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ABSTRACT: The Stark effect is one of the most efficient
mechanisms to manipulate many-body states in nanostructured
systems. In mono- and few-layer transition metal dichalcoge-
nides, it has been successfully induced by optical and electric
field means. Here, we tune the optical emission energies and
dissociate excitonic states in MoSe, monolayers employing the
220 MHz in-plane piezoelectric field carried by surface acoustic
waves. We transfer the monolayers to high dielectric constant substrate : R e e
piezoelectric substrates, where the neutral exciton binding Ex (kV/cm)

energy is reduced, allowing us to efficiently quench (above 90%)

and red-shift the excitonic optical emissions. A model for the acoustically induced Stark effect yields neutral exciton and trion
in-plane polarizabilities of 530 and 630 X 10> meV/(kV/cm)?, respectively, which are considerably larger than those reported
for monolayers encapsulated in hexagonal boron nitride. Large in-plane polarizabilities are an attractive ingredient to
manipulate and modulate multiexciton interactions in two-dimensional semiconductor nanostructures for optoelectronic
applications.
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INTRODUCTION

Transition metal dichalcogenide (TMD) monolayers (MLs)
are promising material platforms for future optoelectronic
applications due to their multiexciton and spin-valley proper-
ties.' > In order to fulfill the expectations, different approaches

information science.’”” The propagating mechanical defor-
mation (strain) and piezoelectric potential of SAWs have been
successfully employed to transport carrier and spin packets in
semiconductor quantum wells** >
optical emission of single nanostructures.”*~*" The employ-

and to modulate the
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have been employed to externally manipulate carriers and the
excitonic optical emissions in these systems.” External
magnetic fields have been largely used to modify electronic
and spin-valley properties.” " Optical fields’ "' and out-of-
plane'* ™" electric fields have been employed to tune emission
energies via the Stark effect. In-plane electric fields, besides
inducing the Stark effect, can be employed to dissociate
excitons and induce lateral carrier transport.'°”>" Static
mechanical strain has also been used to tune emission
energies,zl’22 induce direct-to-indirect band gap transition,*>**
change the optical response,”*° and strongly affect carrier
dynamics in 2D systems.”” >’ The large effective masses and
exciton binding energies (compared to III-V semiconductor
nanostructures) as well as the strong response to their
surroundings are some of the main challenges to achieve on-
demand exciton manipulation in TMD MLs."*"

The integratability of surface acoustic wave (SAW) devices
with planar systems holds promising perspectives for
applications in photonics, optomechanics, and quantum
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ment of SAWSs to manipulate the optical properties of few-layer
TMDs, however, is a field in its infancy.‘”’42 In MLs, the few so
far reported experiments have been performed exclusively at
room temperature on MoS, deposited on non-piezoelectric
surfaces,"** thus relying solely on the ML piezoelectricity™
induced by the SAW mechanical deformation to change the
carrier dynamics. A photoluminescence (PL) quenching
followed by an energy blue-shift of the neutral exciton +
trion (X° + X~) emission band of MoS, with increasing
acoustic power has been observed. The blue-shift of the broad
X° + X emission band toward the neutral exciton (X°)
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Figure 1. Acoustic modulation experiment. (a) Device illustration: the SAW beam is launched along the x direction by a FEUDT device
toward the TMD ML, where PL is excited by a focused laser beam and collected by an optical objective (not shown). (b) Inset: optical
micrograph of the mechanically exfoliated MoSe, flake on the LiNbO; substrate. The ML is bounded by the dashed line region at the side of
the thicker region of the flake (bulk). The vertical arrow indicates the SAW propagation direction. Main plot: low-temperature (5 K) y-PL
spectrum of the MoSe, ML without the SAW. The X° and X~ emission lines are indicated.
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Figure 2. SAW effect on the low-temperature emission of TMD MLs. (a) Map of the MoSe, ML PL emission as a function of time recorded at
5 K. The white horizontal dashed lines indicate when the SAW (E, = 24 kV/cm) is turned on and off during the experiment. The horizontal
orange lines indicate the time window of 2 min from where PL is averaged to calculate the degree of PL quenching (Qp;). The white
spectrum illustrates the PL emission before the SAW is turned on. (b) Fits of the PL decay (red solid line) and recovery (cyan solid line)
transients of the X~ emission extracted from (a). (c) Transients of the X~ PL emission of the MoSe, ML for different values of E,. (d) PL
quenching (Tq1) and (e) recovery (z,) times as a function of E, for the X~ (blue circles) and X° (red circles) emission lines of the MoSe, ML
and the X° + X~ emission band of the MoS, ML (green squares). The error bars represent the fitting uncertainties. (f) Illustration of the
conduction and valence bands’ potential fluctuations along the carrier transport path. The SAW-modulated piezoelectric potential g,y (not
to scale with the potential fluctuations) is represented by the dashed line.

