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The luminescence yield of transition metal dichalcogenide monolayers frequently suffers from the formation
of long-lived dark states, which include excitons with intervalley charge carriers, spin-forbidden transitions, and
a large center-of-mass momentum located outside the light cone of dispersion relations. Efficient relaxation from
bright exciton states to dark states suppresses the quantum yield of photon emission. In addition, the radiative
recombination of excitons is heavily influenced by Auger-type exciton-exciton scattering, which yields another
nonradiative relaxation channel at room temperature. Here, we show that Auger-type scattering is promoted not
only between (bright) excitons but also between excitons and long-lived dark states. We studied the luminescence
dynamics of monolayer WS2 capped with hexagonal BN over broad time ranges of picoseconds to milliseconds
using carefully designed pump-and-probe techniques. We observed that luminescence quenching associated with
Auger-type scattering occurs on 1–100-μs timescales, which thus correspond to the lifetimes of the relevant dark
states. The broad distribution of the measured lifetimes implies the impact of various types of long-lived states
on the exciton annihilation process.
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I. INTRODUCTION

The high-yield light emission associated with exciton re-
combination makes transition metal dichalcogenide (TMD)
monolayers unique platforms on which to demonstrate various
exciting physics phenomena [1–9]. Mechanisms behind the
strong light emission include (1) strong interband transitions
since both conduction and valence electron states consist of
strongly localized metal d orbitals and the absorption co-
efficients of TMD commonly exceed 10% per monolayer
depending on wavelength [10,11] and (2) large exciton bind-
ing energies of the order of 0.5 eV [12–18], which ensures the
stable formation of excitons even at room temperature. The
observation of ultrafast spontaneous emissions with decay
times of a few picoseconds confirms the enhanced exciton
oscillator strengths [19–26]. However, it is also commonly
accepted that standard monolayer TMD samples exhibit a
quantum yield lower than 1%, possibly limited by the pres-
ence of crystalline defects [27]; relaxation to various dark
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states, which include intervalley excitons, spin-forbidden
triplet excitons, and excitons with nonzero center-of-mass
momentum; and Auger-type scattering that leads to nonradia-
tive exciton annihilation [28–31]. Of these phenomena, Auger
scattering, i.e., nonradiative energy transfer between excitons,
is regarded as a dominant reason for the room-temperature
quantum yield being limited, as the effect appears even for
moderate densities lower than 1010 cm−2 [32,33]. The origin
of the efficient Auger process is not fully understood, but
it constitutes a key issue in regard to developing practical
light-emitting devices working at room temperature.

Recently, we observed that Auger-type exciton annihilation
is greatly suppressed by the encapsulation of tungsten disul-
fide (WS2) monolayers with hexagonal boron nitride (hBN),
which is a useful substrate for two-dimensional (2D) materials
thanks to its reduced surface roughness and low background-
carrier densities [34]. The improved surface homogeneity of
TMD/hBN leads to the formation of delocalized excitons,
which are homogeneously dispersed over the 2D plane. In
contrast, TMDs supported on a common class of substrates
(such as SiO2) tend to have dense localization centers, which
increase the local exciton density and enhance the probability
of contact-type exciton-exciton scattering.

In this work we focus on the mechanism of efficient exciton
annihilation in TMD monolayers at room temperature. We
extended the measurement timescale up to milliseconds by
using custom-designed luminescence-based pump-and-probe
techniques, which made it possible to access hidden slow
dynamics over broad timescales. Hence, we revealed efficient
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FIG. 1. Picosecond luminescence dynamics: (a) Time-resolved
luminescence signals of monolayer WS2 capped with hBN, excited
by 2-ps pulses with 76-MHz repetition rates for various excitation
powers. The measurements were performed at room temperature.
(b) Decay time dependence on excitation power. (c) Microscope
image of our sample. The white dashed line highlights the monolayer
region. (d) Luminescence spectra. The two signals measured at 20
and 200 nW are normalized to their maxima. The arrow indicates the
spectral integration window we used for our time-resolved analysis.

Auger-type scattering between excitons and other long-lived
“dark” states whose lifetimes are much longer than those of
bright excitons. The measured lifetimes were distributed in
1–100-μs timescales, implying that various types of long-
lived states contribute to exciton annihilations, which thus
lead to the emergence of the previously reported low-injection
Auger scattering [32–34].

