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Transient photodoping and phonon
dynamics in bulk and monolayer MoS, by
time resolved Raman scattering
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We study the phonon dynamics of bulk and monolayer MoS, under strong, transient photodoping by
time resolved spontaneous Raman scattering (TRRS). By measuring the frequency and effective
temperature evolution of each Raman active mode, TRRS allows to map the doping-induced changes
in the phonon spectrum and to assess the energy transfer between the electron and phonon degrees
of freedom. Our results demonstrate the occurrence of a photodoping-induced phonon
renormalization and represent a first direct observation of a clear difference in the electron-phonon
coupling between the “hot”, strongly coupled A-symmetry mode and the “colder” E-symmetry one.
We provide a model to map the energy redistribution in bulk and monolayer MoS,, describing their
different relaxation dynamics. We demonstrate that detailed information on the electronic behaviour
can be drawn by probing the phonon dynamics by TRRS. That allows envisioning the tuning of
electronic and transport properties of semiconducting layered materials through phononic

approaches.

Quasi-two-dimensional layered materials offer a vast playground for fun-
damental science studies while paving the way for realising flexible and
miniaturised (opto)electronic devices. In this framework, unravelling the
relaxation pathways of photoexcited electrons is of great applicative
interest. Exploring electron-phonon coupling mechanisms, focusing on
the role of the specific vibrational modes and their symmetry’, might
offer a new perspective to understand the transport properties of these
materials and to tailor them by means of phononic approaches, such as
selectively populating or depleting specific phonon modes”. Pump-probe
spectroscopies, employing ultrashort laser pulses to excite and manip-
ulate matter and probe its evolution over time, are ideal tools to approach
these investigations. A significant body of studies is available on semi-
conducting transition metal dichalcogenides, materials suitable for many
potential applications, and in particular on the prototypical system MoS,.
So far, time-resolved experiments on MoS, have mainly focused on
electron dynamics, demonstrating the photoinduced renormalization of
exciton and bandgap energies. The crucial role of the coupling with the
phonon subsystem in determining the hot carrier relaxation dynamics
has emerged from transient absorption measurements™. However, only
indirect information on the phonon dynamics could be obtained by

studying the time-dependence of the exciton energy’ or by exploiting
coherence effects’.

Time-resolved spontaneous Raman scattering (TRRS) provides direct
access to the incoherent phonon relaxation, as well as electron-phonon
coupling dynamics’. Indeed, TRRS enables direct insights into the transient
Raman scattering cross section, which contains information on phonon
frequency, symmetry (by polarization selection rules), lifetime (from the
linewidth), and population (from the antiStokes/Stokes intensity ratio).
Insights into electron-phonon coupling can also be retrieved from resonant
Raman effects’. Unlike the stimulated Raman scattering technique, which
probes the nonlinear response in a four-wave mixing scheme’, spontaneous
TRRS directly accesses the ground state phononic properties of a system
under out-of-equilibrium condition.

Here we report on a comprehensive TRRS study on bulk and
monolayer (1 L) MoS,. Time evolution of two Raman-active phonons
for bulk/1 L samples, namely the out-of-plane A,,/A"; and in-plane
Eég/E’ modes, is carefully monitored after the nearly resonant photo-
excitation at the K point of the Brillouin Zone (BZ). We thus provide
access to the electron-phonon interaction and to the relevant stages and
timescales of hot carrier relaxation for both systems. Our results
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demonstrate a phonon renormalization produced by the system tran-
sient doping and provide for the first time a direct observation of a
different electron-phonon coupling between the hot, strongly coupled,
A-symmetry mode and the more weakly coupled colder E-symmetry
one. By hot, in this context, we refer to the population of a specific
phonon mode, described by a statistical distribution with an equivalent
temperature that exceeds that of other modes. Our measurements
highlight the complexity of the electron coupling with the phonon
subsystems as well as the capability of TRRS in mapping differences even
between zone-center optical modes with only a few cm™! energy
separation. Overall, we draw detailed information on the electronic
behaviour by probing phonons: these results suggest phonon dynamics
as a powerful approach to tune and engineer electronic and transport
properties.

Results

MoS, Raman spectra: continuous vs pulsed laser excitation
Figure 1a shows the structure of the investigated systems: bulk MoS,,
where no substrate effects are expected; 1 L MoS,/ITO, i.e. single-layer
MoS, on an indium tin oxide substrate, which is thermally insulating
and electrically conductive; 1 L MoS,/Au, i.e. single-layer MoS, on a
gold substrate, which is both thermally and electrically conductive. In
Fig. 1b, we show their Raman spectra collected under continuous wave
(CW) compared to pulsed laser excitation. CW excitation was
employed to precisely assess the equilibrium phonon frequency and
bandwidth (see Fig. SO in the Supplementary Information, SI). The
Raman spectrum of MoS, in the considered frequency range comprises
two main phonon modes: one is of symmetryE inthebulk (measured
atv = 383 cm~!) and E' in the 1 L (measured at v =2384cm ! on Au),
herein indicated as E mode; one is of symmetry A, in the bulk
(v =407cm™') and A’, in the 1L (v =404cm™" on Au), herein
termed A mode'’. The spectrum includes a two-phonon feature at
about 450 cm™!, ascribed to the combined excitation of two long-
itudinal acoustic modes''. A redshift of about 1cm™! is observed on
ITO as compared to Au, and ascribed to substrate effects, i.e. strain or
intrinsic doping'*™". From Fig. 1b, it is evident that the pulsed laser
excitation leads to a significant broadening and overlap between the
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Fig. 1 | Experimental design. a Investigated samples (bulk MoS,, 1 L MoS,/ITO and
1 L MoS,/Au) and b corresponding Stokes Raman spectra excited with a 532 nm CW
(blue) and 513 nm, 1-ps pulsed (green) laser. ¢ Schematics of the experimental setup for
TRRS. The duration of both probe and pump laser pulses is set using a 4f pulse shaper

