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We report three-pulse photodope-pump-probe measurements on photocarrier dynamics in semiconducting
transition metal dichalcogenide monolayers of MoS,, WS,, MoSe,, and WSe,. The samples are fabricated
by metal-organic chemical vapor deposition and mechanical exfoliation techniques and characterized by
photoluminescence spectroscopy. In the time-resolved measurement, the samples are first photodoped by a
prepulse, which injects background photocarriers of various densities. A pump pulse then injects photocarriers,
whose dynamics is monitored by measuring a differential reflection of a time-delayed probe pulse. We found that
the ultrafast decay component of the differential reflection signal, which has been widely reported before, shows
minimal dependence on the background exciton density. This observation shows that a previously suggested
carrier-trapping model cannot account for this component. The results thus further support an exciton-formation
model that was previously proposed based on spectroscopic evidence.

DOI: 10.1103/PhysRevB.102.035414

I. INTRODUCTION

The discovery of graphene [1] has created an exponen-
tially growing interest in a whole family of two-dimensional
(2D) materials [2]. Semiconducting transition metal dichalco-
genides (TMDs), as a focused group of 2D materials, have
been extensively studied since 2010. These TMDs, such as
MoS,, WS,, MoSe,, and WSe,, possess several interest-
ing properties. For example, their monolayer forms have
direct band gaps in the visible range, although their bulk
and multilayer counterparts are all indirect semiconductors
[3,4]. Their unique lattice structure enables valley-selective
optical coupling [5], which can be utilized in valleytronics.
Their 2D structure with reduced dielectric screening results in
unusually large exciton binding energies [6,7], making them
ideal platforms to study excitonic physics and many-body
interactions. Because of these superior properties, they are
regarded as promising materials for the next-generation and
ultrathin optoelectronic devices [8,9].

Photocarrier dynamics is an important process in semi-
conductors that often determines the performance of opto-
electronic devices based on them. As such, the photocarrier
dynamics in 2D TMDs has been extensively studied, mostly
by using pump-probe techniques based on transient absorp-
tion. In a typical pump-probe experiment, an ultrashort laser
pulse (pump) injects photocarriers, which lifecycle is time-
resolved by measuring the transient absorption of a probe
pulse as a function of the time delay between the two pulses.
By using this technique and its several variations, significant
progress has been made in understanding several important
aspects of the photocarrier dynamics in TMDs and other 2D
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semiconductors, such as carrier thermalization [10], energy
relaxation [10-12], exciton-exciton annihilation [13-18], ex-
citon diffusion [19-24] and recombination [13,15,16,22,25—
36], spin and valley dynamics [26,27,27,37-50], and coherent
exciton processes [51,52].

In transient absorption measurements of 2D TMDs, one
commonly observed feature is an ultrafast decay process
that causes loss of about half of the signal in about 1 ps.
This is remarkably consistent across different TMDs studied,
including MoS, [11,25,53,54], WS, [27,28,55,56], MoSe,
[24], and WSe, [22], with samples fabricated by different
groups and with different techniques. This process shows no
apparent dependence on the temperature [27] or the dielectric
environment [24] of the samples. Understanding the physics
origin of this process is important for using the pump-probe
technique to study photocarrier dynamics, especially those
occurring on this time scale.

So far, three models have been proposed on the origin
of this ultrafast decay process, based on exciton-exciton
annihilation [11,29,53], extrinsic effects of defect states
[25,29,31,54,57], and the intrinsic effect of exciton formation
[58]. At first, it has been established that in 2D semicon-
ductors, the exciton-exciton annihilation can be significantly
more efficient than in 3D systems due to the enhanced exciton-
exciton interaction [13—18]. Thus, at elevated densities, the
exciton-exciton annihilation can cause rapid loss of the exci-
ton population, resulting in the ultrafast decay of the transient
absorption [11,29,53]. Second, lattice defects in the samples
can cause loss of photocarriers by trapping or defect-assisted
Auger-type recombination, which can dominate carrier dy-
namics at low densities and cause this ultrafast decay process
[25,29,31,54,57]. Finally, the intrinsic effect of exciton for-
mation from free electron-hole pairs has been proposed as a
possible mechanism of the ultrafast decay process [58].