This paper is organized as follows. Section II describes
sample preparation. In Sec. III, we measure the picosecond
timescale response after short-pulsed excitation and confirm
that long-lived dark states evidently cause Auger scattering. In
Sec. IV, we study the microsecond timescale response using
a fast modulated quasi-cw source. Then, we directly monitor
the accumulation and relaxation process of the long-lived
states and quantify their lifetimes. In Sec. V, we discuss the
identification of the measured long-lived states.

II. SAMPLES AND SETUPS

We used a chemical vapor deposition grown WS2 mono-
layer transferred onto a SiO2 substrate through a pickup
transfer process [35]. It revealed significant luminescence
quenching at moderate excitation [34]. The WS2 monolayer
was capped with hBN film to avoid optical damage dur-
ing the experiment. The sample preparation is detailed in
Refs. [34,36]. [A microscope image of our sample can be seen
in Fig. 1(c).] In the experiment, we used a home-built confocal
setup to collect luminescence signals within a diameter of
around 1 μm on the monolayer flake region. The excitation
and detection scheme will be described in later sections. All
the experiments were performed at room temperature.

III. STUDY WITH A HIGH-REPETITION,
SHORT-PULSE EXCITATION SOURCE

In our first set of experiments, we excited the sample with
picosecond light pulses with a duration of 2 ps, a wave-
length of 550 nm, and a repetition rate of 76 MHz, which
were generated by an optical parametric oscillator. Then,
the luminescence signals were analyzed temporally using a
synchronously scanning streak camera with a maximum reso-
lution of 2 ps.

A. Picosecond luminescence decay dynamics

Figure 1(a) shows the decay curves of the neutral exci-
ton line observed at 620 nm for different excitation powers.
[The luminescence spectra are shown in Fig. 1(d).] For the
lowest excitation at 100 nW, the decay signal showed a single-
exponent decay with a time constant of 590 ps (blue line).
When the excitation power was increased to 1 μW, the signal
decayed faster with a time constant of 85 ps (green line). A
further increase in the excitation power to 10 μW resulted in
a short time constant of 18 ps (red line). (The decay curve at
10 μW deviates from a single-exponent curve. Thus, we fit-
ted the data using a double-exponent function and evaluated
the decay time as the weighted average of extracted time
constants.) The decay time dependence on excitation power
is shown in Fig. 1(b). Such a reduction in lifetime with ex-
citation power is a signature feature of Auger-type exciton
annihilation, where excitons are recombined nonradiatively
via contact scattering with other excitons [28–33]. It is note-
worthy that the phenomenon appears at excitation power as
low as 100 nW, from which we estimate a photoinjection den-
sity of the order of 109 cm−2, much smaller than commonly
encountered 2D exciton densities that induce nonlinear scat-
tering events in II-VI and III-V quantum well systems [37].

Note that the luminescence intensity at the time origin
(0 ps in this Fig. 1) is nearly proportional to the excita-
tion power, while the decay constant changes monotonically.
Hence, higher excitation curves fall below the lower excita-
tion curves at particular delay times depicted by the vertical
arrows. The observed “signal crossing” behavior suggests that
the luminescence intensity does not simply follow the tran-
sient population of excitons generated by each pulse. Instead,
the luminescence decay is influenced by previous pulses that
accumulate the population of long-lived states whose lifetimes
are longer than the exciton lifetime.

B. Pump-and-probe measurement while monitoring
luminescence decay curves

To confirm the above hypothesis, we carry out a pump-and-
probe-type measurement, where we divide excitation pulses
into two pulses and study the impact of preceding “pump”
pulses on the luminescence induced by delayed “probe”
pulses. [See the measurement scheme in Fig. 2(c).] Figure 2(a)
shows a time trace of luminescence signals excited by pulse
pairs. The pulse separation is set at 1.44 ns, which is suf-
ficiently longer than the measured luminescence decay time
(�600 ps). Nevertheless, the luminescence signals gener-
ated by both the pump and probe pulses are simultaneously
analyzed in the same streak camera curve that covers the
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FIG. 2. Luminescence-based pump-and-probe measurement:
(a) The top panel shows a luminescence trace excited with strong
pump pulses (1 μW) followed by weak probe pulses (200 nW).
The pulse separation is set at 1.44 ns, so that the pump-induced
luminescence has entirely finished before the probe pulses are
injected. The bottom panel shows a luminescence trace excited with
probe pulses alone. (b) Pump-power dependence of probe-induced
signals. The dashed line shows an instrumental response curve,
which we measured with picosecond excitation pulses. The full
width at half maximum is estimated to be 11 ps, which gives the
time resolution of this setup. (c) Measurement scheme.

measurement window of ∼2.1 ns. Figure 2(b) is a summary
of the pump power dependence of the decay curves of probe
generated signals. The decay time decreases monotonically
with increasing pump power, while the peak intensity at the
time origin remains unchanged, in contrast to the previous
observations using single-excitation pulses shown in Fig. 1.
Hence, the luminescence decay is crucially influenced by the
presence of long-lived “dark” states, which were injected by
much earlier pump pulses.

