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ABSTRACT: Monolayer MoS2 is a direct-gap two-dimensional semiconductor that exhibits strong electron−hole interactions, leading to the
formation of stable excitons and trions. Here we report the existence of
eﬃcient exciton−exciton annihilation, a four-body interaction, in this material.
Exciton−exciton annihilation was identiﬁed experimentally in ultrafast
transient absorption measurements through the emergence of a decay channel
varying quadratically with exciton density. The rate of exciton−exciton
annihilation was determined to be (4.3 ± 1.1) × 10−2 cm2/s at room
temperature.
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mechanism operative in highly excited semiconductors with
free charge carriers. Exciton−exciton annihilation and Auger
recombination are particularly signiﬁcant in systems of reduced
dimensionality, as observed in quantum wells,19−21 quantum
dots,22 and carbon nanotubes.23−26 Exciton−exciton annihilation is expected to be eﬃcient in an atomically thin 2D material
like single-layer MoS2 with strong many-body interactions.27
Our study of exciton−exciton annihilation in single-layer
MoS2 was performed by means of ultrafast transient absorption
spectroscopy. We ﬁnd dynamics of the band-edge (A) exciton
over a broad range of densities can be successfully modeled by a
decay channel that varies quadratically with exciton density. We
infer an exciton−exciton annihilation rate of (4.3 ± 1.1) × 10−2
cm2/s for single-layer MoS2 at room temperature. This rate of
exciton−exciton annihilation is higher than in conventional
layered materials. Beyond the fundamental interest in this
many-body process, exciton−exciton annihilation is important
because it deﬁnes the maximum excitation density that can be
achieved in the material under diﬀerent pumping schemes.
Such nonradiative recombination channels frequently inﬂuence
the eﬃciency of semiconductor lasers and light-emitting diodes.

onolayers of transition metal dichalcogenides (TMDs),
including MoS2, MoSe2, WS2, and WSe2, have recently
attracted much interest as a new class of atomically thin
materials.1−4 Like graphene, these materials are environmentally stable and can be prepared both by exfoliation of
bulk crystals and by chemical synthesis. In contrast to graphene,
however, these two-dimensional (2D) materials exhibit a
signiﬁcant band gap. In addition, in the single-layer limit the
crystals are direct-gap semiconductors and support eﬃcient
light emission.5,6 These materials are also of particular interest
because they display distinctive valley-selective optical properties.4,7−11 A consequence of the quantum conﬁnement and
reduced dielectric screening in atomically thin 2D materials is
the role of strong Coulomb interactions between carriers.12−16
This leads to tightly bound excitons upon photoexcitation of
the material. Indeed, the strength of the Coulomb interaction in
these materials is suﬃcient to support charged excitons
(trions), even at room temperature, in doped material.17,18
In this paper, we identify and characterize the exciton−
exciton annihilation process in single-layer MoS2. Exciton−
exciton annihilation is a many-body interaction in which one
exciton (or electron−hole pair) is destroyed and its energy
transferred to another exciton. This annihilation channel for
photoexcited material is the excitonic analog of the Auger
recombination process, a well-known nonradiative decay
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Figure 1. (a) Photoluminescence spectrum of monolayer MoS2 at room temperature under cw laser excitation at a wavelength of 532 nm. The
sideband of photoluminescence located at lower energy side is due to the trion emission. Hot photoluminescence from the higher-lying B exciton
transition can be seen at around 2.0 eV. The optical image in the inset shows a monolayer sample exfoliated on quartz substrate. The scale bar is 5
μm. (b) Transient reﬂectivity spectrum measured at a time delay of 0.2 ps for monolayer sample. For comparison, the absorption spectrum is shown
for the unpumped sample. The dotted line represents the contribution to the absorption spectrum from the A exciton based on a ﬁt to two
Lorentzian peaks for the A and B excitons and a linear background.

