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Using ultrafast degenerate pump-probe spectroscopy, we have investigated the ultrafast exciton
dynamics of monolayer MoSe, at different pump fluences. The exciton—exciton annihilation, typically
occurring tens of picoseconds after pump excitation, has been found to have a substantial correlation
with the initial relaxation process dominated by the defect trapping of excitons. A new exciton—-exciton
annihilation model has been proposed by introducing a coupling term that accounts for the initial relax-
ation contribution. This coupling term can be tuned by varying the pump excitation intensity and at a high
intensity it vanishes due to the full occupation of the defect states. At the same time, the final electron-
hole recombination is found to be affected by the heat accumulation effect originating from the high

rsc.li/nanoscale intensity pump pulses.

1 Introduction

Photo-generated excitons in monolayer transition metal dichal-
cogenides (TMDCs) have been widely investigated in recent
years due to their excellent optical properties. Emerging TMDC
materials, such as MoS,, MoSe,, WS, and WSe,, have sizable
bandgaps that change from an indirect bandgap to a direct
bandgap when reduced to a monolayer. This electronic
bandgap change leads to an extreme enhancement of photo-
luminescence (PL),' which makes these atomically thin
materials well suited to a variety of optoelectronic applications,
such as LEDs,”> photodetectors,” and photovoltaics.* In
addition, due to the high exciton binding energy’® (on the
order of hundreds of meV), these materials have good stability
even at room temperature for the application of optoelectronic
devices.” ™ To apply TMDCs in future optoelectronic devices,
it is very important to understand the dynamic behavior of
excitons or carriers excited by light. The temporal character-
istics of excitons or carriers will determine the performance of
the LEDs or photodetectors. Recently, the exciton dynamics in
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monolayer TMDCs has been investigated via both time-
resolved PL and transient pump-probe spectroscopy tech-
niques. According to the time-resolved PL measurements>
as well as the theoretical calculations,'>'® the average radiative
lifetime of excitons in TMDCs varies from a few picoseconds at
a low temperature to hundreds of picoseconds or even nano-
seconds at room temperature. In addition to the radiative
recombination, various exciton scattering mechanisms are
revealed through the pump-probe spectroscopy. Exciton-
exciton annihilation, an efficient exciton relaxation mecha-
nism occurring within a few tens of ps, has been observed in
atomically thin MoS, " and MoSe,."® Several groups attribute
the initial relaxation process within a few ps in single layer
MoS, to defect state trapping,’®° but Nie et al.>" interpret the
same span as the carrier cooling. Although different kinds of
scattering mechanisms have been proposed, the microscopy
mechanisms governing the relaxation process of excitons (or
carriers) in TMDCs are still not fully clear. In these previous
studies, each of the relaxation stages was found to be domi-
nated by a specific relaxation mechanism. It is important to
explore whether any of these mechanisms are coupled or not,
as these mechanisms might occur in a wide time scale leading
to their possible overlaps. Addressing such an aspect will be
critical in understanding the relatively complex photo-physics
and manipulating the exciton lifetime in TMDCs.

In this article, by employing degenerate pump-probe spec-
troscopy, we find clear evidence of the correlation between two
exciton relaxation channels, where the initial fast decay com-
ponent facilitates the subsequent exciton-exciton annihilation
process in monolayer MoSe,. A coupling term is introduced to

This journal is © The Royal Society of Chemistry 2017
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account for the influence of the initial defect trapping process
on the following exciton-exciton annihilation. The contri-
bution of this coupling term is found to decrease with the
increase of the pump fluence until the saturation of the defect
states at high fluences. The final stage of relaxation, which
lasts hundreds of picoseconds, is attributed to electron hole
recombination as no dependence of the relaxation time on
pump injected exciton density is found at a low pump fluence.