Tuning the time separation between the pump and probe
pulses could allow us to detect dark-state relaxation. However,
the probe luminescence was not significantly dependent on
the pulse separation up to 11 ns, which was limited by the
repetition rate of our light source. The measurement result
is briefly described in the Appendix. Thus, we conclude that
the relevant dark states have lifetimes longer than the 10-ns
timescales.

IV. STUDY WITH A FAST MODULATED QUASI-CW
LIGHT SOURCE

To examine such slow dark-state dynamics, we introduce
an alternative scheme that utilizes quasi-cw light as an ex-
citation source. Output from a cw laser with a wavelength
of 532 nm was temporally modulated using a high-speed
TeO2 acousto-optic modulator (AOM, center frequency of

FIG. 3. Microsecond luminescence dynamics: Time evolution of
luminescence signals under square-wave excitation with a duration
of 50 μs and a duty ratio of 10%. The square pulses are formed of
cw light with a (peak) power of 500 nW and a wavelength of 532 nm.
The luminescence evolution is analyzed with a time bin of 10 ns. The
measurement scheme is shown in the inset.

200 MHz, Panasonic, EFLM200) to form square-wave pulses
with sharp rising/falling edges (rise time shorter than 10 ns).
Then, we measured the time evolution of the “steady-
state” luminescence intensity using a single-photon detector
(PerkinElmer, SPCM-AQR) and a fast multichannel scaler
with a minimum time bin of 5 ns (Becker & Hickl, MSA-300).

A. Microsecond luminescence quenching
under square-wave excitation

Figure 3 shows the time evolution of luminescence signals
under square-wave excitation with a gate width of 50 μs and
a duty ratio of 10% (excitation period of 0.5 ms). It reveals
significant luminescence quenching with time, along with an
accumulation of the dark-state population; that is, the number
of excited dark states increases with time after the start of
photoinjection, the probability of Auger scattering increases,
and the luminescence intensity decreases.

The signal trace in Fig. 3 consists of two distinct com-
ponents with different characteristic times. The fast decaying
component appears as a spike signal just after the photoinjec-
tion began. The slower decaying component, which decreased
gradually with time, had not reached its saturation value even
at the time the photoinjection was stopped. These findings
imply contributions by different long-lived states, which have
lifetimes of the orders of 1 and � 50 μs, to exciton lumines-
cence quenching.

B. Pump-and-probe measurement while monitoring
the luminescence recovery

Dark-state relaxation can be directly explored by mon-
itoring the recovery of the luminescence yield, which is
accompanied by a progressive decrease in the dark-state den-
sity. To accomplish this task we operated the AOM to form
broad pump gates followed by much narrower probe gates
and measured the probe-induced luminescence intensity as
a function of delay time. The relative timing of the pump
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Pump Probe

1 µs 40 ns

0-10 µs

50 µs

Pump Probe

50 µs 2 µs
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(a)

(b)

FIG. 4. Timing diagram of pump and probe gate operations for
measuring (a) the microsecond timescale response and (b) the sub-
microsecond timescale response.

and probe gates was systematically controlled using a digital
pulse generator (Quantum Composers, 9200 Plus). The tim-
ing diagram of the gate sequence is shown in Fig. 4. In the
following we observe the time trace of luminescence signals
excited with a controlled gate sequence and analyze the probe-
induced luminescence intensity, which becomes higher as the
probe pulses are further delayed.