©2020 American Physical Society
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Here we utilize a three-pulse photodope-pump-probe tech-
nique to study the origin of the ultrafast decay process in
MoS,, WS,, MoSe,, and WSe; at low carrier density regimes
by testing the hypothesis of the defect-trapping mechanism.
We use a prepulse to optically dope the samples, followed
by injection of photocarriers by a pump pulse, and finally
measurement of differential reflection of a probe pulse. If
the trapping of carriers by defects is the main mechanism
for this ultrafast decay process, the carriers injected by the
prepulse are expected to fill these states and thus suppress
or even eliminate this component. Our measurements over a
large range of the photodoping densities in all four materials
show that the ultrafast-decay process is not influenced by the
photodoping. The results thus prove that the defect-related
processes are not responsible for the ultrafast decay process
observed in these samples, suggesting the importance of the
contribution from exciton formation.

II. EXPERIMENTAL TECHNIQUE AND PROCEDURES

MoS, monolayer samples are synthesized by metal-
organic chemical vapor deposition on Si/SiO, substrates un-
der low pressures. The precursors for Mo and S, namely
molybdenum hexacarbonyl (98%, Sigma Aldrich) and diethyl
sulfide (98%, Sigma Aldrich), respectively, are supplied in a
gaseous phase by a bubbler system. The flow rates for argon,
molybdenum hexacarbonyl, and diethyl sulfide are 100, 0.6,
and 2.0 sccm, respectively. The growth lasted for 15 h at a
substrate temperature of 400 °C. Monolayer samples of WS,
MoSe,, and WSe, are fabricated by a standard mechanical
exfoliation technique. For each material, flakes are first peeled
off from a bulk crystal (purchased from 2D Semiconductor)
by an adhesive tape, and then transferred to a polydimethyl-
siloxane (PDMS) substrate. Under an optical microscope,
the substrate is examined to identify large monolayer re-
gions, based on their known optical contrast on such thick
and transparent substrates [59]. The identified monolayers
are transferred to a Si/SiO, (90 nm) substrate to facilitate
optical measurements. The inclusion of samples fabricated
by different techniques could provide information on the
degree to which the results are influenced by the fabrication
techniques.

The photodope-pump-probe measurements were per-
formed in the reflection geometry with a homemade setup, as
schematically shown in Fig. 1. The laser system includes an
80-MHz Ti:sapphire oscillator, an optical parametric oscilla-
tor (OPO), a supercontinuum generator (SCG), and a second
harmonic generation (SHG) unit. The Ti:sapphire oscillator
produces 100-fs pulses in the range of 700-900 nm. One
part of this output is guided into the photonic-crystal fiber
SCG, which generates a coherent and broadband irradiation.
A bandpass filter (with a bandwidth of 10 nm) is used to
select the desired wavelength component for the experiment.
Another part of the Ti:sapphire output pumps the OPO, which
produces near-infrared pulses that are converted to visible
light by SHG in a nonlinear crystal. The output of the
Ti:sapphire oscillator can also produce its second harmonic
directly by the SHG unit, or be directly used.

In a measurement, depending on the desired wavelength
range, one of these outputs (blue beam in Fig. 1) is split by
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FIG. 1. Schematics of the three-pulse photodope-pump-probe
setup.

a beamsplitter (BS) and is used as the prepulse and the pump
pulse. The former is sent to a retroreflector and then combined
with the latter by another BS. By moving the retroreflector
on a linear stage, the path length (and therefore the time
delay) of the prepulse with respect to the pump pulse can
be adjusted. The combined prepulse/pump are reflected by
a BS to a microscope objective lens, which focuses them to
the sample. Typical spot sizes are in the range of 1-2 um. A
mechanical chopper is used to modulate the pump intensity at
about 3 kHz. Another output of the laser system is used as the
probe (red beam in Fig. 1). It is sent to another retroreflector
for time-delay adjustment, and is focused to the sample by
the same objective lens. The reflected probe from the sample
(purple beam) in Fig. 1 is collected by the objective lens and
goes through the two BS’s. A camera monitors the focused
spots and the sample surface during the alignment process. A
filter is used to block the unwanted prepulse/pump reflection,
allowing only the probe to reach the photodiode, the voltage
output of which is measured by a lock-in amplifier that is
referenced by the chopping frequency.