transition has been attributed to a more efficient trion (X~) PL relatively insensitive to the SAW fields. Here, we demonstrate
quenching as compared to X° due to the 1 order of magnitude the efficient acoustic control of excitonic resonances in MoSe,
larger binding energy of the latter. MLs placed on high dielectric constant LiNbO;, where the X°
The large X° binding energies in TMD MLs on substrates binding energy is strongly reduced, thus becoming significantly
with low dielectric constants make these excitonic complexes smaller than in MLs encapsulated in hexagonal boron nitride
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or on SiO,/Si substrates."”®* We show that a 220 MHz
dynamic SAW field can efficiently tune the energy and strength
of the excitonic optical transitions. The spectrally separated X°
and X~ emission lines of MoSe, MLs red-shift quadratically
with the amplitude of the SAW longitudinal piezoelectric field.
We present a model for the acoustically induced Stark effect
which yields large in-plane polarizabilities of ay® = (530 + 50)
X 107> meV/(kV/cm)?* and ay- = (630 £ 70) X 1075 meV/
(kV/cm)? for X° and X, respectively. The slightly larger X~ in-
plane polarizability is consistent with the fact that X~ and X°
binding energies are no longer 1 order of magnitude different.
Our results also indicate that, under strong dielectric screening,
the excitonic interaction in TMD MLs has to be described
beyond the Rytova—Keldysh potential by taking into account
the whole dielectric constant dispersion of the system.*
Furthermore, the lower binding energies enable efficient
multiexciton dissociation and carrier transport by the moving
SAW fields. The PL quenching transients indicate that
electrons are drifted more efficiently by the acoustic fields
than holes. This shows that the large potential fluctuations due
to ML/substrate coupling are another major factor limiting
long-range coherent ambipolar carrier transport by the SAWs
in TMD MLs. These potential fluctuations are more
pronounced in the valence band (compared to the conduction
band) and limit hole mobility."”** Similar results are obtained
in MoS, MLs. Our achievements prove that the SAW
piezoelectric fields can be employed as a high-frequency
reliable tool to modulate many-body states in TMD MLs and
create interesting perspectives for heterostructure engineer-
ing" for coherent carrier packet transport in 2D semi-
conductor systems.

RESULTS AND DISCUSSION

Figure la illustrates the experimental configuration. The MLs
were placed in front of floating electrode unidirectional
transducers (FEUDTs)® which, under radio frequency
excitation at the SAW resonance frequency, launch propagating
acoustic beams along the X direction of Y-128° LiNbOj;
piezoelectric substrates (x direction in our frame of reference).
The SAW induces a modulated mechanical deformation
(strain) and a piezoelectric potential that propagate with a
well-defined velocity (v,) and interact with the excitonic
complexes excited in the MLs at low temperatures. In the
experiments, the optical excitation is performed with a focused
laser beam, and the p-PL emission is monitored initially
without the SAW. After some minutes, the SAW is turned on
and the emission of the MLs is monitored as a function of
time. The inset of Figure 1b shows a microscope image of the
MoSe, flake transferred to the LiNbOj; surface. The dashed
line region marks the boundaries of the ML. The SAW
propagation direction is indicated by the white arrow. The
main plot in Figure 1b shows the $ K u-PL spectrum of the
MoSe, ML in the absence of the SAW. The two main PL
emission lines at 1.635 and 1.670 eV are attributed to the X~
and X° excitonic complexes, respectively. The approximately
15 meV blue-shift of the emission lines in comparison to
samples on SiO,/Si substrates is attributed to the net effect of
the band gap renormalization and the strong decrease of the X°
binding energy in high dielectric constant LiNbO; sub-
strates. *" The energy splitting between the X, and the X~
emissions will be assumed to be the X~ binding energy Ej =
35 meV (for further discussion see the Supporting
Information). This value is similar to the ones reported for

MoSe, MLs on different substrate systems. It is in agreement
with recent results that indicate that, in contrast to the X°, the
X~ binding energy is more dependent on the TMD ML
constituents (transition metal and chalcogen atomic sheets)
than on the substrate underneath.”"