delay line

two main phonon spectral lines, especially in the 1 L samples, where the
two modes occur at closer energies''”. In a spontaneous TRRS
experiment, the spectral resolution is indeed limited by the probe pulse
bandwidth, which is in turn connected to the overall time resolution.
The time-bandwidth product is set by the Fourier transform limit, so
that the relation AtAv ~ 15cm™'ps connects the achieved spectral
resolution Av given a pulse duration At. Thus, for appreciating a
15 cm™! phonon lineshape, the time resolution is limited to the ps scale.

In Fig. 1c, we present a sketch of the pump-probe TRRS experimental
setup. The probe pulse is delivered to the sample after a spectral shaping
through a 4f pulse shaper, setting the time-spectral resolution (see Methods
for details). The nearly resonant pump (633nm, At = 0.6ps, shown in red)
and probe (513nm, At = 1ps, shown in green) pulses are focused on the
sample by a parabolic off-axis mirror; their relative delay is tuned in the —5
to 500 ps range through a delay line on the probe optical path (negative
delays indicate the probe arrives on the sample before the pump, thus
assessing the unperturbed sample state).

Time evolution of spectral shapes

TRRS spectra in the pump-probe delay interval —3-500 ps are pre-
sented in Fig. 2 and Fig. 3. The structure of Figs. 2 and 3 is the same,
with data relative to bulk and 1 L MoS,/ITO samples, respectively. In
panels (a), data for both Stokes and antiStokes signals (simultaneously
acquired) are shown as an intensity map. To highlight the pump-
induced spectral modifications, in panels (c) we show the difference
spectra, obtained by subtracting the response in absence of the pump to
each pump-probe trace. Spectra and differences at selected delays are
presented in panels (b) and (d).

Inboth bulkand 1 L MoS,/ITO, the pump excitation induces a phonon
mode softening along with a peak broadening within the first ps interval, as
evident from Figs. 2a, b and 3a, b. While both frequencies and linewidths
relax towards their pre-pump values at longer delay times, significant dif-
ferences between the two systems emerge. Indeed, Figs. 2c, d and 3c, d show
that the relaxation dynamics in the 1 L sample is completed within the
probed delay window, since only a negligible difference signal is detectable
after ~100 ps. By contrast, in the bulk sample, pump-induced effects persist
over the whole 500 ps window with still clearly red-shifted peak positions.

4f pulse shaper

sample

objective
>
to the
spectrometer
parabolic

mirror

(here sketched only for the probe beam). The pump-probe delay is set with a motorised
delay line on the probe optical path. The beams are superimposed and focused by an
off-axis parabolic mirror. The scattered radiation is collected with a long working
distance 10x objective and analysed by a single-pass dispersive spectrometer.
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Fig. 2 | Time-resolved Raman scattering spectra and differences for bulk MoS,.
a Intensity map of the spectra (after a linear background subtraction and a 5-points
smoothing) versus pump-probe delay. A and E phonons are clearly visible on both
the Stokes (right) and antiStokes (left) sides. Dashed lines mark the selected spectra
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presented, with their multipeak fitting, in (b). ¢ Intensity map of the relative dif-
ference between the spectra obtained with and without the pump (intensity differ-
ences are normalized to the maximum intensity in panel (a)). d Selected difference
spectra (same delays as in (b)).

Looking at the Raman signal intensity, one notices that photoexcitation
in the 1L sample determines an overall enhancement of the signal,
appearing as a positive trace (red area) in Fig. 3c; in the bulk, instead, the
signal is reduced, as particularly evident on the Stokes side (blue area in Fig.
2¢, accompanied by a red area arising due to peak frequency shift). We
believe this observation is related to the partially resonant nature of Raman
scattering in the present conditions, further commented in Section “Reso-
nance Raman effects”.

For both bulk and 1 L samples, the antiStokes-to-Stokes intensity ratios
show qualitatively similar dynamical changes although developing over
rather different timescales. The results obtained on the two 1 L samples are
similar, as shown in Fig. S1 in the SI (data from 1 L MoS,/Au).

The standard fitting of the spectra, with a multiple peak deconvolution,
enables a quantitative analysis of the data, which is presented in the next
section. The A and E phonon peaks were fitted with Lorentzian functions
convolved with a Gaussian providing the appropriate spectral resolution, set
from fitting the probe laser line. The two-phonon peak was fitted with a

single, broad Gaussian function. The fit results on selected spectra are
presented along with the data in Figs. 2b and 3b.