With this setup, we use the prepulse to photodope the
sample prior to the arrival of the pump at the sample, and
then measure the differential reflection of the probe induced
by the pump, AR/Ry = (R — Ry)/Ro. Here, R and R, are
the reflectance of the sample with and without the pres-
ence of the pump beam, respectively; however, they are
both with the presence of the prepulse. It is important to
note that the carriers injected by the prepulse alter both R and
Ry by the same amount and therefore do not influence AR/Ry.
In the measurements, only the pump beam is modulated by
the chopper. The lock-in amplifier only detects a signal at the
modulation frequency, which is induced by the pump only. All
the measurements were performed with the samples at room
temperature under ambient condition.

III. RESULTS AND DISCUSSION

Monolayer samples were first characterized by pho-
toluminescence (PL) spectroscopy. Figure 2 shows the
room-temperature PL spectra of the four samples under the
excitation of a continuous-wave laser with a photon energy
of 3.06 eV. The PL intensities plotted are normalized against
the integration time and the excitation power; hence, their
comparison directly reflects the relative PL yields of these
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FIG. 2. Photoluminescence spectra of monolayers of MoS, (a), WS, (b), MoSe; (c), and WSe, (d) under the continuous-wave excitation
of 3.06 eV.

samples. As shown in Fig. 2, the normalized PL count varies
from about 12 in MoS, to over 3500 in WS,. Furthermore,
the PL yields, the peak positions, and the peak widths are
all consistent with previously reported results from the corre-
sponding TMD monolayers [59], confirming their monolayer
thickness.

Figure 3 schematically shows our approach to study pho-
tocarrier dynamics in the photodoped TMD monolayers. At
first, a prepulse injects electron-hole pairs in a TMD mono-
layer at —4 ps (a). That is, the prepulse arrives at the sample
4 ps before the pump pulse. This time is long enough for the
completion of the carrier thermalization, energy relaxation,
and exciton formation processes, but short enough so that
the loss of photocarriers is negligible. Figure 3(b) illustrates
this situation right before the arrival of the pump pulse,
where a thermalized exciton population with a temperature
equal to the lattice temperature (293 K) is established. As
hypothesized, some of the photocarriers could be lost to the
trap states. Next (c), the pump pulse arrives at the sample at
t = 0, injecting more carriers in the now photodoped sample.
The dynamics of these carriers is monitored by measuring
the differential reflection of a probe pulse that is tuned to the
excitonic resonance of the sample (d). The key observation is
that, if the trapping of carriers was responsible for the ultra-
fast decay component of the transient absorption signal, the
carriers injected by the prepulse would occupy these states,
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causing reduction or even elimination of this component in
the transient absorption associated with the pump-injected
carriers, which can no longer be trapped.

We first perform standard pump-probe measurements with
either the prepulse or the pump pulse exciting the sample
along to confirm their effectiveness of injecting carriers and
their optimal alignment. The red circles in Fig. 4 show the dif-
ferential reflection signal measured from the WS, monolayer
sample as an example. In this measurement, the prepulse was
blocked and the pump pulse was modulated by the chopper.
The photon energies of the pump and probe are 3.12 and
2.01 eV, respectively. The signal reaches the peak rapidly,
followed by an ultrafast decay to about 40% of its peak
value. We next block the pump pulse and use the chopper
to modulate the prepulse. The blue squares in Fig. 4 show
the measured differential reflection signal. The similarity of
the two signals confirms that all three laser spots are well
overlapped. The 4-ps separation of the two signals is well
expected, as illustrated in the top panel of Fig. 4. In the entire
study, such a calibration measurement is always performed
first to ensure the proper alignment of the three pulses and the
effectiveness of photodoping.

