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ABSTRACT: We investigate the interaction of excitons in monolayer
WSe2 with the piezoelectric field of surface acoustic wave (SAW) at room
temperature using photoluminescence (PL) spectroscopy and report a
large in-plane exciton polarizability of 8.43 ± 0.18 × 10−6 Dm/V. Such
large polarizability arises due to the strong dielectric screening from the
piezoelectric substrate. In addition, we show that the exciton-piezo-
electric field interaction and population distribution between neutral
excitons and trions can be optically manipulated by controlling the field
screening using photogenerated free carriers. Finally, we model the
broadening of the exciton PL line width and report that the interaction is
dominated by type-II band edge modulation, because of the in-plane
electric field in the system. The results help understand the interaction of excitons in monolayer transition-metal
dichalcogenides that will aid in controlled manipulation of excitonic properties for applications in sensing, detection, and on-
chip communication.
KEYWORDS: surface acoustic wave, transition metal dichalcogenides, exciton polarizability, stark effect, exciton ionization,
tungsten diselenide, type-II band edge modulation

INTRODUCTION

In recent years, semiconducting transition-metal dichalcoge-
nide (TMD) monolayers have garnered widespread interest
and persistent investigation from research communities across
the world.1,2 The optical properties of these materials are
dominated by excitons: Coulomb-bound electron−hole pairs
that are known for very large oscillator strength.3 The strong
quantum confinement and reduced dielectric screening results
in large excitonic binding energy4−6 that enables manipulation
of the excitonic response, even at room temperature using an
external electric field or strain. Surface acoustic waves (SAWs)
on a piezoelectric substrate provide a universal platform to
simultaneously study the effect of both manipulation
approaches. While SAW devices have been widely used in
wireless radio frequency (RF) communication, they have been
profoundly influential in advancing fundamental research.5 For
instance, SAWs have been used as an effective tool for spatial
and temporal manipulation of excitonic properties7,8 in
embedded semiconducting nanostructures such as quantum
well,9,10 quantum wire,11,12 quantum dot,13,14 and, more
recently, monolayer two-dimensional materials such as
MoS2

15,16 and hexagonal boron nitride (h-BN).17 SAWs have
also been used to realize high performing optoelectronic
devices that operate on the principles of piezoelectric

dissociation18,19 and to study charge transport in low-
dimensional materials.20−24 More importantly, SAW devices
can generate large in-plane piezoelectric fields, which aligns
with the large polarizability in TMDs,25−27 compared to few
orders of magnitude lower out-of-plane polarizability.28−30

In this work, we report the interaction of excitons in
monolayer WSe2 with SAW generated using lithium niobate
(LiNbO3) as the piezoelectric material at room temperature.
The interaction of SAW with excitons in semiconducting
nanostructures strongly depends on the type of band edge
modulation in the semiconducting medium. In type-I band
edge modulation, the spatial modulation of the conduction and
valence bands with opposite phases creates periodic
spatiotemporal traps31 that act as an efficient conveyor for
excitons.32 On the other hand, in type-II modulation, strong
built-in electric fields generated by the same spatial phase
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modulation of conduction and valence bands results in exciton
dissociation into electron−hole pairs trapped at the piezo-
electric potential pockets.33 Under the latter scheme, the
dissociated charges may be transferred and later recombined at
a remote location as the electric field due to SAWs is screened/
removed by external means.33 In our experiment, we observed
the dominance of type-II modulation using high-frequency
Rayleigh SAW waves34 that were generated on a 128° Y-cut
LiNbO3 substrate using interdigitated transducers (IDTs) with
a period (λSAW) of 6 μm). The finger width of the IDTs was
kept at half the IDT period and the acoustic aperture (the IDT
finger overlap length) was >30 λ (acoustic measurements of
the SAW transducers are shown in Section 1 in the Supporting
Information). The mechanically exfoliated WSe2 monolayer
was transferred on the delay line of the SAW device. We
observed that the high dielectric constant of the piezoelectric
substrate contributed to the increased dielectric screening35−38

