the emitter pair.

To further understand the blinking dynamics and accompanying 
physical characteristics, we carried out time-resolved fluorescence 
imaging and correlation experiments with the same heterostructure, 
using the Hanbury Brown and Twiss interferometer set-up (see Fig. 4d  
and Methods). Fluorescence lifetime imaging microscopy analyses  
(Fig. 4e, f) reveal an average fluorescence lifetime of 0.93 ns in the 
WS2/MoSe2 heterostructure region, which is greater than that in the 
 isolated WS2 monolayer (0.45 ns) but less than that in the isolated 
MoSe2  monolayer (2.38 ns), indicating that multiple recombination 
processes occur in the heterostructure. The much longer fluorescence 
lifetime in MoSe2 might be due to this monolayer’s near-neutral state 
in ambient conditions, in which the intensity ratio of charged to neutral 
exciton emission is small.

We also measured emission intensities and fluorescence lifetime 
 trajectories from MoSe2 and WS2 in the heterostructure (see Methods; 
Fig. 4g shows a 40-second snapshot, while Supplementary Fig. 13 shows 
the full 120-second time frame). The results indicate a pronounced 
mirror symmetry (negative correlation) in both intensity and lifetime. 
The G(τ) result is shown in Fig. 4h, fitted with the function 

∑τ τ= + − /
=

G A B T( ) exp( )
i

i i
1

, (where A, Bi and Ti are constant  

parameters; see Fig. 4), owing to the fact that the blinking effect is 
related to several dynamic processes (electron states) in the hetero-
structures, according to our IICT model29. The negative amplitude of 
the resulting G(τ) value corresponds to a clear negative correlation, 
further suggesting the intermittent carrier-exchange dynamics 
between the MoSe2 and WS2 monolayers, as proposed in our IICT 
model.

Figure 3 | Variation in trion and exciton emission from heterostructures 
over time. Emission was monitored from a WS2 monolayer in blinking 
MoS2/WS2 and WS2/WSe2 bilayer heterostructures. X0, neutral exciton; X+, 
positively charged trion; X−, negatively charged trion. a, Typical emission 
spectra, with Gaussian fitting, from a blinking MoS2/WS2 heterojunction: 
top, a brighter state (but less bright, or weaker, than that produced by 
emission from bare WS2); bottom, a darker state. The left insets are 
representative fluorescence images. The right insets are illustrations of 
different carrier-transfer states, showing slight electron transfer (top, thin 
blue line) and strong electron transfer (bottom, thick blue line). b, Top, 
time trace of integrated total emission intensity from WS2 in MoS2/WS2 
(I(X0 +  X+); red curve), and time trace of the intensity ratio of trion/exciton 
emission (I(X+)/I(X0)) from WS2 in MoS2/WS2 (blue curve). Bottom, time 

traces of emission energy from neutral exciton emission (E(X0); red curve) 
and trion emission (E(X+); blue curve). Red and black vertical dashed lines 
indicate t =  73.2 seconds and t =  76.8 seconds, respectively. c, d, Statistical 
analyses of state distribution on the basis of the time traces in b, allowing 
visualization of the relationship between emission intensity and the trion/
exciton ratio (c), and of the relationship between emission intensity and 
emission energy (d). Data from an isolated WS2 region are plotted for 
reference. e, f, Similar state distribution of WS2 emission from a blinking 
WS2/WSe2 bilayer heterojunction, the main difference being that X+ 
emission is replaced with X− emission, because WS2 becomes an electron 
acceptor in WS2/WSe2. All spectra were taken with a 50-ms exposure, with 
an interval of 150 ms in MoS2/WS2 and of 50 ms in WS2/WSe2. All excitation 
was carried out with a 532-nm continuous wave laser.

20
40
60
80

100

2.0035

2.0040

2.0045

I(X
0+

X
+
) (

co
un

ts
p

er
 m

ill
is

ec
on

d
)

0.7
0.8
0.9
1.0
1.1 I(X

+)/IX
0

E
(X

0 )
 (e

V
)

Time (s)
0 20 40 60 80 100 120

1.983

1.986

1.989

1.992

1.995 E
(X

+) (eV
)

0

2

4

6

8

1.85 1.90 1.95 2.00 2.05 2.10 2.15
0

2

4

6

8

In
te

ns
ity

 (c
ou

nt
s 

pe
r m

ill
ie

sc
on

d)

Emission energy (eV)

