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ABSTRACT: The exciton—exciton annihilation (EEA) process easily () N L) B e (© B
occurs in monolayer transition metal dichalcogenides (TMDs) because of 2 nj z.{\vm Zp\\V//niz
the strong Coulomb interaction and quantum confinement effect, which 1 ! 1 S 13,\W//"_l

enhance the many-body interaction of excitons. This process can affect
the performance of the optoelectronic devices. It is crucial to examine the
effect of defect states on the EEA process and determine whether it is
comparable to that at the low excitation intensities, particularly when
applied to laser devices at a high exciton density. In this study,
femtosecond transient absorption spectroscopy was used to explore the VB VB

EEA process of four types of CVD-grown monolayer TMDs (i.e., WS,, N~10'°cm-2-
WSe,, MoS,, and MoSe,). We demonstrated that the defect-assisted EEA

process of local excitons is enhanced and plays a key role in the exciton

relaxation process at high exciton densities of approximately 10'> cm™ below a Mott density of approximately 10'* cm™. The
measured EEA rates for WS,, WSe,, MoSe,, and MoS, were 0.016, 0.026, 0.049, and 0.102 cm?/s, respectively, implying that EEA is
enhanced as defect states increase in monolayer TMDs. Our results provide a profound insight into the effect of defect states on the
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EEA process in monolayer TMDs at high exciton densities.
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femtosecond transient absorption spectroscopy

wo-dimensional (2D) layered transition metal dichalco-

genides (TMDs) with the chemical structure of MX, (M:
Mo or W; X: S, Se, or Te) have garnered significant interest in
the past decade owing to their many unique optical and
electronic properties, such as layer-dependent bandgap, high
electron mobility, high third-order nonlinear polarizability and
susceptibility, and spin—valley interactions.'° Compared to
multilayer TMDs, the bandgap in monolayer TMDs becomes a
direct bandgap in the visible to near-IR region, and the exciton
bindin(g energy in the material increases to approximately 300
meV.""""> The reason is that the dielectric screening effect of
the exciton is weakened and the spatial confinement effect of
the wave function is enhanced.'*~'® The enhanced stability of
the excitons in monolayer materials not only improves the
photoluminescence quantum yield (PLQY) at room temper-
ature, making these materials efficient light emitters and single-
photon sources”' "'’ but also provides an opportunity to study
the steady-state and dynamic physical properties of excitons to
explore new applications,"""*'"*7*% such as field-effect
transistors and ultrasensitive photodetectors.””>*

The exciton dynamics can be highly modulated by the
electron—hole density generated by the optical carrier injection
of ultrashort laser pulses and electrical tuning.'”*® This is
primarily attributed to the competition of various physical
processes of exciton relaxation, namely, first-order recombina-
tion (such as exciton radiation recombination and defect-
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assisted nonradiation recombination) and bimolecular recom-
binations.''?7*»?4726353¢ The reduced dimensional systems
can enhance the many-body interaction of excitons, such that
at higher carrier densities, the physical process of exciton—
exciton annihilation (EEA) becomes extremely effective and
dominant in the exciton dynamics and significantly reduces the
PL(lY.22’3‘7_3'9 The main reason is that EEA is a scattering
mechanism in which one exciton nonradiation recombination
transfers its energy and momentum to another exciton excited
to a higher energy state, and the former exciton subsequently
relaxes to a lower energy state and loses the originally obtained
energy through electron—phonon interaction.””™* In general,
EEA can occur through two different mechanisms: a direct
Forster resonance energy transfer (FRET) and multistep
diffusion.*”* For A and B excitons in 2D TMDs, the dipole—
dipole interaction is enhanced by the overlap between the
absorption spectrum and the emission spectrum of the exciton
state, causing EEA by the FRET process, while the EEA of C
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Figure 1. Raman spectra results of the four monolayer CVD-grown materials: (a) MoS,, (b) MoSe,, (c)WS,, and (d) WSe,.

