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ABSTRACT: The excited-state dynamics of few-layer molybde-
num disulfide (FL-MoS,) are studied in conditions of strong
light—matter coupling to plasmon polaritons. Hot carrier
extraction in these systems has been proposed due to the
observation of slow cooling of the high-energy C exciton relative
to the bandgap A exciton. Here, we show that in conditions of
ultrastrong coupling to plasmon polaritons, the lifetimes of the two
slowest C exciton decay processes are extended by factors of 1.5 & MoS,

and 5.8 in FL-MoS,. We hypothesize that strong coupling ﬁ 0 v v
delocalization suppresses multiple decay mechanisms throughout 2 Bare Light-Matter
the visible spectrum in MoS, such as defect scattering, intervalley Time MoS, Hybridized
scattering of band-nested excitations to the K-valley band edges,

and exciton—exciton annihilation. We also find that decay from the upper to the lower hybrid mode is not ultrafast as seen in organic
systems but in fact introduces an additional delay of ~20 ps. Our observations show that strong coupling can be used to extend the
lifetimes of hot excitons in FL-MoS, and potentially in other two-dimensional transition-metal dichalcogenides, with potential for
above-bandgap photophysics and photochemistry applications such as hot carrier extraction, which could lead to more efficient solar
energy conversion.
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Bl INTRODUCTION matter interactions arising from unique optoelectronic proper-
ties such as their excitonic fine structure and ultrathin,
quantum confined nature. TMDCs exhibit sharp excitonic
resonances, large optical absorption coeflicients, and promising
electronic properties. These materials can be made through a
variety of nanofabrication processes, showing flexibility and
promise toward device integration. Furthermore, strong spin—
orbit interactions in TMDC:s yield optically accessible states
that are protected by spin—valley locking and may allow a
route to all optical qubits.">'® Plasmonic strong coupling-
modulated valleytronic emission has already been demon-
strated toward this goal.”

However, short excited-state lifetimes limit the utilization of
the TMDC:s in these various applications. Thus, understanding
and controlling carrier lifetimes is important. Toward this end,
we focus on strong coupling as a control mechanism and target

Strong coupling of excitons and light into hybrid modes called
exciton—polaritons is a quantum coherent phenomenon with a
wide variety of applications from laser physics,' > chemical
reactivity control,” ° quantum information processing,” and
energy conversion.” Under strong coupling conditions,
resonant light (e.g., polaritons) and matter (e.g., excitons or
molecular vibrations) modes of equal energy hybridize,
resulting in split energy levels and coherent oscillation between
the two new eigenstates. Strong coupling has led to exciting
demonstrations such as polariton condensation and super-
fluidity,” modification of electronic properties such as the work
function and mobility,'”"" and control over chemical reaction
rates and selectivity.”’

Previously, the excitonic systems available for strong
coupling studies were limited to quantum dots, organic
semiconductors, or inorganic semiconductors at cryogenic

temperatures.”~'* Recently, strong coupling in inorganic Received: February 21, 2022
semiconductors has been achieved at room temperature in Revised:  May 2, 2022
the two-dimensional (2D) transition-metal dichalcogenides Published: May 17, 2022

(TMDCs) with exciting results such as ultralow threshold
polariton lasing with WS,.> The 2D TMDCs are layered
crystalline semiconductors attractive for their strong light—
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Figure 1. (a) Absorptivity (1 — reflectance) of ~10 nm MoS, film on 40 nm Ag on glass. A, B, and C excitons are labeled by gray bands. Inset
shows the reflection measurement schematic. (b) Band structure and density of states (DOS) of 16-layer MoS, (~10 nm), calculated with density
functional theory. A, B, and C excitons are labeled by gray arrows. A and B exciton transitions are between regions of the band structure with
opposite concavity, whereas the C excitons are between parallel bands.

