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ABSTRACT: 2D transition metal dichalcogenides (TMDs) Piezoresponse  my
exhibit exceptional resilience to mechanical deformation. Applied s
strain can have pronounced effects on properties such as the 10
bandgaps and exciton dynamics of TMDs, via deformation

potentials and electromechanical coupling. In this work, we use > 04

piezoresponse force microscopy to show that the inhomogeneous
strain from nanobubbles produces dramatic, localized enhance-
ments of the electromechanical response of monolayer MoS,.
Nanobubbles with diameters under 100 nm consistently produce

|Strain Gradient| , 103,
an increased piezoresponse that follows the features’ topography,
while larger bubbles exhibit a halo-like profile, with maximum

200 nm IR
4
2
piezoresponse near the periphery. We show that spatial filtering
enables these effects to be eliminated in the quantitative determination of effective piezoelectric or flexoelectric coefficients.
Numerical strain modeling reveals a correlation between the hydrostatic strain gradient and the effective piezoelectric coefficient in
large MoS, nanobubbles, suggesting a localized variation in electromechanical coupling due to symmetry reduction induced by

inhomogeneous strain.
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inhomogeneous strain

ince the initial fabrication of monolayer MoS, in 2005,

two-dimensional transition metal dichalcogenides (TMDs)
have been a major focus of research in the fields of
nanomaterials, electronics, and optoelectronics, due to their
unique combination of mechanical, photonic, and electronic
properties. > Held together by weak van der Waals forces, the
individual layers composing bulk TMDs can be readily cleaved
and isolated in a process known as mechanical exfoliation.”” In
the few-layer limit, TMDs can withstand strains up to ~11%
without fracture,* allowing mechanical behaviors to be
explored well beyond the limits of conventional bulk materials.
Group-VI transition metal dichalcogenides also experience
changes in electronic structure when thinned to a single layer,
shifting from indirect to direct semiconductors with bandgaps
in the visible range.”® Application of strain allows control over
the band structures’ and exciton dynamics®’ of these
materials, with important applications such as flexible
and single photon emitters.'”"*

One class of connections between a material’s electronic
behavior and the strain it undergoes includes phenomena
collectively referred to as electromechanical coupling. The
most well-known example is the piezoelectric effect, in which
an applied stress generates a dielectric polarization field in a
noncentrosymmetric material. A converse piezoelectric effect
also exists, which can be expressed as
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where E; is the applied electric field, ¢; is the resulting strain
tensor in Voigt notation, and d;; is the piezoelectric tensor.
Because of their lack of inversion symmetry, monolayer 2H-
phase TMDs are capable of exhibiting piezoelectricity, as was
experimentally confirmed by Zhu et al.'* However, the
presence of a mirror plane coinciding with the plane of
transition metal atoms, as shown in Figure 1, means that only
in-plane piezoelectricity is allowed in monolayers. This can be
seen in the form of the piezoelectric tensor for the P6m2 space
group to which monolayer 2H-TMDs belong, "
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Figure 1. Layer structures of 2H-MoS, highlighting symmetry features relevant to piezoelectric behavior. 2H-MoS, possesses an inversion center in
both its bulk form and 2D stacks consisting of an even number of layers. The presence of inversion symmetry makes these structures
nonpiezoelectric. While monolayer MoS, has no inversion center, its mirror plane limits piezoelectricity to the in-plane direction.

where the indices correspond to those in eq 1. All tensor
elements with out-of-plane components are null due to
symmetry. Despite this fact, multiple studies have documented
an out-of-plane electromechanical response in monolayer
TMDs when measured by piezoresponse force microscopy
(PFM).16_20

In PFM, an AC voltage is applied between the substrate and
a conductive atomic force microscopy (AFM) tip in contact
with the sample [Figure 2]. The electromechanical response of
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Figure 2. Schematic of a vertical piezoresponse force microscopy
measurement of an MoS, monolayer on an n"" Si substrate.

