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SPECIAL TOPIC — Exciton physics: Fundamentals, materials and devices
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Insight into exciton dynamics of two-dimensional (2D) transition metal dichalcogenides (TMDs) is critical for the
optimization of their performance in photonic and optoelectronic devices. Although current researches have primarily
concentrated on the near-resonant excitation scenario in 2D TMDs, the case of excitation energies resonating with high-
energy excitons or higher energies has yet to be fully elucidated. Here, a comparative analysis is conducted between high-
energy excitation (360 nm) and near-resonant excitation (515 nm) utilizing transient absorption spectroscopy to achieve a
comprehensive understanding of the exciton dynamics within monolayer WS2. It is observed that the high-energy C-exciton
can be generated via an up-conversion process under 515 nm excitation, even the energy of which is less than that of the
C-exciton. Furthermore, the capacity to efficiently occupy band-edge A-exciton states leads to longer lifetimes for both the
C-excitons and the A-excitons under conditions of near-resonant excitation, accompanied by an augmented rate of radiative
recombination. This study provides a paradigm for optimizing the performance of 2D TMDs-based devices by offering
valuable insights into their exciton dynamics.

Keywords: monolayer WS2, C-exciton, A-exciton, exciton dynamics, transient absorption spectroscopy
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1. Introduction
Two-dimensional (2D) transition metal dichalcogenides

(TMDs) with reduced dielectric screening and enhanced quan-
tum confinement permit a considerable enhancement of the
Coulomb interaction experienced by carriers, resulting in the
formation of tightly bound excitons and the emergence of
complex many-body effects.[1–6] This enables robust light-
matter coupling and novel excitonic phenomena, which make
TMDs garner considerable research interest, particularly with
regard to the advancement of next-generation valleytronic and
optoelectronic devices.[7–13] A comprehensive understanding
of exciton dynamics, a significant area of research within the
broader field of exciton photophysics, is of paramount impor-
tance for ensuring the optimal functionality of photonic and
optoelectronic devices.

Besides band-edge excitons (i.e., A and B excitons), high-
energy excitons have been observed in the 2D TMDs, such
as C-excitons, which arise from intrinsic van Hove singu-
larities in the density of states.[14–17] Accordingly, the con-
duction and valence bands exhibit close parallelism within
the Brillouin zone, as shown in Fig. 1(a). Taking WS2 as
an example, the energy difference between the conduction
and valence bands is significantly greater than that observed
for band-edge excitons, thus demonstrating a high capacity

for ultraviolet light absorption, even in a monolayer system
(Fig. 1(b)). However, the photoluminescence quantum yield
(PLQY) of monolayer TMDs is significantly suppressed at the
excitation energies that resonate with high-energy C-excitons
or higher energies.[18–20] Previous studies have generally at-
tributed it to the process that only a minor proportion of the
high-energy C-excitons are able to evade the unfavorable re-
combination processes following spontaneous charge separa-
tion within a few hundred femtoseconds due to the paral-
lel band structure, subsequently relaxing towards the band
edge.[21,22] This results in the formation of limited optically
active band-edge excitons that can undergo radiative transi-
tions (Fig. 1(c)) when excitation energies resonate with high-
energy C-excitons or higher energies, accompanied by a rela-
tively low PLQY (Fig. 1(d)). Therefore, gaining insight into
exciton dynamics at the high excitation energies, particularly
in the comparison between near-resonant and high-energy ex-
citations, is essential to efficiently utilize high-energy exci-
tons. While significant progress has been made in understand-
ing exciton dynamics in 2D TMDs, research has primarily fo-
cused on the near-resonant excitation scenario,[23–32] leaving
a knowledge scarcity regarding the case of excitation energies
that resonate with high-energy excitons or higher energies.