resultant modulation of the probe beam was measured by lockin techniques. A diﬀerential change of 10−3 in reﬂected probe
intensity could be measured with a 3 s integration time.
In our experiments, we measure the reﬂectivity R or the
change in reﬂectivity ΔR from the sample. Because the
inﬂuence of the MoS2 layer on the reﬂection from the fused
quartz substrate is relatively weak, we can make use of a simple
relation to determine the absorption A of the MoS2 monolayer
from fractional change in the reﬂectivity29

Exciton−exciton annihilation is also important as the timereversed image of the process of multiple-exciton generation.
The high eﬃciency of the exciton−exciton annihilation process
reported here suggests that TMD materials may be particularly
well suited for multiple-exciton generation and, correspondingly, as candidate materials for advanced photovoltaic devices.
Monolayer MoS2 crystals were prepared on fused quartz
substrates by means of mechanical exfoliation from bulk crystal
of molybdenite (SPI). The single-layer samples were identiﬁed
by optical microscopy (inset, Figure 1a) and their thickness was
conﬁrmed by Raman and photoluminescence spectroscopy.5,6,28 Figure 1a presents the photoluminescence spectrum
of a typical monolayer MoS2 sample at room temperature. The
dominant emission feature at 1.88 eV is the band-edge (A)
exciton5,6 Because of the unintentional doping, a small emission
feature also appears at low-energy side of the peak, which
corresponds to the negatively charged exciton. Very weak hot
luminescence from the B exciton can be seen at a photon
energy around 2.05 eV.
Transient optical spectra for MoS2 monolayers were obtained
using pump pulses at 2.14 eV. The response was probed with
ultrafast supercontinuum pulses, covering photon energies from
2.07 to 1.65 eV. The pump and probe pulses were generated by
an ampliﬁed modelocked ﬁber laser (Impulse, Clarke-MXR)
operating at a wavelength of 1.03 μm and a repetition rate of 1
MHz. The broad supercontinuum light was produced by
focusing laser pulses of ∼1 μJ energy in an undoped YAG
crystal. The pump radiation was obtained by passing the
supercontinuum radiation through a band-pass ﬁlter centered at
2.14 eV with a bandwidth of 0.04 eV. A less intense unﬁltered
supercontinuum radiation served as a broadband probe. For the
time-resolved data presented in this paper, we chose to measure
the response at the peak of the A exciton, that is, at a photon
energy around 1.88 eV. The cross-correlation width for the
pump and probe pulses was 300 fs.
The transient spectroscopy measurements were performed
with collinear pump and probe beams. The beams were focused
on the MoS2 sample with a 50× long-working distance
objective, producing a spot diameter of 2 μm. (The method
for determining the eﬀective pump ﬂuence in our measurements is described in the Supporting Information.) The
reﬂected probe beam was collected by the same objective,
passed through a monochromator, and detected by a Si
photodiode. The pump beam was chopped at 700 Hz and the

ΔR
4A
= 2
R
ns − 1

(1)

Here ns = 1.50 denotes the refractive index of the transparent
substrate. We use this relation to obtain the absolute absorption
spectrum of the MoS2. For the pump−probe measurements, we
apply the same relation to determine the pump-induced change
ΔA in the absorption of the MoS2 layer.
We ﬁrst consider the spectral response induced in monolayer
MoS2 by a femtosecond excitation pulse. Figure 1b displays the
absorption spectrum A of the unexcited MoS2 layer and the
photoinduced change in the absorption ΔA. The absorption
spectrum shows two prominent features, corresponding to the
A exciton, centered at 1.88 eV, and the higher-lying B exciton,
centered at 2.05 eV. The dotted line represents the
contribution of the A exciton to the overall absorption
spectrum, based on a simple decomposition into Lorentzian
line shapes. The photoinduced change in the absorption,
measured at a time delay of 200 fs, is seen to closely follow the
proﬁle of the A exciton absorption. Within experimental
accuracy, there is no signiﬁcant shift in the position of the A
exciton or change in width under photoexcitation at these
levels. Rather, we simply see a reduction in the strength of the
feature (ΔA < 0). We have performed analogous measurements
of the transient spectra (not shown) at subsequent delay times
and observed similar behavior, indicating that the interpretation, discussed below, is appropriate for all delay times.
We attribute the observed reduction in absorption to the
presence of A excitons. For the range of applied pump ﬂuences
(8−46 μJ/cm2) in our experiment, we ﬁnd that the induced
change in the signal scales linearly with ﬂuence (Supporting
Information Figure S4). We infer from this observation that the
absorption of the pump radiation remains independent of
ﬂuence, as expected for rapid relaxation of the B exciton, and
5626