of the coulomb interaction between bound electron−hole pairs
in the monolayer, reducing the exciton binding energy. Probing
the monolayer photoluminescence (PL), we observed
dissociation of excitons and trions under RF excitation along
with a gradual shift of the overall distribution toward trion.
The dissociation was accompanied by a strong Stark shift of
the PL spectrum by the in-plane electric field of the SAW and
PL line width broadening due to exciton ionization under the
piezoelectric field. The observed dissociation, spectral shift,
and broadening of the PL were strongly dependent on the

optically generated free-carrier screening in the monolayer.
Based on the results, we estimated the in-plane polarizability of
neutral excitons to be 8.43 ± 0.18 × 10−6 Dm/V, which agrees
well with the theoretically predicted values.26 Such controlled
manipulation of different excitonic species under external
stimulus in a dielectrically screened environment can prove
useful for next-generation excitonic devices serving applications
from sensing, detection to on-chip communication, as well as
integration of TMDs to substrates beyond silicon.

RESULTS AND DISCUSSION

Piezoelectric Dissociation of Excitons and Trions in
Monolayer WSe2 and Its Dependence on Optically
Generated Free-Carrier Screening. A bright-field image of
a mechanically exfoliated monolayer WSe2 transferred along
the SAW delay line is shown in Figure 1a, where the arrow
marks the propagation direction of the acoustic wave. Under
increased RF input power, the native band structure of the
material is modified by the SAW’s piezoelectric field (type-II
band edge modulation dominates, because of the close
proximity of the monolayer to the piezoelectric material)
that results in potential pockets, which are spatially separated
by half of the acoustic wavelength (λSAW/2).

33 A simple
schematic representation of such modulation is depicted in
Figure 1b. The strong piezoelectric field dissociates the
optically generated excitons and confines the electrons and

Figure 1. Exciton dissociation under surface acoustic wave in monolayer WSe2. (a) Transferred monolayer WSe2 (marked by black lines) on
the delay line of the SAW device. The arrow in the figure shows the propagation direction of the acoustic wave. (b) A schematic
representation of SAW induced exciton dissociation by type − II band edge modulation. Dissociated electrons and holes are accumulated at
the conduction band minima (Ecmin, SAW) and valence band maxima (Evmax, SAW) respectively. (c) Integrated PL intensity and PL centroid
map of the monolayer WSe2 at −60 dBm and 20 dBm RF input power levels (6 μW optical excitation power). The SAW propagation
direction is shown by the arrow on top. Strong PL quenching is observed as the SAW power is increased due to dissociation of excitons and
trions into free carriers by the in-plane electric field. The centroid map shows stark effect induced redshift under SAW excitation. (d)
Histogram of the PL centroid extracted from the PL map in (c). The centroid distribution in the histogram shows a gradual redshift as the
RF input power is increased.
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holes in the lateral potential pockets (conduction band minima
(Ecmin,SAW) and valence band maxima (Evmax,SAW)). Figure 1c
shows the PL intensity (at an optical power of 6 μW) and
centroid maps of the monolayer at RF input power levels of
−60 dBm (the minimum RF power used in this work) and 20
dBm. The observed uniform spatial quenching of the
integrated PL intensity with SAW confirms type-II band
edge modulation by the traveling piezoelectric field, as
reported previously in Group III−V semiconducting nano-
wires.12 The PL quenching is accompanied by a redshift of the
monolayer’s PL centroid, as evident from the centroid
histogram for various RF input power, as shown in Figure
1d. The redshift is attributed to the stark shift by the in-plane
component (in the direction of propagation) of the

propagating electric field of the SAW,27 which is discussed
later in the manuscript.
The effect of SAW piezoelectric potential on the dissociation

of trions and excitons can be analyzed separately by extracting
the integrated intensity of trions I( ( ) d )PL,tr∫ λ λ

λ
and excitons

I( ( ) d )PL,ex∫ λ λ
λ

at different RF input power levels, as shown in

Figures 2a and 2b, respectively. Here, I I( ), ( )PL,ex PL,trλ λ refer to
the estimated PL spectrum for the excitons and trions. These
are extracted by fitting the spectra using two Gaussian
functions corresponding to neutral A-excitons and trions,
respectively39−44 (We show two Gaussian fittings of a
representative PL spectrum at an optical power of 0.5 μW at
−60 dBm RF excitation in Figure 3a. The neutral A-exciton