exciton is caused by the diffusion mechanism.* Although EEA
rates of TMDs have been explored, EEA rates for a particular
material obtained in different studies are quite different
because of the differences in sample preparation methods
and experimental test conditions.””***”*~* For example,
Huang et al. determined the EEA rate of mechanically stripped
monolayer WS, as 0.41 + 0.02 cm?/s using time-resolved
photoluminescence spectroscopy, whereas Jonker et al
calculated the EEA rate of chemical vapor deposition
(CVD)-grown monolayer WS, as 0.089 + 0.001 cm?/s using
ultrafast transient absorption spectroscopy.”””” The difference
in the density of defect states in the test samples may be one of
the factors causing this inconsistency, mainly as the
experimental results and theoretical calculations have shown
that the defect can annihilate the exciton by Auger
recombination.””** The exciton relaxation processes related
to defect states depend on the exciton concentration. When
exciton densities are in the low and medium densities of
approximately 10' cm™, the defect states can capture the
excitons and weaken the EEA process.””*® However, at high
exciton densities below a Mott density of approximately 10"
cm™?, the effect of defect states on the EEA process has not
been examined thoroughly.

For the 2H phase of monolayer TMDs with a similar band
structure, the chemical structure of MX, (M: Mo or W; X: S,
Se, or Te) arranged into the hexagonal honeycomb network,
possess a direct bandgap, in which the minimum value of
conduction band and the maximum value of valence band are
located at the binary indexed corners K* and K~ of the 2D
hexagonal Brillouin zone.”"** The major orbital contribution
at the valence band edge is the d,cz_y2 and d,, orbitals of the
metal M, which hybridize with p, and p, orbitals of the
chalcogen X. As for the conduction band edge, it is dominated
by the d;,>_,> orbital of M and the p, and p, orbitals of X

Besides, the most common atomic defects are chalcogen-atom
vacancies in monolayer TMDs, in which chalcogen-atom
vacancies tend to remain isolated in WS, films and form
hybridized vacancy chains in the MoS,, MoSe,, and WSe,
films.®> So the EEA rates of four CVD-grown monolayer
TMDs (WS,, WSe,, MoS,, and MoSe,) having different
densities of defect states almost up to 10'> cm™ have not been
compared under the identical experimental conditions to
further clarify the effect of different defect states on EEA rates.
Moreover, the CVD method can grow large-area monolayer
TMDs to realize the wide application of TMDs in semi-
conductor manufacturing lines.”

In this study, we used femtosecond transient absorption
(TA) spectroscopy to investigate the EEA process of four
CVD-grown monolayer TMDs (ie., WS,, WSe,, MoS,, and
MoSe,) at high exciton densities of ~10'> cm™ below a Mott
density of ~10" cm™ The four CVD-grown materials were
proved to be monolayer ones using steady-state Raman
spectroscopy, atomic force microscopy (AFM), and photo-
luminescence (PL) spectroscopy. The results of TA spectros-
copy demonstrate that the defect-assisted EEA process of local
excitons is enhanced and plays a key role in the exciton
relaxation process when the exciton density exceeds a value of
approximately 10> cm™ due to the defect localized effect. The
measured EEA rates for the atomically thin-layered WS,, WSe,,
MoSe,, and MoS, were 0.016, 0.026, 0.049, and 0.102 cm?/s,
respectively, implying that EEA is enhanced as the defect states
increase in monolayer TMDs. These results help determine the
effect of the defect states on the EEA process in monolayer
TMDs at high exciton densities and optimize advanced light-
emitting devices based on monolayer TMDs.

CVD-grown monolayer TMDs (i.e., WS,, WSe,, MoS,, and
MoSe,) prepared on a sapphire substrate supported by Six
Carbon Technology Shenzhen were confirmed to be
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Figure 2. Absorption (the light blue solid line) and PL spectra (the red solid line) of the four monolayer CVD-grown materials: (a) MoS,, (b)

MoSe,, (c)WS,, and (d) WSe,.

