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Recombination dynamics during photoluminescence (PL) in two-dimensional (2D) semiconducting tran-

sition metal dichalcogenides (TMDs) are complicated and can be easily affected by the surroundings

because of their atomically thin structures. Herein, we studied the excitation power and temperature

dependence of the recombination dynamics on the chemical vapor deposition-grown monolayer WS2 via

a combination of Raman, PL, and time-resolved PL spectroscopies. We found a red shift and parabolic

intensity increase in the PL emission of the monolayer WS2 with the increasing excitation power and the

decay time constants corresponding to the recombination of trions and excitons from transient PL

dynamics. We attributed the abovementioned nonlinear changes in the PL peak positions and intensities

to the combination of increasing carrier interaction and band structure renormalization rather than to the

thermal effect from a laser. Furthermore, the excitation power-dependent Raman measurements support

our conclusion. These findings and understanding will provide important information for the development

of TMD-based optoelectronics and photonics.

Introduction

Transition metal dichalcogenides (TMDs), semiconducting
layered materials with the common formula MX2 (M = Mo and
W; X = S, Se, and Te), have recently attracted significant inter-
est due to their extraordinary electronic and optoelectronic
properties.1–11 Monolayer TMDs show great improvement in
photoluminescence (PL) compared to bulk TMDs owing to the
absence of interlayer perturbation and indirect to direct
bandgap transition.4–6,12–14 Due to the two-dimensional (2D)
spatial confinement of electron motion and reduced Coulomb
screening, strong many-body interactions, such as giant exci-
tonic effects in these 2D TMDs systems, among carriers have
been theoretically and experimentally reported.14–23 On the
other hand, because of their atomic thickness, the PL peak

position and emission intensity for TMDs were found to be
greatly affected by the surroundings such as the collected posi-
tions,24,25 the density of defects,26,27 and temperatures.28,29

Both the abovementioned effects, the giant excitonic effects
and the sensitivity to the surroundings, make these TMD
systems complex and different from traditional optical
systems. Thus, characterizing their optical properties and
understanding the underlying dynamics are important and
necessary for their fundamental studies and optoelectronic
and optical applications such as in light-emitting devices,30–33

phototransistors,34 and solar cells.35

As is well-known, radiated luminescence results from the
recombination of the populating excited states of carriers.36–43

Thus, recently, significant effort has been made to explore the
dynamic processes of carrier interaction to understand the
details of luminescence in the TMD systems, including inter-
actions among carriers, carrier-scattering processes, and the
mechanism for exciton recombination. Different interpret-
ations were provided due to the complexity and variety of
samples obtained from different synthetic methods. Herein,
we systematically studied the exciton-recombination dynamics
of monolayer WS2 via a combination of results obtained from
Raman, PL, and time-resolved PL spectroscopies at various
excitation powers and different temperatures on the chemical
vapor deposition (CVD)-grown samples. We attributed the two
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components in the PL transient dynamics to the decay time
constants for trions and excitons. Then, based on carrier inter-
action, we interpreted the nonlinear changes, such as a red-
shift and parabolic increase in the PL intensity, in the photo-
luminescence. Our results provide important information for
the development of optoelectronic and optical application of
TMDs materials: for example, for designing and constructing
light-emitting diode (LED) devices and photodetectors.

Experimental
Synthesis

Samples for optical measurements were grown on SiO2/Si sub-
strates via CVD methods, with the charge materials being high
purity WS2 powder (99.99% purity, Alfa Aesar). Prior to thermal
deposition, a SiO2/Si wafer was diced into 1 × 1 cm2 pieces and
washed in an ultrasonic bath with acetone and isopropanol.
Subsequently, the substrates were transferred into a quartz tube
reactor (diameter 25 mm). During the evaporation of the WS2
powder, the substrates were kept at 850 °C for 10 min under an
argon flow of about 80 sccm under atmospheric pressure.

Characterization

Raman and photoluminescence measurements on the as-
grown monolayer WS2 were performed using a confocal micro-
scope (WITec, alpha-300) with a CW 532 nm laser. PL spectra
at room temperature were obtained using a 100× objective
lens, whereas variable-temperature PL measurements were per-
formed using a 20× objective lens with a commercially avail-
able liquid N2 cooled stage. During our experiments, the laser
beam was focused on a ∼0.5 or 1 μm diameter spot. The inci-
dent laser power was calibrated using a power meter (PM100D
from THORLABS) before each measurement. Time-resolved PL
measurements were performed via a streak camera (C10910,
Hamamatsu) using laser pulses at 400 nm (repetition rate of
80 MHz, pulse width of 80 fs) as the light source. The 400 nm
output was generated by an 800 nm laser from a mode-locked
oscillator (Tsunami 3941-X1BB, Spectra-Physics) placed after a
BBO crystal. The laser beam was focused onto the sample on a
quartz substrate using an objective lens (20×, Zeiss, 0.4NA),
and PL emissions were obtained via the same objective lens.
The time resolution of this system was 2.6 ps.