Figure 2. Effect of SAW on (a) trion and (b) exciton PL intensity with RF power at different optical excitations. To improve clarity of
presentation, the exciton and trion PL intensities at 0.5 μW have been multiplied by a factor of 4.6. Accumulation of dissociated free carriers
results in screening that leads to a decrease in the steady-state exciton and trion dissociation. The screening effect increases with optical
excitation power. (c) Change in the exciton and trion spectral weight by the SAW electric field. An increase in the trion spectral weight and
decrease in exciton spectral weight is observed with increased RF excitation input. The total range of spectral weight change varies with
optical excitation, which confirm screened piezoelectric field in the monolayer at high optical excitations.

Figure 3. Spectral modulation of monolayer WSe2 excitons under SAW electric field. (a) Two Gaussian fit of measured monolayer PL spectra
at an optical input power of 0.5 μW and −60 dBm input RF excitation. Fit to the excitonic redshift at (b) 0.5 μW average optical power using
the quadratic stark shift equation that yield the in-plane neutral exciton polarizability of 8.36 × 10−6 Dm/V and (c) 4 μW average optical
power that yields a neutral exciton polarizability of 8.49 × 10−6 Dm/V. The error bars in panels (b) and (c) corresponds to the spread of PL
measurements at different location on the monolayer sample. The quadrature dependence of the exciton spectral shift with the screened
electric field confirms that the observed spectral shift is induced by the piezoelectric SAW field.
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and trion Gaussian peaks are located at ∼1.664 and 1.638 eV,
respectively. Refer to Section 3 in the Supporting Information
for fitting of the corresponding PL spectra at 20 dBm RF
excitation under the same optical input power. Consistent with
the dissociation model due to piezoelectric field, we observe a
gradual reduction in the neutral and charged exciton PL with
an increase in the RF power. The corresponding PL spectra
can be found in Section 6 in the Supporting Information. For a
given RF level, the dissociation is reduced for higher optical
incident powers (refer to Section 7 in the Supporting
Information). This is because the SAW piezoelectric field is
screened by the optically generated free carriers, thereby
reducing the effective electric field that contributes to PL
quenching. As a result, higher electric field is required to
achieve the same level of PL quenching. We observed no
spectral shift or broadening in the monolayer PL for a range of
optical incident power between 0.5 μW and 6 μW (estimated
exciton densities in the range of 1.4 × 1010/cm2 to 1.7 × 1011/
cm;2 refer to Section 2 in the Supporting Information) at very
low RF input power levels of −60 dBm (refer to Section 4 in
the Supporting Information). Hence, we rule out the
contributions from optically induced heating and/or possible
scattering with free carriers at higher excitation power. In
addition, the integrated PL intensity of the exciton and trion
peaks showed no signature of excitation-dependent non-
linearity (Section 5 in the Supporting Information).45 Further
analyses are thereby limited to the linear response regime.
We investigated the effect on the steady-state equilibrium

between the excitonic species in the monolayer by extracting

the spectral weight of trion, ηPL,tr =
I

I

( ) d

( ) d

PL,tr

PL

∫
∫

λ λ

λ λ
λ

λ

and exciton,

I

IPL,ex

( ) d

( ) d

PL ex

PL

,η =
∫
∫

λ λ

λ λ
λ

λ

, where I ( ) dPL∫ λ λ
λ

= I ( ) dPL,ex∫ λ λ
λ

+

I ( ) dPL,tr∫ λ λ
λ

. We observe a gradual evolution of the spectral

weight toward trions with increase in the RF input power, as
shown in Figure 2c. The results indicate that the ionization rate
for excitons is larger than that of trions (see Section 8 in the
Supporting Information). Furthermore, we found no variation
in the spectral weight, with respect to optical excitation power
at RF input power levels of −60 dBm (see Section 9 in the
Supporting Information). Hence, we conclude that the
observed spectral weight shift in the PL is triggered by the
exciton dissociation due to the in-plane electric field
component of the traveling SAW field. This results in an
increase in the trion formation rate as more free carriers
become available, because of the piezoelectric dissociation.46,47

