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Electron-phonon interactions in MoS, probed with ultrafast two-dimensional

visible/far-infrared spectroscopy

Xunmin Guo,? Hailong Chen,? Xiewen Wen, and Junrong Zheng®
Department of Chemistry, Rice University, 6100 Main Street, Houston, Texas 77005-1892, USA

(Received 3 January 2015; accepted 12 May 2015; published online 22 May 2015)

An ultrafast two-dimensional visible/far-IR spectroscopy based on the IR/THz air biased coherent
detection method and scanning the excitation frequencies is developed. The method allows the
responses in the far-IR region caused by various electronic excitations in molecular or material
systems to be observed in real time. Using the technique, the relaxation dynamics of the photo-
excited carriers and electron/phonon coupling in bulk MoS, are investigated. It is found that the
photo-generation of excited carriers occurs within two hundred fs and the relaxation of the carriers
is tens of ps. The electron-phonon coupling between the excitations of electrons and the phonon
mode E;, of MoS; is also directly observed. The electron excitation shifts the frequency of the
phonon mode 9 cm™' higher, resulting in an absorption peak at 391 cm™! and a bleaching peak at
382 cm™!. The frequency shift diminishes with the relaxation of the carriers. © 2015 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4921573]

I. INTRODUCTION

Electron-phonon (lattice vibrations) interactions are ubiq-
uitous and essential in many physical and chemical processes.
For example, the coupling between electrons and phonons
is suggested to be responsible for conventional superconduc-
tivity.'= Finding a way to directly observe the electron-phonon
coupling in high-transition-temperature superconductors is of
great importance for the study and the improvement of high-
temperature superconductors.® In optoelectronic devices, the
interaction of electrons with phonons is critical for the heat
generation and dissipation,”® which determines the device
temperature and the power efficiency. In two-dimensional (2D)
materials, such as layered transition metal dichalcogenides
(TMDs) (e.g., MoS; and WS,),? phonons usually have some
distinct vibrational frequencies in the far-infrared (far-IR)
region, between about 100 cm~! and 500 cm~!. When
electrons in these materials are excited, the electronic energy
will be converted to the excitations of these vibrational
modes (phonons), besides the emission of photons through
fluorescence (or phosphorescence). The excitations of these
phonon modes dissipate within the 2D sheet and through
layers and to the environment, and raise the temperature.
The energy dissipation pathways and the thermal properties
of 2D materials and the hetero-structures based on them
are determined by the generation, dissipation, and transfer
dynamics of these phonon excitations. To investigate these
dynamics, a spectroscopy with tunable excitation wavelengths
and broadband detection frequency which can cover the entire
far-IR region is needed.

Some traditional methods, such as the optical pump
terahertz (THz) probe spectroscopy,'®!? usually employ the
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electro-optic effect of ZnTe!® or photoconductive emitter'*
to generate THz pulse, of which the detection frequencies
are limited to be below 2-3 THz (<100 cm™') unless a very
short pulse (<15fs) is used. As a result, these methods are
mainly limited for the investigation of the carrier dynamics.
The electron-phonon interactions with phonons at frequencies
>100 cm™' (e.g., optical phonons in TMDs) cannot be
studied by the methods. Although the THz pulse with higher
frequencies can be generated by some groups,'>!® a pump
source with ultra-short pulse duration (10-15 fs) is needed.
Traditional femtosecond stimulated Raman spectroscopy,
which consists of a femtosecond visible pump, a narrow
bandwidth picosecond Raman pump, and a femtosecond
continuum probe,!’2! have been applied to obtain vibrational
spectra of transient electronic states. However, it is still
very challenging for the method to collect signals at lower
frequencies, e.g., tens of cm~!, and it is also very difficult to
directly monitor the dynamics of charge carriers. In addition,
it was recently shown that, limited by the Fourier uncertainty,
only some of the probe modes contribute to the femtosecond
stimulated Raman signal.?>?3

In this work, we will introduce an ultrafast two-
dimensional visible/far-IR spectroscopy that can directly
monitor the electron/phonon couplings. In the method, the
optical excitation wavelength is tunable and the detection
frequency is a broadband which covers the entire far-IR region.
Using this technique, the carrier dynamics and electron-
phonon interactions of a bulk MoS, sample with the excitation
of electrons from the valence band to the conduction band are
investigated.