Figure 2a shows a u-PL spectral map assembled by
sequentially recording MoSe, ML spectra as a function of
time starting with the SAW turned off. Each spectrum was
recorded with an integration time of 10 s. The emission was
monitored by approximately 10 min (indicated by the dashed
horizontal white line), when a SAW with an in-plane
piezoelectric field E, = 24 kV/cm was turned on (see the
Methods section and the Supporting Information for details
about the power to electric field conversion as well as about
the finite element simulations of the FEUDT devices where the
MoSe, and MoS, MLs have been exfoliated). Under the SAW,
the emission immediately changes and the intensity slowly
decreases. When the SAW is turned off (after approximately 15
min), the emission recovers its initial levels. By integrating (in
energy) the PL intensity around each emission line, we can
discriminate the effect of the SAW on the X° and X~ emissions.
Figure 2b presents the integrated (and background subtracted)
time transient of the X~ emission shown in Figure 2a. The
profile is normalized by the PL intensity in the absence of the
SAW. In this way, as indicated by the blue arrow, we can
quantify the degree of PL quenching as Qp, = 1 — Ip (fops),
where I (topr) is the normalized PL intensity when the SAW
is turned off at the time t = topp.

The PL quenching induced by a SAW has been
demonstrated to be an important measure of the ambipolar
carrier transport efficiency in high-quality III-V semi-
conductor quantum wells.>> %> In such experiments, the
modulated SAW piezoelectric potential induces a type-II
spatial carrier separation along the SAW wavelength, which
ionizes optically excited excitons and transports the resulting
electrons (holes) in the maxima (minima) of the potential with
the SAW velocity. In this way, the acoustically induced PL
quenching arises from (i) exciton ionization followed by (ii)
spatial separation of the free electrons and holes and by (iii)
acoustic transport out of the detection area. In addition, the
SAW can increase the radiative recombination lifetime and,
thus, may favor nonradiative recombination channels, which
also cause some PL quenching. The exciton ionization rate
depends on the piezoelectric field amplitude and on excitonic
properties such as binding energy and effective mass.>

The PL quenching transients in our experiments could only
be fitted with two exponential decay constants, namely, 7., and
7. The result is represented by the red solid line in Figure 2b,
where 7;; = 60 s and 7, &~ 100 min. These values are
consistent with photocurrent measurements reported in (in-
plane) field effect devices fabricated with TMD MLs "%
and with photoconductivity measurements using SAWs in 11—
VI quantum wells.”* The slow decrease (buildup) of the
photocurrent in the presence (absence) of an in-plane field has
been attributed to persistent photoconductivity (PPC)
associated with potential fluctuations along the carrier
transport path. Recent experiments indicate that, for non-
encapsulated MLs, the local valence band potential fluctuations
associated with strain due to coupling with the substrate are
larger than the conduction band ones, making electrons more
mobile than holes on the TMD plane®”*® (¢f. Figure 2f). In
field effect devices, decay constants between 10 s and 2 min
(consistent with qu) have been attributed to electron trapping
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Figure 3. Piezoelectric field, temperature, and laser excitation power dependence of the degree of PL quenching (Qp). (a) Qpy, as a function
of E, for the X~ (blue circles) and X° (red circles) emission lines of the MoSe, ML and the X’ + X~ emission (green squares) of the MoS, ML.

