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Abstract

The interaction between off-resonant laser pulses and excitons in monolayer tran-
sition metal dichalcogenides is attracting increasing interest as a route for the valley-
selective coherent control of the exciton properties. Here, we extend the classification of
the known off-resonant phenomena by unveiling the impact of a strong THz field on the
excitonic resonances of monolayer MoS,. We observe that the THz pump pulse causes
a selective modification of the coherence lifetime of the excitons, while keeping their
oscillator strength and peak energy unchanged. We rationalize these results theoreti-
cally by invoking a hitherto unobserved manifestation of the Franz-Keldysh effect on
an exciton resonance. As the modulation depth of the optical absorption reaches values
as large as 0.05 dB/nm at room temperature, our findings open the way to the use of
semiconducting transition metal dichalcogenides as compact and efficient platforms for

high-speed electroabsorption devices.
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Monolayer semiconducting transition metal dichalcogenides (TMDs) have revolutionized
the field of optoelectronics during the last decade.r’ Their almost ideal two-dimensional na-
ture and their weak dielectric screening allow these materials to host strongly bound excitons
with a unique character among all direct bandgap semiconductors. These excitons can be
described within the Wannier-Mott regime, yet the large Coulomb interaction limits the ex-
tension of the electron-hole correlation only to several lattice periods.” In addition, excitonic
optical absorption in TMDs obeys chiral selection rules that depend on the valley of the
Brillouin zone in which the electronic states building up the excitons reside. It is the coexis-
tence of large oscillator strengths,” relatively long coherence lifetimes,** and valley-selective
control®® that has made excitons in TMDs an attractive platform for opto-valleytronic appli-
cations at room temperature. This, in turn, has stimulated increasing efforts to manipulate
the exciton properties on an ultrafast timescale by means of optical excitation.

On one side, a vast literature has clarified the subtle interplay of single-particle and
many-body effects (e.g., phase-space filling, Coulomb screening, bandgap renormalization,
exciton-exciton interaction...) that emerge upon above-gap photoexcitation and persist un-
til photocarrier recombination is complete. 31043 O the other hand, only a few works
have explored the off-resonant (i.e. below-gap) excitation regime. In this limit, intriguing
nonlinear phenomena stem from the coherent dressing that the exciton experiences in the
presence of a slowly-varying periodic photon field,™” such as that provided by short laser
pulses in the mid-to-far infrared spectral range. Notable examples comprise the ac (op-
tical) Stark effect, ™52 the Bloch-Siegert shift,® and the Autler-Townes splitting.“! Yet,
still unexplored are the nonlinear optical effects that excitons in TMDs show in response
to an intense perturbation at terahertz (THz) frequencies. Unlike in semiconductors with
weakly bound excitons,?#%? THz fields interacting with monolayer TMDs cannot excite in-
traexcitonic transitions, as the latter lie at considerably higher energies.*¥ Conceptually,
THz excitation bridges the gap between dc electroabsorption (so far investigated only in the

25,26)

transverse configuration accessible in field effect transistors and the coherent phenom-
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Figure 1: (a) Free-space single-cycle THz pulse generated through optical rectification of an
intense 1.55 eV laser beam in a Mg:LiNbOj3 crystal. The maximum electric field strength
is 420 kV/cm. (b) Spectrum of the single-cycle THz field, showing a bandwidth of ~ 1
THz around the central frequency of 0.54 THz. (c) Schematic illustration of our transient
absorption experiment on monolayer MoS,. The single-cycle THz pump and the white-light
continuum probe pulses are focused on the sample. The transmitted white-light probe is
spectrally dispersed inside a spectrometer and detected by a CCD camera.

ena mentioned above. Unraveling the details of this light-matter interaction is of crucial
importance for both fundamental and applied science. On a fundamental side, it would
elucidate the dominant THz-induced optical nonlinearities governing the response of two-
dimensional excitons with an intermediate character between the Wannier-Mott and Frenkel
limit, an aspect that has remained elusive so far.%” On a technological side, it would establish
if TMDs offer promising performances in ultrafast electro-optic devices.