2 Experimental section

We performed the degenerate pump-probe spectroscopy of
which the experimental configuration is shown in Fig. 1(a),
with the pump and probe wavelengths being the same. To
avoid the pump beam scattering into the detectors, the probe
beam is at normal incidence while the pump beam is around
40 degrees away from the normal direction of the sample
plane. This configuration allows us to spatially separate the
reflected pump and probe beams. The probe beam is focused
on the sample using an aspheric lens with a spot size of about
20 pm in diameter. Whereas the pump beam is focused by
using another lens and its spot size is about 38 pm. Fig. 1(b)
shows the diagram of the conduction and valence bands of
monolayer MoSe, at a K valley. The red arrows represent the
degenerate pump-probe excitation at A-exciton resonance. The
MoSe, samples are grown by the chemical vapor deposition
(CVD) method with a size larger than 100 x 100 pm and all the
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Fig. 1 (a) Diagram of the experimental geometry and optical character-
istic. Both wavelengths of the pump and the probe are 800 nm and the
incident angle of the pump beam is around 40°. The probe beam is nor-
mally incident. (b) Schematic diagram of the conduction and valence
bands at the K valley of monolayer MoSe,. The red arrows represent
degenerate pump-probe excitation at A-exciton energy. (c) Raman
spectroscopy and the inset is the optical microscopy image of mono-
layer MoSe,. The sample size is about 190 pm illustrated by the scale
bar. (d) Photoluminescence (PL) spectra and peak differential reflectivity
signals as a function of the pump—probe energy (red squares) of mono-
layer MoSe,.
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measurements are performed at room temperature. In this
measurement, the polarization of pump and probe beams is
orthogonal to each other to further avoid the scattering of
pump beams. Under the excitation of a 532 nm laser, strong
photoluminescence with a central wavelength of 800 nm, a fin-
gerprint of the monolayer MoSe,, is observed, as shown in
Fig. 1(d) (black solid line). Fig. 1(c) presents the Raman spec-
trum of monolayer MoSe, and the peak at the wave vector of
239.72 em™! corresponds to the out-of-plane phonon mode
A,,. The similar Raman spectral behavior of monolayer MoSe,
is also reported in many other studies.>””>* The in-plane mode
E,, is not clear, which may be due to the defect impact. The
optical image in the inset of Fig. 1(c) shows a typical mono-
layer MoSe, flake used in our measurement.

3 Results and discussion

Fig. 2(a) shows the transient reflectivity of monolayer MoSe,
measured at different values of the pump fluence. We perform
these measurements under the wavelength of 800 nm. For
clarity, we only present the data below the pump fluence of
1.16 pJ cm™>. Here, it is worth pointing out that the pump-
probe signals shown in Fig. 2(a) arise from pump injected exci-

0.016

@go1al 7 (b) [<
0.012 o 0.58 pJiem? M
0.010 o 0.70 piem? | <7K

% 0.008 A 0.81 pliom?

né 0.006 v 0.93 pliecm? |
. v 1.04 p/em? |
o poal = R e
0.000 a =
0 300 600 900 1200 0 5 10 15 20 25 30 35
AT (ps) AT (ps)

(C)O.O‘IZ (d) 3.0 3
£0.010} ofme= e digt-- g
S = ieor - . 25k ,i [ I
70008 . 2 ﬂf

= 0.006 < 20} jl

g 0.004} i

o002t e
05 10 15 20 25 3.0 05 10 15 20 25 3.0
F (uJ/cm?) F (uw/cm?)
45l 500 - H
_ I‘HIH __ 4501 3¢ Hi\%
&40t ¥ IIH g 4001 ¥
- i =350 i
351 T 3 300} N
30} 250 + B
1 1 I I I I 00 1 1 1 1 I I
05 10 15 20 25 3.0 05 10 15 20 25 30
F (u/cm?) F (uJ/cm?)