the material is measured via the deflection of the tip as the
underlying material expands and contracts at the same
frequency as the applied bias. The sample material’s effective
piezoelectric coefficient in the out-of-plane direction, d¥/;, is
then given by

g = Vorm-Sa
e —
Vy (3)

where Vppy, is the measured piezoresponse amplitude in volts,
sq is a calibration constant in pm/V known as the deflection
sensitivity calculated from the tip’s force curve, and V is the
amplitude of the drive voltage. The piezoelectric coefficient is
referred to as effective due to possible nonpiezoelectric
contributions, as described by Brennan et al.'®

Based on their symmetry, monolayer TMDs are not
expected to exhibit an out-of-plane piezoelectric response.
Brennan et al. proposed that the vertical deflection observed
when these materials are subjected to an oscillating out-of-
plane electric field is related to the flexoelectric effect, a form of
electromechanical coupling in which a strain gradient induces a
dielectric polarization field in a material.'® Although allowed in

dielectrics of any symmetry group, the flexoelectric effect is
rarely measured due to the vanishingly small magnitude of
polarizations that it typically generates in bulk materials.
However, the extreme strain gradients achievable in 2D
structures have enabled observations of flexoelectricity to
proliferate among recent studies of 2D materials.”' ~** In the
case of the monolayer PFM measurements, the results were
attributed to the converse flexoelectric effect,’® wherein an
electric field gradient produces mechanical stress, expressed as

Y )
ij ijkl ax, (4)

where o;; is the stress tensor, u*;;; is the converse flexoelectric
tensor, and E; is the electric field. The tensor notation can be
reduced to p*,, as described by Brennan et al.’® The vertical
displacement of the monolayers was most likely induced by the
inhomogeneous electric field distribution surrounding the
conductive tip. The effective piezoelectric coeflicients
produced in these experiments were of the same order of
magnitude as the TMDs’ in-plane piezoelectric coefficients.”
Such results suggest that flexoelectricity could be harnessed as
an alternative source of electromechanical transduction in 2D
materials independent of symmetry.

In this work, we used PFM to examine electromechanical
coupling in monolayer MoS, in the presence of highly
inhomogeneous strain distributions via spontaneously formed
nanobubbles, which frequently occur in 2D samples fabricated
by common mechanical exfoliation techniques.”*”** PEM
measurements were carried out on mechanically exfoliated
MoS, monolayers with a variety of nanobubble size and spatial
distributions. In the following, small bubbles are defined as
having diameters on the order of approximately 100 nm or less
and large bubbles as having diameters of several hundred
nanometers. While a variety of nanobubble size distributions
can be observed in 2D samples, monolayers fabricated using
our method present most commonly with many densely
spaced small bubbles and/or several distinct large bubbles (see
Supporting Note 2).

By our observations, small nanobubbles exhibit an overall
enhanced piezoresponse (PR) compared to flat regions. Both
the amplitude and phase of the piezoresponse signal follow
profiles resembling the topography of small bubbles, increasing
monotonically from edge to apex. To some degree this might
be expected based on material clamping, an effect that can
influence the measured piezoelectric coefficient. Due to the
sharpness of the tip, the electric field experienced by the
sample decays rapidly a short distance away from the point of
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Figure 3. Monolayer Mo$S, piezoresponse (a) amplitude and (b) phase at different applied AC biases. (c) and (d) show the topography of the
measured area as measured and with a mask over the tallest features, respectively. Plot (e) shows average monolayer PR amplitude vs applied AC
bias with best fit line for unfiltered data and data filtered to exclude the masked areas in (d).

contact. The deformation of the measured area is strongly
diminished when the surrounding static material is adhered to
the substrate.” This “clamping” of the sample to the substrate
can reduce the measured piezoelectric coefficient by up to a
factor of 3.>° When the top of a nanobubble is measured, the
suppressive effect of material clamping on the measured
deflection is reduced due to the lack of nearby sample-
substrate adhesion. Furthermore, the presence of an additional
dielectric layer consisting of the bubble contents between the
monolayer and the substrate would reduce the voltage drop
across the monolayer itself, thereby artificially increasing the
implied effective piezoelectric coefficient.