a unique feature of the TMDC band structure to maximize the
coupling strength: the region of nested bands called the C
exciton, highlighted in the absorption spectrum of Figure la.
Whereas the lower-energy A and B excitons arise from bound
transitions between the conduction band minimum and the
spin—orbit-split valence band maxima at the K-point, the C
exciton comes from regions of parallel or nested bands, as
shown in Figure 1b, and therefore comprises a wealth of states.
Band nesting is defined by equally spaced conduction and
valence band energies over relatively wide regions of the band
structure leading to numerous optically active transitions that
result in a broad excitonic peak with large oscillator strength
(Figure 1a). These collective states may be treated as a single
Lorentzian oscillator and may therefore couple to polariton
modes. Compared to bandgap excitons, carriers excited into
nested bands are expected to have unique dynamics such as
self-separation and intervalley scattering-limited lifetimes,
possibly leading to slow carrier cooling as some have claimed
to observe.'”'® The possibility of slow cooling of hot (above
bandgap) excitons makes 2D TMDCs candidates for hot
carrier studies for photovoltaics or photoelectrochemistry
where charge transfer may occur directly from high-lying
states in the semiconductor to the contact or molecular
reaction species. As a result, in hot carrier devices, the
photovoltage is limited by the photon energy rather than the
bandgap.

We hypothesize that under strong coupling, the C exciton
lifetime will be prolonged. Such an effect has been observed in
organic systems, where polariton modes live longer than bare
states,"”*’ in part due to their photonic, delocalized nature,
which enhances exciton and charge transport and decreases
scattering (defect, phonon, intervalley, etc.).¥"?! To test this
hypothesis, we use femtosecond pump—probe spectroscopy to
observe the carrier dynamics of few-layer molybdenum
disulfide (FL-MoS,) under strong coupling of the C exciton
with propagating surface plasmon polaritons (SPPs). We find
the large oscillator strength of the C exciton pushes the
coupling strength into the ultrastrong coupling regime, which
will be discussed below. This ultrastrong coupling leads to
significant increases in FL-MoS, lifetimes over the entire
spectrum under study and especially for the lowest-energy
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exciton—polariton state relative to both the uncoupled C
exciton and the ground state A exciton.

B METHODS

Theoretical Calculations. In this work, we have calculated
the band structure using ab initio density functional theory
(DFT) methods to verify the band-nested structure in our 10
nm multilayer MoS, samples, as shown in Figure 1b. Although
standard correlation functionals such as GGA—PBE used here
tend to underestimate the bandgap, we expect the band profile
to remain accurate. In comparing to previous GyW,
calculations on mono-to-few layer (1—6) MoS,,** we find
that the band profile remains similar. We looked at 16- and 17-
layer (see Supporting Information (SI) Figure S1) structures
to both span the 10 nm thickness of interest (calculated
thicknesses of 9.7—10.3 nm) and account for any even- and
odd-layer dependence in the band structure.”®

All calculations were performed using DFT with the
JDETx** software implementation. The Perdew—Burke—
Ernzerhof (PBE) form of the generalized gradient approx-
imation was used to describe the exchange—correlation
interaction. The valence electron—nuclear interactions were
described by optimized fully relativistic norm-conserving
Vanderbilt pseudopotentials (ONCVPSP)*® from the Pseudo-
Dojo Project26 (stringent accuracy). A 45 Hartree cutoff was
used for the plane-wave basis set. Calculations were performed
with fully relativistic spin to capture the effects of spin—orbit
coupling on the MoS, band structure. To capture the van der
Waals interlayer interactions, the Grimme DFT + D2 scheme
was used.”’