Results and discussion

WS2 nanosheets with a size of tens of μm were grown via the
CVD method, as shown in the optical image in Fig. 1a. The
line profile of the atomic force microscopy (AFM) image indi-
cates that the as-grown sample is a monolayer with a thickness
of 0.7 nm. The single sharp peak in the PL spectrum was
located at 636 nm, and the out-of-plane (A1g) and in-plane
Raman modes were located at ∼351.9 cm−1 and ∼417.2 cm−1,
respectively (refer to the ESI, Fig. S1†), which agrees well with
the previous optical characterization of monolayer WS2.

7 The

strong red light emission in this monolayer WS2, shown in the
far dark-field optical image in the inset of Fig. 1a, indicates
the high quality of the CVD-grown sample. A series of PL
measurements were performed on the as-grown WS2 mono-
layers at room temperature to study their excitation power-
dependence of PL, and the selected results are shown in
Fig. 1b. Note that the full width at half maximum (FWHM),
the emission intensity, and the peak positions of the PL
spectra dramatically changed when the excitation power
increased, as shown in Fig. 1c and d.

At a lower excitation power, such as 0.2 MW cm−2, the peak
position of the emission band was located at 636 nm, which
was related to the bandgap emission of the monolayer WS2
(1.95 eV) at room temperature. As the excitation power
increases, the emission peak positions show a continuous red-
shift during the experiments (Fig. 1d). Moreover, the emission
intensities rapidly increased and quickly reached the satur-
ation intensity at a high excitation power of 3 MW cm−2 and
even exhibited a slower decrease with the further increase in
power (Fig. 1d). The abovementioned experiments are fully
reversible (refer to the ESI, Fig. S2†) and hence the degradation
of the samples because of the strong excitation laser can be
excluded. The Gaussian shape of the obtained PL spectra,
different from that of the chopped PL spectrum with a longer
integration time at a high excitation power density, also
indicated that PL intensity saturation with the increasing
excitation power was real and did not originate from the
limitation of the confocal microscopy system (refer to the ESI
S3†). Moreover, the measurement results were found to be

Fig. 1 Optical characterization of a CVD-grown monolayer WS2. (a) An
optical image of the as-grown sample. The inset shows the far dark-
field optical image with strong red light emission observed in the
monolayer WS2 under a 532 nm laser with an excitation energy of
2.54 MW cm−2. (b) PL spectra of the monolayer WS2 under different
excitation powers, and the corresponding FWHM of the PL spectra is
plotted in the inset of (c). (d) Plots of the PL spectra intensity and peak
position of the monolayer WS2 under various excitation powers. The
system error for the PL measurements is 0.2 cm−1.
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independent of the acquired positions and sizes of the
obtained samples in our experiments.

Usually, laser radiation increases the carrier density of a
sample and possibly heats the sample, both of which cause a
red-shift in the PL.28,44 Raman spectra in Fig. 2a show the
invariableness of the in-plane mode E2g and a linear decrease
of the out-of-plane A1g mode as the excitation power increases.
From previous reports, it was observed that the E2g mode
was sensitive to temperature and shifted to a lower frequency
when the sample was heated over a temperature range from
77 to 623 K for both the monolayer and multilayer WS2.

45,46

In our experiments, no change in the peak position of the
E2g mode with the increase in the excitation power indicates
that the in-plane lattice of the sample does not change during
laser irradiation, as shown in Fig. 2b, which rules out the
heating effect from the laser during our experiments.
Therefore, the red-shift in the peak position and the parabolic
increase in the emission intensity should be attributed to the
increase in the carrier density caused by the laser radiation
rather than to the thermal effect from the laser, agreeing with
the reported theoretical work on MoS2 by Gies et al.44 For the
pristine monolayer WS2, the conduction band minimum was
located at the K point, as shown in Fig. 2c. With the increasing
excitation power, the energy at Λ point lowered faster than that
at K point, leading to a shift in the conduction band
minimum from K point to Λ point, as schematically shown in
Fig. 2d. Carrier drain effects may lead to a parabolic increase
in the PL intensities.