Fig. 2 (a) Transient reflectivity traces under 800 nm degenerate pump-—
probe measurements at different excitation intensities from 0.58
pd cm~2 to 1.16 pJ cm™2 (b) The zoom in of the first 30 ps of the data
shown in (a). (c) Transient reflectivity amplitude at AT = 0.27 ps under
different pump excitation intensities. The saturation trend above 2.20
pd cm~2 is obvious. The relaxation times 71, 72, and 73 as a function of
excitation intensity are shown in (d), (e) and (f), respectively. The red
solid lines in (a), (b) and (c) are fitting lines and the red dashed lines in
(d), (e) and (f) are eye guiding lines.
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tons rather than the line-broadening and peak-shifts which
may also be the origin of the pump-induced signals.>**® This
is confirmed by the consistency of the PL profile and the peak
amplitudes of transient reflectivity at different probe energies
(Fig. 1(d)). Such an assignment can also be found in other
studies."””'® These dynamic curves are well described by tri-
exponential decay function, indicating that three distinct
exciton relaxation channels characterized by 74, 7, and z; are
discovered. Note that one should be aware of that each
different time constant does not necessarily mean a different
relaxation pathway. As reported by Cooney et al.,>’*® in the QD
system, 2-3 different channels contribute to the rate process of
electron or hole cooling. Here, our result reveals one more
relaxation stage than that reported by Kumar et al.'®** who
only observed two relaxation channels in monolayer MoSe,.
A possible reason for this distinction may be that the intra-
valley relaxation can be minimized through our degenerate
pump probe configuration and thus more refined relaxation
dynamics can be observed. More specifically, in the case of the
non-degenerate pump probe configuration, the pump-gener-
ated excitons are not observed until their transition energy can
be accessed by the probe wavelength. In addition to the
detailed relaxation processes, the resonant A-exciton transition
also allows a very fast exciton generation via a photoemission
process™>'®*? as shown in Fig. 2(b) where the rise-up time is as
short as 0.27 ps or less.

Fig. 2(c) shows the transient reflectivity amplitude at AT =
0.27 ps under different pump excitation intensities. The values
of AR/R at AT = 0.27 ps increase by a factor of four in the
measured pump fluence range, saturating at the highest
fluence, which is likely due to the state filling effect near the
band edge.** To quantify the pump injected excitons, we
employ a saturable absorption model®" to fit to these peak
values and obtain the saturation pump fluence density of
3.5 pJ em ™2 The red solid line in Fig. 2(c) represents the fitting
line. Using the absorption coefficient of MoSe, reported in pre-
vious work®? and the measured pump fluence, we estimate the
saturant excitation exciton density to be 1.96 x 10" cm™>
which is comparable to the reported values of monolayer
MoSe, in other studies.>*** The nonlinear behavior of the
peak values of AR/R above 1.74 pJ cm™? also suggests that the
photon generated exciton density is close to the highest
capacity density. To obtain accurate photon generated exciton
density, we calibrated the conversion process of pump power
to the pump fluence by measuring the beam spot size carefully
(see the ESIT). This process helps to optimize the quantitative
analysis discussed later. The 7; shown in Fig. 2(d) is found to
be increased by two times. A similar fluence dependent relax-
ation component of the free carrier is also reported by Nie
et al.*' in few-layer MoS,, which is assigned to the hot phonon
effect. But in the case of excitons rather than the free carriers,
as reported by Robert et al.,>* the thermalization time is about
a few tens of ps. Thus, we could exclude the hot phonon effect
here. The contribution of the intrinsic radiative exciton life-
time to this short time scale should be ruled out as in the low
fluence range it is expected to be independent of the excitation
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fluence.*® A possible mechanism accounting for the prolonged
fast exciton decay part under a high pump fluence is the
surface defect scattering. At low pump fluences photo-excited
carriers can quickly relax into the defect states, while with the
pump fluence being high, these defect states are filled gradu-
ally, leading to the increase of r; and its stabilization eventually.
As can be seen in Fig. 2(d), the 7; remains constant above
1.62 pJ cm 2. We also noted that some other groups® reported
a similar pump fluence dependence of exciton relaxation
within the timescale of a few ps, claiming that the defect trap-
ping process dominates this behavior. To visualize this exciton
relaxation mechanism, we draw the cartoon picture of this
process shown in Fig. 4(a) where the defect density is intro-
duced. After the initial fast relaxation into the surface defect
states, the populations of excitons are further decreased via
exciton-exciton annihilation (EEA) as shown in Fig. 2(e) where
the relaxation time decreases with increasing the pump flu-
ences. To verify this assignment, we fit a subrange of the tran-
sient traces to an exciton-exciton annihilation model that is
expressed as follows:"”