Inset: temperature dependence of Qp; for the MoS, emission at E, = 8 kV/cm. (b) Qp as a function P

at 5 K (green squares) and 78 K

exc

(light green circles) for the MoS, ML emission band measured at 8 kV/cm. The error bars represent the uncertainties due to PL intensity

averaging.

and release processes at these potential fluctuations during
transport induced by the in-plane electric fields.'***

Figure 2c presents the PL quenching transients for the X~
emission of the MoSe, ML for different amplitudes of the in-
plane SAW piezoelectric field, demonstrating that the degree of
PL quenching Qp clearly increases with E,. The same behavior
is observed for the X° emission line as well as for the broad (X°
+ X ) emission of the MoS, ML (see the Supporting
Information). Figure 2d shows the dependence of 7 on E,
summarizing the results obtained for the MoSe, and MoS,
MLs. There is a clear decrease in 7 as E, increases. Also, the
MoSe, and MoS, MLs behave in a similar way if SAW fields of
the same magnitude are generated in each sample (which is
expected, since MoSe, and MoS, have similar material
parameters). Finally, for the MoSe, ML, the decay of the X°
emission seems to be consistently slower than the one of X™.

The 15 min time window under acoustic power that we
probed in our experiments does not allow us to precisely
determine the whole dependence of the long decay time
constant 7, on E,. However, our double exponential decay fit
indicates that 7., also decreases with E,. For the highest value
of E, (50 kV/cm) we obtain 7., ~ 12 min for the X~ emission
line of the MoSe, ML, which is already comparable to our
experimental time window and considerably smaller than the
value of 7, &~ 100 min obtained for E, = 24 kV/cm. Since we
do not have electrical contacts on the MLs (which could lead
to other transient effects'®), T4 can possibly be related to hole
drift by the in-plane SAW field. In this way, our results suggest
that electrons are drifted away from the laser generation spot
(at rates associated with qu) more efficiently than holes (at
rates associated with qu). This is a consequence of the uneven
balance of conduction and valence band potential fluctuations
along the carrier transport path,'®** as depicted in Figure 2f.
The transport rates for both carriers, however, increase as the
in-plane SAW piezoelectric field amplitude is increased, thus
indicating that higher acoustic fields or larger mobilities could
lead to more efficient acoustic carrier transport in 2D systems.

The cyan solid line in Figure 2b is a fit of the experimental
data with a buildup transient Iy (t) = 1 — Qp exp[—(t —
torr)/7.], where 7, is the PL recovery time.” Figure 2e shows
that the recovery process is slower than the quenching induced

15374

by the high-frequency SAW. It also shows that for both MLs,
as E, increases, more time is needed to recover the initial PL
intensity. The PL recovery process at the laser generation spot
after the electron and hole populations are drifted by the SAW
possibly follows a complex dynamics which may depend of the
rearrangement of carriers in the (shallow and deep) potential
fluctuations in/around each ML (as reported in field effect
devices'®***), carrier tunneling from the substrate, or even
rearrangement of adatoms on the ML surface after the in-plane
piezoelectric field is turned off. This explains why, differently
from the quenching process, which is determined only by the
amplitude of the driving SAW piezoelectric field, the recovery
process without the SAW seems to be more characteristic of
each sample.

Figure 3a summarizes the dependence of the degree of PL
quenching Qp; on E, for the MoSe, and MoS, MLs. Qpy,
increases approximately linearly with the amplitude of the in-
plane SAW piezoelectric field. At high acoustic powers, the
MoSe, X~ emission line is quenched by more than 90%, thus
indicating an effective SAW-induced exciton dissociation and
carrier drift process. The inset in Figure 3a displays the
temperature dependence of the MoS, X° + X~ emission band
measured at a very low acoustic power (corresponding to E, =
8 kV/cm). It shows that the PL quenching degree decreases
when the temperature increases (possibly due to the extra
thermal energy, which makes the carrier drift process less
efficient). The latter indicates no significant contribution of
SAW-induced heating effects to the results presented in the
main plot of Figure 3a, where Qp steadily increases with the
acoustic power (for further discussion about SAW-induced
heating see the Supporting Information). Figure 3b presents
the behavior of Qp, for the excitonic emissions of MoS, as a
function of laser excitation power (P,.) measured at two
different temperatures (S and 78 K) again with E, = 8 kV/cm.
No drastic change or trend in Qp, can be detected in the range
of excitation powers used in the experiments. This means that
even at relatively weak acoustic fields (i) the PL quenching
efficiency does not decrease with the excited exciton density up
to liquid nitrogen temperatures and (ii) no laser-induced
heating can be detected in the experiments.
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Figure 4. Acoustically induced Stark effect. (a) MoSe, ML PL spectra (average for 2 min) before the SAW is turned on (blue spectrum) and
for different in-plane SAW fields (remaining spectra) before it is turned off. (b) X~ and X° intensity ratio 5/ Iff; as a function of E, extracted

from the spectra shown in (a). (c) Calculated exciton dissociation rates as a function of E, for Ej = 500 meV (orange dots) and 52 meV