The 16- and 17-layer MoS, slabs were constructed from
lattice optimized bulk MoS,. To prevent interaction between
images, we employed a vacuum layer of at least 15 A and
truncated coulomb potentials®® in the out-of-plane direction.
The 2D multilayers were also allowed to fully relax to a final
lattice parameter of 3.192 A for both 16- and 17-layer
structures and final thicknesses of 9.7 and 10.3 nm,
respectively. To sample the Brillouin zone, a I'-centered k-
point sampling of 12 X 12 X 3 was used for the bulk, and 12 X
12 X 1 was used for the 2D multilayers. The convergence
criteria were set to 1 X 107 Hartree for both the structure and
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energy optimizations and converged via a variational
minimization algorithm.” Finally, the density of states was
obtained using the tetrahedron method for Brillouin zone
integration.30

Fabrication. Samples were fabricated by depositing 1 nm
of Ti and 40 nm of Ag without breaking vacuum via electron
beam deposition onto a glass right angle prism (Edmund
Optics 32—334, uncoated N-BK7 glass, 20 mm leg length).

FL-MoS, was grown by chemical vapor deposition on a
sapphire substrate (University Wafer) and transferred to the
Ag-coated prism. Spectroscopic ellipsometry (J. A. Woollam
M-2000) was used to determine MoS, thickness of ~10 nm.
See Figure 2a for a representation of the sample. Details of the
prism preparation, sample growth, and transfer are given in the
SL

Kretschmann—Raether Method. Thin film SPPs are
optical excitations localized at the interface of metal—dielectric
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Figure 2. (a) Kretschmann—Raether (K—R) method of plasmon
excitation for steady-state angle-resolved reflectance. Collimated
plane-polarized white light excites the surface plasmon polariton
through the backside of the glass prism, and reflected light is collected
for a range of incident angles. (b) Steady-state dispersion of the
strongly coupled Ag—MoS, system near the C exciton. K—R
reflectance data, R, is converted to k-space dispersion by k,, = (27/
A)n-sin@, where n is the refractive index of the glass prism. Color map
shows the absorptivity = 1 — R. UP and LP stand for the upper and
lower polariton branches, respectively. The dotted line shows the
energy of the uncoupled C exciton, taken from its peak in Figure la.
The dashed line shows the angle of incidence used for transient
reflection (TR) experiments. The solid black line corresponds to the
region of the dispersion plot probed in TR data sets. The TR pump
energies at the incident angle are also labeled.
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thin films and exhibit dispersion that is photonic (w = ck) at
low energy and wavevector and asymptotically approaches a
constant value at high energy and wavevector (see the
extremes of Figure 2b). It is at the intersection of this plasmon
dispersion and the dispersionless exciton modes that strong
coupling may happen, as seen near 2.6—2.7 eV in Figure 2b.

The optical dispersion was obtained by the Kretschmann—
Raether (K—R) method, namely collecting plane-polarized
angle-resolved reflectance through the backside of the prism, as
shown in Figure 2a. For all excitation angles studied, light
undergoes total internal reflection (TIR). A second glass prism
with no coatings was used as a reflectance reference, as it
exhibits near-unity reflectance under TIR while also accounting
for interfacial reflection losses. Under TIR, transmission is
negligible, and absorptivity, 4, is related to reflectance, R, via A
=1—-R

The dispersion is calculated as k;,, = (2z/A)n-sin 6, where
k,, is the wavevector in the direction of SPP propagation and
parallel to the surface of the prism, 4 is the incident photon
wavelength, n is the wavelength-dependent index of refraction
of the prism, and 6, is the incident angle of light inside the
prism. The dispersion is calculated in MATLAB.>' In this
study, unless otherwise noted, the angle of incidence external
to the prism was 51°, which corresponds to 6, = 49° for
wavelengths near the C exciton (additional data was taken at
an external angle of incidence of 61°; see SI Figure S2 for the
location of these data sets overlaid on the dispersion). All
measurements were performed at room temperature in air.