Here we study the effect of intense, single-cycle THz fields on the exciton optical prop-
erties in monolayer semiconducting TMDs. Driving these systems out of equilibrium with a
strong in-plane-polarized THz pulse results in a dramatic modulation of the excitonic reso-
nances, which instantaneously follows the THz field and is extinguished once the driving field
is turned off. This light-matter interaction manifests itself through a pronounced broaden-
ing of the excitonic lineshapes, yet with an incomplete suppression of the optical resonances.
These results are rationalized within the framework of Franz-Keldysh theory,*** in a regime
preceding complete exciton ionization. Further estimates of the electroabsorption modula-

tion depth involved in this process indicate superior performance of monolayer TMDs for
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Figure 2: (a) Color-coded map of the differential absorption (A«) as a function of the probe
photon energy and the time delay between pump and probe. (b) Temporal trace of the THz
pulse absolute electric field strength. (c) Differential absorption spectrum at zero pump-
probe delay. (d) Absorption spectrum at zero pump-probe delay plotted in equilibrium
(blue trace) and upon excitation with a 420 kV /cm THz field strength (red curve). Both A
and B exciton absorption profiles experience a clear broadening in the presence of the THz

electric field.

near-infrared-to-visible electroabsorption applications, paving the way to the use of these
materials as high-speed (i.e., THz) modulators and switches.

As a prototypical TMD, we employ MoSs grown by chemical vapor deposition on a 0.5-
mm-thick sapphire substrate. To verify its monolayer nature, the sample is characterized by
spontaneous Raman scattering. Optical spectroscopy reveals that the absorption spectrum
is dominated by two resonances at 1.85 and 1.99 eV, in agreement with previous studies.

These peaks are the bound A and B excitons, which are made up of transitions between the



spin-orbit split valence band and the lowest conduction band at the K and K’ valleys of the
Brillouin zone.? When MoS, is grown on sapphire, the binding energy of these excitons is ~
240 meV.”Y Their broadened lineshape in equilibrium is asymmetric between peak A and B,
its origin lying in the different coherence lifetimes of the excitons due to scattering events
(e.g., with phonons and impurities) of the valence band hole. More details about the sample
can be found in the Supporting Information (SI).

In our experiments, we used an amplified Ti:Sapphire laser system operating at 1 kHz
repetition rate with a pulse energy of 4 mJ, a central photon energy of 1.55 eV, and a
pulse duration of 100 fs. Single-cycle THz pump pulses were generated by focusing about
95% of the output beam on a Mg:LiNbO3 crystal using the tilted-pulse-front phase-velocity-
matching technique.®! The waveform of the resulting THz electric field was measured by
free-space electro-optic sampling in a GaP crystal. The maximum electric field achieved at
the focal position was 420 kV /cm (Fig. 1(a)) and its spectral content was centered around
0.54 THz (Fig. 1(b)). The remaining fraction of the laser output was focused on a sapphire
plate to generate a weak, broadband probe beam spanning the 1.70-2.40 eV spectral range.
The THz pump and continuum probe pulses were overlapped on the sample collinearly under
normal incidence and the spectrally resolved transmitted probe light was detected by a CCD
camera, as shown in Fig. 1(c). A thorough description of the experimental parameters is
given in the Methods section. All measurements were performed at room temperature and
no signs of sample degradation were observed during the entire study.

Figure 2(a) shows a color-coded map of the THz-induced transient absorption (A«) of
monolayer MoS, in the proximity of the A and B exciton resonances. The data are displayed
as a function of the probe photon energy and the time delay between the THz pump and
the broadband visible probe. The short duration of the probe pulse allows us to precisely
monitor the THz-induced changes in the exciton optical absorption. The differential absorp-
tion comprises a series of positive and negative pockets that emerge only during the first

picosecond of the temporal response and extend to a photon energy of 2.10 eV. Comparing



their time evolution with the absolute value of the single-cycle THz pump field profile (shown
in Fig. 2(b)) reveals that the exciton absorption follows instantaneously both the first and
second lobes of the THz pulse (slight deviations stem from the imperfect correction of the
white-light chirp in the map of Fig. 2(a)). This confirms that the absorption changes arise
from an interaction between the THz pulse and the excitons and not due to any dissipative
effects from photoexcited or field-injected carriers (Fig. S3 shows an extended temporal
window). Figure 2(c) shows the transient spectrum recorded at the peak of the first lobe of
the single-cycle THz field, which we define as time t = 0. As already evident in Fig. 2(a),
the spectrum consists of two negative features at the A and B exciton peaks, accompanied
by side lobes of increased absorption. This response clearly indicates that the main effect of
the THz field on the exciton resonances is to broaden them while keeping the exciton peak
energies almost unchanged. These effects are confirmed by direct inspection of the total
absorption spectrum under the influence of the THz pump field (red curve, Fig. 2(d)). This
trace is obtained by adding the THz-induced absorption change at zero pump-probe delay
to the equilibrium spectrum (shown as a blue curve in Fig. 2(d)). In the driven system
(at the highest field strength used), both the A and B excitons are broadened but the only
shift observed within our energy resolution is a small exciton A blueshift of 4 meV. The
absorption change at the A exciton resonance is substantial, reaching a value of almost 10%.
In contrast, the THz pump excitation does not modify the spectrum above 2.10 eV, i.e. in
the absorption continuum region for MoS, grown on sapphire.=?