Il. EXPERIMENTS

The optical setup of the ultrafast two-dimensional
visible/far-IR spectroscopy is based on the scanning of

©2015 AIP Publishing LLC
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FIG. 1. Illustration of the optical setup. OPA: optical parametric amplifier;
OC: optical chopper; ODL1&ODL2: optical delay line; NC: nonlinear crystal
BBO; PM: parabolic mirror; Si: silicon wafer; HVAC: high voltage AC
electrodes; DM: dichroic mirror; F: filters; PMT: photomultiplier tube.

visible excitation frequencies and the detection of far-
IR/THz frequencies by the air biased coherent detection
method (THz-ABCD).?*% As displayed in Fig. 1, the output
of a femtosecond amplifier laser system (800 nm central
wavelength, 1.6 mJ energy, 50 fs duration, 1 kHz repetition
rate, Uptek Solutions, Inc.) is split into three beams. The major
portion (0.9 mJ), after traveling through an optical delay line,
is frequency-doubled by a nonlinear crystal (0.2 mm thick
BBO). The mixture of the residual fundamental beam and the
generated 400 nm light is then focused into the ambient air,
producing intense air plasma. A broadband THz radiation
covering a very broadband far-IR region up to midIR is
generated from the air plasma through a process similar to four
wave rectification.”’-3? After removing the residual optical
beams with a silica wafer at the Brewster angle, the emitted
far-IR pulse is then collected and focused into the sample
with the beam waist estimated to be smaller than 1 mm at the
frequency larger than 200 cm™".

For the coherent detection of far-IR electric field, the sec-
ond portion of fundamental laser source (0.1 mJ) is introduced
as the readout beam to mix with the transmitted far-IR beam
from sample. Both beams are then focused into air at the same
focal point, where a high voltage bias field (10 kV/cm, gener-
ated by Bi3KV HV Mod, Uptek Solutions, Inc.) is applied. As a
result, both the far-IR-electric-field-induced second harmonic
E2T : * (proportional to the amplitude of far-IR electric field)
and the bias-induced second harmonic EZ) V are simultaneously
generated through the medium of air molecules. Cleaned with
a dichroic mirror and a combination of short-pass and band-
pass filters, the superposition of the second harmonic gener-
ations I, « (EZT f ‘4 Eg) V)2 is detected by a photomultiplier
tube (PMT). By modulating the high voltage bias field at the
sub-harmonic repetition frequency of amplifier laser system
(500 Hz) and referring the lock-in amplifier to this frequency,
the cross term of the superposition I, which is proportional to
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the amplitude of the far-IR electric field is isolated from the
DC background. The time domain spectrum of far-IR wave
E(r) is obtained by scanning the optical delay line (ODL1)
and recording the far-IR electric field amplitude as a function
of delay time ¢.2426-33-35

The third portion of the fundamental laser source (0.6 mJ)
is used to drive an optical parametric amplifier (OPA) to
produce a widely tunable visible or near IR light source. After
attenuated to a few uJ and delayed by Ty, through a 2nd optical
delay line (ODL2), the visible excitation beam is focused on
the sample, spatially overlapping with the far-IR beam spot
with a slightly larger beam waist (>1 mm). Therefore, the
incident excitation energy density is smaller than 500 yJ/cm?.
To extract the visible excitation induced absorption change of
the sample, an optical chopper with a blade of 7/5 slots is
placed on the excitation beam path, modulating the excitation
beam by the inner ring (5 slots) and synchronizing the
outer ring (7 slots) with the detection modulation frequency
(500 Hz). Thus, the modulation frequency of the excitation
beam is 500 x 5/7 = 357.1 Hz. Since the detection beam is
modulated at 500 Hz by HVAC, the band-pass extracting
response signal around the sum frequency of excitation and
the detection modulation frequency (500 + 357.1 = 857.1 Hz)
can exclusively provide the detected intensity changes induced
only by the excitation beam. Therefore, another lock-in
amplifier referenced at that sum frequency (857.1 Hz) is
used to acquire the excitation-induced amplitude change of
the far-IR electric field AE(¢). Simultaneously, the excitation-
present amplitude of far-IR electric field E(¢) is collected
by the first lock-in amplifier referenced at the detection
modulation frequency (500 Hz). By subtracting AE(t) from
E(t), the excitation-absent far-IR electric field amplitude E(t)
is obtained.