Ultrafast Transient Reflection Spectroscopy. We
performed femtosecond broadband transient reflection spec-
troscopy (TR) to characterize the dynamics of the system. The
pump pulse was generated by passing the 1 kHz, 800 nm, (150
fs pulse width) output from a Coherent Libra Ti:sapphire laser
into a TOPAS-C optical parametric amplifier where it was
tuned to the desired wavelength (365 nm/3.4 eV; 400 nm/3.1
eV; 458 nm/2.71 €V; 504 nm/2.46 eV; and 652 nm/1.90 eV
were used in this study). The probe pulse was generated by
focusing a portion of the Ti:sapphire laser output onto a thin
sapphire window to generate white light (440—775 nm). A
portion of the probe pulse was picked off before the sample
and used as a reference to reduce noise. The interval between
the pump and probe pulses was controlled with a mechanical
delay stage. The pump and probe beams are nearly colinear,
spatially overlapped on the Ag—MoS, film, and excite the
system in one of two configurations: (1) Excitation is from the
top side of the prism (see Figure 3a) where plasmon excitation
is disallowed due to the momentum mismatch between the
photon in air and the surface plasmon, and behavior is
independent of angle of excitation (at angles used for this
study). This serves as a control for the behavior of MoS, on Ag
and is referred to as the control system. (2) Excitation is
through the backside of the prism (see Figure 3c), ie., a
pump—probe K—R configuration. This is referred to as the
coupled system, except when we specifically pump the exciton
reservoir, i.e, when we pump uncoupled states lying between
the polariton modes, which we call the uncoupled C exciton.
The TR data presented are differential reflectance (see SI for
derivation). Pump fluence was maintained at $60 uJ/cm?* and
was controlled to maintain a similar maximum TR signal
between data sets. The spectral region of the probe and pump
energies at the angle of incidence studied are overlaid on the
dispersion plot in Figure 2b. All measurements were performed
at room temperature in air.
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Figure 3. (a) Configuration of the pump—probe TR for the control case. Here, SPPs cannot be excited, and only uncoupled C excitons may be
pumped or probed. (b) Plot of differential reflectance normalized to reflectance as a function of pump—probe time delay and incident probe
photon energy for control case. Dotted line indicates the control C exciton feature probed in Figure 4a. (c) TR in the K—R configuration to the
pump and probe coupled exciton—plasmon states. (d) Same as (b) but for the coupled case. Dotted line indicates the LP feature probed in Figure
4a,b (the UP pump is shown here; the LP feature and thus probe energy are shifted slightly for other pump energies).

Global Analysis. We use the transient spectroscopy
analysis package Glotaran to globally fit the transient reflection
data to a simple kinetic model.” First, singular value
decomposition (SVD) is used to inspect the data and
determine that three linear independent components fit the
data well. The data is then modeled using a parallel decay
scheme, where the three components are assumed to decay
simultaneously, and the decay associated difference spectra
(DADS) are obtained. The kinetic traces are given by a sum of
three exponential decays convoluted with the instrument
response function (IRF) where the amplitude of each
exponential is given by the associated DADS.

B RESULTS AND DISCUSSION

Ultrastrong Coupling at the C Exciton. Strong coupling
can be observed in dispersion plots as two distinct coupled
modes exhibiting anticrossing behavior at the intersection of
the two uncoupled modes.*” In Figure 2b, we observe two
distinct coupled modes observed as two branches of increased
absorptivity. The splitting of the bare plasmon occurs at the
bare exciton energy E: = 2.67 eV (taken from the C exciton
peak of Figure 1a). The mode above this energy is termed the
upper polariton (UP), while the mode below is termed the

8713

lower polariton (LP). The minimum energy separation
between the mode peaks is called Rabi splitting, €2, and is
proportional to the coupling strength.

When the Rabi splitting is of the same order of magnitude as
the bare exciton energy (€2/E 2 10%), we enter the ultrastrong
coupling regime,”” which is notable for proposed emergent
quantum physics such as ground state virtual photons and
entangled pairs” but also important because conventional
strong coupling effects are expected to be more efficient. (To
be precise, ultrastrong coupling is defined in terms of coupling
strength, whereas strong coupling is defined only for
observable Rabi splitting; it is therefore technically possible
to have ultrastrong coupling without visible Rabi splitting when
the average oscillator widths are larger than the coupling
strength. In this work, both definitions are met.)