To get more quantitative information on the redistribution of the excitonic spectral
weight, we perform a systematic dependence on the THz field strength. The use of wire-
grid polarizers in the pump beam path allows us to vary the THz field strength between
0 and 371 kV/cm while maintaining the THz polarization direction constant. Differential
absorption spectra at zero delay time and for different THz field strengths are shown in
Fig. 3(a). We observe that the signal increases gradually in intensity with no changes in

shape. This suggests that the perturbative regime holds and there are no saturation effects



in the explored THz field strength range. The excitons do not experience any pump-induced
reduction in oscillator strength. This conclusion can be drawn by noting that the spec-
trally integrated value of the differential absorption (plotted in Fig. S4) remains zero at all
excitation strengths. In addition, fitting the data of Fig. 3(a) with a Lorentz model (see
Fig. S5 for the fit results) allows us to unveil a linear dependence of the exciton linewidth
on the square of the in-plane-polarized THz field, as shown in Fig. 3(b). The degree of
THz-induced broadening () compared to the equilibrium intrinsic decay rate () is similar
for the A and B excitons, indicating that both excitons acquire a shorter coherence lifetime
under the influence of the pump field.

A similar broadening has been reported previously in a variety of low-dimensional materi-
als subjected to intense plane-polarized electric fields, including quantum-well structures=# 4
and single-walled carbon nanotubes.“” Tunneling-ionization of excitons was proposed as a

4235 hut this interpretation has been contradicted by the

plausible underlying mechanism,
observed scaling of the broadening on the THz field strength.“™% Furthermore, in our case,
the field amplitude necessary to completely ionize the excitons in MoS, is ~3 MV /cm,*" a
value that is significantly higher than the 420 kV /cm used in our experiment. Therefore, to
date, the microscopic origin of the exciton response to intense THz fields remains unknown.

To rationalize the mechanism behind the electroabsorption of monolayer TMDs; in the
following we develop a theory based on the Franz-Keldysh effect.*®#? The typical manifes-
tation of this phenomenon in direct-gap semiconductors is the formation of a finite in-gap
density of states that decays exponentially from the band edge. A direct modification of the
excitonic resonances in MoSy due to the presence of such a tail can be readily ruled out as
it would result in a characteristic asymmetric shape of the transient spectrum. Indeed, it
would lead to an asymmetric broadening of the A and B exciton resonances (due to their
distinct energies) and result in a redistribution of spectral weight involving the continuum

states, which is in contrast to the results shown in Fig. 3(a,b). On the other hand, an

indirect manifestation of the Franz-Keldysh effect is to modify the continuum states and



enhance the scattering rate for the excitons into these states. This process is more favorable
if the energy difference between the exciton and the final continuum state is smaller, which
is the case for the in-gap states created by the Franz-Keldysh effect.®® This leads to a change
in the environment-mediated (e.g., thermally excited phonons) exciton scattering, which in
turn is reflected in a symmetrical broadening of the excitonic peaks and a local spectral
weight redistribution (i.e. in the energy region surrounding each exciton).

To describe the effect of the field on the broadening of the exciton resonances, we rely on
the Redfield equation.®® We assume the process to be adiabatic and therefore describable with
a static electric field. In the model, the exciton decay is represented by the transition from the
bound excitonic state to continuum states due to the interaction with the environment, which
is modeled by the Ohmic bath with the characteristic cutoff frequency €. (set at 49 meV /A for
exciton A and 66 meV /A for exciton B for the best fits to experimental results). We remark
that the choice of a different bath would not modify our conclusions. Once the strong field
is applied to the system, the density of states of the final continuum state is renormalized by
the Franz-Keldysh effect, and the scattering channels are modified. As a result, the exciton
decay rate is enhanced by the field as v = o exp(E7y,/24uQ3) ~ (1 + EFy,/24u02),
where Ery, is the applied electric field strength and g = 0.24m, is the electron-hole reduced
mass®’(where m, refers to the electron mass). The complete derivation is presented in
§52. The change of the scattering rate is directly reflected in the broadening of the exciton
resonance. Figure 3(c) shows the theoretical differential absorption change under the effect
of a static field of different strengths, computed for the two main excitonic peaks of MoS,.
Comparing Figs. 3(a) and 3(c) confirms that the Franz-Keldysh mechanism captures the
salient shapes of the experimentally observed transient absorption spectra. The deviations
between the experiment and the theory are most likely caused by slight asymmetries of
the exciton lineshapes in the measured spectra (which are modelled with simple Lorentzian
functions). The quadratic field strength dependence of the Franz-Keldysh mechanism yields

the calculated exciton linewidths shown in Fig. 3(d), to be compared with Fig. 3(b). To our



knowledge, this is the first time that the origin of the THz-induced exciton nonlinearities
can be fully described theoretically. As such, our results assume a particular importance as
they can predict the exciton behavior in a wide variety of low-dimensional systems subject
to intense THz radiation.