(purple dots) as well as for Ej = 35 meV (green dots). (d) MoSe, ML X~ (blue circles) and X° (red circles) emissions red-shift (AE) as a
function of E,. The gray dashed line is the calculated hydrostatic strain contribution (AE,;,). The solid blue and red lines are fits to the
experimental data of the X~ and X° emissions with eq 2, respectively. The dashed cyan and orange lines are the Stark shift contributions
(AEgu) to AE extracted from fits. The values of AE for the X° + X~ emission of the MoS, ML (green squares) are also shown.

Figure 4a presents the behavior of the X° and X~ u-PL
spectra of the MoSe, ML with E,. As a reference, the blue solid
line is the ML spectrum in the absence of the SAW (averaged
for 2 min before the SAW is turned on). The remaining spectra
for different values of E, are averages of the spectra recorded
for 2 min before the SAW is turned off. We observe that the X~
emission is more affected by the acoustic fields than the X°

one. Figure 4b shows the ratio Ij;/I}) between the two
integrated intensities as a function of E,. The ratio drops from
a factor of more than 15 times in the absence of the SAW to
about 3 times at high acoustic fields, demonstrating that the

SAW quenches more efficiently the trion emission as compared

to the neutral exciton one (for the behavior of Iy /I with P,

see the Supporting Information). This is consistent with the

larger Qpy (shown in Figure 3a) for the X  emission in
comparison to the X° one and with the fact that the X° binding
energy is larger than the X~ one (see discussion below).
Approximating the ML by a thin quantum well, we can
estimate the SAW-induced exciton dissociation rate (zz.) in
terms of the in-plane piezoelectric field (E,) and exciton

binding energy (Eg):™**

15375

4E, —ZuEB)

3ehE,

1/2
1 8B, ( E
- = B huE —
Tie hﬁ(ZehEx a B) eXP(

(1

where Ep = Eff) for X° or Ey = Ef = 35 meV for X~. We
consider the electron and hole effective masses as 0.49 m, and
0.58 my>° (my is the free electron mass), respectively. In this
way, we obtain y = puy® = 0.266 my and p = py- = 0.364 m, for
the reduced masses for X° and X~ complexes in the MoSe, ML,
respectively. The value of E}éo = 52 meV was calculated within
the effective mass model considering an effective dielectric
constant of 56 &, for the Y-128° LiNbO, substrate®’ (g, is the
vacuum permittivity). In order to be consistent with the
experimental results and account for such strong dielectric
screening, the electron—hole interaction in our system could
only be satisfactorily described by considering the full
dispersion of the substrate dielectric constant,* thus showing
the limitation of the Rytova—Keldysh approximation®®>” in
our case (see the Supporting Information for the discussion

about the exciton modeling).
Figure 4c shows the exciton dissociation rates calculated

with eq 1 as a function of E,. For Ef = 35 meV, the X~
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dissociation rate for MoSe, MLs on LiNbOj increases rapidly
for fields above 20 kV/cm. In the experiments, the onset of PL
quenching is observed at even lower values. For MoSe,, at the
lowest measured acoustic power (corresponding to E, = 19.5
kV/ecm) Qpy was approximately 30%. For MoS,, in-plane fields
on the order of 10 kV/cm already yielded some PL quenching.
The predictions obtained with eq 1, which are displayed in
Figure 4c, are, nevertheless, in very good agreement with the
experiments in the sense of showing that the onset of PL
quenching associated with the X~ dissociation (which is the
first step for an efficient carrier transport) is expected at fields
that are very similar to the experimental values. The SAW
modulated strain may also have a contribution to exciton
dissociation,”**® as discussed below, explaining the onset at
fields lower than 20 kV/cm observed in the experiments. Note
also that, as long as the expected dissociation rates associated
with the piezoelectric field amplitude increase above 10 ns™’,
they become of the same order of magnitude of the expected
X~ recombination rates,”" thus showing that the PL quenching
appears due to the competition between the dissociation
induced by the SAW and the radiative recombination.