We also studied the excitation power dependence of the PL
wavelengths and intensity of the monolayer WS2 at various
temperatures: 80 K, 200 K, 320 K, and 440 K; the results are

plotted in Fig. 3 (refer to the ESI Fig. S4† for the spectra).
Similar results as the above experiments at room temperature
were collected. At each temperature, the PL intensity increased
with the increasing excitation power and some PL emissions
reached the saturation intensity at some excitation powers
(Fig. 3b), whereas the PL emission peak showed a continuous
red-shift under the same conditions (Fig. 3c). Due to the limit-
ation of the laser power density of the variable-temperature
confocal system used for these experiments, a decrease in the
PL emissions was not obtained.

Time-resolved PL was performed on a monolayer WS2
nanosheet to understand the abovementioned nonlinear
changes obtained from the PL measurements. Fig. 4a is a

Fig. 2 Raman characterization and band structure of the monolayer
WS2. (a) Raman spectra of the monolayer WS2 obtained at different exci-
tation powers. (b) A1g and E2g Raman modes of the monolayer WS2
obtained at various excitation powers. (c) Band structure of the pristine
monolayer WS2. (d) Schematic of the band structure renormalization of
the monolayer WS2 as the carrier density increases, based on a previous
report.44 The system error for Raman measurements is 0.2 cm−1.

Fig. 3 Optical characterization of the monolayer WS2 at different exci-
tation powers and various temperatures. (a) The selected PL spectra of
the monolayer WS2 nanosheet at different excitation powers obtained at
80 K. The corresponding PL spectra intensity and peak position are
plotted in (b) and (c), respectively, including more measurements carried
out at 200 K, 320 K, and 440 K.

Fig. 4 Transient dynamic of the monolayer WS2 at 300 K. (a) Selected
streak camera image of the CVD-grown monolayer WS2 obtained at 19
nJ cm−2 and 300 K. (b) Excitation dynamics at different excitation
fluences with a time scale of 200 ps. These data are normalized by the
maximum intensity for comparison. (c) Biexponentially fitted carrier
decay time constants from the time-resolved spectra in (b), which
clearly consist of two components, τ0 and τ1. The weight percent of
these two components in the total decay rate constants are listed in (d).
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selected streak camera image of the PL measurement at 300 K,
and Fig. 4b shows the time-resolved PL spectra obtained from
the streak camera images at different excitation fluences.
These data were analyzed with single and biexponential decay
fit (refer to the ESI, Fig. S5†), and it was found that biexponen-
tial decay could fit these data better. The obtained decay time
constants from the biexponential fit are shown in Fig. 4c,
which clearly consists of two components: a faster decay time
constant τ0 of several ps and a slower decay time constant τ1 of
tens of ps. Both decay time constants decrease with the
increasing excitation fluences. Fig. 4d shows the change in the
weights of τ0 and τ1 with the increasing excitation fluences. As
the excitation fluences increase, the weight of τ0 increases and
even reaches nearly 100% at a power of 3.8 μJ cm−2, whereas
that of τ1 sharply decreases, almost to nearly 0.

To understand the nature of these two components with
different decay time constants in the abovementioned experi-
ments, time-resolved PL spectra measurements were also per-
formed at various temperatures, and the corresponding decay
profiles are shown in Fig. 5a. The biexponential decay fit
results obtained from the above mentioned profiles are pre-
sented in Fig. 5b and c, all of which also show two com-
ponents with different time constants. These two decay time
constants, τ0 and τ1, increase with the increasing temperatures,
and the corresponding weight changes at the same time.

Moreover, two components with different decay time con-
stants have also been reported in other TMDs and different
explanations were proposed.41,43,47–50 The long and short com-
ponents were suggested to be the radiation decay time of
trions and excitons, respectively, in Wang’s work.47 However,
in Yan’s report,50 a contrary conclusion was drawn. The differ-
ence between these two conclusions47,50 was attributed to the
interaction between the carriers and the defects, which was
commonly observed for the excitons in GaAs quantum well
states.51,52 Usually, CVD-grown TMDs have more defects than
mechanically foliated samples, leading to a inferior optical
performance.53 For our CVD-grown samples, the peak posi-