Finally, we discuss the impact of our findings on possible electro-optic applications. The
important upshot of our results is that monolayer MoS, films provide a large modulation
depth around 0.05 dB/nm at room temperature when exposed to 420 kV /cm THz fields. This
large tunability is ascribed to the combination of in-plane electric field and strong exciton
electro-optical nonlinearities in monoalyer MoS,.%? A simple estimate that relies on the di-
electric function of the material yields a THz-induced variation in the linear refractive index
around 2.2%, which indicates that the phase modulation provided by a single layer of MoS,
is around an order of magnitude higher than traditional ferroelectric electro-optic materials
(see Fig. S8 for the detailed comparison). The remarkably high modulation depth achieved
in a single monolayer opens intriguing perspectives towards the use of these semiconduc-
tors (stacked as heterostructures) as compact and efficient electroabsorption modulators for
integrated photonics.

In conclusion, we demonstrated that the application of intense THz fields to monolayer
TMDs produces a substantial broadening of their exciton resonances, leading to a giant
electroabsorption response that instantaneously follows the THz field. Future extensions of
these studies to circularly-polarized THz fields will offer valley-selectivity for this coherent
light-matter interaction; the use of even higher field strengths will promote complete, dy-
namic dissociation of excitons into free electron-hole pairs, a feature that is desirable in many

optoelectronic applications.
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Figure 3: (a) Measured THz field dependence of the transient absorption spectrum at zero
pump-probe delay. The THz field strength is varied from 0 kV/cm to 371 kV/cm. (b)
Dependence of the THz-induced A and B exciton linewidths on the square of the field
strength, as obtained from a Lorentz fit of the absorption spectra. Dashed lines represent
linear fits to the data. -, refers to the linewidth in equilibrium (y3' = 67 meV and 7 =
157 meV for the A and B exciton, respectively, as obtained from Lorentz fits of the absorption
spectra in equilibrium). (c) Calculated THz field dependence of the transient absorption
spectrum at zero pump-probe delay. (d) Dependence of the THz-induced A and B exciton
linewidths on the square of the field strength, as obtained from the calculated spectra in panel
(c). Dashed lines represent linear fits to the data. v refers to the linewidth in equilibrium.
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Methods

Sample synthesis and characterization

Monolayer MoS; was grown by the chemical vapor deposition (CVD) method on a 0.5 mm
thick sapphire substrate. Prior to the growth, the sapphire substrate was cleaned by deion-
ized water, acetone, and isopropyl alcohol sequentially. Perylene-3,4,9,10-tetracarboxylic
potassium salt (PTAS) molecules were used as the seeding promoter and were coated onto
two clean SiO./Si pieces, which serve as the seed reservoirs to provide sufficient seeding
molecules for MoSs synthesis during the growth. The target sapphire substrate was sus-
pended between those two PTAS-coated SiOs/Si seed reservoirs. All of these three sub-
strates were faced down and placed on a crucible containing molybdenum oxide (MoOs,
99.98%) powder precursor. This MoOs precursor was put in the middle of a 1 inch quartz
tube reaction chamber and another sulfur powder (99.98%) precursor was placed upstream,
14 ¢cm away from the MoOj crucible, in the quartz tube. Before heating, the CVD system
was purged using 1000 standard cubic centimeters per minute (sccm) of Ar (99.999% purity)
for 5 min, and then 20 sccm of Ar was introduced into the system as a carrier gas. Next,
the temperature of the reaction chamber was increased to 625 °C at a rate of 30 °C min~!.
The monolayer MoS, was synthesized at 625 °C for 3 min under atmospheric pressure. The
temperature at the position where the sulfur was located was around 180 °C during growth.
Finally, the system was cooled down to room temperature quickly. During the cooling pro-
cess, 1000 scem Ar flow was employed into the chamber to remove the reactants, preventing
further unintentional reactions. Imaging the sample with atomic force microscopy allowed us
to estimate the domain size around 5-10 pym on average (Fig. S1). The monolayer character
of the sample was confirmed via spontaneous Raman scattering. The Raman spectrum of
Fig. S2(a) shows that the difference between the peak energy of the E%g mode and that
of the A;, mode is 2.41 meV. This indicates that the sample is mostly monolayer.*! The
small shoulder around 51.6 meV is due to the A;; mode of the sapphire substrate. The

sample quality of monolayer MoSs was confirmed by optical absorption spectroscopy. Two
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absorption peaks at 1.85 eV and 1.99 eV in Fig. S2(b) correspond to the A and B exciton

transitions respectively, which agrees with the results previously reported in the literature.“?