The effect of the dielectric screening is also analyzed in

Figure 4c. We consider Eifo = 500 meV and E);fo = 52 meV to
compare situations where the effective dielectric constant is
low and high, respectively. For substrates with a low effective
dielectric constant, in-plane fields like the ones achieved in our
devices would lead to negligible dissociation rates due to the

large X° binding energy. However, for Eﬁo = 52 meV the onset
of the neutral exciton dissociation is expected to happen at in-
plane fields of the same order of magnitude as the ones
employed in our experiments. The larger in-plane field
expected for the onset of the X° PL quenching as compared
to the X~ one is consistent with the larger X° binding energy.
This is in full agreement with the result shown in Figure 4b,

where we see a faster decrease of I as compared to Iffi as E, is

increased. In the experiments, we also observe that Iff; starts to
quench for fields lower than the expected 35 kV/cm. This can
also be due to the SAW strain. Another important contribution
may come from impact ionization due to electrons accelerated
by the large piezoelectric fields, which has led to much lower
quenching onsets than expected for the X° emission in GaAs
quantum wells.”> Moreover, as long as the X~ dissociation
starts, the X° dissociation rate may increase due to the
increasing number of accelerated electrons in the system.

Another factor contributing to the overall PL quenching is
the transport of carriers away from the laser generation spot by
the SAW. This effect can be evaluated by calculating the
minimum value of carrier mobility (Y yme;) required for an
efficient acoustic transport. The SAW propagation velocity
along the X direction of Y-128° LiNbOj; in our simulations is v,
= 3959m/s. This leads to a minimum carrier mobility of y, e
= v, /E, = 20 cm?/(V s) (for E, = 20 kV/cm), which is
considerably smaller than values for exfoliated MoSe, MLs on
SiO,/Si substrates at low temperatures63 and MoS, MLs on
LiNbOj; at room temperature,'” thus indicating that the degree
of PL quenching in our experiments is also affected by the
carrier transport away from the laser excitation spot.

Figure 4a also shows that the PL emissions from the two
excitonic complexes red-shift as the SAW power is increased.
Figure 4d displays the PL red-shift amplitude (AE) of the
MoSe, X° (red circles) and X~ (blue circles) emissions as a

function of E,. We observe that, at E, = 50 kV/cm, AE = 11.6
meV for X~ and 9.2 meV for X°. The SAW effect on the PL
emission energy can be understood by taking into account the
contributions from the piezoelectric field (AEg,,) and strain
(AE,,,;,) to the band structure modulation of the TMD
system: 6

oV

1
AE = AEg, + AE,,,, = Eo:XEj +ay

strain (2)
where ay is the in-plane exciton polarizability, a, the
hydrostatic band gap deformation potential, and 6V/V is the
hydrostatic deformation.

The dashed gray line in Figure 4d is the linear contribution
AE,,, obtained from the §V/V values calculated for each
acoustic power (see the Supporting Information) by adopting
the value a; = 30 meV/% reported for MoSe, MLs.?”%° The
red and blue solid lines are fits with eq 2 (taking AE, into
account) of the X° and X~ experimental AE values,
respectively. They reproduce very well the experimental data,
thus showing that the in-plane piezoelectric field E, is the
major responsible for the PL red-shift in the high acoustic
power regime. The out-of-plane component (E,) is approx-
imately three times weaker than E, (see the Supporting
Information). Therefore, the Stark shifts associated with E, are
negligible compared to the ones induced by E, due to the very
small ML thickness.'>"*

From the fits, we extract AEg,,, for each excitonic emission,
as shown by the cyan and orange dashed lines in Figure 4d. We
obtain ay® = (530 + 50) X 10™° meV/(kV/cm)* and ay- =
(630 + 70) x 107° meV/(kV/cm)? for the MoSe, ML X° and
X~ in-plane polarizabilities, respectively. These values are
much larger than the value of ay® &~ 10.4 X 107> meV/(kV/
cm)? recently re}lnorted for hexagonal boron nitride encapsu-
lated WSe, MLs.'” They are consistent with the lower binding
energies and with expected values for in-plane polarizabilities
for excitons in MoSe, MLs on high dielectric constant
environments.” Moreover, the slightly larger trion in-plane
polarizability is a signature of its lower binding energy, also in
agreement with theoretical results.”* Figure 4d also presents
the red-shift observed for the excitonic emission band (X° +
X") of MoS, (green dots). Due to the lower piezoelectric fields
achieved on this device, we were able to probe only the low
electric field limit on this sample. However, because of the
broad MoS, emission band, no red-shift could be detected for
fields lower than 10.5 kV/cm (AE = 0). The small red-shifts
observed for fields above this value indicate that the
polarizabilities of MoS, and MoSe, are similar, as expected
from theoretical calculations.”*