monolayer using Raman spectroscopy, AFM, and PL spec-
troscopy, whose homogeneity is demonstrated by using the
optical microscope images and Raman mapping, as shown in
Figure S1. A systematic investigation on the Raman vibrational
properties of monolayer MoS,, WS,, WSe,, and MoSe, was
performed at room temperature using a continuous wave
(CW) laser with a wavelength of 532 nm, as shown in Figure 1.
The Raman spectra of MoS, shows a strong in-plane mode Ezg1
(385.4 cm™') and out-of-plane mode A,, (404.6 cm™") with a
difference of 19.2 cm™, which proves that the MoS, film is a
monolayer material.*>> As for MoSe,, the most obvious Raman
mode A, (240.6 cm™) related to the out-of-plane vibration of
the Se atom and weak Raman mode Ezgl (287.5 cm™) related
to the in-plane vibration of the Mo and Se atoms had a
difference of 46.9 cm™, as shown in Figure 1b, which is
consistent with Raman characteristics of monolayer MoSe,.”
As for monolayer WS,, one zone boundary edge phonon
LA(M) at 176 cm™' and its intense overtone at 352 cm™'
appeared near the Raman mode Ezgl (356 cm™), whereas the
frequency difference between Ezg1 and Ay, (419 cm™) was 63
em™'7 As for WSe,, in-plane mode Ezg1 and out-of-plane
mode Ay, were at 251 and 260 cm ™}, respectively; however, the
main reason for concluding that WSe, is a monolayer material
is the absence of Raman peaks at Bzgl (308 cm™), owing to
the interaction between adjacent layers induced by van der
Waals forces instead of the difference between the values of
Ezg1 and Alg.sg_60 Besides, the AFM results also prove that the
four selected 2D materials are monolayer materials with a
thickness less than 1 nm in Figure S2, which is consistent with
the conclusion obtained using Raman spectroscopy.’”*> The
absorption and PL spectra of the four monolayer materials are
shown in Figure 2. For monolayer 2D materials with a direct
bandgap, the minimum value of the conduction band and the
maximum value of the valence band are located at the binary

indexed corners K* and K~ of the 2D hexagonal Brillouin zone,
and there are obvious PL peaks for the four materials.”'” The
enhanced space confinement effect of the exciton wave
function and the weakened dielectric screening effect make
the binding energy of the exciton approximately 400 meV, and
the lack of inversion symmetry and spin—orbit coupling effect
result in valley-contrasting strong spin splitting of the valence
and conduction bands.'”* These effects lead to strong
spectrally distinguishable exciton absorption characteristics in
the absorption spectra and make the emission peaks of A and B
exciton peaks distinguished in the PL spectra of MoS, and
MoSe,. Among the four materials studied, MoS, has the largest
full width at half maximum (fwhm) of the PL spectrum and
has a wide spectral range of low-energy edge PL tails, implying
a relatively high concentration of defects in MoS, among the
four materials studied.’® The detailed exciton spectral
characteristics of the four monolayer materials are listed in
Table 1.

To study the relaxation kinetics of photogenerated excitons
in the four monolayer 2D TMD materials, the transient
absorption (TA) spectra were obtained using a femtosecond
laser with a wavelength of 520 nm as the pump light, as shown
in Figure 3. The negative bleaching peaks were caused by the

Table 1. Experimental Results of A and B Excitons in
Absorption and PL Spectra from Figure 2

absorption spectrum PL spectrum
A exciton B exciton A exciton B exciton fwhm
(nm) (nm) (nm) (nm) (meV)
MoS, 653.6 606.8 677.2 610.2 130
MoSe, 782.7 692.5 782.9 704.1 57
WS, 611.9 513.8 623.4 76
WSe, 734.8 590.2 743.2 56
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Figure 3. 2D pseudocolor TA spectra of the four CVD-grown monolayer TMDs obtained by pumping at a wavelength of 520 nm for (a) MoS,, (b)
MoSe,, (c) WS,, and (d) WSe, with exciton densities corresponding to 6.8 X 10'*/cm? 4.2 X 10"*/cm?, 6.08 X 10'2/cm?, and 8.1 X 10'2/cm?,
respectively. The black solid line indicates the linear absorption spectrum.
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Figure 4. (a) Evolution of the bleaching peak center of the A exciton with delay time in the TAS of WS, obtained with exciton density of 6.08 X
10'2/cm?®. The inset shows the bleaching peak of the A exciton of WS, at different delay times. The exciton densities-dependent percentage
(represented by the red quadrilateral) and lifetime (represented by the blue dot) of the three processes corresponding to (b) I, (c) II, and (d) III of