dx.doi.org/10.1021/nl5021975 | Nano Lett. 2014, 14, 5625−5629

Nano Letters

Letter

defect sites and carrier cooling processes. For the tightly bound
A excitons, we would not expect these processes to exhibit a
rate that depends strongly on exciton density, although
saturation eﬀects might lead the trap-related decay to become
more prominent at lower exciton density. In fact, in the studies
in the literature no strong or systematic variation with ﬂuence
was identiﬁed under the chosen experimental conditions. In our
case, however, we see that at a reduced pump ﬂuence of 3 μJ/
cm2 the decay rate becomes considerably slower. Within the
experimental accuracy, the data can be ﬁt to a single
exponential decay with a 360 ps time constant.
To explore the strong dependence of the decay dynamics on
the initial exciton density in detail, we have performed timeresolved measurements of the absorption for a range of pump
ﬂuences. The results are shown in Figure 2b. To ﬁt these data
to exponential decays would not only require at least two
exponential terms but also a changing of ratio between diﬀerent
components with ﬂuence. (Please see the Supporting
Information Section S1 Figures S1−S3, Tables S1 and S2 for
a detailed analysis of single and biexponential ﬁts of the
experimental data.)
Instead, we show here that the entire set of data for the
exciton dynamics can be ﬁt by a simple model based on
exciton−exciton annihilation. We model the process by decay
kinetics in which we include a loss term for exciton population
NX(t) that varies quadratically in the exciton density, as
expected for the exciton−exciton annihilation process

also that the bleaching of the sample remains linear in the
exciton density over our experimental range of conditions.
We present transient reﬂection/absorption data obtained for
a probe photon energy of 1.88 eV, corresponding to
measurements at the peak of the A exciton absorption. On
the basis of the discussion above, we interpret the change in
absorption as proportional to the density of A excitons in the
MoS2 monolayer. To gauge the pump-induced perturbation of
the material, let us consider the conditions of Figure 1b with an
applied pump ﬂuence of 22 μJ/cm2. Taking into account the
change in the applied ﬁeld arising from the reﬂection from the
substrate and the absorption of the MoS2 monolayer at the
pump wavelength (2.7%), this excitation corresponds to an
absorbed ﬂuence of 0.39 μJ/cm2. Assuming that each absorbed
photon generates one A exciton, the resulting initial exciton
density is 1.1 × 1012 cm−2, that is, an average separation
between excitons of 9.5 nm.
Figure 2a shows the transient absorption of monolayer MoS2
for applied pump ﬂuences of 22 and 3 μJ/cm2. The probe

dNX
= −kANX2
dt

(2)

with kA representing the rate constant for the annihilation
process. The solution to eq 2 is
NX(t ) =

N0
1 + kAN0t

(3)