CONCLUSIONS

In summary, we have employed the traveling in-plane
piezoelectric field of acoustic waves to manipulate neutral
and negatively charged exciton emission energies and
recombination rates in MoSe, and MoS, MLs on LiNbO,
substrates. The high dielectric constant of the substrate
strongly decreases the neutral exciton binding energy.
Although reduced, the binding energy is still larger than kT,
thus not preventing excitonic effects at room temperature. In
this way, we found a balance that allowed us to demonstrate
the applicability of SAWs as an effective noncontact technique
(which preserves the 2D material crystal quality) to induce the
Stark effect in ML semiconductor systems. Employing
numerical simulations, we calculated the acoustic power
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generated by our transducer devices and were able to separate
the strain and piezoelectric contributions of the acoustic fields
to the band structure modulation of the ML systems. This
allowed us to obtain experimental values for the large in-plane
neutral and negatively charged exciton polarizabilities of
nonencapsulated MoSe, MLs placed on LiNbO;. We also
presented a detailed analysis of the SAW-induced exciton
dissociation process which, under strong dielectric screening,
can only be described by a full interaction potential model.
Our achievements demonstrate the potential of the acoustic
modulation to control multiexciton dynamics in ML and few-
layer TMD systems for future applications.

METHODS

Sample Fabrication. Delay lines with FEUDTs were litho-
graphically defined along the in-plane X direction of black Y-128°
LiNbOj substrates. All FEUDTs were fabricated with N, = 20 finger
pairs and designed for a fundamental acoustic wavelength of Aguy =
35 pm. The TMD MLs were obtained by micromechanical exfoliation
from bulk 2H crystals from HQ graphene onto Nitto-tape.®” A second
exfoliation was performed on a polydimethylsiloxane (PDMS) stamp
placed on a glass slide. Bright field and fluorescence images were
carried out using an Olympus BXS51 fluorescence microscope at
ambient conditions to identify the MLs. Using a micromanipulator,
MoSe, and MoS, flakes were next transferred and placed close to the
output port of FEUDTs with apertures of W = 212 and 424 pm,
respectively, onto the LINbO; substrates. The flakes were positioned
in the middle of the SAW beam, as illustrated in Figure la. The
devices have two lower acoustic resonances at approximately 112 and
222 MHz. In the experiments presented here, the MoSe, ML was
probed with a SAW at 222 MHz and the MoS, ML at 112 MHz. The
main difference is that the higher electroacoustic power conversion of
the 222 MHz mode (and the smaller FEUDT aperture) allowed us to
achieve much higher acoustic fields on the MoSe, ML (see the
Supporting Information). We did not detect any influence of the SAW
frequency in the main results presented here.

Finite Element Method Simulation. The SAW piezoelectric
and strain fields experienced by the MLs were calculated using the
finite element method (COMSOL Multiphysics S.5, www.comsol.
com). By taking into account the FEUDT design (Agaw, W, and Np)
and the LiNbO; substrate mechanical/piezoelectric constants,57’68 we
were able to simulate the radio frequency scattering (S) parameter
measurements of our devices. From the nominal power applied to
each FEUDT in the experiments, we calculate the amplitude of the
SAW strain and piezoelectric field at the surface where each ML sits.
The latter allowed us to compare the experiments performed on the
MoSe, and MoS, MLs placed on different devices. Therefore, the
results are presented as a function of E,, which is the amplitude of the
in-plane SAW piezoelectric field. For the nominal and effective
acoustic powers on each experiment see the Supporting Information.
In the calculations, the TMD MLs were considered to be 0.6 nm
thick.* The MoSe, (MoS,) ML was assumed to be isotropic with a
Young’s modulus of 224 GPa (246 GPa).”’ The piezoelectric
constants for the ML materials were adopted from density functional
theory simulations,”® which have been shown to agree with
experimental values.*’