With this scheme, the signal to noise ratio (SNR) of
the measured AE(t) can be achieved up to 100:1. The
instrument response function (IRF) of the visible/far-infrared
spectroscopy is about 150 fs, which was estimated from the
excitation-induced free carriers signal in silicon. All relevant
field components (bias electric field, fundamental beam, and
the excitation beam) are parallelly polarized to each other.
Therefore, only the parallel response of visible/far-IR transient
absorbance will be measured.

It is worthwhile to emphasize that, to detect the chirp-
free response of transient absorption, the relative time delay
between the fundamental readout beam and the pump beam is
conserved when scanning ¢ at a specific Ty.!>!336-3

Data are obtained as a function of three variables: the
excitation wavelength from OPA (A g), the variable time delay
t between the far-IR beam and the fundamental readout beam
which can be further converted to the detection frequency by
Fourier transform, and the variable waiting time 7Ty between
the far-IR beam and the excitation beam. The absorbance
change at a certain excitation-detection delay is plotted as
a function of excitation wavelength and detection frequency.
For a given excitation wavelength, the waiting time dependent
change of absorption spectra reflects the excitation-induced
ultrafast broadband response in the far-IR region. Slices of
these spectra at any specific detection frequencies display
dynamic evolution of transient species involved.
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All the experiments are performed at room temperature
except the temperature dependent measurements of the static
spectra. Molybdenum disulfide (MoS;) multi-layer single
crystal is purchased from 2D Semiconductors, Inc., and used
as received. Sample flakes are prepared and dried by smearing
acetone mull containing MoS, chip on the polyimide thin film.
All the measurements are performed with the far-IR light
perpendicular to the crystallographic c-axis of bulk MoS,.
Control experiments on the polyimide thin film are conducted.
The results demonstrate much less steady-state absorption in
both excitation wavelength range (550-800 nm) and detection
frequency range (50-420 cm™') of the film, compared to
the MoS, crystal. Besides, the polyimide thin film shows
no contribution to the excitation-induced transient absorption
measurements.

lll. RESULTS AND DISCUSSION

Fig. 2(a) displays the respective time domain spectra E(t)
and Ey'(t) of the bulk MoS, sample on polyimide and the
polyimide substrate. After applying Fourier transform, the
power spectra |Eo(w)|? and |Ey'(w)|* are obtained, displayed
in the inset of Fig. 2(b). The absorption spectrum of the
pure bulk MoS; sample in the far-IR region is obtained
from the measurements, calculated with the expression
—log(|Eo(w)|*/|Ey(w)|?). As displayed in Fig. 2(b), a sharp
peak around 382 cm~' (with an uncertainty of 2-3 cm™)
clearly shows up in the absorption spectrum of the bulk MoS,
in the far-IR region. This peak is assigned to the IR active
in-plane phonon mode E;, of the bulk MoS,, according to
previous experimental and calculated results.***

To investigate the optoelectronic response and the
electron-phonon coupling in bulk MoS,, we first use the 800
nm (1.55 eV) laser pulse to excite the electrons in MoS, from
the valence band to the conduction band, and monitor the
transition absorption dynamics in the far-IR region. In the
experiments, the increase of the lattice temperature induced
by the pump excitation is very small (on the order of ~0.1 K).
The calculation is based on the pump power (~500 uJ/cm?)
and the heat capacity of the bulk MoS, (~63.7 J/(mol K)).

04t (A) — bulk MoS, on Polyimide
—— Polyimide
3 02t
g
L
=
=
= 00r
=3
E
<
02}
_04 1 L 1 1

0.0 0.5 1.0 1.5 2.0
Time (ps)
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Besides, the experiments were also conducted at a much
lower excitation power (~35 uJ Jem?), and all the results
are unchanged within experimental uncertainty. The detailed
calculation of the temperature and the experimental results
at lower excitation power are provided in supplementary
material.’! As a result, the laser simply perturbs the electronic
state of the bulk MoS, rather than photo-inducing a phase
transition.*

Fig. 3(a) and the inset display the excitation-induced
amplitude change of transmitted far-IR electric field AE(r)
(black line), the excitation-present amplitude of far-IR electric
field E(t) (red line), and the excitation-absent far-IR electric
field amplitude Ey(z) (blue line). Both black and red lines
are recorded at the same excitation wavelength of 800 nm
at the waiting time Ty, = 2 ps. The results clearly show that
the optical excitation induces a drop of the far-IR electric field
amplitude. The frequency domain spectra Fourier transformed
from Fig. 3(a) are displayed in Fig. 3(b). The negative
absorption change of bulk MoS, (down panel in Fig. 3(b))
can be written in terms of time domain spectra of far-IR fields
by the following equation:

2
-80D(w) = oa %) = e
2

|F(E(0) = AE@)P”
where F(f(t)) indicates the Fourier transform of f(z).

