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ABSTRACT: In this Letter, we present nondegenerate
ultrafast optical pump—probe studies of the carrier recombi-
nation dynamics in MoS, monolayers. By tuning the probe to
wavelengths much longer than the exciton line, we make the
probe transmission sensitive to the total population of
photoexcited electrons and holes. Our measurement reveals
two distinct time scales over which the photoexcited electrons
and holes recombine; a fast time scale that lasts ~2 ps and a
slow time scale that lasts longer than ~100 ps. The
temperature and the pump fluence dependence of the
observed carrier dynamics are consistent with defect-assisted
recombination as being the dominant mechanism for
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electron—hole recombination in which the electrons and holes are captured by defects via Auger processes. Strong Coulomb
interactions in two-dimensional atomic materials, together with strong electron and hole correlations in two-dimensional metal
dichalcogenides, make Auger processes particularly effective for carrier capture by defects. We present a model for carrier
recombination dynamics that quantitatively explains all features of our data for different temperatures and pump fluences. The
theoretical estimates for the rate constants for Auger carrier capture are in good agreement with the experimentally determined
values. Our results underscore the important role played by Auger processes in two-dimensional atomic materials.
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wo-dimensional (2D) transition metal dichalcogenides

(TMDs) have emerged as interesting materials both from
the perspective of basic science as well as applications.'”
Applications of these materials in electronics and optoelec-
tronics have been extensively explored in recent years.”**™'®
The bandgaps of most TMDs are in the visible to near-IR
wavelength range, making these materials suitable for light
emitters, photodetectors, and solar cells.>10131618 11 4 ddition,
optical control of valley polarization in TMDs has opened
opportumtles for devices based on the valley degree of
freedom.® The lifetimes of electrons and holes are critical to
all the proposed and demonstrated TMD optoelectronic
devices. Despite the recent progress, carrier lifetimes and
nonradiative electron—hole recombination mechanisms in
TMDs remain poorly understood. Developing a better
understanding of the nonradiative electron—hole recombina-
tion mechanisms in TMDs is especially important because the
reported quantum efficiencies in both TMD light emitters and
detectors are extremely poor, that is, in the 0.0001—0.01
range.'”'*'°™"® Similar quantum efficiencies for TMDs have
been observed in photoluminescence experiments.”> In
contrast, the best reported internal and external quantum
efficiencies observed in photoluminescence in III-V semi-
conductors exceed 0.9 and 0.7, respectively.'” Therefore, most
of the electrons and holes injected either electrically or optically
in TMDs recombine nonradiatively. The mechanisms by which
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electrons and holes recombine nonradiatively, and the
associated time scales, remain to be clarified.

In this Letter, we report results on the ultrafast dynamics of
photoexcited carriers from nondegenerate optical pump—probe
experiments performed on monolayer MoS,. In contrast to the
previously reported optical pump—probe studies of monolayer
MoS,,>**" in which the probe wavelength was tuned close to
the exciton line (~650 nm), the probe wavelength in our
experiments is chosen to be much longer than the exciton line
such that the probe transmission is affected predominantly by
intraband absorption from the electrons and holes created by
the pump pulse and not by resonant or near-resonant interband
excitonic nonlinearities that are more difficult to interpret
quantitatively.”> The probe transmission in our experiments is
used to observe the total photoexcited carrier populations,
including both free carriers and bound carriers (excitons) and
their dynamics. Our results are consistent with defect-assisted
recombination as being the dominant mechanism for electron—
hole recombination in which the electrons and holes are
captured by defects via Auger processes. The temperature and
the pump fluence dependence of the observed carrier dynamics,
together with the small photoluminescence quantum efficien-
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cies, rule out most other recombination mechanisms as playing
the dominant role. In most bulk semiconductors, Auger
processes for carrier capture by defects are believed to be
important at high carrier densities and single and multiphonon
processes for carrier capture dominate at low carrier
densities.”>™>” However, electron—electron and electron—hole
interactions are particularly strong in two-dimensional TMDs.
For example, the exciton binding energies in TMDs are almost
2 orders of magnitude larger than in most III-V semi-
conductors.**** The strong Coulomb interactions in TMDs,
including correlations in the positions of electrons and holes
arising from the attractive interaction, result in large carrier
capture rates via Auger scattering (theoretical details are
provided in the Supporting Information). Our results show that
the decay transients of the photoexcited carrier density are not
simple exponentials and exhibit different time scales. The
measured dynamics and time scales can be explained
quantitatively for all temperatures and for all pump fluences
by assuming electron and hole capture by defects with different
capture rates via Auger scattering.