1.984 1.992 2.000 2.008

60

80

100

120

0.000

0.1238

0.2475

0.3712

0.4950

0.6188

0.7425

0.8662

0.99001

N
o

rm
alized

 num
ber o

f events

Emission energy (eV)

0

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
60

80

100

120

0.000

0.1250

0.2500

0.3750

0.5000

0.6250

0.7500

0.8750

1.000N
o

rm
alized

 num
ber o

f events

1

Ratio of X+/X0(X–/X0 for bare WS2)

0

Weaker
t = 73.2 s

c

d

WS2

WS2 in MoS2/WS2

WS2

X0

X0X–

X+

Dark
t = 76.8 s

WS2 in MoS2/WS2

1.98 1.99 2.00 2.01

120

140

160

180

N
o

rm
alized

 num
ber o

f events

Emission energy (eV)

0

1

0.8 0.9 1.0 1.1 1.2 1.3 1.4

120

140

160

180

1

N
o

rm
alized

 num
ber o

f events

Ratio of X–/X0

In
te

gr
at

ed
 in

te
ns

ity
 

(c
ou

nt
s 

p
er

 m
ill

is
ec

on
d

)
In

te
gr

at
ed

 in
te

ns
ity

 
(c

ou
nt

s 
p

er
 m

ill
is

ec
on

d
)

In
te

gr
at

ed
 in

te
ns

ity
 

(c
ou

nt
s 

p
er

 m
ill

is
ec

on
d

)
In

te
gr

at
ed

 in
te

ns
ity

 
(c

ou
nt

s 
p

er
 m

ill
is

ec
on

d
)

0

WS2

WS2 in WS2/WSe2

X0

X0X–

X–

e

f

WS2

WS2 in WS2/WSe2

a

b

MoS2

WS2

X0

X+
10 μm

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LetterreSeArCH

6 6  |  N A T U R E  |  V O L  5 4 1  |  5  j A N U A R y  2 0 1 7

We further analysed the blinking dynamics of the ON/neutral/
OFF states (see Fig. 4i and Methods). The ON and OFF probability 
 distributions each satisfy a multi-exponential model:

∑ τ= − //
=

/P t A t( ) exp( ),
i

i iON OFF
1

ON OFF

while the probability distribution of the neutral state can be best fitted 
with a truncated power law:

β= − /α−P t At t( ) exp( )neutral

(where α and β are constant parameters; see Fig. 4). This suggests that 
the blinking emission observed in the heterostructures might result 

Figure 4 | Fluorescence cross-correlation spectroscopy analyses of a 
blinking WS2/MoSe2 bilayer heterostructure. a, Simultaneous recording 
of spectra for WS2 and MoSe2 emission, using a 150 lines mm−1 grating on 
an HR Evolution spectrometer. Each spectrum has an exposure time of  
5 ms, and the time interval between two acquisitions is 3.7 ms. The inset 
shows an optical image of the WS2/MoSe2 bilayer heterostructure sample. 
b, Time-dependent intensity fluctuations of WS2 (red curve) and MoSe2 
(blue curve) emission from the spectra shown in a. c, G(τ) calculated from 
the time-trace data in b, indicating a prominent negative correlation at 
time zero. d, Set-up for measuring the time-resolved fluorescence 
correlation. BS, beam splitter; BP, bandpass filter centred at the indicated 
frequencies; SPAD, single-photon avalanche diode detector; TCSPC,  
time-correlated single-photon counting. e, Fluorescence lifetime imaging 
microscopic image of the same WS2/MoSe2 heterostructure. f, Time-decay 
traces for the monolayer WS2 region, the monolayer MoSe2 region, and the 
heterostructure region. g, A 40-second period of emission trajectories 
(Top, intensity versus time; bottom, averaged lifetime versus time) for 

MoSe2 and WS2 in the heterostructure, measured simultaneously by two 
SPADs. Binning time is 100 ms. h, G(τ) calculated from the intensity traces 
shown in g, showing a negative correlation. The data are fitted with 

∑τ τ= + − /
=

G A B T( ) exp( )
i

i i
1

, where T1 =  378 ms and T2 =  88.6 ms.  

i, ON/neutral/OFF probability analysis of the blinking dynamics.  
The ON/OFF distributions are fitted with a multi-exponential model, 