The ultrastrong coupling regime is typically limited to
organic systems,zo’3'4’3'5 and so far, nearly all work in the 2D
TMDCs has shown relatively small Rabi splitting at the A and
B excitons of ~50—100 meV.**~** For example, our own work
on very similar samples to those presented here but tuned for
coupling to the A and B excitons showed Rabi splittings of 81
and 93 meV, which are 4.4 and 4.6% of their respective
uncoupled exciton energies and therefore outside of the

https://doi.org/10.1021/acs.jpcc.2c01262
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ultrastrong coupling regime.”® However, by exploiting the
enhanced oscillator strength of the C exciton, we achieve Rabi
splitting of € = 293 meV, which is 11.0% of the uncoupled
exciton energy, placing it in the ultrastrong coupling regime.
The Rabi splitting value is the result of fitting a semiclassical
coupled harmonic oscillator model to the data and agrees
within 1% of the experimentally determined minimum energy
spacing between the peaks of the two branches (complete
steady-state analysis details published elsewhere™).

Dynamics: Broadband Features. In Figure 3, we present
the TR data for the control (Figure 3b) and coupled (Figure
3d) films. Analyzing thin film TR data is not straightforward, as
it is sensitive to changes in both the real and imaginary
components of the effective dielectric function.'”*”*" There-
fore, we cannot simply describe an increase in reflection (i.e.,
decrease in absorption) as a bleach due to state filling, for
example. Even when studied using standard transient
absorption, TMDC spectra are dominated by derivative-like
features, which are mostly due to bandgap renormalization
effects.*” In our data, the kinetics generally follow those seen in
MoS,, such as a sub-ps decay attributed to thermalization and
trapping of free carriers, followed by exponential decays on the
order of 10 ps, 100 ps, and 1 ns attributed to various exciton
recombination mechanisms from surface, grain boundary, or
vacancy defects, exciton—exciton annihilation, radiative decay,
and intervalley scattering.'®*~** After the initial sub-ps
response, the spectral features seen in uncoupled MoS, are
largely pump-independent and attributed almost completely to
bandgap renormalization, which relaxes as excitons and free
carriers relax."”"” While exciton—exciton annihilation is an
important decay mechanism to consider in the bandgap
region,‘m’so’51 intervalley scattering is expected to be the
limiting decay mechanism of the C exciton.'®

In our analysis in the next two sections, we use two methods
to analyze the data and compare kinetics. First, we ascribe the
dominant negative TR features of Figure 3b,d to the excitons
or polaritons and compare kinetics of these features among the
coupled and uncoupled systems. Second, global analysis fitting
of the kinetics corroborates the findings from the individual
traces. We ascribe the negative features near 1.85 and 2.0 eV to
the A and B excitons, respectively, noting that they look
qualitatively similar between the two samples. Near the C
exciton region, however, the difference in the samples is
immediately obvious. In the control case, we see a strong
negative feature near 2.6 eV that we assign to the C exciton. In
the coupled sample, the C exciton feature splits into two
negative features, which we assign to the two polariton modes.
The UP negative feature is partially visible at energies greater
than 2.8 eV, while the LP negative feature sits near 2.2 eV.
Such a large split is indicative of being in the strong coupling
regime.

We note that the plots shown in Figures 3b,d are excited at
3.1 eV (400 nm) and are qualitatively the same for the other
pump energies used in this study (see SI Figure S3 for
corresponding plots at additional pump energies); in the
control case, they are nearly identical, and in the coupled case,
there is some slight shifting of the polariton modes. Also, since
the kinetics in MoS, is largely governed by bandgap
renormalization, we expect to see a response from high-energy
states even when the pump is comparatively low energy.
Finally, we note that the dotted lines indicate the bare C
exciton or LP features probed in the following sections,
regardless of pump energy.
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Dynamics: C Exciton. We start by comparing the kinetics
of the control C exciton to the coupled sample when it is
excited between the UP and LP (2.71 eV, pink filled circle in
Figure 2b lying at the C exciton energy labeled by the dotted
line)—that is, we excite the uncoupled C exciton state in both
cases and thus expect to see similar kinetics. In Figure 4a, we
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O UP

+LP

0.5

A R/R (norm.)