Sample Preparation and Experimental Technique.
Our monolayer samples were mechanically exfoliated from bulk
MoS, (obtained from SPI Supplies and 2D Semiconductors)
and transferred onto quartz substrates. Sample thickness was
confirmed by both Raman and transmission/reflection spec-
troscopy and monolayers were identified.*> The samples were
found to be n-doped. The electron density was estimated from
Raman measurements to be in the 2—3 X 10" 1/cm?
range.”®?" Electrical measurements on similar samples on
oxide-coated doped silicon substrates (with electrostatic §ating)
yielded intrinsic electron densities in the same range.”® The
samples were placed in a helium-flow cryostat. In the optical
pump—probe experiments, ~80 fs pulses at 905 nm wavelength
(1.37 eV photon energy) from a Ti-Sapphire laser were
frequency doubled to 452 nm (2.74 €V) by a -BaB,0, crystal.
The 2.74 €V pump pulses were used to excite electrons from
the valence band into the conduction band in the sample, and
the differential transmission (AT/T) of the time-delayed 1.37
eV pulses were used to probe the sample after photoexcitation.
A 20X objective was used to focus the pump and the probe
beams onto the sample. From direct pump absorption
measurements, 1 yJ/cm?® pump fluence is estimated to generate
an electron (and hole) density of ~2.5 X 10" 1/cm® The
measurement time resolution was ~400 fs and was limited by
the dispersion of the ogtics in the setup. The measured AT/T
can be expressed as,>>">

AT Ao, 2(6Ac, + 6Ac)
T °1 + ng ° (1+n)

(1)

where o, (0;) is the real (imaginary) part of the sample optical
conductivity, n; & 1.45 is the refractive index of the substrate,
and 7, is the free-space impedance. The optical conductivities
were measured by broadband transmission and reflection
spectroscopies and are shown in Figure la—d at 5 and 300 K,
respectively. When the probe energy is either near an exciton
resonance or near a band-edge, the sign and the magnitude of
the changes in the optical conductivities after photoexcitation
due to excitonic optical nonlinearities and band-filling effects
can have a complicated dependence on the probe energy. This
makes quantitative interpretation of pump—probe data a
difficult task.”> We therefore chose the probe energy to be
much smaller than the exciton resonance. No detectable optical
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Figure 1. (a—d) The measured real and imaginary parts of the optical
conductivity of monolayer MoS, sample are plotted for 5 and 300 K.
The A and B exciton resonances as well as the probe photon energy
are also indicated. (e) Schematic of the optical pump—probe scheme is
shown. The probe differential transmission is affected predominantly
by changes in the real part of the optical conductivity due to intraband
absorption (intraconduction band and intravalence band absorption).

absorption or photoluminescence was observed in the samples
at the probe energy (1.37 eV) indicating that the sample had no
optically active midgap defect states at this energy. Changes in
the imaginary part of the optical conductivity after photo-
excitation due to excitonic optical nonlinearities and band ﬁllin§
effects are expected to be positive at the probe energy,”
thereby making AT/T positive, which is contrary to our
experimental observations discussed below. In addition,
because 7,0, and 7,0; are both <1 at the probe energy (see
Figure 1) the second term on the right-hand side in eq 1 is
expected to be much smaller than the first term. The differential
transmission of the probe is expected to be affected
predominantly by changes in the real part of the optical
conductivity as given by the first term on the right-hand side in
1 due to intraconduction band and intravalence band
absorption.>* Therefore, AT/T is expected to be negative.