Acoustic Modulation Optical Spectroscopy. All optical
spectroscopy measurements were performed in a coldfinger He
cryostat at temperatures down to S K. Piezoelectric positioners were
used for sample scanning. Optical nonresonant excitation was carried
out using CW solid-state lasers with wavelengths of 457 nm (for
MoSe, sample) and 532 nm (for MoS, sample). The pu-PL was
collected using 100 (for the MoSe, ML) and 20 (for MoS, ML)
magnification optical objectives, which produce laser spot sizes of
approximately 1 and 5 gm on the samples, respectively. The detection
was performed with a 55 cm single spectrometer (with 600 gr/mm
gratings) and a liquid nitrogen refrigerated CCD camera. The SAW

devices were excited at the resonance frequencies via a radio
frequency power generator connected to the cryostat.

ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.1c06854.

Finite element simulation of the S-parameter response of
the FEUDT devices and their acoustic beam direction-
ality; finite element simulation of strain and piezoelectric
fields on the samples; additional data for neutral exciton
and trion emissions in MoSe, and MoS, monolayers
under different SAW powers; SAW-induced heating
analysis; exciton modeling under strong dielectric
screening; neutral exciton binding energy calculation;
photoluminescence measurements as a function of laser
excitation power (PDF)

AUTHOR INFORMATION

Corresponding Author
Odilon D. D. Couto, Jr. — Instituto de Fisica “Gleb
Wataghin”, Universidade Estadual de Campinas, 13083-859
Campinas, Brazil; © orcid.org/0000-0002-8416-3805;
Email: odilon@ifi.unicamp.br

Authors

Diego Scolfaro — Instituto de Fisica “Gleb Wataghin”,
Universidade Estadual de Campinas, 13083-859 Campinas,
Brazil; © orcid.org/0000-0003-1127-4990

Matheus Finamor — Instituto de Fisica “Gleb Wataghin”,
Universidade Estadual de Campinas, 13083-859 Campinas,
Brazil; © orcid.org/0000-0001-5157-6315

Luca O. Trinchao — Instituto de Fisica “Gleb Wataghin”,
Universidade Estadual de Campinas, 13083-859 Campinas,
Brazil; © orcid.org/0000-0002-9062-3388

Barbara L. T. Rosa — Departamento de Fisica, Universidade
Federal de Minas Gerais (UEMG), 30123-970 Belo
Horizonte, Brazil

Andrey Chaves — Departamento de Fisica, Universidade
Federal do Ceard, 60455-900 Fortaleza, Ceard, Brazil;
Department of Physics, University of Antwerp, B-2020
Antwerp, Belgium

Paulo V. Santos — Paul-Drude-Institut fiir
Festkorperelektronik, Leibniz-Institut im Forschungsverbund
Berlin e.V,, 10117 Berlin, Germany

Fernando likawa — Instituto de Fisica “Gleb Wataghin”,
Universidade Estadual de Campinas, 13083-859 Campinas,
Brazil

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.1c06854

Author Contributions

D.S. and M.F. carried out the experiments. D.S. performed the
data analysis. L.O.T. and O.D.D.CJr. performed the FEM
calculations. B.L.T.R. fabricated the samples. A.C. carried out
the exciton modeling. D.S. and O.D.D.CJr. wrote the
manuscript with participation of F.I. and P.V.S. O.D.D.CJr.
conceived and supervised the experiments. All authors
commented on the manuscript and discussed the results.

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acsnano.1c06854
ACS Nano 2021, 15, 15371-15380


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06854/suppl_file/nn1c06854_si_001.pdf
http://www.comsol.com
http://www.comsol.com
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06854/suppl_file/nn1c06854_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06854?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c06854/suppl_file/nn1c06854_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Odilon+D.+D.+Couto+Jr."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8416-3805
mailto:odilon@ifi.unicamp.br
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diego+Scolfaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1127-4990
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matheus+Finamor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5157-6315
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+O.+Trincha%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9062-3388
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ba%CC%81rbara+L.+T.+Rosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrey+Chaves"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paulo+V.+Santos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Iikawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c06854?ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c06854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

In the interim of our review process we became aware of

similar experiments reported for acoustic transport in WSe,
71

MLs at room temperature.
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