HRRRRLL LR |
10" 102
Delay (ps)

103

Figure 4. (a) Kinetics when pumping the uncoupled C exciton in
control (black) and coupled samples (magenta). The pump in each
case is at the peak of the C exciton, 2.71 eV (458 nm), which lies
between the UP and LP in the coupled sample. (b) LP kinetics when
pumping the UP (3.10 eV = 400 nm), LP (2.46 eV = 504 nm), or
between the polaritons (2.71 eV = 458 nm). In (a) and (b), symbols
are data, while lines are the global analysis fit; the features probed are
those indicated with dotted lines in Figures 3b,d and 5. The pump
energies are also indicated in Figure 2b. All data are normalized
excluding the initial sub-ps feature.

show the kinetics, as probed at the C exciton or LP features.
The data (symbols) is normalized excluding the sub-ps feature
to focus on the long time scale behavior. Apart from the sub-ps
feature, we do find similar kinetics between these two cases.
Further, global analysis (solid lines) fits the data well in this
region.

Furthermore, we highlight that in our control sample, when
the C exciton is pumped, it lives significantly longer than the A
exciton (whether or not the sub-ps response is excluded; see
Figure S4). This is similar to a result seen by Wang et al.
showing slow cooling of the C excitons and extraction of hot
carriers in monolayer MoS,.'” However, the other literature on
C exciton dynamics is collectively inconclusive about whether
the C exciton lifetime is greater than the A or B
excitons.”” "' The differences between these studies could
be due to differences in defect density and morphology of the
samples. In the absence of many defects, though, the C exciton
could be expected to have a longer lifetime than direct gap A
and B excitons, because (1) the large momentum mismatch
between the two regions leads to slow interband decay and (2)
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Figure S. (a) TR spectrum for the control sample at 100 ps. (b) Control decay associated difference spectral (DADS) components found via global
analysis. (c) TR spectrum for the coupled sample at 100 ps when UP is pumped. (d) DADS of the same coupled sample. In (a) and (c), open
circles are data, while solid lines are the global analysis fit. Dotted lines indicate features probed in Figure 4 (note that the actual probe energy shifts

slightly depending on pump).

the parallel bands induce charge separation in k-space, thereby
reducing the probability of recombining via photon emission.

Dynamics: Polariton. Next, in Figure 4b, we consider how
ultrastrong coupling affects the dynamics by pumping the
polariton states. We compare the kinetics of the LP when we
pump the coupled UP and LP states as well as the uncoupled
C exciton again (i.e., the three pump energies shown in Figure
2b). When the LP is pumped, it shows slightly longer lifetimes
than pumping the uncoupled states, up to ~1 ns. The kinetics
under the UP pump are strikingly different: the LP does not
decay for the first ~20 ps. While we do not know the origin of
this quasiconstant region, we can hypothesize that this is the
time constant associated with UP — LP decay, either directly
or via intermediate states such as the uncoupled C exciton
reservoir. Alternatively, the UP and LP states could decay
independently of each other. This, however, seems unlikely, as
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the two are eigenstates of the same coherent exciton—polariton
interaction. Unfortunately, fully probing the kinetics of the UP
was not possible given the spectral range of our probe pulse
and will have to be the subject of further experimentation.