" 14 yNot

N(¢) (1)

where N is the initial photo-generated exciton density and y
is the exciton-exciton annihilation rate. We carefully
selected the time zone between AT = 5.6 ps and AT = 169 ps
as the relaxation process of 7, and fit the data to eqn (1).
According to the fitting results obtained under various
pump fluences, we found that the fitted parameter y above
1.62 pJ cm™? remained almost unchanged indicating that
the exciton-exciton annihilation dominated the exciton
relaxation in this high pump fluence range. However, for
excitation fluences below 1.62 pJ cm™2, the fitted y values
increase with the decrease of excitation intensity (see in
Fig. S21), which suggests that a higher annihilation rate
would be required to reduce the population of excitons in
the low pump fluence regime. While as reported before by
other groups,'”’'® the annihilation rate between excitons in
the specific material is constant. Thus, we infer that, in
addition to the exciton-exciton annihilation mechanism,
one more factor should contribute to the 7, decay channel in
the low pump excitation range. Meanwhile, it is clearly
observed that the pump excitation threshold (1.62 pJ cm™?)
below which the y begins to increase is the same as that
where 7, begins to decrease (as shown in Fig. 2(d)). Inspired
by the similar dependence of 7; and y on the pump fluence,
we correlate the defect trapping process of 7; with the 7,
relaxation channel. A generalized rate equation describing
the exciton dynamics, where both the EEA process and radia-
tive exciton lifetimes are considered, has been reported.'”*®
In addition, Yu et al.*” also employed the basic EEA differen-
tial equation with an additional incident power density term
to describe the effect of EEA on luminescence in monolayer
TMDs. To better understand the pump fluence dependent
coupling strength between the defect trapping and EEA

This journal is © The Royal Society of Chemistry 2017
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process, we introduce constraints into the standard EEA rate
equation, written as:
dN (2
FrA r(N —Ng")
N(0) =Ny + N§*; N(o0) = N§T

(2)

Here, N, denotes the initial optical injected exciton popu-
lation and Ngff denotes the amount of the excitons trapped by
defects at the beginning of EEA (note that N is a negative
value). Since the trapped excitons do not contribute to the
exciton-exciton annihilation process, the term N should be
subtracted from the total exciton density N as expressed in eqn
(2). The value of N is fluence dependent rather than time
dependent. The solution of the above equation is

No it
S AR 5 3
1+yN0t+ d 3)

N()
We also noted that several other papers®® have reported
coupled dynamics between the trap saturation and EEA.
Compared to the coupled differential equations proposed in
these studies, the modified EEA model in our work (eqn (3)) is
very easy to handle, although the former is a more generalized
one. The analysis method applied previously in semiconductor
quantum dots is also instructive to unravel the details of relax-
ation pathways and the difference between the relaxation
processes.***°
As shown by the red solid fitting lines in Fig. 3(a), we fitted
the experimental data very well at low pump fluences using
eqn (3) and obtained a shared global fitting parameter y which
is independent of the excitation intensity as 7, expected above.
The fitted result of y is 0.4 = 0.01 cm?® s™*, which is not only
consistent with the value reported by Kumar et al.'® but also
the same as that above 1.62 cm” s obtained by eqn (1), as
shown in Fig. S2.7 The fitting result of NS also supports our
assignment. In Fig. 3(b), the amplitude NS decreases as the
pump fluence increases close to 1.62 pJ cm™> and approxi-
mately equals to zero above 1.62 pJ cm™> The negative sign
means the absorbed excitons by defects. As reported by Wang
et al,"" under high exciton density, the exciton-exciton inter-
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Fig. 3 (a) Transient reflectivity traces at different pump fluences
between AT = 59 ps and 169 ps. The fitting lines are obtained by the
modified exciton—exciton annihilation model (eqn (2)). (b) The coupling
term NS increases within the fluence range between 0.58 pJ cm™2 and
2.9 pJ cm™2. The values above 1.62 nJ cm™2 approximately equal to zero.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

action is preferable or more efficient than other mechanisms
such as electron-hole recombination and defect scattering. As
a result, with the increase of the photo-generated exciton
density, the contribution of exciton-exciton annihilation
becomes dominant making the defect trapping contribution
gradually decrease. More specifically, as the exciton density
increases, the effective defect states are gradually fulfilled
resulting in the decrease of the amplitude of N&. This finding
also suggests that if one wants to avoid the impact of defects
on exciton-exciton annihilation, an appropriate selection of
pump fluence would work. Similar experimental results have
been reported previously in the QD system. Tyagi et al.***?
have found that, due to surface trapping, high pump fluence
can affect exciton dynamics and the exciton annihilation can
be controlled via surface treatment. These results also uncov-
ered the correlation between defect trapping and EEA.