The conclusion is further supported by the observed increase
in the trion binding energy at high RF power, which is strongly
correlated to the free carrier density in the system (refer to
Section 10 in the Supporting Information).48,49

We also compare the observed PL quenching in our work
with exciton dissociation in other low-dimensional excitonic
media, such as GaAs33,50 and ZnCdSe51 quantum wells. Even
though almost complete quenching of photoluminescence
(PL) under a piezoelectric field has been reported in these
works, we do not observe such strong dissociation within our
experimental range. This is explained by large exciton binding
energy in monolayer semiconductors. This observation also
aligns with recent theoretical work by Huang et al.,52 where
exciton ionization under an electric field in monolayer

semiconductors was shown to be significantly weaker than in
the GaAs system.

Stark Shift in Monolayer WSe2 under Piezoelectric
Field. As mentioned earlier, alongside dissociation, the
piezoelectric field also triggers PL Stark shift. Spectral redshift
of the excitonic energy level due to the electric field of a SAW
has been reported for low-dimensional quantum well
structures.53−55 The excitonic spectral redshift (ΔE) is
generally represented by

E E
1
2 X

2αΔ = −
(1)

where α and EX refer to the in-plane neutral exciton
polarizability and the applied electric field, respectively. The
net spectral red shift of the neutral exciton due to piezoelectric
field varied with optical incident power (refer to Section 11 in
the Supporting Information). Figure 3a shows two Gaussian
fittings of monolayer PL spectra at an optical input power of
0.5 μW under −60 dBm acoustic excitation. Figures 3b and 3c
show the red shift of the neutral exciton with the estimated
electric field at 0.5 μW and 4 μW optical incident power,
respectively. The electric field is estimated from the observed
PL quenching, as described in Section 12 in the Supporting
Information. The error bar represents the spread from PL
measurements at four locations on the monolayer. We extract
the exciton polarizability by fitting the spectral red shift of the
exciton peak with the estimated electric field using eq 1. Based
on the experiments at different optical excitation power (see
Section 13 in the Supporting Information), we estimate the
neutral exciton polarizability in the monolayer to be 8.43 ±
0.18 × 10−6 Dm/V. We attribute the observed spectral shift to
the in-plane electric field of the SAW, since the out-of-plane
polarizability of monolayer excitons is smaller by a few orders
of magnitude.12,13 The estimated in-plane polarizability is
about an order higher than the reported values in lower
dielectric constant environment (hBN)11 and SiO2.

56 The
observed large in-plane polarizability in this work is due to the
strong screening effect from the LiNbO3 substrate that
weakens interaction between the bound electron and hole,
thereby causing the excitonic state to be more susceptible to
the applied electric field. This leads to larger spectral shift in
the monolayer PL.15,16 Generally, it is difficult to verify such an
effect due to challenges in fabricating device structures that can
apply an in-plane electric field. However, the transfer of
monolayer TMD on a piezoelectric substrate, such as that used
in this work, offers a simple platform to probe spectral change
due to in-plane electric field. We note that the observed
spectral redshift cannot be accounted for, because of heating
by the surface acoustic wave (please refer to Section 14 in the
Supporting Information for detailed discussion). In addition, as
discussed in the earlier section, we rule out any possible
heating due to optical excitation.

Broadening of Exciton Photoluminescence Line
Width under Acoustic Modulation. In low-dimensional
semiconductor systems, the broadening of PL can be attributed
to various physical mechanisms such as elastic and inelastic
scattering with free carriers, phonons, exciton ionization under
applied electric field, and dynamic modulation of the bandgap
through lattice deformation due to strain.7 We observe no
broadening of the PL spectra with optical input power (see
Section 4 in the Supporting Information), and, hence, we rule
out broadening due to lattice heating under optical excitation.
Alongside, we rule out substrate heating as the dominant
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mechanism for spectral modulation, as discussed in the
previous section (please refer to Section 14 in the Supporting
Information for detailed discussion). Line width broadening
due to exciton-free carrier scattering occurs at high excitation
densities of >1012 cm−2,57 which is 1−2 orders of magnitude
higher than the excitation density used in the current
experiments. Hence, we assume negligible contribution from
scattering with a free carrier. Therefore, we attribute the line
width broadening of the exciton PL to dynamic strain31 (type-I
modulation) in the monolayer and piezoelectric field-induced
ionization (type-II modulation).
We estimate the effect of dynamic strain on the exciton