†Corresponding author. E-mail: liyz264@nenu.edu.cn
© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, AI training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

097104-1

https://doi.org/10.1088/1674-1056/adf61d
https://cstr.cn/32038.14.CPB.adf61d
mailto:liyz264@nenu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 34, 097104 (2025)

1.9 2.0 2.1 2.2 2.3
0

2.5k

5.0k

P
L
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

Energy (eV)

Ex: 405 nm

Ex: 532 nm

-2

0

2

E
n
er

g
y
 (

eV
)

C A    B

6 12 18 24 30 36

0

1.0

2.0

3.0

4.0
 Ex: 532 nm
 Ex: 405 nm

P
L
Q

Y
 (

%
)

Power density (103 W/cm2) 

5 mm

1L WS2

(a)
(b)

(c) (d)
BN

GS

K/K

RR NR

Inter valley 
transfer

Intra valley 
relaxation

RR NR

1.9 2.2 2.5 2.8 3.1
0

0.5

1.0 C

B

N
o
rm

a
li
z
e
d
 a

b
so

rp
ti
o
n
 (

a
rb

. 
u
n
it
s)

Energy (eV)

A

C exciton A/B exciton

Λ/Γ

Γ ΓΛ Κ Μ

Fig. 1. (a) Theoretically calculated band structure and (b) steady-state absorption spectrum of monolayer WS2. Inset of (b) is optical microscope
image of monolayer WS2. (c) PL spectra of monolayer WS2 under 532 nm and 405 nm laser excitation with same output power. (d) Excitation-
power-dependent PLQY of CVD-grown monolayer WS2 under 532 nm and 405 nm laser excitation.

In this study, we conducted a comprehensive compari-
son of the exciton dynamics in monolayer WS2 under near-
resonant and high-energy excitation conditions utilizing tran-
sient absorption (TA) spectroscopy. It was found that un-
der conditions of band-edge B-exciton resonance excitation
(515 nm), the C-exciton bleaching signals as those excited at
high-energy excitations (360 nm) could be observed. Such a
phenomenon can be attributed to the up-conversion process,
which enables the generation of C-excitons with higher energy
at the B-exciton resonance excitation. Moreover, the more ef-
ficient relaxation of photogenerated carriers to the band edge
results in extended exciton lifetimes, including the band-edge
A-excitons and the high-energy C-excitons, as observed with
excitation at 515 nm in comparison to excitation at 360 nm.
The results may provide insight into the dynamics and photo-
physics of excitons in 2D TMDs materials and beyond.

2. Results and discussion

Figure 2(a) shows the photophysical processes of the pho-
tocarriers in monolayer WS2 under near-resonant and high-
energy excitation conditions. Herein, the excitation light
source of 515 nm resonates with the band-edge B-exciton,
whereas the photon energy of the 360 nm light is higher
than that of the high-energy C-exciton. Upon exposure to
360 nm, the photogenerated electrons and holes from high-
energy C-excitons will undergo further relaxation to the low-
est excited state, namely, the band edge at the K point, via

valley transfer due to parallel band structure. In contrast,
excitation at wavelengths of 515 nm results in the genera-
tion of photocarriers that can rapidly relax to the band edge
through intra-band relaxation processes. It is evident that
there are notable distinctions in the dynamics of A-excitons
between near-resonant excitation and high-energy excitation,
which should be sufficiently elucidated. To this regard, we
employed TA spectroscopy to elucidate the A-exciton dynam-
ics under near-resonant and high-energy excitation conditions,
utilizing 515 nm and 360 nm as the pump light sources, respec-
tively. Figures 2(b) and 2(c) illustrate representative TA map-
ping and spectra of a WS2 monolayer synthesized by chemical
vapor deposition (CVD) method when exposed to 360 nm ex-
citation, respectively, with a pump fluence of approximately
5.1 µJ·cm−2. Three distinct photobleaching signals are ob-
served at approximately 610 nm (2.03 eV), 515 nm (2.41 eV),
and 432 nm (2.87 eV), respectively. They are attributed to the
A, B, and C excitons, respectively, as illustrated in the steady-
state absorption spectrum in Fig. 1(b). When exposed to the
515 nm light, the photobleaching signal of the B-exciton over-
laps with the pump light to such an extent that it cannot be ob-
served. Intriguingly, the bleaching signal is observed not only
for the A-exciton, but also for the peak at the anomalous posi-
tion of the C-exciton at ∼ 432 nm, as shown in Figs. 2(d) and
2(e). It is important to note that the energy of the pump light at
515 nm is less than that of the C exciton. Consequently, direct
excitation to produce the C-excitons cannot be accomplished
with this light source alone.
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Fig. 2. (a) Schematic of the photophysical processes of the photocarriers in monolayer WS2 under near-resonant (515 nm) and high-energy (360 nm)
excitation conditions. (b) Spectrally and temporally resolved transient absorption map with a pump beam of 360 nm and a pump fluence of 5.1 µJ·cm−2.
(c) TA spectra of monolayer WS2 probed at different delay times extracted from (b). (d) Spectrally and temporally resolved transient absorption map
with a pump beam of 515 nm and a pump fluence of 5.1 µJ·cm−2. (e) TA spectra of monolayer WS2 probed at different delay times extracted from (d).