After being trapped by the defect states that followed by the
bi-exciton interaction relaxation, the excitons of monolayer
MoSe, finally relax to an equilibrium state within a long-time
scale of a few hundreds of picoseconds, which is usually
assigned to both the electron-hole recombination pro-
cesses.'®*" At the same time, after 7; and 7z, relaxation pro-
cesses, the remaining exciton population is far below the
threshold where exciton-exciton interaction begins to be domi-
nated. Therefore, many body interactions of excitons can be
ignored and we contribute the z; relaxation regime to an iso-
lated exciton recombination process. As shown in Fig. 4(c),
both the radiative and non-radiative recombination processes
may contribute to the exciton recombination. The wavy line
denotes photon emission during the radiative electron-hole
recombination. The time scale of the electron-hole recombina-
tion in our measurement is consistent with that reported by
other groups.'*>*

However, as shown in Fig. 2(f), the 75 values are influenced
by pump fluence at a relatively high intensity range, which
contradicts the independence of the electron hole recombina-
tion lifetime with the pump excitation intensity as reported by
Cui et al.*® Considering this, we infer that the z; values are
also affected by other factors in the high fluence range. Back

e/ U/ XC

non-radiative

Fig. 4 (a) Excitons are trapped by the defect states. E4 here means the
defect energy states. (b) Mutual interactions between excitons that are
referred to as the exciton—exciton annihilation and y is the annihilation
rate. (c) Both the radiative and non-radiative electron hole recombina-
tions contribute to the 73 relaxation stage. The wavy line denotes photon
emission during the radiative process.
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to the original experimental data as shown in Fig. S3,7 it is
clearly observed that the transient AR/R traces are almost over-
lapped between AT = 200 and 400 ps. This period can be safely
assigned to the time window of the 73 relaxation process as the
7, and 7, relaxation processes correspond to the time zone
before AT = 175 ps as shown in Fig. 3(a). Since the transient
AR/R traces are overlapped at the beginning of the z; relaxation
process, the z; relaxation time should be constant for all the
fluences as expected. Whereas after around AT = 400 ps, the
traces that correspond to the fluences above 1.62 pJ ecm™>
begin to separate. The up-going trend after AT = 400 ps under
high pump fluences indicates an additional factor making it
difficult for the excitons to relax. Generally, heat diffusion is
possible in such a time scale. We also note that the high rep-
etition rate of the pulse laser system would have the possibility
to lead to a significant heat accumulation effect if the thermal
dissipation in the sample is not efficient enough as discussed
by Shi et al.*>® Thus, a possible explanation accounting for the
behavior of 7; under a high pump fluence is the effect of accu-
mulated heat from the pulse laser. Our results indicate that
any possible different diffusion rates for different substrates
may have different impacts on the behavior of z;.

4 Conclusions

In conclusion, we have studied three distinct relaxation chan-
nels in monolayer MoSe, by varying the pump intensity using
degenerate ultrafast pump-probe spectroscopy. Our results
reveal for the first time the correlation between the different
exciton relaxation channels in MoSe,. The exciton-exciton
annihilation process is found to be meditated by the defect
trapping process that accounts for the initial fast exciton decay
at a low pump fluence. We have employed an improved
exciton-exciton annihilation model with the introduction of a
pump-fluence dependent coupling term and it agrees well
with the experimental observation. The final electron-hole
recombination is demonstrated to be independent on pump-
injected excitons, although it is affected by the heat accumu-
lation under a high excitation intensity. Our findings provide
new insights into the exciton relaxation dynamics in terms of
the coupled relationship between different decay channels,
and at the same time, demonstrate that the pump fluence can
be utilized to tune the specific relaxation process, which is
important to the potential optoelectronic applications of the
TMDC materials.
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