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Abstract:

Transition metal dichalcogenides such as MoS; display promising electrical and optical
properties in the monolayer limit. Due to strong quantum confinement, TMDs provide an ideal
environment to explore excitonic physics using ultrafast spectroscopy. However, the interplay between
collective excitation effects on single excitons such as Bandgap Renormalization/Exciton Binding Energy
(BGR/EBE) change and multiexciton effects such biexciton formation remains poorly understood. Using
two-dimensional electronic spectroscopy, we observe the dominance of single-exciton BGR/EBE signals
over optically-induced biexciton formation. We make this determination based on a lack of strong PIA
features at T=0 fs in the cryogenic spectra. By means of nodal line slope analysis, we determine that
spectral diffusion occurs faster than BGR/EBE change, indicative of distinct processes. These results
indicate that at higher sub-Mott limit fluences, collective effects on single excitons predominate over
biexciton formation.
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Transition metal dichalcogenides (TMDs) are semiconducting materials that achieve distinct
electronic and optical properties in the monolayer limit. Much like graphene, TMDs can be fabricated as
single-layer sheets via mechanical exfoliation or chemical vapor deposition on the wafer scale!? yielding
physical properties distinct from those of the bulk material.»»® However, unlike graphene, TMDs are
semiconductors and undergo an indirect-to-direct bandgap transition in the monolayer limit."** This
direct bandgap and miniature size allow for the creation of devices with excellent optoelectronic
properties, including photodetectors,®” light emitting diodes,® ? solar cells,’® and transistors.” 2 The
extreme quantum confinement achieved in the monolayer limit likely facilitates these exceptional
properties, via reduced coulombic screening.* Most notably, this reduced screening and confinement
can lead to more facile quasiparticle formation,’ as well as non-equivalent valleys in the band structure
caused by broken inversion symmetry.'**> Exciton formation is heavily favored in TMDs, with exciton
binding energies in the range of hundreds of meV.***° Formation of trions,**>?* biexcitons,?>**?* and
even higher lying exciton-trion complexes?® have also been reported in TMDs. In particular, a number of
reports on TMDs have indicated the persistence of biexcitons at room temperature.?®?” However, the
impact of biexcitons on the optoelectronic properties of TMDs relative to other aspects of carrier
dynamics remains an open area of investigation, in part due to the overlapping spectroscopic signals
produced by bandgap renormalization, exciton binding energy change, and optically-induced biexciton
formation in ultrafast spectroscopic experiments.

Ultrafast spectroscopy enables the measurement of excited-state dynamics in a variety of
systems, from isolated molecules?® and photosynthetic complexes?® 2 to nanomaterials® 32 by using
femtosecond laser pulses. Previous studies have used ultrafast pump-probe spectroscopy to investigate
exciton-exciton annihilation,3*3* bandgap renormalization,®* 3¢ and formation of intervalley biexcitons?*
7 in TMDs. However, spectroscopic signals from higher-lying excitonic complexes such as biexcitons or
trions can often be masked by signals from single-exciton processes, including bandgap renormalization,
exciton binding energy change, and carrier-induced broadening. These potentially overlapping signals
can lead to controversies surrounding interpretation of spectroscopic data. One particular long-standing
controversy involves bathochromic shift of the photoinduced absorption (PIA) features in TMDs. These
features have been ascribed to exciton to biexciton transitions3®“° or alternately, to a mixture of exciton
binding energy change and carrier-induced bandgap renormalization (BGR/EBE).2* %!

Biexciton formation is selection-rule governed to occur in the opposite valley as excitation, while
bandgap renormalization is thought to mainly occur in the same valley as excitation.”® As such, previous
reports have assigned the observed PIA feature to intervalley exciton-to biexciton transition by
leveraging a comparison between a cross-circularly polarized sequence and a co-circularly polarized
sequence at cryogenic temperatures.?® 2’ By contrast, other reports have assigned the PIA features to
BGR/EBE change by using cross-linearly polarized pulses and theoretical calculations in room
temperature experiments.® Moreover, co- or cross-circularly polarized excitation is not entirely
germane to the operating conditions of most optoelectronic devices, which absorb unpolarized or
linearly polarized light under operating conditions. To resolve this PIA assignment controversy and
ascertain the relative strengths of these competing biexciton formation and BGR/EBE effects, an
experimental study capable of seeing both effects without preference and unambiguously assigning the
PIA feature. Pump-probe spectroscopy cannot distinguish between these features because there is no
way to correlate excitation energy with detection energy while preserving the femtosecond time
resolution.