The exciton binding energies in most TMDs are in the few
hundred millielectronvolts range.”*** Such large binding
energies imply that photoexcited electrons and holes could
form excitons relatively quickly. The goal of our experiments is
not to study the exciton formation dynamics. When the probe
photon energy is much smaller than the exciton binding
energies, the excitons respond like a charge neutral insulating
gas and, unlike free carriers, do not contribute to the probe
intraband absorption.>>*® When the probe photon energy is
much larger than the exciton binding energies and also much
smaller than the optical bandgap, as is the case in our
experiments, excitons contribute to the intraband absorption in
approximately the same way as the free carriers.**™>® This is
shown explicitly in the Supporting Information using exciton
conductivity sum rules. The change in the real part of the
optical intraband conductivity of the sample at the probe
frequency can therefore be written approximately in the Drude
form as (see Supporting Information)

N ﬂ)ezif
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)

where  is the probe frequency, 7 is the damping rate, m, and
my, are the electron and hole effective masses (assumed to be
equal to 0.5m,*®), and An and Ap are the photoinduced
changes in the total electron and hole densities including both
free and bound (excitons) carriers. Therefore, the probe
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transmission in our experiments is sensitive to the total carrier
population and enables studies of the carrier recombination
dynamics and mechanisms, which is the focus of our work.
Experimental Results and Discussion. A differential
transmission transient measured at room temperature is shown
in Figure 2 for 16 yJ/cm?® pump fluence (T = 300 K). AT/T is
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Figure 2. (a) The measured differential transmission AT/T of the

probe pulse is plotted as a function of the probe delay with respect to
the pump pulse. The pump fluence is ~16 yJ/cm? and T = 300 K. (b)
A zoomed-in plot of the data in (a) shows three different temporal
regions: (I) AT/T reaches its negative maximum within ~500 fs. (II)
A fast recovery of the negative AT/T then occurs within ~2 ps. (II)
Finally, a slow recovery of the negative AT/T lasts for more than a
hundred picoseconds.

observed to be negative, as expected from the intraband
absorption of the probe photons by the photoexcited electron
and hole populations. Three different time scales (or temporal
regions) are observed and marked in Figure 2b: (I) Upon
photoexcitation by the pump pulse, AT/T reaches its maximum
negative value within ~500 fs. (II) A fast recovery of the
negative AT/T then occurs within ~2 ps. (II) Finally, a slow
recovery of the negative AT/T lasts for more than hundred
picoseconds. Figure 3 shows AT/T for different pump fluences
(1,2, 4, 8,16, and 32 uJ/cm?) at T = 300 K. The slow transient
in region (III) appears to be nearly exponential with a time
constant of 60—70 ps. The data presented here was
reproducible in different samples exfoliated from both natural
and synthetic bulk crystals obtained from different vendors
(SPI Supplies and 2D Semiconductors) with less than 10%
variation in the observed time scales across samples. The
samples were found to be permanently damaged by pump
fluence values exceeding ~S0 uJ/cm? Once damaged in this
way, the measured transients changed dramatically, non-
repeatably, and exhibited much longer time scales (see
Supporting Information).

We now discuss the processes that contribute to the
observed transients. Possible thermal diffusion of hot photo-
excited carriers out of the pump or probe focus spots was ruled
out as a contributing factor to the observed transients by
changing the focus spot size in measurements.”' Although
carrier generation by the pump pulse and subsequent hot
carrier intraband relaxation can contribute to the observed
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Figure 3. (a) The measured IAT/TI of the probe pulse is plotted as a
function of the probe delay for different pump fluences (1, 2, 4, 8, 16,
and 32 pJ/cm?®) at T = 300 K. The slow transient in region (III)
appears to be nearly exponential with a time constant of 60—70 ps.