It can be seen that the optical excitation induces an
absorption increase (negative peak) in most of the detection
frequencies. At frequencies around 382 cm™!, a sharp positive
peak and a negative peak appear, with center frequencies at
382 cm~! and 391 cm™, respectively. The central frequencies
of the two peaks are obtained by fitting two peaks with the
superposition of two Gaussian line shapes (see supplementary
material®!). The origins of these two peaks will be discussed
in the following.

By tuning the time delay Ty, the waiting time dependent
excitation-induced negative absorption change are obtained
(Fig. 4(a)). At waiting times Ty > 0, a broadband featureless
negative signal dominates each of the spectra (Fig. 4(b)),

1.0 = 382 cm’!
@
2
15 '\
) 5
e =
3 — Bulk MoS, on Polyimide ~
= — Polyimide
s 051
= 0.01
5 100 200 390 400
2 Frequency (cm )
<
0.0

100 200 300 400
Frequency (cm’)

FIG. 2. (a) Time domain spectra E((t) and E(/(¢) of the bulk MoS; sample on polyimide (black line) and the polyimide substrate (red line), respectively. (b)
The absorption spectrum of the pure bulk MoS, sample in the far-IR region. The peak at 382 cm™! is the IR active in-plane phonon mode E{, of the bulk MoS.
Inset: the frequency domain power spectra of the bulk MoS, sample on polyimide (black line) and the polyimide substrate (red line), obtained from the Fourier

transform of the time domain spectra in (a).
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FIG. 3. The time and frequency domain steady and transient spectra of bulk MoS,. (a) The measured excitation-induced amplitude change of transmitted far-IR
electric field AE(z) (black line), the measured excitation-present amplitude of far-IR electric field E(¢) (red line), and the excitation-absent far-IR electric field
amplitude E((t) (calculated from E(z)—AE(t), blue line). Both black and red lines are recorded at the excitation wavelength of 800 nm (centered) and the
waiting time Tw =2 ps. Inset: a zoomed-in view of the electric field peaks (dashed square). (b) Upper panel: the calculated power spectra of far-IR transmitted
intensity with excitation-present (red, |E (w)lz) and excitation-absent (blue, |E0(w)|2). Inset: a zoomed-in view around the phonon resonant peak E;, (dashed
square). Bottom panel: the calculated excitation-induced negative absorption change of MoS, at a waiting time Tw = 2 ps with error bars for the peaks, which
is calculated according to Eq. (1).
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FIG. 4. (a) Waiting time dependent excitation-induced negative absorption change of the bulk MoS,. The wavelength of the exciting pulse is centered at 800
nm. (b) Excitation-induced negative absorption change of the bulk MoS, at different waiting times. (c) Temporal evolution of the excitation-induced negative
absorption change at three different frequencies. (d) Comparing the normalized waiting time dependent signal from the phonon mode Ey, (black dots) with
that from photo-excited carriers (measured at 200 cm™!, red dots). The red curve is the double exponential fit for the detected signal at 200 cm™! with the
consideration of IRF (150 fs). The fitting result shows a rising constant of 160 +20 fs and a decay constant of 28 +3 ps.