Figure 5 shows the results of our photodope-pump-probe
measurements on the monolayer samples of MoS, (a), WS,
(b), MoSe;, (c), and WSe, (d). For each sample, we first
measure its differential reflection signal as a function of

(c)t=0ps (d)t>0ps

Pump
VAVAY 2 cpOD P
11':_' -

FIG. 3. Schematics of the photocarrier injection and dynamics. (a) A prepulse excites electrons (solid circles with —) and holes (+) at
—4 ps. (b) The electron-hole pairs excited by the prepulse thermalize and form excitons. Some of the carriers might be captures by the trap
states (dashed circles). (c) At ¢ = 0 ps, a pump pulse injects electron-hole pairs again to the photodoped sample. (d) The dynamics of the
pump-injected photocarriers is monitored by a probe pulse tuned to the exciton resonance.
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FIG. 4. Differential reflection signal of WS, monolayer under
the excitation of the pump (red circles) or the prepulse (blue squares)
alone, with the other blocked. The photon energy of the prepulse and
pulse is 3.12 eV. The probe photon energy is 2.01 eV.

the probe photon energy. The photon energies that give the
maximal signals are 1.87, 2.01, 1.58, and 1.68 eV for MoS,,
WS,, MoSe,, and WSe,, respectively. These probe photon
energies are then used for the rest of the study. The pump
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photon energy is 3.12 eV for all samples except MoSe,,
which is pumped by 1.97 eV due to the limitations of the
laser configuration. However, in each sample the pump pho-
ton energy is large enough to inject free carriers in these
samples [58].

We first focus on the results from MoS,. The black squares
in Fig. 5(a) show the differential reflection signal with the
prepulse blocked. The 3.12-eV pump with a peak fluence of
0.6 1J cm~2 produces a differential reflection signal of the
1.87-eV probe on the order of 3 x 10~*. Using an absorption
coefficient of 1.5 x 108 m~! at the pump photon energy [60],
the peak injected carrier density (at the center of the pump
spot) is about 1.1 x 10'" cm~2. The average distance between
the electron-hole pairs or excitons is about 30 nm, much larger
than the exciton Bohr radius of a few nm. We use such a
low injection density for this study so that multiexciton pro-
cesses, such as exciton-exciton annihilation, can be ignored.
As shown in Fig. 5(a), the signal reaches a peak quickly. The
rising part of the signal can be fit by the integral of a Gaussian
function with a width (full width at half-maximum) of 0.5 ps,
as shown by the gray curve. This temporal width is close
to the width of the cross correlation of the pump and probe
pulses, both of which are about 0.3 ps due to the dispersive
elements of the setup (mainly the objective lens). Hence,
the pump-injected carriers (in the form of free electron-hole
pairs) induced the maximal differential reflection signal at the
A-exciton resonance on a time scale much shorter than the
time resolution of the setup. This feature has been generally
observed in TMD monolayers in previous studies discussed in
the Introduction. After the peak, the signal rapidly decays to
about 50% of its peak value. This feature is the main goal of
the present study.
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FIG. 5. Differential reflection signal measured with the photodope-pump-probe techniques from the TMD monolayers of MoS; (a), WS,
(b), MoSe; (c), and WSe, (d), respectively. Different symbols represent results with different background exciton densities injected by the
prepulse. Other experimental conditions are labeled in each panel. The sample is at room temperature. Parts (e)—(h) are the same as (a)—(d) but

are normalized to shown their similarity.
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FIG. 6. Parameters describing the ultrafast decay component of the differential reflection signal shown in Fig. 5, from monolayers of MoS,
(a), WS, (b), MoSe; (c), and WSe, (d), respectively. Top panels are the peak differential reflection signal. Middle panels show the ratio of the
differential reflection signal at 3 ps to the peak signal, that is, the amount of the signal drop due to the ultrafast decay component. The bottom
panels are the decay time constant as a function of the background exciton density.

We can exclude any direct nonlinear interaction between
the pump and the probe pulses as the origin of the ultrafast
decay component, such as sum frequency generation, SHG,
or nondegenerate two-photon absorption. Such processes only
occur when the two pulses overlap, while this component
clearly persists far beyond the pulses. To illustrate this, the
dashed gray curve is the calculated cross correlation of the
pump and probe pulses, which is significantly narrower.

As we discussed above, one possible origin of the ultrafast
decay process proposed was the loss of carriers due to defects
in the sample. Hypothetically, if the main mechanism respon-
sible for the loss of carriers is defect-assisted Auger-type
carrier recombination, without carriers occupying these states,
the entire carrier population should be drained by this process.
The existence of the long-lived signal (of tens or hundreds
of picoseconds) generally observed after the ultrafast decay
process could rule out this mechanism. In other words, the
observation that these defects can cause ultrafast decay of
part of the carrier population, and then become inactive to
the remaining carrier population, shows that the only plausible
mechanism is the trapping of carriers by these states. That is,
once these states are filled, they no longer cause decay of the
carrier population.