tions for the radiation of trions and excitons cannot be distin-
guished because of the strong interaction between the carriers
and defects even at 78 K. These defects may play a role during
the radiation of the excitons and trions, which cannot be com-
pletely excluded in our experiments. The beam size, about
1 μm in our experiments, is much larger than that of the
defects; thus, no individual defect effect can be identified.
However, no peak for the bound excitons, as reported by
Tongay,54 was observed in the PL spectra in our experiments.
Therefore, we suggested that the decay time constants τ0 and
τ1 correspond to the recombination of trions and excitons,
respectively, as reported in previous studies.50 Due to the
spatial confinement and reduced dielectric screening, excited
electrons in the conduction band minimum (CBM) can have a
strong Coulomb interaction with the holes in the valence band
maximum (VBM) and form excitons with giant exciton binding
energies in the 2D TMD system,17–21 schematically shown in
Fig. 6a. When an additional excited electron or hole joins the
exciton, trions will be formed.28,55 The schematic models of
excitons and trions are shown in Fig. 6b. With the increasing
excitation fluences, the excited carrier density increases, along
with increase in excited electrons, holes, and excitons. The
interaction among the excitons and electrons (holes) forces
electrons (holes) into excitons to form the trions, providing a
larger ratio of trions (Fig. 4d), as reported by Currie et al.56

Moreover, the increasing carrier density leads to a stronger
interaction and heavier scattering among different carriers,

Fig. 5 Transient dynamics of the monolayer WS2 at different tempera-
tures. (a) Excitation dynamics at various temperatures and at 19 nJ cm−2

with a time scale of 200 ps. These data are normalized by the maximum
intensity for comparison. (b) The decay time constants (τ0 and τ1)
obtained from the biexponentially fitted PL decays in (a). (c) The weight
percentages of these two components.

Fig. 6 Binding energies of the trions in the monolayer WS2 at different
energy densities. (a and b) The schematic for the energy level and the
model of exciton and trion in 2D TMDs. Due to spatial confinement and
reduced dielectric screening, an obvious exciton energy level occurs
below the conduction band minimum. When an additional electron
(hole) joins the exciton, a trion energy level occurs just below the
exciton level. (c) A PL spectra of the monolayer WS2 extracted from the
streak camera image at 300 K, which is fitted with two Lorentzian peaks.
The fit results clearly show that the obtained PL peak consists of two
components, with a wavelength of 633 nm and 640 nm. These two
peaks are attributed to the PL spectra for excitons and trions, and the
energy difference between these two peaks at different excitation ener-
gies and different temperatures are presented in (d).
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which increases the probabilities for the relaxation of both the
trions and excitons and thus results in faster decay times, as
shown in Fig. 4c. Note that both τ0 and τ1 were reduced to half
when the excitation fluence increased from 19 nJ cm−2 to
3.8 μJ cm−2, i.e., the rate for the change of decay time constant
was almost the same. Thus, the carrier interaction and scatter-
ing seems to similarly affect the trions and excitons. For temp-
erature-dependent experiments, as shown in Fig. 5b, our
hypothesis also agrees well with the experimental data. The
increase in the decay time constant with the increasing temp-
eratures agrees with the reported theoretical work and experi-
ments on the monolayer MoS2.

40,57 Since the binding energy
of trions is of tens of meV, trions will become unstable due to
the increase in the thermal fluctuation energy as the tempera-
ture increases, leading to a smaller ratio, as shown in Fig. 5c.
For the recombination of excitons and trions, the increase in
diffusion with the increasing temperatures will make the decay
time constant longer,57 which agrees well with the trend
shown in Fig. 5b.

Furthermore, the binding energies for trions under various
conditions were studied. Herein, the binding energy of trions
is defined as the energy difference between the excitons and
trions. Fig. 6c shows the PL spectrum extracted from the streak
camera image shown in Fig. 4a, which appears asymmetric
because the right baseline is higher than the left baseline.
This PL spectrum was fitted to two Lorentzian peaks with the
peak wavelengths of 633 nm and 640 nm, shown as blue and
red curves in Fig. 6c. Thus, the binding energy for this trion is
about 21 meV, agreeing with the reported binding energies for
TMDs.21,28 More binding energies for the trions under various
excitation fluences and at different temperatures are plotted in
Fig. 6d. With the increasing temperatures, the binding ener-
gies also increased, agreeing with the variable-temperature
experimental results reported by Xu et al.28 For the binding
energies at 320 K and 400 K, almost no difference was
observed. On the other hand, as the excitation fluence
increases, the increasing carrier density can stabilize the
trions, leading to an increase in the binding energies. The cal-
culated binding energies further confirmed our abovemen-
tioned hypothesis.