212447-5 Guo et al.

which indicates the transient increase of absorbed far-IR
light after optical excitation. Fig. 4(c) displays the temporal
evolution of this featureless signal at different frequencies.
After excitation with the 800 nm light, the intensities of signals
increase rapidly within about two hundred fs, and then decay
with almost the same rate at different detection frequencies.
According to the literature, the optical excitation enhanced
absorption signal at these frequencies can be attributed to the
absorption of photo-generated free carriers in bulk MoS,, and
the conductivity spectra of which can be roughly described
by the Drude formula.*® However, an opposite slope of
the transient spectrum was observed here, i.e., decreasing
absorption with lowering frequencies. One likely reason is
that, the spot size of the excitation beam is not large enough to
completely cover the entire detection beam, especially for light
at lower frequencies, and therefore leading to a decreasing
signal. Detailed discussions about the normalization are
provided in the supplementary material. However, because
experimentally we do not know the exact spatial profile of the
overlap of excitation/probe beams, we cannot exclude other
possibilities that may also cause such an observation. For
example, it is also possible that the localization of carrier
rather than a free carrier response contributes to the signal.

Fitting the waiting time dependent signal of the photo-
excited carrier with the convolution of a double exponential
function and the IRF, the generation and recombination time
constants of the carrier are obtained, which are 160 + 20 fs
and 28 + 3 ps, respectively (Fig. 4(d)). The former is close to
the IRF (150 fs), indicating a very fast generation process.
Our experimental results (in supplementary material) on
samples of various sizes and shapes strongly suggest that the
recombination rate of the photo-excited carrier can be much
longer than tens of ps, dependent on the sizes and shapes of
MoS; chips, while the generation rate remains constant. The
quantitative connection between the MoS; size and shape and
the measured recombination rates will be subject to future
studies.

In Figs. 4(a) and 4(b), among the featureless broadband
absorption, a sharp positive peak (transient decrease of the
absorption) at around 382 cm™! and a sharp negative peak
(transient enhancement of the absorption) at around 391 cm™!
appear. The frequencies are close to that of the absorption
peak of the phonon mode E;, (Fig. 2(b)). Therefore, it is
very conceivable that the appearances of the positive peak
and the negative peak are related to the phonon mode E;,. The
difference of the signal intensity between the negative peak and
the positive peak is plotted in Fig. 4(d). (That the difference
rather than the individual intensity is plotted is to suppress
the effect of background.) Similar to the photo-excited carrier
signals, after the excitation, the intensities of the signal from
the phonon mode increase rapidly within a couple of hundreds
fs and then decay relatively slowly at the time scale of tens of
ps.

According to the principles of transient vibrational
signal generation,*’ the appearances of peaks at around
380-390 cm™! may arise from three possible origins: (1)
the energy transfer from the electronic state to the phonon
state, (2) the laser heating effect, and (3) the electron-phonon
coupling. Let us consider the st possibility. If the signals

J. Chem. Phys. 142, 212447 (2015)

are dominated by the energy transfer from the electronic state
to the phonon mode E,, the positive peak at 382 cm~! and
the negative peak at 391 cm™! should represent the 0-1 (from
the ground state to the 1st excited state) transition and 1-
2 (from the 1st to the 2nd excited state) transition of the
mode E;,, respectively. However, the frequency of the 1-
2 transition is usually lower than that of the 0-1 transition
because of vibrational anharmonicities,*’ which is opposite to
the experimental results (see Fig. 4(b)). Therefore, based on
the analysis of the peak frequencies, we conclude that it is
very unlikely that the two peaks are generated because of the
direct electron/phonon energy transfer.

Laser heating can shift the absorption frequency of a
phonon (or vibration) mode.*® It is worth noting that the
phonon mode E,, is also a heat carrier in the MoS, crystal.
In principle, the heat generated by the absorption of energy
from the excitation laser can dissipate to mode E;, and/or
other phonon modes. The 1st situation (heat directly to mode
E;y) is identical to the energy transfer from the electronic
state to the phonon state as discussed above, which is already
excluded. In the latter situation, the frequency of the phonon
mode Ey, can be affected by the excitation of other phonon
modes of which the frequencies are usually lower than that of
E .. However, from the literature® and experimental results
presented in Fig. 4(c), it is found that it takes about tens of
ps for the hot carriers to relax their energy until they reach
thermal equilibrium with the lattice in bulk MoS; crystal. If
the appearances of peaks at 380-390 cm™' were caused by
the hot carrier relaxation, we would have observed a gradual
increase of their intensities with a time constant of tens of
ps. However, experimental results in Fig. 4(d) show a very
rapid increase within about 200 hundred fs, different from
this prediction. Therefore, the peaks at 380-390 cm~! should
not be caused by the laser heating. This conclusion is further
confirmed by measuring the temperature dependent absorption
change of the bulk MoS,, as shown in Fig. 5. At a higher
temperature, the frequency of the peak is lower, opposite to
the new absorption peak in Fig. 4(b) that appears at a higher
frequency. The temperature dependent measurements indicate