transient in region (I), our measurement is limited by the
temporal resolution of the setup as indicated by the good fit of
the transient in region (I) with the pump—probe cross-
correlation curve. The asymmetry of the observed transient in
(I) and (II) shows that two-photon absorption (TPA) between
the pump and the probe pulses does not contribute in any
significant way to the measured differential transmission of the
probe pulse. The recovery of the negative AT/T occurs over
very different time scales in regions (II) and (III). These two
different time scales have been observed in previous ultrafast
studies.”****! The fast initial decay in region (II) cannot be
attributed to intraband thermalization or hot carrier intraband
relaxation since similar fast initial decay was also observed in
ultrafast PL measurements by Lagarde et al.*' (limited by the
~4 ps time resolution in their experiments) and PL is likely to
increase as the carriers thermalize and cool. Also, the intraband
carrier relaxation times for electrons were measured by Tanaka
et al.* in bulk MoS, using two-photon photoemission
spectroscopy and times shorter than ~50 fs were obtained
for electrons with energies a few tenths of an electronvolt from
the conduction band edge.*’ It is therefore reasonable to
assume that the photoexcited electrons and holes thermalize
and lose most of their energy (via optical phonon emission) in
the first few hundred femtoseconds after photoexcitation in a
manner similar to what happens, for example, in graphene.*
The small absolute values, as well as the pump intensity
dependence, of the radiative quantum efficiencies in our
samples provide a clue to interpret the transient in regions (II)
and (III). Figure 4a shows the measured radiative quantum
efficiency of a suspended monolayer MoS, sample, obtained by
integrating the PL spectra, plotted as a function of the optical
pump intensity (pump in this case was a 532 nm wavelength
continuous-wave laser and T = 300 K). The quantum efficiency
was estimated based on the amount of actual light collected by
a 100X objective.’ The small values of the quantum efficiencies,
in agreement with the previously reported values,® show that
most of the photoexcited carriers recombine nonradiatively.
The decrease of the quantum efficiency with the pump intensity
indicates that the steady state nonradiative recombination rates
increase faster with the photoexcited electron and hole densities
compared to the radiative recombination rates. In addition,
radiative lifetimes of excitons and trions were recently reported
by us** and were found to be generally much longer compared
to the picosecond scale dynamics observed in region (II). On
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Figure 4. (a) Radiative quantum efficiency of a suspended monolayer
MoS, sample, obtained by integrating the photoluminescence (PL)
spectra, is plotted as a function of the optical pump power (pump
wavelength was 532 nm). T = 300 K. (b) The measured AT/T
(normalized) of the probe pulse is plotted as a function of the probe
delay for two different temperatures (S and 300 K). The data shows no
significant temperature dependence of the time scales associated with
the transient. The pump fluence was ~32 yJ/cm? in both cases.

the basis of these observations and considerations we attribute
the measured transient in regions (II) and (III) to the
nonradiative capture and recombination of photoexcited
carriers.

In order to determine the nonradiative capture and
recombination mechanisms, we look at the temperature and
pump fluence dependence of the time scales observed in the
transients. Interestingly, the time scales in AT/T exhibited no
observable temperature dependence over the entire temper-
ature range 5—300 K. In Figure 4b, normalized AT/T is plotted
as a function of the probe delay for two different temperatures
(5 and 300 K) and shows no significant temperature
dependence in the time scales (the pump fluence was fixed at
~32 uJ/cm® in both cases). In Figure Sa, the normalized
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Figure 5. (a) AT/T (normalized) is plotted for two different pump
fluences, 1 and 32 uJ/cm? at T = 300 K. Whereas the slow time scale
in region (III) is completely independent of the pump fluence, the fast
time scale in region (II) becomes marginally faster (by 10—15%) at
highest pump fluence compared to at the lowest pump fluence. (b)
The peak value of IAT/TI is plotted as a function of the photoexcited
carrier density (estimated from the pump fluence) showing a mildly
sublinear dependence. The fit obtained from the Auger carrier capture
model is also shown. T = 300 K.