In this work, we use two-dimensional electronic spectroscopy (2DES) to probe the femtosecond
dynamics of MoS; monolayers at both room temperature and 6 K. 2DES enables excitation frequency
resolved ultrafast measurements on the 10 fs timescale.*?** This time resolution allows us to distinguish
competing physical processes on the 10-100 fs timescale that are not resolvable in pump-probe
measurements. Optically-induced biexciton formation should be achievable instantaneously, while
BGR/EBE change should be delayed relative to excitation with a sub-100 fs characteristic timescale.** By
coupling the time resolution with the two-dimensional correlation map created by 2DES, we clearly
show that BGR/EBE change dominates over any optically induced biexcitonic effects in the sub-Mott
high-carrier limit. We also uncover a difference in timescale between the spectral diffusion of exciton
signals and BGR/EBE change in MoS, monolayers, indicating possible differing mechanisms for
frequency-frequency correlation function decay and BGR/EBE change.

MaoS,, the first TMD isolated in the monolayer limit, is the most widely characterized TMD and
has been studied in the majority of ultrafast reports of bandgap renormalization®* “° and biexciton
effects % 27:37:38 A previous 2DES study used the simultaneous ultrafast time and excitation frequency
resolution to document an exchange-driven mixing of the A and B excitonic transitions in MoS..
However, this study did not distinguish between negative and positive signals and thus lacked the ability
to distinguish PIA from stimulated emission (SE) and ground-state bleach (GSB) signals.*” Here, we use
2DES in an attempt to distinguish between the BGR/EBE change and optically induced biexciton
formation explanations for the below-bandgap PIA detailed in MoS; literature. 2DES spectra on wafer-
scale CVD grown MoS; are recorded in the transmission geometry using an all-reflective delay setup
described in detail previously*® and are phased to independently acquired pump-probe measurements
using the projection-slice theorem.*® All four of the beams used in this experiment are co-linearly
polarized, enabling us to observe dynamics in both valleys in MoS; and compare the relative strength of
optically-induced biexciton formation and BGR/EBE change. This co-linearly polarized study more closely
resembles the operating conditions of optoelectronic devices such as photodetectors or solar cells.
Cryogenic temperatures and higher sub-Mott limit fluences of 16 pu/cm? per beam for both cryogenic
and room temperature experiments were chosen to promote biexciton formation, consistent with other
reports in the literature®”-3%°1 and the expected power-law dependence of bandgap renormalization.>?
We calculate the total carrier density of both A and B excitons induced by our broadband laser pulse to
be 4 x 10™ carriers per cm? for room temperature experiments. We note that this carrier density
calculation most likely leads to an over-estimate of the carrier concentration, since it is difficult to
remove reflection and scattering terms from the steady-state absorption spectrum used to calculate the
percentage of incident photons absorbed. While we are unable to calculate an exact carrier density for
the cryogenic experiments, we expect that it will be similar due to the broadband nature of our laser
pulse. These carrier densities are similar to other ultrafast studies of BGR/EBE change in TMDs, 3> 3% >3
and lie in the 3™ order regime as demonstrated by Guo et. al.*’

2DES data showing the excitonic dynamics in MoS; at both cryogenic and room temperature for
representative waiting times are shown in Figure 1. At both temperatures, we observe positive features
along the diagonal, corresponding to ground state bleaches from the A (6 K: Eex= 1.89 eV, Eget= 1.89 €V)
and B (6 K: Ecx=2.04 eV, E4:=2.04 eV) excitons. We also observe positive cross-peaks both above and
below the diagonal, corresponding to coupling between the A and B excitonic states (6 K: Ecx=1.89 eV,
Eget= 2.042 eV), as well as potential energy transfer from the B to the A exciton (6 K: Eex= 2.015 eV, Eget =
1.89 eV). The appearance of the above-diagonal coupling cross peak, for which a number of mechanisms



has been proposed, has been well documented previously in 2DES*’ and pump-probe experiments.>*>°