Pump-induced phonon renormalization and population evolution
In our setup, the ps probe pulse duration exceeds the timescale of
electron-electron interaction'®. This framework allows us to employ a
multiple energy reservoir picture for the interpretation of TRRS data’,
where each reservoir (electrons, and specific phonon modes) obeys at
each time delay an internal equilibrium statistics associated with a
different effective temperature. This approach permits thus to monitor
the redistribution of energy, initially deposited by the pump in the
electron subsystem, among the various degrees of freedom, therefore
probing the electron-phonon coupling dynamics. The timescale of the
observed spectral changes can be exploited to trace back their micro-
scopic origin, as discussed in the following. The simultaneous mea-
surement of both the Stokes and antiStokes sides of the TRRS spectrum
allows to extract the equivalent phononic temperature for each mode
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Fig. 3 | Time-resolved Raman scattering spectra and differences for 1 L MoS,/
ITO. a Intensity map of the spectra (after a linear background subtraction and a
5-points smoothing) versus pump-probe delay. A and E phonons are clearly visible
on both the Stokes (right) and antiStokes (left) sides. Dashed lines mark the selected
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spectra presented, with their multipeak fitting, in (b). ¢ Intensity map of the relative
difference between the spectra obtained with and without the pump (intensity dif-
ferences are normalized to the maximum intensity in (a)). d Selected difference
spectra (same delays as in (b)).

via the well-known relation

3 3
Ias _ hw, + hw, ng hw, + how, e_:‘BL; (1)
I hw, — hw,) ng+1 hw, — how,

where I ¢ and I are the antiStokes and Stokes intensities (in the present
case, the integrated intensity of the peaks, obtained from data fitting), fiw,
and Aw, are the laser and phonon energies, and n is the Bose-Einstein
distribution’. We remark that the T extracted from this equation can be
considered as an effective “local” temperature in time, representative of the
average phonon population at each pump-probe delay. Based on this
definition, the terms hot/cold are used throughout the text to refer to the
statistics describing the population of a specific excitation in the system. In
Eq. (1), we neglected the possible effect of a wavelength dependence of the
sample optical constants. In section S2 of the SI (including Fig. S6) we show
that, even if this dependence could affect the temperature values extracted
for the bulk sample, it would not have any effect on the measured dynamics.

In the following we focus, as main objects of our investigation, on the time
dynamics of the frequencies v, and effective temperatures T, for both the A
and E lattice modes. To extract the characteristic time constants of the
observed dynamics, the data were fitted with the function

t—tg

£(t) = ad(t — t,) (e*% + 6e*7) +k, @)

which was used for all the time dependent quantities throughout the paper.
It is characterised by a step rise centred at ¢, and a biexponential decay with
time constants 7, and 7,, with 7, < 7,. Here,  indicates the amplitude of the
faster time trend (negative for the phonon frequencies), § is the relative
weight of the slower time trend. k,, indicates the equilibrium value of the
fitted quantity. Function (2) was convoluted with a Gaussian accounting for
the temporal resolution (fixed at 1.2 ps, see Methods).

In Fig. 4, we show the evolution of the measured A mode frequencies
v 4 (1) and effective temperatures T, (¢) for all the three samples as a function
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Fig. 4 | Comparison of the temporal evolution of the A mode frequency and
equivalent phonon temperature in the three samples. The variation of the A

phonon peak positions, from multipeak fitting, is displayed as blue dots, and the
variation of the temperatures extracted from Eq. (1) as red dots for (a) bulk, (b) 1L
on ITO and (¢) 1 L on Au samples. Continuous lines show the best fit curves. A
dashed vertical line marks #, = Ops. In the insets, we compare the fitting curves of
frequency shift and temperature at short times, normalised to the maximum value,
evidencing a clear delay between the rise of the two quantities.

of pump-probe delay. Solid lines are the best fit curve obtained from Eq. (2)
with the time constants reported in Table 1. The behaviour qualitatively
described in Section “Time evolution of spectral shapes” is clearly appre-
ciated here: a prompt redshift of the phonon modes occurs right after the

pump arrival, followed by a slow and sample-dependent relaxation
dynamics. In all systems, we also observe a marked increase of the phononic
temperature after photoexcitation: that reflects the expected rise in phonon
population due the dissipation of the excess electron energy via electron-
phonon coupling.

In Fig. 4a the bulk sample shows a nearly instantaneous drop
(t ~ Ops) of v,(t), reaching the maximum softening of Aﬂzm ~

—7 cm™! (extracted from the fit with function (2)). That is followed by a fast

. v .
recovery dynamics (7,* ~ 2ps) and a consequent very slow one, exceeding

the accessible delay window (z,*>>500ps). The phonon softening Av, (#) is
accompanied by an increase of the phonon temperature, AT ,(¢), with
ATY™ ~ 490K. The subsequent relaxation dynamics is well reproduced

with a fast decay time constant TITA ~ 5psand a longer one 72T 4>>500ps as
occurred for the frequency shift. Remarkably, the rise of T 4 (¢) is delayed of

tg 4 ~ 0.6ps with respect to the phonon frequency shift. This observation
occurs in all three samples (insets of Fig. 4) and plays a relevant role in
rationalizing the origin of the phonon softening.