To verify the conclusion that pumping the UP (3.1 eV)
extends the lifetime of the LP compared to the bare C exciton,
we compare the LP kinetics directly to the C exciton under the
same pump condition. Figure SS shows the kinetics, which also
show that the polariton state lives dramatically longer than the
bare state. We further compare the kinetics of the LP and A
exciton in the coupled system under the UP pump, finding that
the LP state lives significantly longer than the bandgap exciton
(see Figure S6).

Altogether, these results indicate that ultrastrong coupling
slows the cooling of hot excitons, likely through three
mechanisms. First, the ~20 ps UP — LP additional decay
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Table 1. Exponential Decay Time Constants Extracted from Global Analysis”

control coupled
pump 3.10 eV 271 eV 2.46 eV 3.10 eV (UP) 2.71 eV (un. C) 246 eV (LP)
7, 6.81 ps (1) 6.88 ps (1) 8.21 ps (1) 7.28 ps (1) 8.94 ps (1) 7.62 ps (1)
7 81.5 ps (081) 639 ps (0.56) 734 ps (0.68) 108 ps (127) 113 ps (0.82) 885 ps (0.69)
7 1590 ps  (0.26) 1160 ps  (0.32) 1490 ps  (025)  7540ps  (0.36)  12200ps  (027) 2680 ps  (0.38)

“Values in parentheses are the magnitude of the C exciton (control) or LP (coupled) feature for each DADS normalized to the 7, magnitude.
Please see the SI for DADS spectra to view the relative contribution of each component throughout the spectrum. See the SI for the fitting routine

€error.

time under UP pumping can be understood as arising from the
splitting of the C exciton into two hybrid states. Decaying hot
carriers see this additional state as another hurdle, delaying
their eventual decay. Second, as previously mentioned, reduced
scattering is a known benefit of light—matter states, and thus,
the LP lives longer under both UP and LP pumping. This
polaritonic protection against scattering can be thought of as
arising from delocalization: the excitons take on photonic
character, and thus, their effective size approaches the order of
the wavelength, which makes them insensitive to nanoscale
defects.”"" Third, phonon-assisted intervalley scattering is also
reduced. The hybrid modes are a coherent superposition of a
photonic mode and an excitonic mode, but only the excitonic
part interacts with phonon modes, and thus, intervalley
scattering is reduced.”’ The weighting of each of these
mechanisms is unknown.

Finally, we compare our results to ultrastrong coupling
dynamics in organic systems. It has been noted that such
systems do not obey Markovian dynamics, which are predicted
by the simplest strong coupling theory. This theory predicts
that the lifetime of coupled states, 7, should obey the relation
1/7 = 1/7y, + 1/7,,, where the photonic component 7,,, having
a short characteristic lifetime of femtoseconds, should
dominate over the longer exciton lifetime 7., and therefore,
coupled exciton lifetimes should be much smaller than
uncoupled.”® However, like recent works on organic systems,
we find that the lifetimes are increased over the bare excitons
because of non-Markovian effects.'”*****” Theory suggests
that one reason for the increased lifetimes is that the ground
state of the strongly coupled system lies lower than that of the
uncoupled system, thereby encouraging state filling of the
coupled ground state.”” Unlike organic systems though, we do
not observe a fast decay of the UP to the LP and instead
observe an appreciable increase in the lifetime of the UP. The
fast UP — LP decay seen in organics is thought to be due to a
high density of dark states between the polariton modes.”’
This implies that the FL-MoS, system studied here has fewer
relaxation pathways between the polaritons.

Dynamics: Global Analysis. To corroborate the finding
that ultrastrong coupling at the C exciton extends state
lifetimes, we perform global analysis fitting of each data set.
Figure Sa,c shows the data (open circles) and fits (solid lines)
of the spectra at 100 ps for 3.1 eV (400 nm) excitation. The
associated DADS are shown in Figure Sb,d with the fit
lifetimes displayed on the plots. The approximate probe
spectral positions of the kinetics shown in Figure 4 are marked
by the dotted lines.