where N0 is the initial photogenerated exciton population.
This simple model of the decay dynamics provides a good ﬁt
to the complete set of experimental data, as indicated by the
solid lines in Figure 2a,b. Considering all sets of data, we obtain
an annihilation rate of kA = (4.3 ± 1.1) × 10−2 cm2/s. This
result implies an eﬀective lifetime for excitons in monolayer
MoS2 of 11 ps at an exciton density of 1 × 1012 cm−2 or an
average carrier separation of 10 nm. The model that we have
introduced for exciton dynamics provides a good global ﬁt to
the entire set of transient absorption data for diﬀerent initial
exciton densities. It is based solely on decay by exciton−exciton
annihilation. Of course, there are additional density-independent channels for exciton decay, including radiative recombination and defect-mediated relaxation channels. These will
dominate for suﬃciently low exciton density. Indeed, inspection
of the transient absorption decay curve in Figure 2 at the lowest
pump ﬂuence reveals that the predicted decay based solely on
exciton−exciton annihilation underestimates the observed
decay rate. We can improve the ﬁt of the data for low exciton
concentrations by adding to the exciton−exciton annihilation
term in rate eq 2 a density-independent decay with a time
constant of 90 ps. We attribute this decay channel to
nonradiative processes associated with traps and impurities.
With respect to the role of radiative decay, samples prepared in
the same way as our MoS2 monolayers have a roomtemperature quantum yield of less than 1%.1,6 On the basis
of our measured low-ﬂuence exciton decay time constant of

Figure 2. (a) Transient reﬂectivity of monolayer MoS2 at room
temperature measured at two pump ﬂuences of 22 and 3 μJ/cm2 with
a time scale of 600 ps. (b) Exciton dynamics at diﬀerent pump ﬂuences
with a time scale of 45 ps. The right axis corresponds to
photogenerated excitons. The solid lines represent a global ﬁt to the
exciton−exciton annihilation model as seen in eq 3, by convoluting
with experimental instrumental response function.

photon energy is chosen as resonant with A-exciton absorption.
The transient absorption at the higher ﬂuence shows a
multiexponential decay. It can be adequately ﬁt using a sum
of two exponential terms with decay times of 19 and 105 ps.
Similar nonexponential decays have been reported in pump−
probe30−35 and time-resolved ﬂuorescence36,37 studies of MoS2
and other monolayer TMD materials. Various assignments have
been made to the diﬀerent decay times, including trapping at
5627
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∼100 ps, we infer that the exciton radiative decay will have a
lifetime exceeding 10 ns. Radiative decay, while obviously
present, is therefore not signiﬁcant in the analysis of the current
transient absorption data.
Another process that is expected to display a rate that is
quadratic in the exciton density is biexciton formation.
Although we have recently observed signatures of biexcitons
in transition metal dichalcogenides at cryogenic temperatures,
there is no evidence of signiﬁcant biexciton population at room
temperature.38
It is illuminating to compare the exciton−exciton annihilation process in monolayer MoS2 to that observed for carriers in
conventional semiconductor III−V quantum well systems. At
room temperature, photoexcitation in III−V quantum wells
leads to free carriers, rather than to excitons; the corresponding
annihilation process is normally described as a three-body
Auger recombination process. We can nonetheless compare the
inﬂuence of many-body interactions in creating nonradiative
pathways by considering the decay rate for an average carrier
separation of 10 nm. In contrast to the measured lifetime of 11
ps for MoS2, we expect a lifetime of 1.1 μs, where we consider a
typical III−V material with a band gap comparable to the A
exciton energy in MoS2 with Auger coeﬃcient of 1 × 10−31 cm6
s−1.39 While such comparisons have a certain arbitrariness,
given the diﬀerent scaling of rates with carrier density, we see
that many-body eﬀects play a much more dramatic role in
nonradiative decay processes in the atomically thin MoS2
monolayer than in conventional semiconductor systems. We
attribute this diﬀerence to the strong conﬁnement eﬀects in the
monolayer limit and the associated reduced dielectric screening.
We have measured transient optical absorption of monolayer
MoS2 at room temperature under conditions of diﬀerent pump
ﬂuence. Fluence-dependent dynamics showed a pronounced
exciton−exciton annihilation process over the whole carrier
decay signal. A bimolecular recombination model was used to
account for the exciton−exciton annihilation process. The rate
for the annihilation was found to be as large as (4.3 ± 1.1) ×
10−2 cm2/s. These results help us to understand many-body
interactions in a two-dimensional material. In addition, this fast
exciton−exciton annihilation acts to limit the carrier density a
monolayer MoS2 can sustain under diﬀerent excitation
conditions, an important factor for designing optoelectronic
devices based on transition metal dichalcogenide layers.
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