1. Microsecond timescale response

First, we focus on the rapid dynamics that led to the spike
signal in the 50-μs gate curve (Fig. 3), which suggested the
presence of dark states with a lifetime of the order of 1 μs.
Thus, we set relatively narrow pump and probe gates with
durations of 1 μs and 40 ns, respectively (repetition period
of 50 μs). See the gate timing in Fig. 4(a). Figure 5(a) shows
the intensity trace of luminescence signals excited with the
controlled gate sequence. The intensity trace clearly reveals
the light emission at the pump gate (gray curve) and that at
the probe gate (blue curve). The pump-induced signal exhibits
a significant temporal decay, which reproduces the spike sig-
nature seen at the time origin in Fig. 3. The probe-induced
signal increases with delay time towards the initial equilib-
rium intensity observed at the moment the pump gates were
opened, as expected.

Figure 5(b) is a summary of probe signal intensities as a
function of delay time (blue circles). The time trace of the
pump-induced signals is also plotted by the gray line. The
downward and upward arrows seen above the data curves
indicate the progressive change in the luminescence yield,
accompanied by the accumulation and relaxation of long-lived
dark states, respectively. The probe luminescence intensity is
recovered with a time constant of 4 (±1) μs, which thus gives
the lifetime of the relevant dark states that yielded the fast
decaying component in the intensity curve in Fig. 3.

FIG. 5. Microsecond pump and probe measurement. (a) Time
trace of luminescence signals excited by 1-μs square pump pulses
followed by 40-ns probe pulses for different delay times. See
Fig. 4(a) for the gate sequence. (b) Probe-induced luminescence as
a function of delay time revealing an intensity recovery with a time
constant of 4 (±1) μs (blue circles). A pump-induced signal trace is
also shown by a gray line.

2. Submillisecond timescale response

Next, we focus on the slower dynamics that led to a gradual
decrease in the intensity curve in Fig. 3. The pump and probe
gates are extended and given durations of 50 and 2 μs, respec-
tively (repetition period of 0.5 ms). In this case, the dark state
with a 4-μs lifetime is entirely saturated when the pump gates
are opened. See the gate timing in Fig. 4(b). Figure 6 shows
the measurement results we obtained when we adopted these
excitation sequences, and they reveal the clear recovery of the
probe luminescence intensity on a submillisecond scale. The
time constant is roughly estimated to be 250 (±50) μs, which
is thus the lifetime of the relevant states that caused the slow
luminescence quenching.

It should be mentioned that of the two distinct long-lived
states with lifetimes of 4 and 250 μs, the longer-lifetime state
likely dominates the source of the luminescence quenching
under stationary (and moderate) injections. This is because
the steady-state (saturated) population of a long-lived state
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FIG. 6. Submillisecond dynamics. The result of pump and probe
measurements adopting excitation sequences with 50-μs pump
gates followed by 2-μs probe gates (0.5-ms repetition period). See
Fig. 4(b) for the excitation scheme. The trace of the pump-induced
luminescence is indicated by a gray line, and the intensity of the
probe-induced luminescence is plotted with red open circles.

is proportional to its lifetime, and the longer-lifetime state is
more populated than the other. Hence, exciton annihilations
at room temperature are predominantly driven by scattering
with long-lived states that have lifetimes on a submillisecond
timescale.

V. DISCUSSION: IDENTIFICATION OF MEASURED
LONG-LIVED STATES

In the following we discuss three issues with respect to
identifying the observed long-lived states. First, we address
the role of exciton center-of-mass motions. Our study fo-
cuses on room-temperature dynamics. Hence, excitons are
thermally distributed along different momentum states, and
only the small portions located inside the light cone of dis-
persion relations are allowed to emit light [26]. The other
states with finite in-plane momenta propagate along the 2D
layer, and they cannot emit light into free space. Since mo-
mentum scattering occurs on timescales shorter than a few
picoseconds, as the relevant process does not require spin
flip [38], we can assume that both bright and dark excitons
are fully thermalized regarding center-of-mass motions dur-
ing our observations. In this case, thermalized excitons are
expected to decay with an average lifetime, which is much
longer than the intrinsic lifetime determined by the oscilla-
tor strength. Our observation of relatively long luminescence
lifetimes (590 ps for a weak-excitation limit) compared with
reported low-temperature values (a few picoseconds) arises
due to the thermal equilibrium condition.

Second, we consider spin-forbidden states. The lowest-
energy excitons in tungsten dichalcogenide monolayers are
known to be optically inactive as they comprise spin triplet
configurations [39]. A study of high-field magnetophotolumi-
nescence in WS2 monolayers confirmed a dark-bright splitting
of 47 meV [40], which exceeds the room-temperature thermal

energy. Hence, the majority of excitons stay in spin-forbidden
dark states even at room temperature. In view of this fact,
we attribute the observed long-lived state that has a lifetime
of 4 μs (Fig. 5) to spin-forbidden dark excitons. Note that
recent observations of intervalley biexcitons, which consist of
bright and dark excitons and thus appear for very low (cw)
excitations [41–44], are consistent with our findings about
efficient bright-dark exciton scattering.