spectral line width by calculating the strain tensor,

d Ek
i

ik i
1

3

∑ε =
= (2)

where d is the matrix for the converse piezoelectric effect in the
material (128° LiNbO3 for this work) and E is the piezoelectric
field. Based on the strain tensor, we estimate a maximum
volumetric strain of ∼0.05% at maximum RF input power of
100 mW, using the estimated piezoelectric field in the substrate
at acoustic resonance. Finally, we use the strain sensitivity (58
meV/%) of the bandgap of monolayer WSe2 reported in the
literature58,59 and estimate the broadening (Γε) due to dynamic
strain by the formulation presented in Weiβ et al.7 The
estimated volumetric strain and resulting line width broad-
ening of the neutral exciton is shown in Section 15 in the
Supporting Information.
We estimate the line width broadening due to piezoelectric

field ( ionΓ ) by following a two-dimensional exciton ionization
model.60 However, to account for strong screening from the
surrounding dielectric environment, we use a scaled version of
the relationship:

E E
F
F

F
F

( ) exp
32
3ion b

0 0i
k
jjj

y
{
zzzβ

γ γ
Γ = −

(3)

where β and γ are dimensionless parameters that account for
substrate induced dielectric screening that modifies the
coulomb interaction in the monolayer. A smaller value of the
scaling factor (γ < 1) refers to a stronger screening and hence,
a larger line width broadening change under electric field and
vice versa. F0 represents the field required for exciton ionization

under substrate induced screening: F E
ea0
b

b
=

*
* ; where, Eb* and ab*

are the screened exction binding energy and Bohr radius
respectively and e is the electronic charge. The total line width
broadening under RF excitation can now be written as

E

E
F
F

F
F

( )

exp
32
3

RF dBm ion

b

60

0 0i
k
jjj

y
{
zzzβ

γ γ
Γ − Γ = Γ + Γ

= − + Γ

ε

ε

−

(4)

As seen from Figure 4a, the neutral exciton peak broadens
with RF power, but the broadening effect decreases as the
optical power increases. The results imply that the PL line
width broadening is primarily affected by exciton dissociation.
Figure 4b shows the measured line width broadening of the

neutral exciton peak and the fitted broadening using eq 4 for
an optical input power of 0.5 μW. We obtain the best fit for β =
9.054 ± 1.491 and γ = 0.245 ± 0.009. In contrary to the
electric field dependence derived from the simple hydrogen

atom model (γ = 1),60 our experimentally measured broad-
ening of the neutral exciton state shows a stronger dependence
on the SAW electric field, which is a clear signature of substrate
induced screening of coulomb interaction. The strong
substrate screening is also observed from the line width
broadening at different optical input power (see eq 4 and
Section 16 in the Supporting Information). Therefore, we
conclude that the observed broadening in the excitonic line
width has contributions from both the piezoelectric field (i.e.,
exciton ionization by the electric field) and dynamic
modulation of the monolayer bandgap by the acoustic strain
field. The contribution due to the field induced ionization is
significantly larger than the strain-induced broadening.

CONCLUSIONS
In conclusion, we have experimentally investigated the
interaction of excitons in monolayer WSe2 with the piezo-
electric field of a surface acoustic wave. The strong dielectric
screening from the LiNbO3 substrate weakens the coulomb
interaction between the electron and hole of the bound
excitonic state, thereby increasing the neutral exciton polar-
izability. Under RF input excitation, the photogenerated
excitonic species are readily dissociated via the field-induced
ionization. We show that the spectral modulation of the
monolayer PL can be controlled by the optically generated free
carrier screening. Therefore, the study demonstrates two
simultaneous yet independent approaches to control excitonic
properties in TMDs. Such control using artificially engineered
environmental screening can prove to be extremely beneficial
for the realization of next-generation high-speed optoelectronic
devices that require rapid and strong dissociation of photo-
generated excitonic species.