transients for two extreme pump fluence values, 1 and 32 pJ/
cm?, are plotted (T = 300 K). The data shows that the time
scales in the transient are largely independent of the pump
fluence in the entire range of the pump fluence values used in
our experiments. A more careful examination reveals that while
the time scale of the slow transient in region (III) is indeed
independent of the pump fluence, the time scale of the fast
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transient in region (II) becomes marginally faster (by 10—15%)
at highest pump fluence compared to at the lowest pump
fluence. Figure Sb shows the peak value of IAT/T plotted as a
function of the photoexcited carrier density (estimated from the
pump fluence). IAT/TI shows a mildly sublinear behavior with
the pump fluence. Below we show that defect-assisted
recombination via Auger carrier capture explains all features
of our data.

Auger Carrier Capture Model. Recombination via direct
band-to-band Auger scattering is generally slow for large
bandgap materials® and it also cannot explain the sharp
transition in the time scales observed in the transient between
regions (II) and (III). Electron and hole capture by defects in
defect-assisted nonradiative recombination occurs mainly by
two mechanisms: (a) phonon-assisted processes, and (b) Auger
processes. Phonon-assisted processes can be single-phonon
processes or multiphonon processes, including phonon-cascade
processes.”>~>* The carrier capture rates in all phonon-assisted
processes depend strongly on the lattice temperature.”*~* For
example, the rates of activated multiphonon capture processes
depend exponentially on the lattice temperature.”>*> In
contrast, the rate of carrier capture by defects via Auger
processes is largely temperature independent and consistent
with our observations***”**¢ (see also Supporting Informa-
tion). Figure 6 shows the four basic Auger processes for the
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Figure 6. Four basic Auger processes for the capture of electrons (a,b)
and holes (c,d) at defects are depicted. The approximate dependence
of the capture rates on the electron and hole densities is also indicated
for each process.”**”** In n-doped samples, processes (a) and (c) are
expected to dominate for electron and hole capture, respectively, for
low to moderate photoexcited carrier densities.

capture of electrons (a,b) and holes (c,d) at defects and the
approximate dependence of the capture rates on the electron
and hole densities.”®*”* The corresponding emission
processes are the just the inverse of the capture processes
shown. The carrier density dependence of the capture rates
shown in Figure 6 holds approximately for both bound
(excitons) and free carriers (see Supporting Information). In
our n-doped samples, processs (a) and (c) are expected to
dominate for electron and hole capture, respectively, at low to
moderate pump fluence values.

A simple rate equation model based on Auger carrier capture
by defects can be developed that explains all features of our
data. We note that the sudden transition from the fast time
scale in region (II) to the slow time scale in region (III) in the
measured transients cannot be explained by saturation of the
defects states alone since, as already discussed, the measured
time scales in Figure S do not exhibit strong pump fluence
dependence. Most semiconductors contain defect levels with
very different carrier capture rates.*’ > Monolayer MoS, is
known to have several different kinds of point defects, such as
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sulfur and molybdenum vacancies and interstitials, in addition
to grain boundaries and dislocations.*>*™>® We assume two
different deep midgap defect levels in our samples; a fast defect
level and a slow defect level, labeled by subscripts f and s,
respectively. In our n-doped samples, the defect levels are
assumed to be fully occupied in thermal equilibrium. Keeping
only the most important Auger capture processes in n-doped
materials ((a,c) in Figure 6), and ignoring electron and hole
emission from the deep defects, we obtain the following rate
equations for the electron and hole densities (see Supporting
Information)

dﬂ 2 2

— =—-Ann"(1 — F) —Ann"(1 — E) + gl(t

dt frHf ( f) s'ts ( s) & ( ) (3)

dp

— = -B F. — B E + gl(t

dt e enpLy nnprg + & (t) 4)
dlf/s 2
— =A 1-F,)—B E,

Ngys ar £/s"/sM ( f/s) t/sMe/sMPEE/ (s)