the WS,, respectively. The light blue solid line fitting in process II represents the fitting of the two-body lifetime of the EEA model.
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band-filling effect at the exciton absorption peak in the linear
absorption spectrum.'®*’ The evolution-associated spectra
(EAS) with three different lifetimes were obtained using the
global fitting analysis as shown in Figure S3. The TA spectrum
of WS, was taken as the representative to further analyze the
exciton relaxation kinetics as shown in Figure 4a. The A
exciton bleaching peak shows a redshift—blueshift physical
transition process within approximately 4 ps. This is primarily
because of the competition between the transient narrowing of
the electron bandgap caused by the exchange-correlation and
reduction of the exciton binding energy to increase the optical
bandgap caused by increasing the dielectric screening effect of
a large of photogenerated carriers in the material.”>*® With the
completion of the thermalization process of hot carriers, the
band-filling effect further increases the blueshift of the
bleaching peak of A exciton,” and the photogenerated carriers
undergo the process of interband relaxation. In addition to
defect-assisted exciton nonradiation recombination and exciton
radiation recombination, the EEA physical process under high
excitation intensity is an extremely important physical process
that can reduce the PLQY of monolayer materials. Although
the defect state can capture the exciton and weaken the EEA
process in low and medium exciton densities of approximately
10'% cm™2,>*3%% the effect of defect states on the EEA process
has not been examined at high exciton densities below a Mott
density of ~10"* cm™ Therefore, we further carried out pump
fluence-dependent TA spectra experiments to explore the
defect state effect on the EEA process at high exciton densities
and the differences in EEA physical processes in different
monolayer TMD materials.

An accurate relationship between the differential trans-
mission and exciton densities should be established using the
pump fluence-dependent TA spectrum. The excitons excited
by the pump pulse instantly modulate the absorption of the
probe pulse to change the transmission intensity. The density
of photogenerated excitons is calculated from the following
formula:"”

_ Fa
T M
where F is the fluence of the pump, a is the absorption
coeflicient of the monolayer TMDs material obtained from the
absorption spectrum in monolayer TMDs materials, mainly
because the weak reflected signal can be ignored in the
monolayer thin-film material. Here, o takes the value 0.02 for
monolayer MoS,, 0.05 for monolayer MoSe,, 0.024 for
monolayer WS,, and 0.038 for monolayer WSe,.**** hv is
the photon energy of the pump, and ¢ is the ratio of exciton
produced perphoton absorbed, which is generally assumed to
be unity. In addition, because the lifetime of an exciton is
considerably longer than the femtosecond pulse width of the
pump light, the attenuation process effect of the exciton during
the pump excitation can be ignored to make the exciton
density at the bleaching peak near the zero delay time equal to
the injected density. Therefore, we associate the differential
transmission signal with the differential exciton density, as
shown in Figure S4. The peak amplitudes of the A exciton
bleaching peak of the four materials become saturated as the
exciton density increases; thus, the saturated absorber model
(2) can be used to fit the dependence of exciton density as
follows:**

AT n
—
T n 4+ n (2)

where #n is the exciton density and #, is the saturation density.
Therefore, the saturation densities were obtained as 4.1 + 0.1
X 102, 6.9 + 0.5 X 10'%, 3.29 + 0.09 X 10'%, and 3.83 + 0.67 X
10" cm™ for the monolayer MoS,, MoSe,, WS,, and WSe,,
respectively, which correspond to the distances between
excitons that were 5.5, 42, 6.2, and 5.8 nm, respectively.
Theoretical calculations and experimental results showed that
the exciton Bohr radius of monolayer TMDs is approximately
1-2 nm, and the magnitude corresponding to the exciton
density is 10 cm™2>*7%%% which is consistent with the
saturation intensity obtained thr0u§h the Z-scan and two-
photon absorption experimental;”>*°® hence, the obtained
exciton saturation density is acceptable.

When the exciton density is greater than 10" cm™ in
monolayer TMDs, the physical process of EEA will dominate
the initial relaxation process of excitons, causing a fast
relaxation process,H’39 and the monomolecular recombination,
including the single exciton radiation recombination and
defect-assisted nonradiation recombination processes, domi-
nate the decay of excitons on longer time scales with lower
exciton densities in the material.*******”** In order to have a
more detailed elucidation of the characterization and
calculation details of pump fluence-dependent exciton
relaxation dynamics, the treatment of the relaxation process
of monolayer WS, is used as a representation. The intensity of
the bleaching signal of the A exciton peak of WS, gradually
increases with increasing the exciton densities, which was fitted
by using the triple exponential decay (Figure S5 and Table S1).
The kinetics of A exciton relaxation kinetics of WS, can be
expressed as the eq 3:%

n=3 - t t
g(t) = EAl erfc[\/_TTl — E]exp[_;l] (3)

where A; and 7; are the magnitude and lifetime of each
component respectively, “erfc” represents the integral error
function, and ¢ is the laser pulse duration. The percentage P of
each main component can be calculated by eq 4:

R eXp<_%>
XL T o) )