To clarify the origin of this bleaching peak, we have con-
ducted TA spectra with varying pump fluences and delay times
under 515 nm and 360 nm excitation, respectively. Figure 3(a)
illustrates the TA spectra within the wavelength range of 380–
510 nm at a delay time of 0.5 ps under pump wavelengths of
515 nm and 360 nm, respectively, as pump fluences increase
from 1 µJ·cm−2 to 5.1 µJ·cm−2. It can be observed that the
peak position at ∼ 432 nm remains almost unchanged with an
increase in pump fluence when exposed to 515 nm excitation,
and meanwhile the peak positions demonstrate consistency
when compared to the results observed at 360 nm excitation.
Obviously, neither the band renormalization effect nor the
band-filling effect is applicable to the C-exciton states within
the specified low pump fluence range.[33–36] Moreover, the
transient bleaching peaks exhibit comparable independence in
delay time and analogous positions for both the 515 nm and
360 nm excitation wavelengths, as plotted in Fig. 3(b). The
similarity in peak position and its independence on pump flu-
ence and delay time provide sufficient evidence to conclude
that the bleaching peak at ∼ 432 nm under 515 nm excitation
can be attributed to the C-exciton states. This signifies the
necessity for the generation of high-energy C-excitons via an
up-conversion process when exposed to 515 nm pump light,
the energy of which is less than that of the C-exciton.

To validate the existence of the up-conversion process,
a comparison was conducted between the rising time of the
C-exciton dynamic curve under 515 nm and 360 nm excita-
tion. As illustrated in Fig. 3(c), the C-exciton dynamic curve
demonstrates a relatively slower rise under 515 nm excitation
in comparison to that under 360 nm excitation, with a differ-
ence in rising time of up to ∼ 80 fs. The result can be at-

tributed to the increase in the formation time of the C-exciton,
as the up-conversion processes involving multiple steps result
in an extension of the timescale associated with the filling of
the C-exciton states. It is crucial to acknowledge that both
two-photon absorption and Auger recombination are capable
of achieving up-conversion process.[37] With regard to two-
photon absorption, it is capable of producing a photogenerated
electron–hole pair with energy that is twice that of the inci-
dent photon. This indicates that as the energy of the incident
photon increases, the cooling process of the photogenerated
carriers to the C-exciton states is prolonged. Consequently,
the rising time of the C-exciton dynamic curve is proportional
to the incident photon energy in the case of two-photon ab-
sorption. In contrast, the Auger recombination of A-excitons
contributes to the C-excitons, with the transfer of energy from
one A-exciton enabling the other to be excited to the C-exciton
states.[38,39] In other words, this process entails the interaction
of two A-excitons, which fuse together to form a high-energy
C-exciton. It can be observed that the Auger rate is generally
less dependent on the energy of the incident photon. To this re-
gard, we have selected 480 nm, 507 nm, and 608 nm as pump
light sources for probing the C-exciton dynamics via the up-
conversion process, as illustrated in Fig. S1. Here, the peak at
∼ 432 nm persists across all three excitation sources, consis-
tent with C-exciton ground-state bleaching signals. The corre-
sponding rising processes of the C-exciton dynamic curves,
excited by the three pump beams, have been extracted and
are presented in Fig. 3(d). In comparison with 360 nm ex-
citation, the three dynamic curves of C-excitons demonstrate
a longer rising time, with corresponding differences in rising
time of approximately 90 fs, 70 fs, and 85 fs, respectively (see
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Fig. 3(e)). These remain on an analogous timescale to the dif-
ference in rise time under 515 nm excitation. It follows that
the rising time of the C-excitons is largely independent of the

incident photon energy, and the Auger recombination of band-
edge A-excitons is the primary mechanism governing the up-
conversion process.
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To gain further insight into the exciton dynamics under
conditions of near-resonant excitation and high-energy exci-
tation, we have conducted pump fluence-dependent TA mea-
surements, performed with excitation wavelengths of 360 nm
and 515 nm, respectively. Figures 4(a) and 4(b) show the
pump fluence-dependent C- and A-exciton dynamic curves un-
der 360 nm and 515 nm excitation, respectively. The pump
fluence was increased from 1 µJ cm−2 to 5.1 µJ·cm−2, at
which point the excitation density at both pump beams was
maintained at a similar order of magnitude (1011–1012 cm−2).