Although the softening of phonon frequencies can be due to lattice
thermal expansion®”', in the present case phonon softening occurs before
the increase of Ty, i.e. before the energy transfer from electron to phonon
bath. That suggests the observed phonon redshift in the early time range to
be primarily electronic in origin. Phonon frequency renormalization has
been indeed observed in gated samples of MoS, and other TMDs* ", where
it has been associated to the effect of the electron-phonon screening induced
by carrier injection’*”. A similar, even stronger effect was predicted theo-
retically to occur following photodoping, leading to a large, expected pho-
non softening in ultrafast non-equilibrium measurements™. Girotto et al.
estimated an expected frequency shift in the order of 10 cm ™! upon an initial
excited carrier density of 10 cm™? for 1 L MoS,. Such values are compa-
tible with the present experimental conditions (see Methods): with the
employed pump fluences, we expect a photoexcited carrier density of
10 cm™2 in the 1 L samples and, equivalently, of 10*' ¢m™ in the bulk’”*".
We thus ascribe the prompt frequency shift in the early ps range to the
enhanced screening induced by the resonant pump-driven transient doping
of the system at the valleys. Moreover, we can expect the redistribution of
both electron and hole excited carrier densities to be responsible for the
short time relaxation dynamics. The fast decay can be most likely associated
to non-radiative processes'’, rather than radiative recombination, typically
occurring on a longer timescale™ .

Within this context, further insights can be retrieved from the com-
parison between the bulk system and 1L samples on substrates. The
behaviour observed for 1 L MoS,/ITO appears rather similar to the bulk in
the early ps range, showing actually the same frequency shift and phonon

temperature (A;?ax ~ —8cm™!, ATY™ ~ 480K) and a slightly smaller

fast decay time after photoexcitation 7} = 1.0ps), possibly reflecting the
higher electrical conductivity of ITO compared with MoS, itself. As to the
slower delay constants 7,, 1 L MoS,/ITO shows a striking difference with the

bulk sample, since both v ,(£) and T ,(¢) undergo a complete relaxation in
the order of tens of ps (see Table 1).

The time-dependent phonon response in 1 L MoS,/Au appears further
different, pointing out the relevant role of the substrate. Even in this case,
similarly to the sample on ITO, the relaxation dynamics is fully completed
within 500 ps, for both v ,(£) and T , (). However, the frequency shift here is
much smaller than in the 1 L MoS,/ITO case and, more importantly, the
relaxation dynamics lacks the first, fast decay component. This is particu-
larly evident from Fig. 5a, where the A mode frequency shifts, A v ,(£), of the
two 1 L samples are compared. A strong influence of the substrate on 1L
systems is not unexpected'*>"***. The work function of Au is greater than
that of MoS, implying that the band alignment of the MoS,-Au interface
favours electron transfer from MoS, to Au. Hence, the substrate provides a
very efficient dissipation channel for the excited carriers on timescales of
about 10-100 fs*~*. We argue that this quenches the doping-induced
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Table 1 | Time constants extracted from the fitting of the temporal trends

Ua Vg Ta Te

to T4 To to T4 To to T4 To to T T4 T
Bulk 0 25 »500 0 2.0 »500 0.6 5.4 »500 0.6 55 3.5 »500
1LonITO 0.2 1.0 31 0.2 2.3 28 0.4 5.3 81 - - - -
1LonAu 0 - 17 0 - 40 0.5 2.0 10 - - - -

Time delays are expressed in ps. The t, values are obtained as a shared fitting parameter for the two phonon modes, both for the frequencies and the temperatures.
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delays (thus, excluding pump-independent differences). At short delays, the dif-
ference is evident in both modes, whereas at long time delays a mismatch remains
only for the E mode.

phonon renormalization faster than our temporal resolution. Atlonger time
delays, as shown in Fig. 5a, the A v,,(t) trend for 1 L MoS,/Au is basically
superimposed to that of 1L MoS,/ITO, suggesting the slower relaxation
dynamics being little affected by the substrate. This is quantitatively verified
by the similar values of 7, obtained by fitting on both samples.

Data and best fit curves on the time evolution of the E mode frequency

renormalization A vy, are presented in Fig. S2 for the three samples. It is
apparent that, in this strong photodoping regime, the renormalization of the
E mode takes place to the same extent and with the same time dependence as

that of the A mode. This observation results in comparable values of 7,” and

7,” estimated for each sample. Data in Fig. S2 also confirm the observations
made above on the bulk, where the relaxation towards equilibrium is not
completed in the studied time delay window, as well as the observation on
the 1 L MoS,/Au lacking the first, fast decay component.

The E mode frequency shifts for the two 1L samples are also
compared in Fig. 5b, evidencing a further difference between the two
substrates. On Au, the E mode shift is basically the same as the A mode
in terms of both amplitude and temporal dependence. In 1 L MoS,/
ITO, instead, the E mode shifts more than the A mode and does not
return to equilibrium within 500ps (Fig. 5b). This asymptotic offset in
the time decay of Uy, is estimated by fitting as —1.9 cm™~!. We interpret
the observation as due to strain. Indeed, lattice expansion of the sub-
strate due to pump-induced heating can generate a tensile strainon 1 L
MoS, which, acting along the in-plane directions, affects the E phonon
frequency much more than the A”~*. This effect is more pronounced
on ITO because of its thermal conductivity (5W/mK), much lower
than that of gold (317W/mK) and of MoS, itself (35W/mK)"*.
Remarkably, only in the 1L on ITO, the frequency shift appears

delayed with respect to time zero (see insets of Fig. 4), as caused by the
substrate-induced strain component in the observed shift.