Examining Figure S5b at the C exciton feature, we find the
fast time component is the largest component in the control
sample; the magnitudes of the second and third component
minima are 0.81 and 0.26 times as large as the first component,
respectively. In the coupled sample, however (Figure Sd),
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among the LP features, the intermediate time constant is larger
than the fast component; its magnitude is 1.27 times that of
the first component, while the third component is a factor of
0.36 as large. Thus, in the coupled system, 7, and 75 account
for a greater proportion of the decay dynamics. Further, we see
in each case the coupled system lives longer: from shortest to
longest, the ratio of coupled to control system time constants
are 1.07, 1.33, and 4.74.

We find that while the lifetimes are pump-dependent, the
coupled system time constants are almost universally longer
than the control, as can be seen in Table 1. The one exception
is 7, when pumping the LP. Interestingly, pumping the
uncoupled C exciton reservoir of the coupled sample gives the
longest lifetimes. However, proportionally more of the signal is
in the short time component, leading to overall faster decay
(see DADS in Figure S8) compared to pumping the polaritons.
Nonetheless, theory has predicted uncoupled exciton states can
take on polaritonic character in strongly coupled systems.>®
Indeed, the near universal extension of each time constant in
the coupled system points to the polaritonic character causing
a reduction in multiple types of scattering events, as described
in the previous section.

To further support the conclusion the coupled system
lifetimes are extended, we pump additional energies (365 nm/
3.4 eV and 652 nm/1.90 eV) and a different region of the UP
and LP (external angle of incidence of 61°, which corresponds
to 6; = 55°; see SI Figures S2, S3, S7, and S8 and Table S1 for
the location of all data sets overlaid on dispersion, TR data
sets, global analysis fits at 100 ps, DADS, and extracted time
constants, respectively, for all pump energies and angles
studied). We find again that when pumping the polariton
modes or the uncoupled exciton reservoir, the three lifetime
components are extended in nearly each case. For all cases
where the pump energy is >2.46 eV (504 nm), the average
enhancement factors of the coupled system time constants,
from shortest to longest, are 1.05, 1.50, and 5.82. Therefore, 7,
which the literature assigns variously to surface, grain
boundary, or vacancy defects, exciton—exciton annihilation,
and intervalley scattering,"*****~** is extended by 50%, while
73, which is attributed to radiative decay from the A
5% is extended by a much greater amount (480%).
One possible explanation for the discrepancy is that the
nonradiative scattering events that lead to poor photo-
luminescence efficiency are more effectively screened by
polariton coupling than 7, decay mechanisms. Recent work
suggests that defect states enhance exciton—exciton annihila-
tion (EEA),” so if EEA is the dominant decay mechanism at
the A exciton, then polariton screening of defect states would
also suppress EEA and therefore enhance radiative decay.

: 48
exciton,
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B CONCLUSIONS

We studied the excited-state dynamics of FL-MoS, in
conditions of light—matter hybridization. In the absence of
strong coupling, we observed slow cooling of the C exciton
compared to the bandgap A exciton, showing the promise of
the 2D TMDCs for hot carrier devices. Under ultrastrong
coupling to plasmon polaritons, this cooling was further slowed
down by average factors of 1.05, 1.50, and 5.82 at three distinct
time scales throughout the visible spectrum, when pumped
near the hybrid states. This suggests that hybridizing the
excitons with photonic modes suppresses multiple types of
scattering events such as defects, intervalley scattering of band-
nested excitations to the K-valleys, and exciton—exciton
annihilation. We also saw evidence that opening a gap at the
C exciton energy further prolonged decay of carriers excited
into the new upper mode. Finally, our work extends recent
observations of non-Markovian dynamics and long-lived
coupled states in organic systems under ultrastrong coupling
to the inorganic thin film TMDCs. Our results take a step
toward achieving the efficient quantum coherent processes
expected under ultrastrong coupling in the 2D TMDCs and
has applications in hot carrier extraction for energy and
chemical conversion.
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