The A-exciton and C-exciton decay curves exhibit compara-
ble dynamic behaviors under 360 nm and 515 nm excitation,
respectively. That is, the C-exciton decay exhibits a relatively
weak pump fluence dependence, while the A-exciton decay
demonstrates a considerably stronger dependence on the pump
fluence. Figure 4(c) demonstrates the quantitative fitting of
the decay curves of C- and A-excitons, which were measured
at both pump beams with varying pump fluences. The de-
cay curves were also fitted using a tri-exponential function
of the form A1 exp(−t/τ1)+A2 exp(−t/τ2)+A3 exp(−t/τ3),
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where A1, A2 and A3 represent the weight factors, and τ1,
τ2 and τ3 denote the time constants. For the A-exciton, as
previously reported,[40] the three components correspond to
surface-defect trapping, carrier-phonon scattering, and direct
electron–hole recombination. In the case of the C-exciton, the
components may be assigned to intervalley transfer, with dis-
tinct rates arising from different phonon-mediated scattering
pathways.[41] Here, the effective lifetime (τeff) is used as a de-
scriptive measure of exciton lifetime for convenience. More
details are available in supporting information Figs. S2–S5 and
Table S1. Intriguingly, the τeff of C- and A-excitons under
515 nm excitation are observed to be greater than those ob-
served under 360 nm excitation, respectively. With regard to
the C-excitons, the τeff demonstrate a comparatively weaker
dependence on pump fluence under excitation at 515 nm,
while exhibiting a slight increase from 30 ps to 51 ps with
elevated pump fluence under 360 nm excitation. For the A-
excitons, it was observed that the τeff increased markedly
with an enhancement in pump fluence under excitation at both
pump beams. In general, the lifetimes of excitons with increas-
ing pump fluences are either unchanged or diminished due to
an increase in many-body processes such as Auger recombi-
nation and exciton–exciton annihilation (EEA).[42–45]

To interpret the discrepancy in the exciton lifetime in
comparison to that of near-resonant and high-energy excita-
tion, as well as the relationship between pump fluence and
lifetime, it is first necessary to elucidate the physical pro-
cesses occurring in photocarriers under down-conversion and
up-conversion conditions, as illustrated in Fig. 5. In the down-
conversion process, the parallel band structure allows photo-
carriers from C-excitons (electrons and holes) to relax rapidly
within a sub-picosecond timescale to the Λ valley/Γ hill, re-
spectively. Subsequently, they transfer to the band-edge state
(K valley/hill) via intervalley transfer with a timescale of tens
of picoseconds. During the aforementioned process, how-
ever, only a few hot carriers are capable of evading the un-
favorable recombination processes and relaxing towards the
band edges. That results in the formation of a limited num-
ber of occupied states from A-excitons, leading to a PLQY
that is relatively low (Fig. 1(d)). In contrast, the photocarri-
ers (electrons and holes) can rapidly cool to the K valley/hill
within a sub-picosecond timescale via intra-valley relaxation
under near-resonant excitation, with the formation of only a
few unoccupied A-exciton states. Simultaneously, the band
edge A-excitons could effectively generate the C-excitons via
the up-conversion process, and then the hot carriers from C-
excitons exhibit the same relaxation pathway as those under
conditions of high-energy excitation. It should be noted that
upon the effective occupation of the band-edge exciton states,
there is no remaining excess of unoccupied energy states for
C-exciton cooling. In other words, the relaxation channel of