As shown in Figure 4b, the first fast process “I”, with a
lifetime of about 3 ps, is characterized by the decreasing
proportion and lifetime with increasing the fluence, which is
attributed to the processes of excitons trapped by the defect
states accompanied by exciton formation and cooling processes
at high exciton densities.'”'® This is because as the pump
fluence increases, a large number of defect states are filled or
even saturated, resulting in the reduction or even disappear-
ance of the percentage and lifetime of the defect trapping
exciton physical process at high exciton densities. For the
second process “II” (Figure 4c) with a lifetime of a few tens of
ps of the exciton relaxation, the lifetime decreases significantly
with increasing excitation intensity, but its proportion increases
remarkably. This feature is consistent with the physical process
of EEA processes with multibody interactions. We used the
two-body lifetime defined as 7 = —N(0)(dN/dt)™" to fit the
fluence-dependent lifetime and obtained a good result.”®
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Figure S. Fluence-dependent relaxation dynamics of A exciton in the four CVD-grown monolayer TMDs: (a) MoS,, (b) MoSe,, (c) WS,, and (d)

WSe,.

Table 2. Fit Parameters from Eq 5 for the Four CVD-Grown Monolayer TMDs: (a) MoS,, (b) MoSe,, (c) WS,, and (d) WSe,

MoS, MoSe, WS, WSe,
7 (ps) 69.4 + 2 922+ 2 124.665 + 1 1158 + 1
7 (cm?/s) 0.102 + 0.01 0.049 + 0.005 0.016 + 0.002 0.026 + 0.003
71 (cm?/s) 0.091 0.046 0.0158 0.0248
(yny)™" (ps) 248 2.95 18.99 10.04

Therefore, the second process is assigned to the EEA process
with the rate of EEA based on the only two-body interactions
obtained as 0.0158 + 0.008 cm?/s. The third process “III”
(Figure 4d) has a 100 ps lifetime with no apparent intensity
dependence of lifetime and occupancy, which we attribute to
the monomolecular recombination, that is, exciton radiative
recombination and defect state-assisted nonradiative recombi-
nation process.”® This is mainly because the single-body
recombination process is influenced by its intrinsic properties,
which are less affected by the intensity of excitation and are
mainly influenced by temperature and material structure
factors.”” In order to further investigate rigorously and
systematically the EEA processes of four monolayers at high
exciton densities of approximately 10> cm™ below a Mott

density of approximately 10" ¢cm™ we should use a more

rigorous recombination model (eq 5) to globally fit the entire
set of exciton relaxation dynamics with different exciton
densities. The rate equation of exciton population n(t) in this
theory can be expressed as follows:

dn(t) _ _@ _ 3
i (O (s)
1 1 1
= 4 =
T Tnl' Tl' (6)

where 7 is the exciton lifetime obtained using eq S in the
absence of the EEA process, 7, is the nonradiative lifetime, 7,
is the radiative lifetime, and ¥ is the assumed time-independent

https://doi.org/10.1021/acsphotonics.1c00932
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsphotonics.1c00932?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00932?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00932?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00932?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

(©)

CB n=o CB n=o0 CB n=co
n= n=2 n=
2\\/“_1 zpv ! Zp\\/ !
= - n=
1s 1s, . 1s
A A v M\"\ v 7
C 'S Defect
g L=t g : Lesssssson
) T = | = |
@ 1 @ 1 @ 1
® " ® | ® I
£ noom = : = nj o om
g I 2 1 £ I
ko] 1 el 1 ko] 1
ING L PN
VB VB VB

Figure 6. Schematic of the relaxation process of excitons at different exciton concentrations n: (a) low exciton density of ~10® cm™, (b) medium
exciton density of ~10' cm™, and (c) high exciton density of ~10'> cm™. VB, CB, and n represent the valence band state, conduction band state,
and exciton state, respectively. I (black arrow) indicates the defect capture exciton process, II (light blue arrow) represents the exciton radiation
recombination process, III (light blue dotted line arrow) represents the defect-assisted nonradiative recombination process, and IV (beige arrow)
indicates the EEA process. Under weak excitation intensity (a), the main relaxation process of excitons is the monomolecular recombination
process, that is, exciton radiation recombination and defect state-assisted exciton nonradiative recombination. As the excitation intensity increases
to medium exciton density (b), the EEA caused by the two-body interaction of free excitons gradually dominates the exciton recombination
process. when the exciton density increases further to high excitation intensity (c), the EEA process is enhanced by the many-body interaction of
local excitons captured by defects and greatly reduces the proportion of exciton radiative recombination.