Coupling between the A and B excitonic states in monolayer TMDs has been previously ascribed to an
exchange-driven mixing,* a spin-flip in the pumped valley,”:>® exciton-exciton scattering,>® Dexter-like
intervalley coupling of the A and B excitonic transitions,** % or a joint action of exchange coupling and
phonon-mediated thermalization into dark excitons.>® We are unable to distinguish between any of
these proposed mechanisms due to the linear polarization used in these experiments, which precludes
obtaining valley-specific information. These positive features are observed at all time points, with decay
corresponding to exciton-exciton annihilation of the A-exciton, potential transfer from the B to A
exciton, and other decay pathways. Features in the 2DES spectra, especially at cryogenic temperatures,
are substantially broader than what would be expected from the linear absorption spectra seen in the
literature.®* While extensive analysis of this broadening is beyond the scope of this work, potential
mechanisms include excitation-induced dephasing*” ®> and carrier-induced broadening® which have
previously been observed in spectra of TMDs. Given the appearance of this broadening at early waiting
times, including T = 0, EID is the most likely mechanism responsible.®* % We are unable to comment
further in this manuscript due to a lack of fluence-dependent 2DES data, which could potentially provide
experimental evidence for the mechanisms of the broad lineshapes observed in this work.?> We note
that spectral features in the 2DES spectrum are elongated along the excitation axis, particularly in the
room temperature spectra. This elongation has been previously observed in multidimensional spectra of
4-layer MoS,,%¢ as well as in 2DES spectra of quantum well systems,®”72, particularly when using a co-
linear polarization sequence.” This elongation has been ascribed to many-body effects, including
exciton-exciton interactions,’® 77 exciton-free carrier scattering,5” and Excitation-Induced Dephasing.®®
Due to the presence of many excitons and potentially free carriers, it is highly likely that similar
mechanisms are responsible for the broadening observed in the 2DES spectra in Figure 1. Further
studies including simulation will be necessary to fully uncover the nature of this broadening.
Additionally, we observe several negative PIA features in the 2DES map (6 K: Ee=1.87 eV, Eget=1.81 €V),
corresponding to the photoinduced absorption features previously observed in pump-probe spectra.?637
The negative features grow in with a time constant characteristic of the BGR/EBE change process. Decay
of these features mirrors the decay of the positive features, suggesting that they also report on the
population of the excited state.
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Figure 1. Absorptive real-valued 2DES spectra obtained of CVD-grown monolayer MoS; at a temperature
of 6 K (a,b,c) and 294 K (d,e,f). Cryogenic spectra do not display a strong photoinduced absorption (PIA)
feature (Ee=1.87 eV, E4er=1.81 V) at T = O fs, indicating a lack of optically-induced biexciton formation.
The growth of a PIA feature as a function of waiting time is indicative of bandgap renormalization. At
room temperature, the PIA feature (Ew=1.85 eV, E4t=1.77 V) is present at T = 0 fs but continues to
grow in as a function of waiting time. This feature is still ascribed to bandgap renormalization. At all
temperatures, a cross peak corresponding to exciting at B and detecting at A (6 K: E,=2.015 eV, Egei=
1.89 eV) is observed, indicative of excitonic coupling and potential energy transfer from the B to the A
exciton. Each frame is separately normalized, and the data is plotted with 100 contours. As signal decays
(See Figures S9 and S10), the noise becomes more visible in the lowest amplitude contours at later
waiting times. Thus, small features even several contours high at long times likely arise from
experimental noise and are not due to electronic structure of the sample.

To determine if the negative 2DES signals in the TMD spectra arise from biexcitons or BGR/EBE
change, we look at the 2DES spectra on the sub-100 fs timescale, before BGR/EBE change can occur
(Figure 1). We do not observe any signals indicative of excited-state absorption from the single exciton
manifold to the biexciton manifold at either cryogenic or room temperature. The cryogenic spectraat T
= 0 fs (Figure 1A) do not show any appreciable negative features that correspond to PIA. The absence of
PIA features cannot conclusively rule out biexciton formation; however, this result does indicate that
any potential signature of optically induced biexciton formation is not visible over the positive features
of the spectrum. It is worth noting that an optically-induced biexciton formation process thought to
result in a PIA feature in ultrafast spectra is distinct from the spontaneous formation of biexcitons
observed in steady-state photoluminescence experiments. The spontaneous process is contingent on
two excitons coming together via exciton diffusion, while the optically-induced process uses light to



produce the second excitation and is not dependent on diffusion. We observe many second-order
processes in this sample, which have been previously assigned to exciton-exciton annihilation,® but also
match the expected kinetics of spontaneous biexciton formation.