To test this hypothesis, we use the prepulse to produce
background excitons, so that these traps can be prefilled. The
different symbols in Fig. 5(a) show the differential reflection
signal measured when the prepulse injects various densities
of background excitons, as indicated in the label. When the
background density produced by the prepulse is comparable to
or higher than the maximal carrier density that these states can
capture (which is about half of the pump injected density, or
about 0.5 x 10'! cm—2), the ultrafast decay component should
be significantly quenched. However, as shown in Fig. 5(a),
even with the background exciton densities up to 10 times
higher than the pump-injected density, the ultrafast decay
component is nearly unaffected. This can be clearly seen in
Fig. 5(e), which show the normalized signals. Similar results

were obtained from the other three TMD monolayers, as
shown in the rest of Fig. 5. Hence, these results rule out the
trapping mechanism. Furthermore, the close similarity of this
feature in all four TMD samples studied, which are fabricated
with different techniques, strongly suggests an intrinsic and
universal origin of this ultrafast decay process.

In a previous study, we have shown spectroscopic evidence
that such an ultrafast decay component is not associated with
a loss of carrier population and that it only exists under
nonresonant excitation of free electron-hole pairs [58]. Based
on these features, we proposed that this process is associated
with the formation of excitons from the free electron-hole
pairs [58]. This explanation is also consistent with a well-
established model on transient absorption of 2D semicon-
ductor, which predicted that under the conditions relevant
to 2D TMDs at room temperature, free electron-hole pairs
induced transient absorption at the excitonic resonance that
is twice that induced by excitons of the same density [61]. By
ruling out the trapping effect, the result of photodope-pump-
probe experiment provides strong evidence supporting this
model.

We now discuss some detailed observations from the re-
sults shown in Fig. 5 that are not strongly related to our
conclusion. First, the peak signal decreases slightly at high
background densities in each sample. To better illustrate that,
the top panels of Fig. 6 show the peak signal as a function of
the background density for each sample. This feature could
be attributed to the effect of absorption saturation. That is,
the differential reflection is related to the exciton density by
AR/Ry = AN/(N + N;), where N; is the saturation density
[62]. Although the background excitons do not directly con-
tribute to the signal detected, as their density is not modu-
lated, they still contribute to N;. Second, we characterize the
magnitude of this fast-decay component by taking the ratio
between the signal at 3 ps to the peak signal. This ratio is
plotted in the middle panels of Fig. 6. As shown in panels (a)
and (b), this ratio is in the range of 0.4-0.5 and is independent
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of the background density in MoS, and WS, monolayers. For
the other two samples, however, the ratio slightly increases
(MoSe,) and decreases (WSe;) with the background density.
Finally, the decay times deduced by exponential fits to this
component (curves in Fig. 5) are shown in the bottom panels
of Fig. 6. Small variations from material to material can
be seen, while the background-density dependence is rather
weak.

Finally, we note that the time scale of exciton formation
based on this model is consistent with previous studies with
other techniques. If the ultrafast decay process is due to
exciton formation, the decay times shown in the bottom
panels of Fig. 6 correspond to the exciton formation times
in these materials, ranging from 0.3 ps (MoSe;) to 0.7 ps
(WSe,). Previous time-resolved midinfrared spectroscopic
measurement also reported subpicosecond exciton formation
time in monolayer WSe, [63]. In WS,, ultrafast decay of
THz conductivity on similar time scales to what we observed
was attributed to the exciton formation process [64,65]. Fur-
thermore, this ultrafast decay component has been used to
achieve tuning of the exciton binding energy of WS, by
photoexcitation [55].

IV. CONCLUSION

We have performed a three-pulse photodope-pump-probe
experiment on monolayer semiconductors of MoS,, WS,,
MoSe,, and WSe,. Under nonresonance excitation conditions,
an ultrafast decay process of the transient absorption was
observed in all materials, with similar decay time constant
and weights to the overall signal magnitude. We show that
this component is independent of the background exciton
density produced by the prepulse over a large density range.
This result shows that a previously hypothesized photocarrier
trapping mechanism is not the main origin of this component
observed in our samples. This observation further supports the
model of exciton formation.
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