Mode-dependent electron-phonon coupling

We now concentrate on the temperature dynamics of the A and E modes, as
obtained from the antiStokes-to-Stokes intensity ratio. Out-of-equilibrium
studies are often interpreted in the framework of two-temperature models,
considering two different temperatures for the electronic and lattice sub-
systems in a transient configuration”. However, this picture has proven to
be limiting in several materials"*>*’. That emerges clearly also from our data.
The temperatures extracted from Eq. (1) for the A and E phonons in the
three samples are shown in Fig. 6. The behaviour of the two modes appears
dramatically different, regardless of the specific sample. The A mode tem-
peratures are much higher than ambient temperature even at negative time
delays and have a very prompt and marked increase of ~ 300 — 400K after
the pump arrival. On the other hand, the temperatures of the E mode are
only slightly higher than room temperature (~ 290K) att < 0,and display a
slow and smooth increase of only ~ 100 — 150K at positive delays.

The observation of a difference between the modes before time zero is
remarkable per se. It is known from literature that electronic resonances can
alter the antiStokes-to-Stokes intensity ratio, rendering Eq. (1) inapplicable.
Some of these apparent temperature anomalies seem to arise from the
different relative position of the antiStokes and Stokes transitions with
respect to an electronic resonance, i.e. a peak of the joint density of states;
that was also observed in MoTe,*. Another possible reason for a failure of
the simple picture of Eq. (1) might arise from symmetry-related differences
in the resonant Raman cross sections for the two phonon modes®. In both
these cases, the anomalies should be observed also in the equilibrium Raman
spectra, acquired with the same probe wavelength. The spectral shape
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Fig. 6 | Phonon temperatures for the two phonon modes. Temperatures for bulk (a), 1 LonITO (b), 1 Lon Au (c) MoS, are estimated from the ratio between antiStokes and
Stokes intensities from data fitting. Continuous lines display the results of the time trends fittings.

measured with a standard 532 nm CW probe (see Fig. SO in the SI) is fully
compatible with room temperature conditions and the extracted tempera-
ture appears on the contrary slightly enhanced ( <40 K) for the E mode, as
already observed in similar experimental conditions*. The difference in the
mode temperatures appears only using a pulsed laser source, implyingitis a
non-equilibrium effect: we argue that the observation is a signature of a
stronger coupling of the A phonons with the electronic degrees of freedom.
Given the probe wavelength is weakly resonant with the electronic
transitions in MoS, (both bulk and 1L), the relaxation of the small
electron population excited by the probe itself creates an excess popu-
lation of optical phonons within the probe duration. That is expected to
contribute to the measured antiStokes intensity resulting in an increased
effective local temperature in time. Electron-phonon coupling can thus
be responsible for the imbalance in the initial (¢ < 0) population of A and
E phonons. Since the enhancement of the base temperature of the A
phonons is independent on the pump, this effect does not impair the
interpretation of the pump-induced increase in phonon population and
its relaxation dynamics, which are encoded in the observed variation AT
with respect to the measurement without the pump (Fig. $4 in the SI).
The time evolution of AT(¢) confirms that the A mode is more strongly
coupled with the electron reservoir than the E mode, representing a prevalent
electron-phonon scattering channel. Indeed, the increase in the E tempera-
ture is slower and we found that a smooth rise, modelled with an extra term
1 — e = | in the fitting function (2), provides a better fit to the data than a
step-like increase. The result of the fitting for the bulk, with 7, ~ 5.5ps, is
shown on the data in Fig. 6a. The electron de-excitations via creation of E
phonons result to occur at a lower rate than de-excitations involving A
phonons. We remark that a second channel for E phonon creation is the
anharmonic phonon-phonon relaxation. In the 1 L samples, the low inten-
sity of the E antiStokes peak and the overlap with the A peak result in a lower
accuracy of the fitted intensity and antiStokes-to-Stokes ratio. Thus, no fit-
ting was performed on the T} temporal trends, which in any case clearly
follow, at short delays, the behaviour described for the bulk (see Fig. 6b, c).
By looking at the time trends of AT, AT, (Fig. S4 in the SI), we can
see how the population of the two modes becomes equal only at t > 20ps in
all samples. This value can thus be taken as an estimate of the time after
which a single temperature can adequately describe the entire phonon bath
(or at least the optical phonons). It is evident that, at smaller delays,
describing the phonon dynamics with less than two temperatures is not
possible. Indeed, the A and E modes exhibit a “hot phonon” and a “cold
phonon” behaviour, respectively, which necessarily derive from a very dif-
ferent symmetry-dependent coupling with the electrons*. Theoretical
works reported in the literature have suggested that the out-of-plane atomic
displacement, induced by the A phonons, modulates significantly the
electronic band dispersion”’, and particularly the conduction band minima
at the K point of the BZ. The in-plane distortion induced by E phonons is
expected to have a minor effect on the electronic states™.

System relaxation dynamics: overview

Based on the considerations above, we attempt to rationalize the consequent
steps in the system relaxation dynamics, involving both electronic and
phononic degrees of freedom.