∑ τ= − //
=

/P t A t( ) exp( )
i

i iON OFF
1

ON OFF , where τ1 =  8.4 ms, τ2 =  1.9 ms  

and τ3 =  0.62 ms for the ON times; and τ1 =  7.5 ms, τ2 =  1.8 ms and 
τ3 =  0.58 ms for the OFF times. The neutral distribution is fitted  
with a truncated power law, β= − /α−P t At t( ) exp( )neutral  with α =  0.48  
and β =  1.6 ms. j, Statistical analysis of the correlated state distribution 
deduced from the data in g (and Supplementary Fig. 13), suggesting a 
typical hole-dominant charge transfer (CT) state (at t =  24.8 s) and a 
typical electron-dominant CT state (at t =  29.5 s).
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from a multiple-recombination process, as in the model described in 
ref. 30. Figure 4j displays the correlated intensity-versus-lifetime distri-
bution of the total excitonic emission from the two monolayers. Dashed 
arrows mark the correlated emission of MoSe2 and WS2 at specific 
times; the state-distribution results suggest a possible hole-dominated 
 carrier-transfer process at 24.8 seconds and an electron-dominated 
carrier-transfer process at 29.5 seconds. The statistics reveal that both 
the lifetime and the intensity of the two components of the hetero-
structure junction exhibit a negative correlation. The monotonous 
variation in lifetime during blinking agrees with the A-type  blinking 
model seen in the quantum-dot system8. Owing to the increased 
 radiative  recombination seen in an electron-dominated carrier- transfer 
 process, the radiative lifetime of the electron acceptor will become 
longer while that of the electron donor will be correspondingly shorter. 
Further details can be found in the Supplementary Information and 
Supplementary Figs 11–16.

In summary, we have uncovered a correlated blinking phenomenon 
in bilayer 2D semiconductor heterostructures, in which a dynamic  
variation in exciton emission is related to intermittent and random 
 interlayer carrier transfer. The physical origin of this  phenomenon is 
essentially different to that reported for 0D/1D blinking, and  emission 
from one blinking monolayer of the heterostructure  correlates  negatively 
with emission from the other monolayer. Owing to their exotic 
 valley-related physical properties, 2D TMD heterostructures could see 
application in photon detectors, ultralow threshold lasers and opto-
electronic devices with valley functionalities; further understanding 
of interlayer charge transfer underpins the rational tailoring of multi- 
component heterostructures, which will provide systems to study  
collective exciton phenomenon and even correlated quantum emitters.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethODS
Sample preparation. We used MoS2 crystals (from 2D Semiconductors) 
and WS2, WSe2 and MoSe2 crystals (from HQ Graphene) for  mechanical 
exfoliation, and we transferred and aligned 2D monolayer pieces with a 
 solvent-free procedure. For instance, to achieve a WS2/MoSe2  heterostructure, 
we used a blue tape for repeated exfoliation of a piece of bulk crystal and then 
stuck the tape (with exfoliated crystal pieces) onto a PDMS layer (PF-X4, 
Gel-Pack). The assembly was held in vacuum for 2 hours to achieve a bet-
ter contact, and then the blue tape was removed, leaving monolayer WS2 or 
MoSe2 on a PDMS layer. The WS2/PDMS film was put onto a SiO2 (80 nm)/Si  
substrate cleaned by oxygen plasma; then the PDMS was removed, leaving  
monolayer WS2 on SiO2/Si. MoSe2/PDMS film was then attached exactly to  
WS2/SiO2/Si (after careful alignment with a XYZ manipulation stage under an 
optical microscope) and held in vacuum for 2 hours. The top PDMS layer was 
then removed, resulting in a WS2/MoSe2 bilayer  heterostructure on the substrate. 
Similar approaches can be applied to any TMD combinations to achieve various 
heterostructures. All measurements were  implemented at room temperature and 
under ambient conditions if not otherwise noted.
Dynamical fluorescence imaging. We used a Photron FASTCAM SA1.1 
 monochrome high-speed camera to record dynamical variation in emission, with 
the sample illuminated with an Olympus U-HGLGPS lamp (130 W output) after 
passing through a 477-nm bandpass filter (~ 17 mW under a × 100 objective). 
Bandpass filters of 645/75 nm, 747/33 nm and 794/34 nm (from Semrock) were 
used to selectively extract luminescence information from WS2, WSe2 and MoSe2, 
respectively. Videos were recorded at a speed of 125 frames per second and with 
an 8-ms exposure time for each frame. Time traces were calculated from the grey 
scale of regions of interest from each frame.
Transient absorption spectroscopy. We carried out pump–probe measurements 
using a home-built system based on a mode-locked Ti:sapphire laser. The direct-
diode-pumped Ti:sapphire laser oscillator provides a 13-fs pulse width with a 
repetition rate of 64 MHz. The output of the laser is split into two parts: the small 
portion serves as the probe beam; the second part is spectrally manipulated in a 
grating-based 4f-shaper with the purpose of providing an independently tunable 
centre wavelength and spectral bandwidth of the pump pulse (typical pulse width 
60 fs). Both beams are non-collinearly focused on the sample by means of an off-
axis parabolic mirror, achieving focal diameters of 4 μ m and 10 μ m for probe and 
pump beams, respectively. We used a long-working-distance objective (Mitutoyo, 
APO Plan NIR HR × 100) for sample imaging as well as for collection of the trans-
mitted probe beam. The probe was then refocused onto an entrance slit of an 
aberration-reduced imaging spectrometer (Princeton Instruments IsoPlane-320). 
We used a mechanical chopper with a synchronized readout from a liquid- 
nitrogen-cooled charge-coupled-device (CCD) camera (Princeton Instruments 
Pylon) for acquisition of probe spectra with and without pump-induced changes, 