Ezxperimental set-up

High-field THz pulses were generated in Mg:LiNbO3 crystal by tilting the pulse front to
achieve phase matching.®! By using a three-parabolic-mirror THz imaging system, the image
of the THz spot on the sample was confined close to its diffraction limit. The incident THz
field was measured in the time domain using electro-optic sampling with a 100 pm-thick
(110)-oriented GaP crystal. When pumping with a 4 W laser from an amplified Ti:Sapphire
laser system (repetition rate 1 kHz, central photon energy 1.55 eV, pulse duration 100 fs), the
maximum electric field of the THz pulses reaches 420 kV /cm at the focus, with a spectrum
centered at 0.54 THz. This beam was used as the pump arm. Using wire-grid polarizers, we
were able to perform a THz field-strength dependence while maintaining the THz polarization
direction constant. For the probe arm, 5% of the full pulse energy was focused onto a sapphire
plate to generate a white-light continuum via self-phase modulation. The THz pump pulse
and white-light probe pulse (spannning the 1.70-2.40 spectral range) are overlapped on the
sample collinearly under normal incidence. The sample image was magnified by a factor
of 2 using a 4-f lens system onto the spectrometer slit. The transmitted white light was
spectrally resolved by a spectrometer (Andor Shamrock) and detected by a CCD camera
(Newton 920). To obtain the change in transmittance (AT/T) induced by the THz pulse,
we synchronously chopped the THz pump beam at 0.5 kHz, thereby blocking every other
pump beam. The absorption spectrum was also measured in the same set-up by simply
switching the femtosecond white-light source to a halogen lamp source. By marking the
position of the THz and white light overlapping spots in the spectrometer, the halogen lamp
light was also focused on the same spot to ensure that all the data were collected at the
same sample spot with an approximate accuracy of 10 pym. All the optical measurements

were performed at ambient conditions. The acquired data were subsequently corrected to
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account for the white-light chirp.
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S1. Evaluation of the transient absorption

To evaluate the transient absorption (A«) from the measured differential transmittance
(AT/T), we applied a common approach known in the literature.?® Specifically, we per-
formed a Kramers-Kronig constrained variational analysis*® to extract the complex dielectric
function (e = ¢; + i€y) from the static transmittance T. The results we obtain are consistent
with those reported in previous studies.*® We then used the dielectric function to obtain
the absorbance «, as reported previously.*® We applied this procedure for all the acquired
data at different THz pump field strengths. Finally, at each field strength, we performed a
Lorentz analysis of the absorption spectra in order to estimate the parameters for the exciton
resonances. The results of the fits are superposed as solid lines over the experimental data
in Fig. S5. While the oscillator strength and the exciton peak energy are essentially un-
changed under THz excitation, the resonance linewidth undergoes a significant modification

with increasing field strength, as shown in Fig. 3(b).

S2. Theoretical modeling with the Franz-Keldysh effect

The time-resolved results show that the field-induced broadening of the excitonic peaks
occurs only during the presence of the THz field. This observation points towards an adi-
abatic effect which could be interpreted with a static field. Our proposal is that the static
Franz-Keldysh effect plays a relevant but indirect role. The textbook manifestation of the
Franz-Keldysh effect is the formation of a finite in-gap density of states with an exponential
tail from the electronic bandgap. If such a tail extended far enough to shift and broaden
the excitonic resonances, it would result in an asymmetric shape of the A and B excitonic
resonances (as the energies of the two resonances are different). Another possibility is that
the electric field of the THz pulse induces direct dissociation of the excitons, consequently
reducing their lifetime and broadening their lineshapes. However, according to previous

studies, %4 the required field magnitude for direct dissociation should be much higher than
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those utilized in our experiments and the scaling would be different than that observed in
our data.

Here, we propose an indirect role of the Franz-Keldysh effect through the modification of
particle-hole continuum. Specifically, the Franz-Keldysh effect provides a larger number of
particle-hole states below the electronic gap, thus opening additional scattering channels for
the excitons and increasing the broadening of their resonances. The scattering of the exciton
into a continuum state has to be mediated by the environment (e.g., thermal phonons) and
is more favorable if the energy difference between the exciton and the final continuum state
is smaller, which is the case for the in-gap states created by the Franz-Keldysh effect.