MATERIALS AND METHODS
Fabrication of SAW Devices on LiNbO3μμ. The SAW devices

were fabricated on commercially available61 128° Y cut LiNbO3, using
standard optical lithography processes. A bilayer photoresist stack
(LOR 3A + S1813) was used to ensure good liftoff. LOR 3A was spin-
coated at 3000 rpm (thickness ∼320 nm), followed by a 5 min baking
at 195 °C. Following this, S1813 was spin-coated at 4000 rpm (∼1.5
μm). The soft baking of S1813 was performed at 110 °C for 4 min.
The samples were exposed using a projection lithography (GCA
Autostep AS200) for 0.25 s and developed using AZ-726 MIF (25 s

Figure 4. Exciton line width modulation by piezoelectric
interaction in monolayer WSe2. (a) Extracted line width broad-
ening of the exciton peak from PL spectra at different RF input
powers. A clear dependence on the free carrier screening process
can be observed from the figure. We observe the maximum
broadening at the minimum optical power input. (b) Line width
broadening fitted as a combined effect of dynamic strain and field
induced ionization (as shown in eq 4). The black squares in the
figure represent the median of our extracted broadening from PL
measurement. The error bars in both plots represents the spread of
PL measurements at different positions on the sample.
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double puddle recipe). 10-nm Cr and 100-nm Au were evaporated on
the samples using electron beam evaporation method. The lift-off was
performed by immersing the samples in Microchem Remover PG
solution for ∼12 h. Following the patterning of the IDTs, a second
optical lithography step was performed for patterning the contact
pads. For the second step lithography, SPR 220 (3.0) was used as the
photoresist (spin speed 2100 rpm). To avoid damage to the IDTs due
to the pyroelectric properties of LiNbO3, a low-temperature soft
baking method was adopted. The soft baking temperature was
gradually ramped up from 65 °C to 85 °C using a hot plate. After 4
min of baking at 85 °C, the temperature was gradually ramped down
to 65 °C. The overlay exposure was done using the same projection
lithography tool for 0.4 s. Following a delay of 5 min, the exposed
samples were developed in AZ-726 MIF (40s double puddle recipe).
10-nm Cr and 500-nm Au were evaporated using electron beam
evaporation. The liftoff was performed by immersing the samples in
Microchem Remover PG for ∼12 h.
Transfer of Monolayer WSe2 on the Substrate. Monolayer

WSe2 was mechanically exfoliated from a bulk crystal (HQ Graphene)
using cellophane tape onto a thin polydimethylsiloxane (PDMS)
stamp (GEL-FILM PF-40/1.5-X4) and transferred onto the targeted
substrate using a dry transfer technique.62

Measurement of Acoustic Response. The acoustic response of
the SAW devices was measured using a network analyzer (Agilent.
Model 4396B) connected to a S-parameter test unit (Agilent, Model
85046A). The S11 response of the SAW devices can be found in the
Supporting Information section of the manuscript.
Photoluminescence Measurement under SAW Excitation.

Photoluminescence (PL) measurements on the samples were
performed using a 450 nm CW laser focused to a diffraction-limited
spot. The PL was collected using a 40× 0.95 NA objective (Nikon
Plan Apo 40× 0.95) and analyzed using a high-resolution
spectrometer (Princeton Instruments IsoPlane SCT 320) coupled
to a highly sensitive CCD camera (Princeton Instruments, Model
Pixis 400). The PL scans were performed using a high-resolution
piezo stage. Transient photoluminescence (TRPL) measurements
were done using a 405-nm pulsed laser (Picoquant PDL 800-D),
phase locked to the RF excitation source. For TRPL, RF excitation
was generated at integer multiple of the laser repetition rate (∼5
MHz).
Extraction of Broadening of the Neutral Exciton Peak

under RF Excitation. We extract the full width at half-maximum
(fwhm) of the neutral exciton peak from the two Gaussian fit of the
measured photoluminescence spectrum. We subtract the fwhm at the
minimum RF input power used in our work (−60 dBm) from the
calculated fwhm at different RF input power to estimate the
contribution of different broadening mechanism triggered by the
exciton−SAW interaction in the monolayer. In the experiments, an
RF input power of −60 dBm is equivalent to RF being OFF, and thus
serves as a control for the experiments.
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