Third, we discuss environment charge effects. Standard
TMD samples tend to contain residual charge carriers, which
are mostly electrons resulting from chalcogenide vacancies.
Some of them are trapped at localization centers and are
likely activated via photoinjection. The moving charge car-
riers would serve as efficient scattering centers for excitons,
which suffer from Auger-type annihilation. We attribute the
observed slow dynamics with a time constant of ∼250 μs
to the charge fluctuation process. Note that recent observa-
tions of near-unity quantum yields in field-effect devices also
suggest the strong impact of background charge densities on
exciton recombination [45]. Nevertheless, we cannot exclude
other environment mechanisms as possible origins of the ob-
served slow dynamics. Further studies using a charge-tunable
and hBN-encapsulated device would help to determine the
influence of the environment on radiative dynamics.

Here, we considered three representative long-lived states,
i.e., large-momentum excitons, spin triplets, and photoacti-
vated free carriers, as a source of the measured slow relaxation
processes. These states are nonemissive and dark. Thus, their
lifetimes are much longer than those of emissive bright ex-
citons. Hence, under stationary excitation, these long-lived
states are populated more densely than bright excitons, and
they can serve as efficient scattering centers for (bright)
excitons, which are then annihilated nonradiatively through
Auger-type energy transfer. We successfully quantified the
lifetimes of the long-lived states by analyzing the process of
luminescence recovery after stopping photoexcitation. Note
that these long-lived states have independent origins. Thus,
the experimentally measured curves simply follow the linear
superposition of different curves, each of which is described
by a single decay process. In our experiment, we observed
luminescence signals that decay (or rise) with very dif-
ferent timescales (see, e.g., two decaying components in
Fig. 3); thus, we can safely and precisely quantify 4 and
250 μs as their lifetimes.

VI. CONCLUSION

In conclusion, we studied exciton recombination dynamics
in WS2 monolayers capped with hBN over broad timescales
from picoseconds to milliseconds and confirmed that lu-
minescence efficiency was governed by Auger scattering
between excitons and long-lived dark states. Custom-designed
pump-and-probe techniques enabled us to determine that
the lifetimes of the optically inaccessible states were 4 and
250 μs. We attributed the state with the 4-μs lifetime to
spin-forbidden dark excitons and the state with the 250-μs
lifetime to photoactivated environment charge carriers. Hence,
we found that Auger annihilation occurs even for modest
injections, which could easily be achieved in standard light-
emitting devices. A potential way of suppressing nonradiative
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FIG. 7. Pump-and-probe response of luminescence decay sig-
nals. The gray line is a signal induced by probe pulses (50 nW) alone.
The blue and red lines indicate signals with pump pulses (200 nW)
that arrived 2 and 11 ns prior to the probe pulses, respectively.

exciton recombination is to realize a clean environment that is
free from residual charge carriers and localization centers by
adopting hBN-encapsulated charge-tunable structures.
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APPENDIX: EFFECT OF PUMP-AND-PROBE DELAY
TIME ON LUMINESCENCE DECAY SIGNALS

In Sec. III B, we analyzed the luminescence decay signals
excited with pump and probe pulses, which were separated
by 1.44 ns (Fig. 2). Here, we vary the pulse separation and
observe its effect on the probe luminescence decay curve. Fig-
ure 7 shows the luminescence decay signals induced by probe
pulses. The gray line is a signal excited with probe pulses
alone (without pump pulses). The blue curve is a signal where
pump pulses are injected 2 ns prior to probe pulses. It reveals
the acceleration in the luminescence decay, as also described
in Sec. III B. The red line is a signal with pump pulses injected
11 ns prior to the probe pulses. The red and blue lines overlap
perfectly, and there is no significant difference between them.
Hence, we can conclude that the long-lived states, which
cause Auger scattering, have lifetimes much longer than 11 ns.
Thus, the observed long-lived states are in a stationary regime
under 76-MHz excitation. To study such slow dynamics, we
need to introduce an alternative excitation scheme that uses a
fast modulated quasi-cw source, as described in Sec. IV.
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