In the following paragraphs, we analyze the above scenario with a simple model based

on the Franz-Keldysh effect and the Redfield equation.

Franz-Keldysh effect in 2D systems

Here, we derive the particle-hole continuum density of states, also referred to as the joint
density of states, of a two-dimensional material (2D) under the influence of a static electric
field. This derivation represents the extension of the Franz-Keldysh effect to the 2D case.
Let us start from the time-dependent expression for the density of states as in Egs. (2) and

(3) of Jauho and Johnsen.*®

o) = 5 3 Ak (1)

A(k,w,T) = / drdre / dp x exp {—i / T el A(tl)]} , @)

T—7/2

where A(t) is the vector potential, and w is defined as

THr/2 gy
wETw—r-k—/ —rA(ty). (3)

T—7r/2 T
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In the following, we consider only a static electric field Eg, which can be described by

the following vector potential
A(t)=-Eqx (t—=T), (4)
which, according to Eq. gives
w=Tw-—r-Kk, (5)

and Eq. can be rewritten as

~ o0 . T+7/2
Ak,w) = #/ dre’™™ X exp {—z/ dtie [k — A(tl)]} . (6)

—o0 T—7/2

We assume a parabolic band dispersion for particle-hole pairs, which reads

e(k) =€, + —Kk°, (7)

21

where ¢, is the electronic band gap of the crystal, and p is the reduced electron-hole mass.

Under this assumption, the dynamical phase factor in Eq. @ can be evaluated as

T+T/2 T/2 1 k2 E27‘3
dtie [k — A(t :/ dte[e —i——k—i—ETQ}:(e _|__)7-+_0_' 8
/T,/Q A= [ e+ g OB = (3 ) e BT @

Inserting Eq. into Eq. @, we have:

oy [l [ 2 BT}

Employing the Airy function, Ai(z), defined as

1 [ . 1 [ 1 [
Ai(x) = —/ (8 /3+t2) _ %/ coS [t3/3 + tx] = ;/ cos [t?’/?) + t:z:} , (10)
. _ 0

2m 00
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the spectral function /I(k, w) in Eq. @ can be rewritten as

@
Al w) = —— 2T a5 <EQ+QT““’> (11)

where we introduced [ as

81

p= <Eg>1/3. (12)

The spectral function we just obtained corresponds to Eq. (7) of Ref.4

We proceed with the evaluation of the joint density of states by inserting Eq. into

Eq. (1)),

1 1 2n [eg+E—w
2D —_ A H
) = o | e ( 8 )
11 0 eg—l—g—;—w
_%BodkkA< . (13)

Applying the variable transformation, z = k%/2u03, Eq. can be rewritten as

P*P(w) = L dxAi (eg g Yy x)

2 Jo
o[ -

= L dyA 14
o | oy W i(y), (14)

where we further transformed the integration variable y = z + (¢, — w)/p.
We can readily see that, in the weak field limit, # — 0 (Ey — 0), the joint density of

state expression above becomes a Heaviside step function that is typical of 2D systems

S OEE=CICETA (15)

Figure S6 shows how the 2D joint density of states is affected by the external electric

field with different magnitudes. We can distinguish a typical exponential tail for energies
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below and an oscillatory behavior above the electronic gap, similar to the three-dimensional

case.

Theoretical analysis of field enhanced decay of excitons

In this paragraph, we derive an expression for the field-induced enhancement of the exciton
decay by employing the modified density of states in Eq. . We consider a system that

consists of a sub-system and a bath described by the Hamiltonian

Hrot = Hs+ Hp + Hgp, (16)

where Hg is the subsystem Hamiltonian, Hpg is the bath Hamiltonian, and Hgg is the
coupling between the subsystem and the bath. Furthermore, we assume that the bath

consists of a series of harmonic oscillators as

Pg 1 A2
Hp=>_ o T 5 MaQ0u G (17)

where M, is mass of a harmonic oscillator, €2, is its eigenfrequency, P, is its momentum
operator and R, is its position operator. In this work, we consider the following linear

coupling form for the coupling Hamiltonian Hgp as
Hsp=g» A® R, (18)

where ¢ is a coupling constant and Ais a sub-system operator.