the C-exciton will become blocked, which is known as the
Pauli blocking effect, accompanied by an increase in the exci-
ton lifetime.[41] The observed result that the τeff of C-exciton
is greater under 515 nm excitation than under 360 nm exci-
tation demonstrates that band-edge exciton states can be ef-
fectively occupied under near-resonant excitation. The τeff of
C-excitons exhibit a slight increase with elevated pump flu-
ence under 360 nm excitation, indicating that the band-edge
exciton states at higher power excitation are more effectively
occupied. This impedes the relaxation of the C-exciton even
under the condition of high-energy excitation. Therefore, the
extended lifetime of the C-exciton means a greater popula-
tion of carriers occupying the C-exciton state. Note that the
lifetime of the C-exciton is not capable of continuing to in-
crease, due to the limitations imposed by intervalley scattering
rates for carriers.[46,47] It can thus be concluded that the τeff

of the C-exciton attains a saturation value at 515 nm excita-
tion, with a relatively weak dependence on the pump fluence
(top panel of Fig. 4(c)). When hot carriers are transferred from
the C-exciton to the K valley/hill, they may offset the loss of
A-excitons populated at band-edge state and decelerate the de-
cay of A-excitons. This results in the observed lifetime of A-
excitons that demonstrates an upward trend with increasing
pump fluence levels (bottom panel of Fig. 4(c)). To sum up,
the discrepancy between the lifetimes of A-excitons at near-
resonant and high-energy excitations can be ascribed to the
capacity of band-edge exciton states to be efficiently occupied.
In the case of near-resonant excitation, it has been established
that A-excitons can not only be effectively filled, but also ex-
hibit a prolonged lifetime and an augmented radiative recom-
bination rate in comparison with high-energy excitation.
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Fig. 5. The physical processes occurring in photocarriers under down-
conversion and up-conversion conditions in monolayer WS2.

3. Conclusion
In summary, a detailed analysis was conducted to com-

pare the exciton dynamics in a monolayer WS2 under near-
resonant (515 nm) and high-energy (360 nm) excitation con-
ditions based on TA spectroscopy. When exposed to 515-nm
pump light, not only is the photobleaching signal of band-
edge A-exciton observable, but also that of the high-energy C-
excitons. In comparison with 360 nm excitation, an analogous
independence in transient bleaching peak positions of C exci-
tons on pump fluence and delay time can be observed in the
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case of 515 nm excitation, accompanied with longer rise time
of C excitons, suggesting that the up-conversion process en-
ables the generation of high-energy C excitons at the B-exciton
resonance excitation. Moreover, the capacity of band-edge
exciton states to be efficiently occupied results in prolonged
lifetimes of the band-edge A-excitons and the high-energy C-
excitons in the case of near-resonant excitation, accompanied
by an augmented radiative recombination rate. Insight into the
exciton dynamics of monolayer WS2 under near-resonant and
high-energy excitations not only enriches the understanding of
ultrafast photophysical processes in strong quantum-confined
systems, but also may provide the necessary impetus for the
development of high-performance ultraviolet light-harvesting
devices.

Appendix A: Experimental details

The monolayer WS2 flake was synthesized via chemi-
cal vapor deposition (CVD) on sapphire substrates using sul-
fur and tungsten trioxide powders as precursors. To demon-
strate spatial uniformity, the PL mapping across the mono-
layer WS2 flake was performed in Fig. S6. Using a 100×
objective lens and an Olympus BX51 microscope system, the
optical microscopy image of a monolayer WS2 flake was ac-
quired. UV2600 spectrophotometer system was used to record
steady-state absorption spectra. All of the steady state PL
spectra at room temperature were measured using a commer-
cially integrated platform that has several continuous-wave
lasers (320 nm, 405 nm, 532 nm, and 638 nm). The PLQY
values of monolayer WS2 were employed as absolute mea-
surements relative to Rhodamine 6G (R6G). More details are
available in supporting information Note 1. HELIOS Ultra-
fast Systems were employed to perform femtosecond TA mea-
surements. An optical parametric amplifier (Coherent, OperA
Solo) was pumped with 800 nm pulses from a Coherent As-
trella regenerative amplifier (80 fs, 1 kHz, 2.5 mJ per pulse)
to generate 400 nm excitation pulses. The probe beam, which
was a tiny portion of the Astrella’s 800 nm output, was fed into
a sapphire crystal in the HELIOS to create the time-delayed
white light continuum. The ultimate temporal resolution of
the TA system was 100 fs. All measurements were performed
under ambient conditions.
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