annihilation rate. Studies of ultrafast carrier dynamics suggest
that the lifetime of the carrier valley relaxation process is about
a few picoseconds.”*® So, in order to exclude the effect of
valley relaxation on the EEA process due to differences in
materials, we fit the EEA process starting at 4 ps. Equation §
provides a reasonable global fit to the entire set of A exciton
relaxation dynamics for different initial exciton densities with a
single set of parameters, as shown in Figure 5, suggesting that
the EEA process becomes the dominant recombination
mechanism in the monolayer TMDs at an exciton concen-
tration of approximately 10" cm™. The exciton lifetime and
annihilation rates are listed in Table 2, in which the magnitude
of EEA rate is close to the reported results for monolayer
TMDs.*’7*** For the monolayer WS,, the rate y of EEA
obtained by the fitting of eq S coincides with y; obtained by
the second process “II” mentioned in the previous content,
indicating the reasonableness and validity of our fitted
parameters. Figure 2 shows that the steady-state PL intensity
of WS, is the highest, followed by those of WSe,, MoSe,, and
MoS, under the same experimental conditions, which means
the PLQY of WS, is the highest, followed by those of WSe,,
MoSe,, and MoS,. Besides, the monomolecular lifetime 7 of
WS, was the longest, followed by those of WSe,, MoSe,, and
MoS,, which was determined by the EEA model. Combining
the results of steady-state PL with the monomolecular lifetime
7, the conclusion can be obtained that WS, has the lowest
defect density of states, followed by WSe,, MoSe,, and MoS,.”
Jung et al. confirmed that chalcogen-atom vacancies inducing
two midgap states around valence band edges (singlet al
states) and inside energy gaps (doublet e states) are the most
prevalent atomic defects in monolayer TMDs (WS,, MoS,,
WSe,, and MoSe,).”” They revealed that WS, inherently has
isolated sulfur-atom vacancies, the intrinsic MoS,, MoSe,, and
WSe, films are inclined to possess hybridized vacancy chains
based on chalcogen-atom vacancies. So the monolayer WS, has
the lowest density of defective states, which agrees with the
above-mentioned conclusions. Since the defect states can
capture and localize excitons whose density in monolayer 2D

TMDs up to almost 10'2 cm™2,>*>”" they also can increase the
exciton saturation density in monolayer TMDs.*” Therefore,
WS, exhibits the smallest exciton saturation density, which is
consistent with the results obtained using the saturated
absorber model, as shown in Figure S4.

The validity of two-body interactions, such as EEA produced
by high excitation fluence, can be verified by comparing the
monomolecular lifetime 7 and the effective lifetime (yn)~),
which depends on the exciton density. For the four kinds of
monolayer TMDs, when the excitation intensity is close to the
exciton saturation density n, the effective lifetime (yn,)™" is
considerably less than the monomolecular lifetime 7 by nearly
one order of magnitude, as shown in Table 2. Thus, the rapid
relaxation process primarily originates from the nonlinear
many-body interaction, and the monomolecular recombination
process can be ignored when the exciton density is close to the
exciton saturation density. We further find that with the
increase of the density of defect states in the material, the
effective lifetime (yn,)™' of the EEA process decreases,
especially in the MoS, samples with the highest defect
concentration. The results indicate that EEA can be enhanced
by the defect state when the exciton density is greater than 10"
cm™? in monolayer TMDs. It can be seen from y = 4zDr, that
the EEA is essentially affected by the diffusion constant D and
the distance r, between the excitons when exciton collision
occurs.”” Since the exciton binding energy affects the exciton
radius, as the exciton binding energy of WS,, WSe,, MoS,, and
MoSe, increases, where the exciton binding energies of
monolayer WS,, WSe,, MoS,, and MoSe, are 320, 370, 500,
and 550 meV, respectively, the exciton radii of WS,, WSe,,
MoS,, and MoSe, become smaller."*'”>7* So the probability
of collision between excitons becomes increasingly smaller
under the condition of the same exciton density to make the
EEA rate smaller. However, this conclusion is inconsistent with
the results obtained using the EEA model fitting. This is
predominantly because the effect of defect states on the
exciton diffusion is ignored, and the material we studied is a
polycrystalline monolayer continuous film whose defect state
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density is considerably higher than that of monolayer single-
crystal material.’**” Although the defect state-assisted single-
exciton relaxation channel weakens the EEA effect at lower
exciton densities,””***"*" defect states can further improve the
probability of exciton collision as the local exciton density in
defect states increases. Therefore, the EEA process of local
excitons is enhanced by the defect state and plays a key role in
the exciton relaxation process when the exciton density is close
to the exciton saturation density. A schematic of the relaxation
process of excitons at different exciton concentrations is shown
in Figure 6. Under weak excitation intensities, the main
relaxation process of excitons is the monomolecular recombi-
nation process, that is, exciton radiation recombination and
defect state-assisted exciton nonradiative recombination. As
the excitation intensity increases to medium exciton density,
the EEA caused by the two-body interaction of free excitons
gradually dominates the exciton recombination process. when
the exciton density increases further to high excitation
intensity, the EEA process is enhanced by the many-body
interaction of local excitons captured by defects and greatly
reduces the proportion of exciton radiative recombination. The
density of defect states in monolayer MoS, is the highest
compared to those of the other test samples obtained from the
above, which results in the maximum rate of EEA.”> For
monolayer MoSe,, WSe,, and WS,, as the defect density
decreases, the EEA rate gets smaller. In order to decrease the
enhancement of the EEA by defects at high excitation
intensities, the defect engineering is needed to reduce the
density of defect states in materials and further improves the
performance of TMDs-based light-emitting devices.'””%”°