 enabling calculation of a relative differential transmission. All of the pump–probe 
 measurements were conducted under ambient conditions at room temperature, 
and the pump spectrum was adjusted to cover a wavelength range of 810 nm to 
845 nm. The data in Fig. 2f, g were acquired with average pump powers of 1.3 mW 
and 5 mW, respectively. The average power of the probe beam is set to 30 μ W for 
all of the reported measurements.
Steady-state and transient fluorescence spectroscopy. Emission spectra were 
measured with a Horiba HR Evo spectrometer (with a focal length of 800 mm), 
equipped with a 300 lines mm−1 grating and a 1,024-pixel CCD detector, 
 corresponding to a spectral resolution of Δ E =  0.34 meV at 620 nm. We used a  
150 lines mm−1 grating to collect the spectra from WS2 and MoSe2 simultaneously, 
for the correlation studies shown in Fig. 4. The excitation wavelength was 532 nm 
with a power of ~ 1.5 μ W (30 μ W for Fig. 4a and 15 μ W for Fig. 3e, f, to allow a 
shorter exposure time). Time traces were acquired with a Nikon × 50 long-
working- distance objective (numerical aperture =  0.45); the incident laser was 
defocused slightly to illuminate the whole heterostructure. We do observe brighter 
emission in the fluorescence microscopy at a different time, as shown in 
Supplementary Video 3; the emission spectra shown in Fig. 3a–d are all weaker 
than that for pristine WS2, possibly because of practical limitations in terms of 
exposure time and because of blinking kinetics. We used Labspec 6 software for 
batch fitting analysis, to obtain integrated intensity and emission-energy 
 information. For correlation and lifetime analysis, we used a Ti:sapphire 
 femtosecond-pulsed laser (800 nm, 80 MHz, ~ 100 fs) that was frequency-doubled 
by a beta barium boron crystal, to generate 400-nm pulsed laser for excitation. We 
used a 750-nm short-pass filter to remove the 800-nm incident laser. Signal was 
collected with a × 100 objective (Nikon, numerical aperture =  0.90) using a 
back-scattering mode. After removing the 400-nm laser with a 532-nm long-pass 
filter, we divided the signal beam into two paths with a 50/50 beam splitter, while 
measuring the signals of the two beams with two SPAD detectors. The  instrument- 
response function of our system is shown in Supplementary Fig. 12, and it can be 
fitted with a Gaussian function yielding a full-width at half-maximum of 53 ps. 
For correlation  experiments with a WS2/MoSe2 heterostructure, we used 645-nm 
and 794-nm bandpass filters to extract the emission signals from WS2 and MoSe2, 
separately. To generate the cross-correlation function G(τ), we took I t( )WS2  and 
I t( )MoSe2 —the emission intensities from the two components at time t as shown in 
Fig.4g. Angular brackets denote averaging over time. δ = − 〈 〉I t I t I t( ) ( ) ( )WS WS WS2 2 2  
gives intensity fluctuations in WS2 emission. Single-photon counting was per-
formed with a PicoHarp 300 module (PicoQuant). To generate statistics for ON/
neutral/OFF states, we defined the ON and OFF thresholds to be I +  3σ and I −  3σ 
respectively, where I is the signal intensity with the largest occurrence in the signal 
level  distribution and σ is the standard deviation of the SPAD background counts. 
For intensities in the range (I −  3σ, I +  3σ), we defined the state as neutral.  
We analysed data using SymPhoTime 64 software.
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