We interpret the phonon renormalization at short delays as a signature
of the transient, pump-driven photoexcited electron population. After
ultrafast internal thermalization of the electrons to a pump-dependent
temperature T, the carrier relaxation proceeds, determining the observed
short time dynamics in the phonon frequencies. At the early ps scale, we can
expect the carrier density to be depleted mainly via non-radiative processes
(e.g. Auger, scattering by defects, charge transfer to the substrate in 1L
samples, etc.), whereas electron-phonon scattering provides a dissipation
channel decreasing the effective electron temperature T, This goes along
with an increase of the population of selected phonon modes, coupled to the
photoinduced electron and hole charge pockets. In TRRS spectra, the
dynamics of frequency shift and effective phonon temperature provide two
independent useful channels for tracing these different physical processes,
i.e. charge redistribution and energy transfer. In both, the influence of the
substrate on the 1 L samples is evident. Concerning the carrier depletion
(and associated frequency shift), we observe stronger deviations from the
bulk behaviour for more efficient MoS,-substrate charge transfer’* . It is
safe to assume that the transient phonon populations produced by electron
relaxation do not contribute to any substantial modifications to the phonon
spectrum at this timescale. Indeed, as expected from literature** and
clearly observed in our measurements, at time delays shorter than 20ps the
phonon distribution is highly non-thermal, with a marked difference in the
population of different modes. Selectively populating some of the phonon
modes does not inherently alter the equilibrium positions of the ions in the
same way as thermodynamically increasing the temperature does, thus
leaving the bond strength and phonon frequencies unperturbed.

As shown in the previous section, the electron-phonon driven increase
in the effective lattice temperatures is highly mode-selective. We here
introduce a multi-temperature model to describe the overall system
relaxation dynamics. The model, developed following"z, is detailed in Sec-
tion S4 of the SI. The result of its application to the bulk sample of this
experiment is sketched in Fig. 7a. At the pump arrival, its energy is deposited
in the electron subsystem, as visible from the increase in the electron tem-
perature T',;. As the electron relaxation proceeds, with a ps delay with respect
to the rise of T, the strongly coupled A phonon mode is first populated,
then the equivalent temperature of the E mode grows, to reach a maximum
ata few ps delay. The thermalization of the two modes with the phonon bath
(i.e., all other phonon modes) occurs within 20ps. In the model, the electron-
phonon coupling strengths and the modes specific heats are selected to
closely follow the observed dynamics, in terms of kinetics and observed
temperature variations. The experimental trends are properly reproduced
by setting an electron-phonon coupling of the A phonon 10 times greater
than the one of the E phonon. Overall, if an independent experimental
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Fig. 7 | Multitemperature model describing the system relaxation dynamics.
Sketch of the evolution of the internal temperature of the various subsystems
interacting in the relaxation dynamics of: a bulk MoS,; b 1 L MoS, on substrate. The
pump temporal profile is displayed as the shadowed grey area. The time dependent
temperature variations of the electrons, A and E symmetry phonons, and the phonon
bath are displayed in solid lines with colours according to the legend (respectively,
orange, red, purple, blue).

assessment of the photoexcited electron temperature were present, the
model would allow a direct measurement, based on TRRS data, of the mode-
dependent electron-phonon coupling strength.

At longer timescales, thermal and charge diffusion outside the scat-
tering volume could be at work. In that case, the restoring of the initial
charge/temperature conditions would be expected. Our findings suggest,
however, that such diffusion processes are only weakly operative in the bulk
system. Indeed, in the experiment conducted on the bulk, both the phonon
frequencies and the phonon temperatures display a plateau behaviour
for ¢ > 20ps, with a residual frequency shift AD greater than 2 cm™! and an
excess of 55K in the phononic temperature of both modes at ¢ = 500ps.
Given this excess temperature does not explain the measured phonon
shift'”" (see Fig. S5 in the SI), we conclude a finite transient doping is still
present in the bulk compound at t = 500ps. That can be ascribed to long-
lived excitons or trapped states™. Overall, the pump-driven excess energy is
not fully dissipated, thus resulting in asymptotic temperatures exceeding the
starting values for all the system degrees of freedom, as depicted in the right
panel of Fig. 7a.

In both 1L samples, the short timescale evolution of the phonon
temperatures is similar to the bulk case. Here as well, at ¢ >20ps, lattice
thermalization has occurred. The timescale is compatible with the (indirect)
measurements of Chi et al.’. Interestingly, by calculating the phonon soft-
ening A v expected if the measured transient AT was reached under
equilibrium conditions (Fig. S5 in the SI), one finds that for t>20ps the
thermal contribution can fully explain the observed frequency shifts: con-
trary to what is observed in the bulk, electronic effects on the phonon
spectrum in the 1 L appear negligible after a few tens of ps. This implies that
the electronic relaxation processes in 1L samples promptly damp the
photodoping below the threshold needed to appreciate its effect on the
phonon spectrum. Beside the possible charge transfer to the substrate,
carrier de-excitation is indeed expected to be faster in 1 L samples, where the
direct bandgap allows for radiative recombination, than in the bulk, where it
is entirely phonon-mediated and thus less efficient. In addition, a crystal
surface typically contains a higher concentration of defects than the bulk,
leading to a possible increase in defect-mediated non-radiative recombi-
nation in 1L samples*. The difference between the 1L on ITO and Au
resides is in the efficiency of electron population depletion and thermal
dissipation by the substrate, both higher in Au: coherently, in the 1 L/Au
sample, both the TIT" and TZT * result smaller as compared to the 1 L/ITO.
Instead, one can expect a similar phonon de-excitation pathway in the 1 L/