1.0 —— MoS2 @22C
—— MoS2 @50C

—— MoS2 @70C

0.8

oD

0.6

0.4

380 385

Wavenumber (cm'l)

FIG. 5. The frequency change of the phonon mode Ej, at different temper-
ature: 22 °C, 50 °C, and 70 °C. The arrow denotes the increasing direction of
the temperature, which indicates the frequency of the phonon mode becomes
lower at a higher temperature.
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FIG. 6. The rephasing and nonrephasing Feynman diagrams contributing to
the observed electron-phonon coupling signals: (a) for the positive peak at
382 cm™! and (b) for the negative peak at 391 cm™'. 0, e, p, and e+p
represent the ground state, the electronic excited state, the Ist excited state
of phonon mode E,, and the combinational band of electronic excited state
and the excited state of phonon mode of bulk MoS,.

that the heat effect must produce a new absorption at a lower
frequency rather than at a higher frequency.

Based on the above analysis, it is very likely that the
appearances of the positive peak and the negative peak at
380-390 cm™! are induced by the electron-phonon coupling
between the excitations of electrons and the phonon mode E;,
of MoS,. This conclusion is further confirmed by the almost
identical temporal evolution feature between the signals of
these peaks and that of the photo-excited carriers in bulk
MoS, (Fig. 4(d)). The observed relatively higher frequency
of the negative peak compared to that of the positive peak
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o 8

—
o
S
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indicates that the excitation of the electrons from the valence
band to the conduction band shifts the absorption of the
optical phonon E;, from 382 ¢cm™' to a higher frequency,
resulting in a new absorption at 391 cm™! and a bleaching
at 382 cm~!. The signal generations can be understood in
terms of the Feynman diagrams in Fig. 6. After the laser
excitation (the first two interactions E;&E;), the electrons
from the valence band are excited to the conduction band,
forming photo-excited carriers. The electronic excitation leads
to an almost simultaneous frequency shift of mode Ey, (in the
diagrams, the frequency shift is the difference between we_c+p
and wopp). In the experiments, the frequencies of mode Ejy
are detected by Ez&E (Eg = E, and E,) during the period
(Ty) after the electrons are excited. At the very first few
hundred fs, the amount of photo-excited carriers increases, and
therefore the signals of the frequency shift of E,, also increase.
With the increase of the delay time, the photo-excited carriers
gradually relax, and the signals of the frequency shift gradually
decrease. In principle, the relaxation of photo-excited carriers
must have some probability to produce the excitation of mode
E,. However, we do not clearly observe such a vibrational
excitation from Figs. 4(a) and 4(b). One likely reason is that
the electron/phonon coupling signal is much larger than the
vibrational excitation signal which is partially diminished by
the very short lifetime of mode E,, (estimated to be only 1-2
ps).46:50

The coupling induced frequency shift of the phonon mode
may arise from a Stark shift of the phonon mode by the
presence of excitation-induced charge carriers, or because the
presence of excitation-induced charges affects the frequency
dependent dielectric constant of the sample that in turn shifts
the phonon frequency. The detailed coupling mechanism needs
to be confirmed by further experiments and calculations.
One feasible way is to collect the absorption change of the
MoS, sample with the excitation of the visible light and the
spectral information of the far-IR light after passing through
the polyimide substrate without the sample simultaneously. As
aresult, the absolute transient absorption spectra of the phonon
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FIG. 7. (a) The two-dimensional visible/far-IR spectrum of bulk MoS; at waiting time 5 ps. The wavelength of the exciting pulse is scanned from 800 nm to
550 nm. Signal at each exciting wavelength is normalized by the power of the exciting pulse. (b) Comparing the excitation-induced absorption spectral curves
in (a) at the excitation wavelength A =800 nm and 550 nm (c) The optical absorption spectrum of bulk MoS,.
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mode can be accurately extracted. By fitting the perturbed
phonon spectra with a proper model, such as Fano lineshape®
or an asymmetric oscillator,’> the interactions between the
electrons and phonons can be understood.