This observation has a number of implications. In
measurements to determine d¥/;; for a given 2D sample
material, the inclusion of small bubbles in the evaluated data
significantly increases the implied value of d%/5;. If the quantity
sought is the effective piezoelectric coeflicient of flat,
unstrained monolayer MoS,, then features such as nano-
bubbles should be excluded from the quantitative analysis. To
illustrate, we spatially filter the PFM data to identify portions
of the scan for which the topographic height exceeds a selected
threshold. The corresponding points in the piezoresponse
amplitude and phase channels are subsequently excluded from
calculations of d/5;. Regions with both flat portions and minor
topographical features were selected to allow direct quantita-

tive comparison of the effective piezoelectric coefficient before
and after filtering.

The applied AC bias was varied in increments of 0.5 V from
2.25 to 4.25 V, with an additional measurement performed at
zero bias. Below approximately 2.25 V, the piezoresponse of
the sample does not exceed the noise level of the measure-
ment. The data presented in Figure 3(e) represent the
piezoresponse amplitudes after subtraction of the substrate
background signal before and after filtering the image by height
as in Figure 3(c)-(d). Previous measurements on monolayer
MoS, showed that the piezoresponse amplitude is independent
of applied DC bias, indicating that the electrostatic force does
not substantially contribute to d¥/5;.'® The surface potentials
measured in MoS, nanobubbles by Wang et al. were much
smaller than our applied AC biases, which further suggests that
the contribution from the contact potential difference is also
negligible.”® From the slope of the PR amplitude vs AC bias as
determined by linear regression, we can determine the effective
piezoelectric coefficient d/;; for monolayer MoS,.

The values of the effective piezoelectric coeflicient obtained
from the data in Figure 3 are 3.15 + 0.40 pm/V and 2.03 +
0.26 pm/V for the unfiltered and filtered images, respectively.
From these results we see that even very small irregularities in
topography can significantly affect the magnitude of the
measured coefficients. The measured d¥/5; of 2.03 pm/V falls
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between two values previously recorded for monolayer MoS,.
Brennan et al. obtained values of 0.93 + 0.23 pm/V when a
gold substrate was used and 1.34 + 0.27 pm/V when the
substrate was Al,O;. Meanwhile, Haque et al. arrived at 2.78
pm/V for monolayer MoS, on heavily doped silicon, which
falls within the range of uncertainty of our unfiltered results.'”
The smaller values of d/,; obtained by Brennan could be
explained by the difference in substrates used.'” Previous
studies of MoS, on various substrates measured lower energies
of adhesion on Au and AL O; compared to SiO,.”””*” Stronger
adhesion of the MoS, monolayer to the Au and Al O,
substrates could intensify the clamping effect and lead to a
lower measured deflection than when an SiO,/Si substrate is
chosen. Because SiO, has the lowest adhesion to MoS, among
substrates employed in the literature for such measurements,
we expect that our reported values are closest to the intrinsic
electromechanical response of monolayer MoS,.

The influence of nanobubbles and the associated strain on
electromechanical coupling in TMDs can be further elucidated
by examination of the large nanobubbles present in our
samples, which exhibit a unique and unexpected PFM profile.
As with small bubbles, the overall piezoresponse of large
bubbles is also enhanced compared to flat regions of
monolayer MoS,. However, unlike the topographic height,
the PR signal does not increase monotonically from edge to
apex, as in the case of small bubbles. Rather, the PR amplitude
reaches its maximum value in the bubbles’ peripheral regions,
as seen in Figure 4. From there the amplitude decreases toward
a local minimum occurring at the bubble center. A similar halo-
like pattern is also observed in the piezoresponse phase.
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Figure 4. (a) Optical image and PFM (b) topography, (c) amplitude,
and (d) phase of a monolayer MoS, region containing a large
nanobubble.

We note here that the spatial mapping of the piezoresponse
in our measurements does not reach the resolution at which a
halo pattern could be distinguished in the smaller bubbles. In
Figure S3, where small and large bubbles coexist in the same
sample, the piezoresponse of the small bubbles is much weaker
than that of their larger counterparts. The granularity of the
image makes it difficult to discern the nature of the profile even
in intermediate sized bubbles.