49
£,

According to Re under the Born and Markov approximations, one can derive the

Redfield equation in the interaction picture,

dpd—(tt) = _92 Z/{J dr {Baa(T) [A(t)’ A(t - T)p(t)] + h.C.}, (19)
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with B,,(7) is the correlation function of the a harmonic oscillator, which reads

- ~ —1QaT 2
Bulr) = T { RO R(~7)pn} = gy |4 st | 0

where pp is the bath density matrix in thermal equilibrium, and 8 corresponds to the inverse

temperature, § = 1/kgT. Then, we introduce the total correlation function of the bath as

B(r) = ¢? Z Bua(r) = /0 0 [e—i% + # cos(m)] , (21)

where the bath spectral density J(£2) is given by

J(Q)= Y50 - ) Mg o (22)

Employing this bath correlation function, Eq. can be rewritten as

dz_(t’f) _ /0 drB(r) [A(t), A(t — 7)p(1)] + h.c. (23)

We then proceed with the evaluation of the population transfer rate from the excitonic
state |e) to a final state |f) (a continuum particle-hole state) via the interaction with the

bath as

{(flo(D)Nf) = (Flp(0)[f)

T
= gl [ [ 4 (14w, A - rote) + e}

Q

T {| P /0 it /O " drB(r) {[A(t), Alt — 7)p(t)] +h.c.}}, (24)

where, in the last step, we changed integration limits assuming that the period 7' is much
longer than the decay time of the correlation function B(7). We further assume that the

system is initially in the exciton state, p(0) = |e)(e| and that the subsystem-bath coupling
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is weak. As a result, one can evaluate the leading term of the scattering rate as

s = gt {inul [ [ B A, A - il +het

= /0 T B (I Ale) i) 4 e, (25)

where €, and €7 are the energy of the exciton and the final state, respectively. In the last line
of Eq. , we used the definition of the operator A(t) = e‘ffst Ae="Hst. Inserting Eq.

into Eq. , the following expression is obtained:

1

P ] !
hQd=ef—ee

11 = 2w (Al 2T () (26)
where € — €, > 0 is assumed.

By adding contributions from all possible final states, the decay rate of the exciton via
the environment can be evaluated as v = > s Vs Further assuming that matrix elements
|(f|Ale)|> do not depend on the final states, |(f|A|e)| = M?, one can evaluate the decay

rate as

1
2
v = 2271'./\/1 J(Q)eﬁm —
f

= 2n M? / h dQJ(Q)np(Q)pp (), (27)

hQ=ef—ee 0

where np(Q) is the Bose-Einstein distribution, np(Q) = (e’ — 1)~ and the density of

states of the final system pp(w) is introduced as
po() = 32 dley — e — ) (28)
f

A standard assumption for harmonic oscillator bath is to assume an Ohmic spectral

density,

J(Q) = Qe Y, (29)
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where 7 is a coupling strength parameter, and €. is the cutoff frequency. Further assuming
the high-temperature limit, hQ./kgT < 1, for the Bose-Einsten distribution, the decay rate
in Eq. is described as

v = QWnkBTMQ/O dw exp {—%} pp(w). (30)

Employing Eq. as the density of states of 2D materials under an electric field, the
decay rate v can be evaluated as

Yo 2w [ o
v = Qe_—mg/ dwe™ e p*P(w), (31)
c 0

where g is the intrinsic decay rate without the applied electric field, which is recovered in
the limit of Fy — 0.
Furthermore, if the external field is not strong enough to induce direct ionization, the

decay rate of Eq. can be approximated as

2

v L_/m dwe_ﬂ%pQD(w)z’yoeXp E_%L . (32>
ch—ee/ﬂc TR 8[1 392

From this expression we can explicitly evaluate the effect of the external electric field on
the excitonic linewidth.

Finally, from Eq. , one can clearly see that in the weak field limit the enhancement
of the decay rate is proportional to the square of the electric field strength,

B 1 1o Bt (33)
=YeXp |57 | & —
7= Yo €Xp 811 3023 o 81308 |

This finding is consistent with the experimental evidence that the broadening is linear in the
field intensity as shown in the main text.

To evaluate the transient absorption and the exciton linewidth in Figs. 3(c,d) in the
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main text with Eq. , we set the intrinsic excitonic linewidth 7y to 7§' = 67 meV and
8 = 157 meV for the A and B excitons, obtained from Lorentz fits of the absorption spectra
in equilibrium. Furthermore, for the best fits to experimental results, the cutoff frequencies
Q. were set to Q4 = 49 meV /h and QF = 66 meV /h for the A and B excitons, respectively.

We used the common excitonic mass p = 0.24m, for the A and B excitons.”