In summary, we employed femtosecond TA spectroscopy to
investigate the exciton dynamics of monolayer continuous-film
TMD:s (i.e,, MoS,, WSe,, WS,, and WSe,) grown via CVD. We
demonstrated that the defect-assisted EEA process is enhanced
and plays a key role in the carrier relaxation process under an
exciton density exceeding approximately 10'* cm™. The
measured EEA rates for WS,, WSe,, MoSe,, and MoS, were
0.016, 0.026, 0.049, and 0.102 cm?/s, respectively, implying
that EEA is enhanced as the defect states increase in monolayer
TMDs. The results of this study help in elucidating the effect
of defect states on exciton—exciton interactions in monolayer
TMDs and optimizing the quantum yield of advanced light-
emitting devices and high-efficiency photodetectors based on
TMDs.

B METHODS

PL Measurements. Monolayer continuous-film TMDs
(ie, MoS, WSe, WS, and WSe,), prepared on silica
substrates, were excited by CW laser excitation at a wavelength
of 473 nm and a power density of 2 uJ-cm ™. PL was separated
by 150 g/mm grating using a monochromator supplied by
Princeton Instruments (model: SP2500). Subsequently, the
spectral information was collected using PIXIS-100BX CCD at
=75 °C.

Raman Spectra. Raman spectra of polycrystalline thin
films, prepared on silica substrates, were obtained with a
Raman spectrometer (LHA19120048) using a CW laser (532
nm) as the emission source at room temperature. Raman
mapping within a rectangle with a side length of 60 um, in 1
um steps, and the spot of the laser is 1 ym.

UV/Visible Absorption. UV—vis absorption spectra of
polycrystalline thin films, prepared on glass substrates, were
collected using a Lambda 950 UV—vis spectrometer.

Transient Absorption (TA) Measurements. Femto-
second TA spectroscopy measurements of polycrystalline
thin films, prepared on quartz substrates, were performed
using our custom-built TAS setup. The light pulse generated
by the Spectra-Physics Spirit laser (350 fs, 1 kHz, 40 uJ/pulse)
is split into two parts by an ultrafast beam splitter with a
reflection to transmission energy ratio of 1:4. A frequency-
doubled 520 nm output from the transmitted light was used as
the pump beam, whereas the reflected laser pulse was used to
excite a sapphire crystal for generating white light continuous
(WLC) spectrum, whose chirp effect is corrected. The pump
beam was chopped at 500 Hz, and the probe beam
transmitting the sample is collected by an ultrafast fiber optic
spectrometer after passing through a short pass filter with a
cutoft wavelength of 950 nm. The time window of the TA
measurement was 1.6 ns. The spot radii of pump light and
probe light are determined to be 20.5 + 0.5 and 5 + 0.5 um,
respectively, by the knife-cut method, and the pump light and
probe light overlap at the same point of the sample in a
noncollinear manner. All the experiments are carried out at 300
K, and the calculation method of exciton density excited by
pump light in the material is given in detail in the manuscript.
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