Spectral signatures corresponding to a spontaneously formed biexciton or higher-order exciton
complex would most likely take the form of stimulated emission from this state or excited state
absorption to a higher-lying tri- or quad-exciton state. We do not observe any stimulated emission
signals from potential spontaneously formed biexcitons (in agreement with our observed lack of
absorptive transitions to the biexciton state), though these signals may be present and masked by the
PIA feature from BGR/EBE change appearing at the same spectral location. ESA features would most
likely be seen at redshifted energies, potentially outside of the laser bandwidth used in this experiment.
As such, we are unable to report on any spontaneous biexciton formation processes. At cryogenic
temperature, the PIA features grow in at later waiting times, as seen in Figure 1B and Figure 1C. At room
temperature, PIA signals are indeed present at T = 0 fs (Figure 1D). We ascribe these signals to the
beginnings of BGR/EBE change, as the signals continue to grow in as a function of waiting time (Figure
1E, F). To find the timescale of BGR/EBE change at cryogenic and room temperatures, we fit the time
traces for a given excitation and detection frequency to biexponential functions. Time traces
corresponding to the BGR/EBE change dynamics at both room and cryogenic temperatures are shown in
Figure 2. From these traces, we extract a characteristic time constant of 110 + 10 fs for cryogenic
temperatures and 67 + 17 fs for room temperature. The accelerated dynamics of the BGR/EBE change at
warmer temperatures indicate that carrier relaxation and band-filling proceed faster when they can be
assisted by phonons. Our results indicate that single-exciton processes, such as BGR/EBE change,
dominate over biexciton formation in the high-excitation density regime.
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Figure 2. 2DES signal as a function of waiting time corresponding to excitation at the A exciton and
detection at the bandgap-renormalized A-exciton for both cryogenic (a) and room temperature (b). The
point on the spectrum corresponding to the time trace displayed is marked with an X on the inset
spectrum. These traces have each been fit to a biexponential function (shown in green), with the first
time constant corresponding to the growth of the PIA feature and the second corresponding to its
decay. The time dynamics of these traces are characteristic of BGR/EBE change. We observe faster
BGR/EBE change at room temperature, indicative of a phonon-assisted mechanism.

The frequency-frequency correlation function (FFCF), as measured by the nodal line slope (NLS)
or center line slope (CLS), should serve as an indicator of how much “memory” the system has of its
excitation frequency.””7 It is anticipated that the FFCF will decay on a similar timescale to BGR or EBE



change, since the NLS should not evolve further after BGR/EBE change as the system will have very little
memory of its excitation. Of course, the FFCF may decay faster if spectral diffusion occurs prior to BGR
or EBE change. To compare the timescales of decay of the FFCF and the BGR/EBE change process, we
compare the A-exciton diagonal NLS decay time constants to the BGR/EBE change time constants (from
Figure 2) for both cryogenic and room temperature. The NLS at cryogenic temperature is shown in
Figure 3, while CLS and NLS analyses for both room and cryogenic temperatures are shown in the
Figures $7-S9 (available in the Supporting Information). NLS relaxation at cold temperatures proceeds
with a 48 + 11 fs time constant. Distinct from the single exponential decay observed at cryogenic
temperatures, the NLS and CLS at room temperature follow a biexponential decay (Figures 4, S7). Such a
biexponential decay process is indicative of two different sub-populations, each contributing different
dynamics to the overall FFCF decay and corresponding memory loss of the system.’”® ” The CLS analysis
for room temperature produces time constants of 25 + 8 fs and 170 + 50 fs (Figure 4). The appearance of
a biexponential decay for the FFCF at room temperature is indicative of a new spectral diffusion process
that becomes available at higher temperatures. Similar to the BGR/EGE change process, the timescale of
the fast component of FFCF decay becomes even faster at room temperature compared to cryogenic
temperature, indicative of a phonon-assisted process. Both the PIA feature and the NLS are thought to
correspond to carrier relaxation and band filling, and as such should have matching time constants.
However, a comparison of the NLS and BGR/EBE change time constants for both cryogenic (48 + 11 fs vs
110 + 10 fs) and room temperatures (of 25 £ 8 fs and 170 + 50 fs vs 67 £ 17 fs) reveals a substantial
discrepancy between the two time constants. This discrepancy is indicative of two different processes
for spectral diffusion and BGR/EBE change, as opposed to direct coupling of these processes, even
though both processes result from exciton-phonon coupling.
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Figure 3. Cryogenic nodal line slope and nodal line slope as a function of waiting time for the A diagonal
and bandgap renormalized-A node. Nodal line slope relaxation is a measure of the decay of the
frequency-frequency correlation function and spectral diffusion. We observe cryogenic nodal line slope
relaxation with a decay constant distinct from that of bandgap renormalization (shown in figure 2),
indicative of a potential two-step process for bandgap renormalization.