Here, n and p are the electron and hole densities and include
both free electrons and holes as well as bound electrons and
holes (excitons) (see Supporting Information), nfn,) is the
density of fast (slow) defect levels, and F{F,) is the electron
occupation of the fast (slow) defect level. A/ (By) is the rate
constant for the Auger capture of electrons (holes) by the
defects. I(t) is the pump pulse intensity (units, J/cm?s) and g
equals ~2.5 X 10" 1/uJ (from measurements). Change in the
probe pulse transmission through the photoexcited sample is
assumed to be given by 1 and 2. The essential dynamics
captured by the above equations are presented in Figure 7 and
consist of three main steps corresponding to the three temporal
regions in Figure 2. (I) After photoexcitation, the carriers
thermalize and cool. This is assumed to happen instantly in our
model. (II) Most of the holes, followed by the electrons, are
captured by the fast defects within a few picoseconds. This fast
capture process is responsible for the fast time scale observed in
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Figure 7. Illustration of the ultrafast carrier dynamics in MoS, in the
three temporal regions: (I) After photoexcitation, the carriers
thermalize and cool and form a correlated electron—hole plasma.
(IT) Most of the holes, followed by the electrons, are captured by the
fast defects within 1—2 ps. A small fraction of the photogenerated
holes is also captured by the slow defects. (III) After all the
photoexcited holes have been captured and the electrons have filled
the fast traps completely, the remaining photoexcited electrons are
captured by the slow defects on a 60—70 ps time scale and the slow
transient lasts for more than 100 ps.
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region (II) in Figure 2. A small fraction of the photogenerated
holes is also captured by the slow defects. (III) After all the
photoexcited holes have been captured and the electrons have
filled the fast traps completely, the remaining photoexcited
electrons are captured by the slow defects. This last step is slow
and is responsible for the slow time scale observed in region
(1) in Figure 2. The choice of the values of the parameters in
3—S5 can be aided by the data. Assuming small pump fluence
and knowing the equilibrium electron density n, and the fact
that immediately after photoexcitation F; & F; & 1, the value of
the product By in 4 is chosen to match the time scale of the
fast transient in region (II) in Figure 2. The value of the
product Bgn, is chosen to adjust the fraction of the holes that is
captured by the slow defects in region (II) in order to fit the
relative value of IAT/T| in the beginning of region (III)
compared to the peak value. From our data, B, should be
7.5—8 times smaller than Bm; Knowing the hole density
captured by the slow defects in region (II) (which equals n (1—
F,) at the end of region (II)), the value of A, is chosen to match
the time scale of the slow transient in region (III) in Figure 2.
Finally, the value of A is chosen to match the dependence of
the peak value of IAT/T| on the pump fluence, as show in
Figure Sb. Parameter values obtained this way are shown in
Table 1. Once the parameter values have been chosen in this

Table 1. Parameter Values Used in the Simulations to Fit the
Transient Data

Byne 0.73 + 0.05 cm?/s

Bgn, 9.3+ 1% 107 cm?/s
A, 9.5 + 1 X 107" cm*/s
Ag (1.0 £ 0.2)B;

g 0.3 X 10" to 10" 1/cm?*

10" to 2.0 X 10* 1/cm?
2.0 X 10" 1/cm?

way, we find that the simulations fit the data very well for a
small range of values of the defect densities, n; and n,, as
indicated in Table 1. These defect density values compare well
with the theoretically gredlcted and observed point defect
densities in MoS,.****%>>%8 I the Supporting Information, we
show that the theoretically estimated values of the Auger
capture rate constants are in the same range as the values given
in Table 1.