By scanning the wavelength of the exciting laser pulse
from 550 nm to 800 nm, the two-dimensional optical-
excitation/far-infrared-detection spectrum of bulk MoS, is
obtained. From the time dependent 2D spectrum, the excitation
photon energy dependent (from 2.25 eV to 1.55 eV) charge
carrier and electron-phonon coupling dynamics are obtained.
Fig. 7(a) displays a 2D spectrum at a waiting time 5 ps,
which shows that different excitation frequencies produce very
similar responses in the far-IR region. With the decrease of
the wavelength of the exciting laser pulse (the increase of
the excitation photon energy), the intensities of the signals
from both the photo-excited carriers and the electron-phonon
coupling increase (see Fig. 7(b)). This is consistent with
the optical absorption spectrum of bulk MoS,, i.e., a larger
absorbance at a smaller wavelength (see Fig. 7(c)).

IV. CONCLUDING REMARKS

An ultrafast two-dimensional visible/far-IR spectroscopy
based on an optical parametric amplifier and the IR/THz air
biased coherent detection method is developed. The method
allows the responses in the far-IR region after electronic
excitation with tunable excitation frequencies in molecular
and material systems to be observed in real time. Using
the technique, the photo-excited carriers and electron/phonon
coupling dynamics in bulk MoS, are investigated. It is found
that the photo-generation of excited carriers occurs within
160 fs and the relaxation of the carriers is about 30 ps.
The electron-phonon coupling between the excitations or
motions of electrons and the phonon mode E;, of MoS; is
also directly observed. The coupling shifts the frequency of
phonon mode about 9 cm™! higher, resulting in an absorption
peak at 391 cm™! and a bleaching peak at 382 cm™'. The
frequency shift diminishes with the relaxation of the carriers.
The dynamics of the electron/phonon coupling resembles that
of the photo-excited carriers.

Using the broadband far-IR probe, a very wide variety of
molecular and material phenomena can be studied, e.g., charge
carrier dynamics in semiconductors, librational modes in
water, heat generations induced by electronic motions, charge
separations and recombinations, and collective modes in
proteins and amino acid crystals. With the tunable excitation
wavelengths, one can distinguish the effect of each electronic
transition in a system with multiple electronic transitions.
Because electron/phonon-vibration couplings are ubiquitous
and important in nature, the method demonstrated in this
work is expected to be able to gain more applications
in other systems, e.g., high-temperature superconductors,
nanomaterials, photosynthetic systems, and semiconductors.
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Figure S1. Fitting the transient absorption change (Tw= 2 ps) of Bulk MoS with the superposition
of two Gaussian line shapes in the frequency range of phonon mode Ei,. The dots denote the
experimental data, and the solid line denotes Gaussian peak fit. The fitting result shows a sharp
positive peak and a negative peak with center frequencies at 382 cm™ and 391 cm™ respectively,
indicating the coupling shifts the frequency of phonon mode about 9 cm™ higher. The peak
frequencies have an uncertainty of about 2~3 cm™, due to the relatively low signal/noise ratio and

the irregular shapes of the samples



Estimate MoSz temperature jump by excitation
With the following parameters:

Thermal capacity of bulk MoSz: 63.7 J/(mol-K)
Density: 5.06 g/cm?®

Mol mass: 160.07 g/mol

Excitation beam Area: 3.14*0.52 mm?

Coverage of MoS; on the polyimide substrate: >50%
Thickness of the sample: >0.01mm

Energy absorbed by the sample: <1uJ

The temperature jump can be estimated as:

143 -160.07 3
AT, = mol = 0.13(K)

637 5069 .0.5.7-0.05.0.001cm’
mol - K cm
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Figure S2. Carrier generation and recombination dynamics of MoS, samples with different particle
sizes detected at 200 cm™ with excitation at 800 nm. The generation dynamics is hardly affected by
the sample size. However, the recombination dynamics are dependent on the sample particle size. A
sample with larger particles has a slower recombination dynamics. We suspect that there are two
possible reasons responsible for the observation: (1) a small particle has more surface defected or
trapped states that can facilitate the charge recombination; and (2) a larger particle can have a
larger conjugation for carriers to diffuse and make the recombination more difficult, which is
probably less likely. The detailed mechanisms for the observed particle size dependent dynamics are

subject to future studies. The optical images of the samples are provided in fig.S3.