Our results suggest that the BGR/EBE change process dominates over optically induced biexciton
formation in monolayer MoS,, even at low temperatures. A lack of edge states in the CVD-grown sample
could explain the absence of biexcitions.®° However, SEM images for this sample available in the
Supporting Information (Figure S4) indicate that many grain boundaries exist on the 1 um scale, which
may be able to serve as sites for biexciton formation. We lack the ability to tune the doping density in



the sample during the experiment, which has been shown to highly promote biexciton formation.?" %
Photocarrier-induced BGR/EBE change has been extensively studied in 2D epitaxially grown
semiconductor quantum wells, with extensive theoretical and experimental evidence that the energy
renormalization of the bandgap is proportional to the cube root of the number of carriers.>> 2 However,
the kinetics of this process have not been studied previously and as such we cannot compare our kinetic
results to theoretical predictions for 2D systems.>>#
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Figure 4. Center Line Slope analysis for the A-exciton/BGR node at room temp as a function of waiting
time. The biexponential decay of the CLS at room temperature as compared to the monoexponential
decay observed at cold temperature indicates that a new pathway for spectral diffusion that becomes
avaliable at room temperature.

In summary, we have used 2DES to demonstrate that BGR/EBE change dominates over
biexcitonic excited state absorption signals at both room and cryogenic temperatures in MoS,. We make
this assignment based on the absence of the strong negative features in the spectrum at T=0 fs at
cryogenic temperatures. BGR/EBE change proceeds faster at room temperatures, with a 67 fs time
constant at room temperature as compared to 110 fs at 6 K. This behavior is consistent with previous
reports of BGR/EBE change®® as well as documented strong exciton-phonon coupling in MoS,.2* 2 By
comparing the NLS time constant to the BGR/EBE change time constant, we determined that the
processes of spectral diffusion and BGR/EBE change are dissimilar and either distinct or a coupled two-
step process. 2D spectroscopy has uncovered this discrepancy by enabling separate direct measurement
of the system-bath carrier relaxation dynamics and BGR/EBE change. The results outlined here should be
broadly applicable to other TMDs, such as MoSe;, WSe; and WS,. These TMDs have similar steady-state
photonic properties and band structures to MoS,,* % although tungsten-based materials have a
different spin-split bright/dark band structure.?’ Previous studies of BGR/EBE change in MoS,* and
WS, have uncovered similar processes for BGR/EBE change in these two materials. It is thus likely that
BGR/EBE change will dominate over biexciton formation in other TMDs at similar experimental
conditions.

Ultrafast Spectroscopic Methods:

The 2DES apparatus used in this experiment has been described in detail previously.* Briefly, a
Ti:sapphire oscillator seeds a Ti:sapphire regenerative amplifier (Coherent Inc, Legend Elite USP),
generating a 5 kHz pulse train at 800 nm center wavelength and 38 fs pulse width. These pulses are then
focused into a 2m long tube of argon gas, where they then undergo self-phase modulation to produce a
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continuum from 500 to 900 nm. This continuum is truncated with a dielectric shortpass filter at 700 nm,
rejecting all photon energies substantially below the bandgap of MoS,. The pulse is then compressed to
its time-bandwidth product limit with a pulse shaper (MIIPS, Biophotonics Inc.), resulting in a 9 fs pulse
that is directed into the 2DES spectrometer. In the 2DES spectrometer, the initial beam is split into four
separate beams, and the waiting time (T) and coherence time (t) delays are encoded by motorized delay
stages (Aerotech Inc.). The fourth beam (local oscillator) is attenuated by a factor of 10° and used for
heterodyne detection. For cryogenic experiments, the sample is cooled in a custom-designed exchange-
gas helium flow cryostat (RC-151, Cryo Industries of America) to 6K. The signal and the heterodyne
beam are directed into a commercially available spectrograph and camera (Andor Inc). The data are
processed according to techniques developed previously to balance noise and scatter suppression with
lineshape preservation,**®8 and are windowed with Hann, Welch, and Tukey windows with minimum
sidelobes of at least -18 dB. The spectra are phased to independently acquired pump-probe
measurements,**“° and are plotted with 100 contours, chosen to dedicate approximately 1-2 contours
to the noise in the 2DES spectra.

Sample growth and characterization:

Monolayer MoS; films were grown on fused SiO2 wafers (University Wafer, Inc.) using metal-organic
chemical vapor deposition in a home-built hot-walled, horizontal tube furnace using a method described
in detail previously.? SEM measurements were carried out using a Zeiss Merlin Field-Emission Scanning
Electron Microscope using secondary-electron imaging at accelerating voltages between 1-3 kV.
Absorption spectra were taken in transmission geometry on a Cary 5000 UV/NIS/NIR
Spectrophotometer. Raman and PL spectra were acquired on a Horiba LabRamHR Evolution confocal
Raman microscope using a 532 nm excitation.
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