S3. Evaluation of the electro-optic coefficients

In this section, we provide an estimate of the electro-optic coefficients characterizing our
monolayer MoS, film under the influence of intense THz fields. When irradiating the material
with a THz field strength of 420 kV/cm, near 1.90 ¢V we observe that the real part of
the refractive index is modulated by ~2.2% (Fig. S7). From this value, we can extract
the electro-optic coefficient r;; by using the relation A(1/n?); = ZrijEj’ where Ej is the
applied electric field and ¢, j represents x, y and z. Formally, r;; is aj tensor. However, in our
experiment, we can simplify it to a scalar value 7.y by considering that our monolayer MoS,
film has randomly oriented domains.”" Since the electric field screening needs to be taken into
account in the practical performance of a phase modulator, the value of the (quasi-static)
dielectric permittivity e pc becomes an important parameter. Therefore, the performance of a
material is measured through the unitless quantity n®r.;;/epc.”t Due to the 2D confinement
in the monolayer limit, the value of epc in MoSs is several times larger than that of traditional
ferroelectric electro-optic materials. Thus, in an exciton-based electro-optic modulator made
out of monolayer MoS,, the phase modulation capability is much higher than that offered by
traditional materials used in electro-optical modulators. For example, evaluating n®r.¢/epc
at the He-Ne laser wavelength of 633 nm yields a factor of 5 compared to other materials
(see Fig. S8). At 650 nm, the increase would be by more than an order of magnitude
(n*resr/epc = 150). The time evolution of the THz-induced modulation of the excitons

in MoS, also demonstrates that an exciton-based electro-optic modulator made out of this
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material possesses an ultrabroad bandwidth of several THz. Similar conclusions can be
drawn when considering the THz-induced modulation of the absorption coefficient, which is
relevant for the development of electroabsorption modulators. In an experiment utilizing the
transmission geometry like ours, the electroabsorption performance of a material subjected
to in-plane electric field can be characterized by the absorption modulation depth. At a
field strength of 420 kV /cm, monolayer MoS, shows switching from 89.58% transmission to
90.48% around 1.90 eV, which corresponds to an absorption modulation depth around 0.05
dB/nm.
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0 pum 20 um

Figure S1: Atomic force microscope image of the surface of CVD-grown MoS,. The imaged
region is 20 pm wide and the color bar refers to the surface roughness. We estimate the
domain size in our sample to be 5-10 ym on average. A boundary between two domain and
a second layer are indicated.
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Figure S2: (a) Spontaneous Raman scattering spectrum of the sample. The difference be-
tween the energies of the Ezlg and Aj, phonons indicates that the sample is a monolayer. (b)

Room temperature steady-state absorption spectrum of monolayer MoS, showing the A and
B exciton peaks.
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Figure S3: Color-coded map of the differential absorption (A«) as a function of the probe
photon energy and the time delay between pump and probe. The map shows that no pump-
probe signal is present after the THz excitation pulse is over.
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Figure S4: Quantitative analysis of the measured spectra in Fig. 3(a). The red data points
are the values of the transient absorption areas normalized to zero-field absorbance area. The
violet data points are the absolute values of the transient absorption areas (from 1.73-2.25
eV) normalized to the zero-field absorbance area. The vertical error bars are based on the
experimental uncertainties given by the standard deviations from ten datasets taken under
the same experimental conditions.
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Figure S5: Comparison between the experimental absorption data (dotted lines) and the
results of a phenomenological fit (solid lines) at different THz field strengths. The fit function

comprises two Lorentz oscillators centered around excitons A and B, as well as a high-energy
Lorentz oscillator whose parameters remain fixed at every THz field strength.
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Figure S6: Joint density of states of a 2D crystal under the influence of a static electric
field with each of the values indicated. The bands are assumed to have a parabolic energy-
momentum dispersion relation. The solid blue line shows the bandgap energy.
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Figure S7: Real part of the refractive index of MoS, at zero pump-probe delay plotted in
equilibrium (blue trace) and upon excitation with the THz field. The strength of the field
is indicated in the label. The maximum variation obtained around 1.90 eV is ~2.2% upon
application of a THz field of 420 kV /cm.

32



Material Max EO Coefficient Max Refractive Index  n?r, if n’refe/€pc
(pm/V) (pm/V) (pm/V)

Potassium dihydrogen phosphate, Tz = 105 n, = 1.514 @0.55um 36 14

KH,PO,

Lithium niobate, LINbO, iz = 32.6 n, = 2.3410 @0.5ym 418 14

Zinc telluride, ZnTe =40 n, =299 @0.63um 107 103

Barium titanate, BaTiO, 132 = 1640 n, = 2.488 @0.51uym 25257 10.9

Monolayer MoS, r=14 n =49 @0.63um ~ 1650 = 50

Figure S8: Comparison between the electro-optic properties of several materials and those

of monolayer MoS,.
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