Figure S3. Optical images of samples with length and width of (A) about 2 microns with a thickness

(B) about 30 microns with a thickness of a few microns; (C) larger than 1mm; and

of a few microns;

(D) a zoomed-out image of (C) with a thickness of tens of microns.
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Figure S4. The excitation-induced signal of the bulk MoS, measured at low excitation power, which
is about 35 zJ/cm?. The wavelength of the exciting pulse is centered at 800 nm. (A)
Excitation-induced negative absorption change of bulk MoS; at the waiting time Tw = 2 ps. Within
the experimental error (the signal to noise ratio noise is decreased because of much lower
excitation power), the spectral shape is almost the same as that shown in Fig.3B, i.e., among a
broadband negative signal, a sharp positive peak at around 380 cm™ and a sharp negative peak at
around 390 cm™ appear, indicating the excitation-induced frequency shift of the phonon mode Exy.
(B) Comparing the normalized waiting time dependent signal from the phonon mode E1, (black dots)
with that from photo-excited carriers (measured at 200 cm™, red dots). The red curve is the single
exponential fit for the detected signal at 200 cm™ with decay constant 2243 ps. The result is also
similar as that measured at higher excitation power (see Fig.4D), i.e. after the excitation, the
intensities of signals from both of the photo-excited carriers and the phonon mode increase rapidly
within a couple of hundreds fs and then decay relatively slowly at the time scale of tens of ps,
indicating the appearances of the positive peak and the negative peak at 380~390 cm™ are induced
by the electron-phonon coupling between the excitations of electrons and the phonon mode E1y of

MoS.



Normalization of Excitation-Induced Transient Spectra

For the spot size of the excitation beam is not large enough to completely cover the entire
detection beam, the excitation-induced transient spectra can be approximately normalized in the
following manner.

Considering the focal spot diameter of a Gaussian beam is inversely proportional to the
frequency of the beam, the spot size of the detection beam on the sample is a function of the
frequency o: roc @™, where r is the spot radius of the detection beam. For simplicity, the detection
beam can be treated as a uniform circular spots with the radius r, and the excitation beam is a
Gaussian beam, which overlaps with the detection beam on the sample. According to the intensity
distribution of the Gaussian beam, we have the average excitation intensity within the area of the
detection beam 1(r) oc [1—e‘2r2”°2]/ r’, where ro is the waist size of the excitation beam. Assuming
roequal to the spot radius of the detection beam at frequency ax, and considering r o @', we have
I () oc[l—e‘Z“’Oz’”’z]-a)z. Since the signal we measured —AOD(w) is proportional to the average
intensity of the excitation beam, the excitation-induced transient spectra can be normalized with the
coefficient 1/ 1(w).

Based on the above analysis, the normalized excitation-induced negative absorption change of
MoS; at a waiting time Tw = 2 ps is calculated (see Fig.S5), where we choose @,=250 cm™.
Comparing to the unnormalized spectrum, an opposite slope of the transient spectrum is obtained,
i.e., increasing absorption with lowering frequencies. For both of the unnormalized and normalized
transient spectra, the oscillation background shown in Fig.3B, which arises from the interference
introduced by the polyimide substrate, were removed with a cosine function by considering the

thickness (~30 um) and refractive index (~1.7) of the substrate.
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Figure S5. Comparing the unnormalized and normalized excitation-induced negative absorption

change of MoS; at a waiting time Tw = 2 ps. The wavelength of the exciting pulse is centered at 800

nm.

According to eq. 1, we have
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It means the real part of the photo-induced increase of THz conductivity in MoS> samples has the



same line shape as the normalized excitation-induced negative absorption change shown in fig.S5,
and therefore, can be described roughly by the Drude formula.

However, it does not mean the optical excitation enhanced absorption signal we measured is
from the free carrier Drude response. The above method of normalization is just a rough estimate.
In the calculations, we assumed the detection beam on the sample is a uniform circular spot.
However, the real situation is that, the intensity distribution of the detection beam generated by
THz-ABCD method can be very complicate and hard to predict. In addition, we also assumed that
the waist size of the excitation beam ro isequal to the spot radius of the detection beam at frequency
w,=250 cm™*, which may not be accurate either. If we choose @,=100 cm™, the same slope of the
transient spectrum as the unnormalized one will be obtained, and then the localization rather than a

free carrier response may explain our experimental results better.
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