The carrier interaction observed from the time-resolved PL
can provide a good interpretation of the parabolic increase in
the red-shift and PL intensity with the increasing excitation
fluences. As the excitation fluence increases, the ratio of trions
becomes larger and larger, leading to a red-shift in the PL.
Moreover, the decay time constant for the recombination of
excitons and trions becomes shorter, i.e., the rate for the
recombination of trions and excitons is enhanced, which pro-
vides a stronger radiation. Fig. 4c shows that the rate for the
decrease in the decay time constant becomes slower with the
increasing excitation fluences. When the excitation fluence is
sufficiently high, the decay time constant does not decrease
further, and the PL emission reaches saturation emission. At
this excitation fluence, other interactions, such as non-radi-
ation recombination and exciton–phonon interaction, among
carriers will also play important roles and lead to a decrease in

the PL intensity. In addition, the stronger interaction caused
by the increasing carrier density weakens the bonding between
the W atoms and S atoms, leading to a decrease in the
vibrational frequency of the Raman out-of plane A1g mode, as
shown in Fig. 2b.58 Moreover, the increasing interaction and
scattering of the density-increasing carriers will broaden the
radiated PL, leading to an increase in the FWHM (Fig. 1c). For
temperature-dependent experiments, the higher PL intensity at
lower temperature can also be attributed to the decreasing
decay time constant with the decreasing temperature. Since
the intrinsic concentration of the carrier is much lower at
lower temperature, the PL intensity increases much faster than
that at higher temperature with the increasing excitation flu-
ences. For example, the rate for the PL intensity increase at
80 K is much higher than that at 400 K.

Herein, the theoretical explanation of the red-shift and the
parabolic intensity increase in the PL spectra, as shown in
Fig. 2d, has been provided. We speculated that this type of
band structure renormalization should also contribute to the
red-shift and parabolic intensity increase, especially for the PL
spectra under high excitation fluences, such as at a power
density larger than 3 MW cm−2. According to reports, as the
carrier density increases, the position of the Λ valley in the
conduction band is lowered faster than that of the K valley by
multi-particle renormalizations, leading to the accumulation
of electrons and non-radiative annihilation in the Λ valley, as
schematically shown in Fig. 2d.44 Carrier drain from the K
valley to the Λ valley results in the quenching of PL, which
originates from the radiative recombination of photoexcited
carriers at the K valley. In our time-resolved experiments, the
binding energy for trions was about 20–30 meV (7–10 nm in
wavelength), as shown in Fig. 6d, while the red-shift of exci-
tons was around 12 meV (4–5 nm in wavelength) with the
increasing excitation fluence (refer to the ESI, Fig. S6†). The
red-shift of excitons (12 mev) may be attributed to the band
structure renormalization, during which the conduction band
minimum at the K point is lowered with the increasing carrier
density. The combination effects from the ratio change of
trions and excitons and the red-shift of excitons may provide
the total red-shift, as shown in Fig. 1b (14 nm in wavelength).
On the other hand, the decreasing decay time constant cannot
be used to interpret the small intensity decrease, as shown in
Fig. 1d, which should be from carrier drain from the K valley
to the Λ valley. The indirect transition from the conduction
band minimum at the Λ valley to the valence band maximum
at the K valley is an intervalley recombination process with the
time constant at the ns scale.42 However, our steak camera
could not detect this type of indirect transition due to very low
intensity of its luminescence.21,59 In the streak camera image
shown in Fig. 4a, no obvious brightness was observed at the
wavelength of 670–680 nm, the wavelength for the indirect
transition from the conduction band minimum at the Λ valley
to the valence band maximum at the K valley. Therefore, we
believe that both the carrier interaction and band structure
renormalization contribute to the nonlinear change of PL
emission.
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Conclusions

In conclusion, the excitation fluence and temperature-depen-
dent carrier interactions in the monolayer WS2 were studied
via a combination of PL, Raman, and time-resolved PL spectra.
The two components τ0 and τ1 in the transient PL decays are
attributed to the decay time constants for the recombination
of trions and excitons, respectively. Both the carrier interaction
and band structure renormalization are believed to contribute
to the nonlinear changes, such as the red-shift and parabolic
increase of the PL emission, in the PL spectra with the
increasing excitation fluences. Furthermore, the temperature-
dependent PL properties can also be explained well via the
carrier interaction. The observation and understanding of
the nonlinear PL will provide valuable information for future
optoelectronic and optical measurements and device appli-
cations of atomic-layered semiconductors since the devices
will be used under various surroundings and various excitation
fluences. Furthermore, our findings on the CVD-grown
WS2 samples may also be applicable in other TMD materials
since they have the same atomically thin sandwiched
structures.
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