ITO and bulk samples, given they are both governed by the in-plane heat
diffusion inside MoS, (ITO has a very poor thermal conductivity). The fact
that the long timescale relaxation in the phonon population on ITO differs
from that of bulk MoS, further corroborates our interpretation on the role of
the residual transient doping in keeping the bulk sample out of equilibrium.
The loss of the pump-driven photoinduced charge/energy due to all these
combined effects in 1 L samples on substrates can be also considered in the
multi-temperature model, as discussed in Section S4 of the SI. The quali-
tative theoretical behaviour is displayed in Fig. 7b, showing the complete
relaxation of the 1 L system, in substantial agreement with the experimental
scenario.

Resonance Raman effects

Lastly, we comment on the reduction of the Raman signal observed only in
the bulk sample after photoexcitation. First, we recall that an increase in the
phonon population leads to an enhancement of the Raman intensities. In
Section S3 in the SI (Fig. S7), we show the expected rise in each peak intensity
based on the assessed effective temperature, in both bulk and 1L cases.
While in the latter, the temperature dependence reasonably explains the
measured intensity trend, this is clearly not the case in the bulk, where a
significant intensity reduction is appreciated, with an overall non-
monotonic behaviour versus time. We can conclude that the observed
signal reduction in the bulk sample originates from the part of the Raman
cross section related to electronic resonance, rather than from the phonon
population factor.

A similar effect has indeed been observed in semiconductor samples
measured by TRRS when the probe energy matches an electronic transition
of the system, leading to a resonant enhancement of the Raman cross
section. In pump-probe TRRS, depopulating (populating) the VB (CB) via
photoexcitation can reduce the probability of Raman transitions from the
ground electronic state and thus dynamically quench the resonance™”. In
our case, the 2.4 eV probe energy is greater than the MoS, band gap and can
induce electronic transitions. Both in 1 L and in bulk, however, the probe
energy does not match a peak in the joint density of states and is thus
considered only weakly resonant with the system. Therefore, it is difficult to
adopt the same straightforward interpretation as for resonant experiments
conducted on Siand WS,”*. Further analysis and discussion are provided in
Section S3 in the SI, motivating future fundamental investigation on this
system.

Discussion

We have exploited spontaneous time-resolved Raman spectroscopy to study
the de-excitation dynamics of bulk and 1 L MoS, after photodoping. The
technique allowed us to track both the changes of the phonon frequencies
and the creation of an out-of-equilibrium phonon population, highlighting
the different timescales of the two phenomena. We directly observed for the
first time a transient renormalization of the phonon energies, expected by
theoretical works in literature as a consequence of doping-induced
changes in the electron-phonon coupling. While the renormalization of a
particular phonon is expected to originate from activation of the corre-
sponding electron-phonon scattering channel, we observe here the soft-
ening to be faster than phonon population creation. We identified the main
difference between the bulk and 1 L samples in the relaxation dynamics at
long delays. The complete return to equilibrium is indeed observed only in
the 1L, as a consequence of the rapid relaxation of the excited carriers,
allowed by the system 2D nature and direct bandgap. On the other hand, in
the bulk, long-lived excited carriers continue to affect the phonon spectrum
up to at least 500ps.

Following the time evolution of two phonon modes of different sym-
metry, we discarded a description of the whole phonon bath with a single
temperature at ultrashort delays from the optical pump. We observed in fact
a much faster and larger increase in the temperature of the A phonons
compared to the E phonons, and showed that reproducing the observed
phenomenology with a multi-temperature model requires the use of at least
3 different temperatures for the phonon subsystem. This non-thermal
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phonon distribution survives at least up to 20ps. A timescale of tens of ps for
the thermalization of the phonon subsystem is consistent with the findings
of Caruso® and Britt et. al.* which, however, describe the inhomogeneous
excitation of the phonons across the BZ without appreciating a substantial
difference between the A and E modes at I. Remarkably, the stronger
coupling of the A phonons with the electrons cannot be inferred by the
frequency renormalization, which involves both modes: apart from small
strain effects on the 1 L/ITO, we showed that the A and E mode frequencies
undergo the same softening and relaxation dynamics. The results of our out-
of-equilibrium experiment therefore differ from the measurements per-
formed on an electrostatically doped sample under equilibrium conditions
reported in literature, showing a much greater redshift for the A phonon
than for the E phonon. Our results are at odds as well with theoretical
computations, predicting a stronger effect of transient photodoping on the
A phonon frequencies™.

In summary, our experiment provided direct access to the temporal
evolution of phonon lineshapes and populations in MoS, upon the
impulsive photoexcitation of a hot carrier population at the K point of the
BZ. Our analysis shows how TRRS can provide a complete picture of
the dynamical response of the system, as it enables to simultaneously map
the response of the different phonon modes, while also indirectly accessing
the electronic degrees of freedom. Overall, the results unravel the electron-
phonon and phonon-phonon relaxation pathways, assessing the effect of
dimensionality and, in the case of 1 L MoS,, of the interaction with the
substrate, on the electronic and thermal properties of a benchmark semi-
conducting TMD system. Further investigation will open the possibility to
manipulate the photoexcited carrier relaxation pathways by tailored pho-
non excitation’.