The agreement between the simulation results for AT/T and
the measurements are presented in Figures 8 and 5b. In Figure
8ab, the measured and calculated AT/T (pump fluence
normalized) are plotted as a function of the probe delay. The
calculations are done for two different and extreme values of
the pump fluence, 1 and 32 uJ/cm?, used in our experiments.
The model not only reproduces the very different time scales
observed in AT/T measurements in regions (II) and (1), it
achieves a very good agreement with the data over the entire
range of the pump fluence values, 1 to 32 uJ/cm? used in our
experiments. The near exponential appearance of the measured
transient in region (III) (see Figure 3) is also reproduced by
our model despite the fact that the Auger capture rates are not
linear functions of the carrier density. This can be understood
as follows. In region (III), if at any time the hole density in the
slow traps equals n(1 — F,) then this is also equal to the
photoexcited electron density n — n, left in the conduction
band. Therefore, in region (III) the rate equation for the
electron density becomes
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Figure 8. (ab) The measured and calculated AT/T (pump fluence
normalized) are plotted as a function of the probe delay. The plot in
(a) is the same as the plot in (b) and shows the details at small times.
The calculations are done for two different and extreme values of the
pump fluence, 1 and 32 yJ/cm? used in our experiments. The Auger
carrier capture model reproduces all the time scales observed in the
measurements over the entire range of the pump fluence values used.
(c) The simulated electron and hole densities are plotted as a function
of time after photoexcitation for 32 yJ/cm? pump fluence. (d) The
simulated electron occupations, F;and F,, of the fast and slow traps are
plotted as a function of time after photoexcitation for 32 yJ/cm” pump
fluence.

dn

dt ~ _Asnsnz(1 - P;) = _Asnz(n - no) ~ _Asnj(n - na)

(6)

The last approximate equality above follows from the fact
that in region (III) the remaining photoexcited electron density
n — n, is much smaller than the doping density , for all pump
fluence values used in our experiments. The eq 6 shows that in
region (III) the transient will behave almost like a decaying
exponential with an inverse time constant given by Agn.. Figure
8b,c shows the calculated carrier densities and the defect
occupations for the maximum pump fluence of 32 uJ/cm* used
in our experiments. The carrier and the defect state dynamics
depicted in Figure 7 are reproduced by the model using the
parameter values given in Table 1. From the computed carrier
densities, one can obtain the scaling of the peak value of IAT/TI
with the pump fluence. Figure 5b shows the measured and the
calculated dependence of the peak value of IAT/T| on the
pump fluence, and the model is again seen to agree well with
the measurements. Finally, the calculated values of AT/T, using
2, agree very well with the measurements if one assumes a
carrier mobility, ez/(0.5m,), of ~35 cm?/V s, which is in the
range of the values reported for exfoliated MoS, monolayers.*”

Conclusion. In this work, we presented experimental results
on the ultrafast dynamics of photoexcited carriers in
monolayers of MoS, and showed that defect assisted
electron—hole recombination in which carrier capture by
defects occurs via Auger scattering, explains our observations
very well. Based on the dependence of the measured data on
the temperature and the pump fluence, we ruled out other
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mechanisms of nonradiative recombination and carrier capture
by defects. Strong Coulomb interactions in two-dimensional
materials make Auger scattering effective. Our results will be
helpful in understanding and evaluating the performance of
MoS,-based electronic and optoelectronic devices. After the
submission of this manuscript, we became aware of the
experimental work published by Docherty et al.®* on ultrafast
PL and optical-pump THz-probe measurements of monolayer
MoS,. Their general observations are in very good agreement
with our experimental and theoretical results and show that
both electron and hole populations decay in the first 1-2 ps
after photoexcitation and that one carrier type (holes in our
case) is almost entirely captured by defects in the first 1—2 ps
and a small fraction of the other carrier type (electrons in our
case) is captured over much longer time scales. Finally, we note
here that our measurements might not have detected charge
trapping dynamics occurring on much longer time scales (>>10
ns) recently observed in MoS, photoconductive devices.®!
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Order of magnitude estimations of Auger carrier capture rates
in an electron—hole plasma in monolayer MoS, are discussed in
detailed. Strong Coulomb interactions in two-dimensional
materials can make Auger capture rates fairly large and
consistent in magnitude with our experimental observations.
In addition, we derive and show that at optical frequencies
much higher than the exciton binding energies and much lower
than the optical bandgap the intraband conductivity of the
excitons looks similar to the intraband conductivity of free
carriers. Last but not the least, optically induced sample
damages can change the optical characteristics and the observed
dynamics of monolayer MoS, samples completely. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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