Methods

Samples

MoS, crystals were purchased from 2D Semiconductors Inc. (Scottsdale,
AZ). Epitaxially grown, 1 L MoS, transferred on flat gold and ITO substrates
was measured without further pretreatment. The bulk MoS, sample was
obtained by exfoliating a ~ 10 ym crystal onto a diamond window. Dia-
mond was selected as substrate because of flatness and because of the high
thermal conductivity, minimizing sample damaging and enabling repeated
measurements on the same spot.

Time resolved Raman spectroscopy

The experiment was performed in the pump-probe scheme depicted in Fig.
lc. Probe pulses with A =513 nm are obtained after a second harmonic
generation process in a BBO crystal from the fundamental emission at
1026 nm of a Yb:KGW-based laser (PHAROS, Light Conversion) in 300 fs
pulses, working at 50 kHz. The same laser seeds an optical parametric
amplifier (OPA) generating A = 633 nm (~ 1.96 eV) pump pulses, in reso-
nance with the excitonic bandgap at the K point of the BZ. The time-spectral
resolutions, 1 ps — 15cm ™" and 0.6 ps — 45 cm ™" for the probe and pump,
respectively, are set with two 4f pulse shapers. As the pump pulse generated
from the OPA has a slight chirp, its duration was measured with a com-
mercial autocorrelator (APE pulseCheck). The overall temporal resolution
of ~1.2 ps was obtained from the cross-correlation of the pump and probe
pulses, approximated with Gaussian profiles. A delay line on the probe
optical path enables the tuning of the pump-probe relative delay. The two
pulses are superimposed and focalized on the sample surface by a 45° off-
axis parabolic mirror, resulting in a 25 pm spot diameter on sample. The best
conditions for pump-probe spatial and temporal overlap were determined
by monitoring the sum frequency generation from a suitably oriented BBO
nonlinear crystal. The Raman scattering signal is collected at ~45° from the
incident pulse direction by a 10x, long working distance objective, then
delivering the signal to a single pass, dispersive spectrometer (Triax320,
Horiba Scientific) equipped with multiple diffraction gratings and a liquid-
cooled CCD. A holographic 1800 grooves/mm grating is used for the
experiment, granting a spectral resolution of 3cm™". Two notch filters
remove the elastically scattered light at both the pump and probe

wavelengths. The laser fluences employed in the experiment were: 15 mJ/
cm’ and 2.4 mJ/cm’® for the pump and probe, respectively on the bulk
sample, 5 mJ/cm? and 1.5 mJ/cm? on the 1 L/ITO sample, 2.5 mJ/cm? and
1.0 mJ/cm’ on the 1 L/Au sample. It should be noted that in the last case, due
to the high reflectivity of the Au substrate at the pump wavelength, the
effective fluence on the 1 L sample is given by almost twice the impinging
fluence, leading to a similar value for the pump to the one employed for the
1 L/ITO. The estimated charge densities produced by optical pumping are
calculated based on the optical properties (reflectivity, absorption coeffi-
cient) of MoS, and, in the case of the 1 L samples, of the substrates”**. That
leads to excited carrier densities of 10" cm™ in the 1L samples and
10*' cm™ in the bulk (considering a uniform excitation over the pump
penetration depth). We note that the latter value corresponds to an areal
density of carriers of 10" cm™ for each layer. The employed pump powers
lead all the systems to a high photodoping regime, while remaining below
the sample damaging thresholds.

Data pretreatment and analysis

The multiple peak deconvolution was performed on the spectra according to
the following procedure: the background was fitted with two different lines
for the Stokes and antiStokes sides and subtracted; the probe laser line was
acquired and fitted with a Gaussian function, obtaining the measurement
spectral resolution; the A and E phonon peaks were fitted with Voigt
functions (i.e. the convolution of a Lorentzian and a Gaussian) with the
Gaussian FWHM fixed at the spectral resolution, while the broad peak at
450 cm ™! was fitted with a single broad Gaussian function. For each peak,
Stokes and antiStokes sides were fitted simultaneously, with the same
parameters describing the distance from the laser line and the FWHM.
Having measured an additional spectrum without the pump after each
pump-probe measurement, we were able to partially correct the possible
effect of laser intensity fluctuations in the parameters extracted from the
multipeak fitting. The values of the frequency shifts and the phonon tem-
perature extracted from the unpumped spectra were subtracted to the
corresponding quantities derived from the pump-probe spectra. The values
presented in Fig. 6 were then obtained by summing back the average value of
all unpumped spectra. The spectra acquired without the pump allowed also
to verify the absence of degradation in the samples. A further fine correction
of the zero-delay time measured with the BBO crystal was performed by
adjusting to zero the fastest dynamics observed in the TR Raman temporal
scan, which coincides with the frequency shift in MoS, bulk and in the 1 L
MoS; on Au.

Data availability
Experimental data are available in txt form from the Zenodo database,
https://doi.org/10.5281/zenodo.15807306.
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