To determine if the distinct piezoresponse profile of large
nanobubbles truly originates from electromechanical coupling,
contributions from measurement artifacts and other possible

physical mechanisms must be considered. As previously
discussed, one possible source of error in PFM measurements
on 2D samples is material clamping. When characterizing a
nanobubble by PFM, the clamping effect would likely be
mitigated to some extent by the monolayer’s lack of adhesion
to the substrate. This may contribute to the overall increase in
piezoresponse in nanobubbles compared to flat regions.
However, a decrease in clamping does not explain the PR
profile observed in large nanobubbles. At the apex of a bubble,
we would expect the degree of clamping to be the same or
decreased compared to the peripheral regions. The latter case
would correspond to an increase in piezoresponse amplitude
from periphery to apex, which directly contradicts the
experimentally observed pattern.

Another possible artifact in PEM arises from changes in the
vibrational resonant frequency of the probe cantilever due to
topographical crosstalk. To avoid this, our measurements were
performed at a drive frequency that is far from resonance and
within a range where the PR amplitude is approximately
independent of frequency [Figure S3]. The interpretation of
PFM results for nanobubbles must also account for the bubble
contents, which constitute an additional material layer over
which the applied voltage drops. A procedure for adjusting
d¥,; based on the nanobubble contents is described in
Supporting Note 3, with the resulting profiles shown in Figure
SS. The oblong shape and stability beyond a few days (shown
in Figure S6) of the large bubbles studied here strongly suggest
that they contain primarily water.””***” That being the case,
the main qualitative features of the PR profile persist after
correcting d¥ ;.

To gain insight into the physical mechanisms underlying the
observed piezoresponse, we investigated the strain distribu-
tions in the nanobubbles. Based on the measured topography,
strain distributions were calculated by representing nano-
bubbles as thin plates and numerically solvin‘g the biharmonic
von Karman partial differential equations,40_ % as described in
Supporting Note 4. The resulting hydrostatic and shear strain
distributions are shown in Figure 5. The hydrostatic strain
profile strongly reflects the topography in the bubble region,
increasing monotonically from the edge of the bubble to its
apex. The shear strain, however, exhibits its maximum value in
the bubble’s peripheral areas. The shear strain magnitude then
decreases toward the center and reaches its minima at two
distinct nodes, with a possible third node having a shallower
local minimum.

The calculated distributions reveal that the strain is highly
inhomogeneous within the nanobubble region. Correspond-
ingly significant strain gradients must then be present within
these monolayer features. A growing body of evidence supports
the substantial influence that localized strain inhomogeneities
can have on the physical properties of 2D materials.**>**
Using numerical differentiation, we calculated the partial
derivatives of the hydrostatic and shear strains depicted in
Figure 5(b) and (c). The magnitudes of the hydrostatic and
shear strain gradients were then calculated as

de o ) o0\
|V€hyd| = [ hYd) + [ﬂ]
Ox dy (5)
2
oe, Y (0
|V€Shr| — ( Sshr) + [ Sshr]
Ox dy (6)
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Figure 5. (a) Topographic height measured by AFM and (b) effective piezoelectric coefficient d%/;; derived from PFM measurements. Calculated
distributions of (c) hydrostatic strain, (d) shear strain, (e) hydrostatic strain gradient magnitude, and (f) shear strain gradient magnitude of the

large monolayer MoS, nanobubble shown in Figure 4.

The hydrostatic strain gradient reaches its maximum
magnitudes in the peripheral regions of the nanobubble. A
minimum of nearly zero occurs at the bubble’s center. When
compared with the effective piezoelectric coeflicient in the
same region [Figure Sb], the positions of the two profiles’
maxima and minima align well.

Having ruled out the most likely nonelectromechanical
sources of the piezoresponse signal, we propose that the
correlation in Figure S reflects a symmetry reduction due to
inhomogeneous strain. As the local symmetry of the monolayer
changes across the nanobubble profile, the electromechanical
coupling constants will also experience a spatial variation, as
captured by our PFM measurements. This is also supported by
the higher correlation of the piezoresponse signal with the
shear strain compared to the hydrostatic strain, since shear
strain involves changes in symmetry. The detailed relationship
between the enhanced electromechanical response we observe
and specific components of the strain tensor and its derivatives
is beyond the scope of the present work, and the subject of
ongoing investigation.

The halo-like phenomenon presented here coincides with a
growing body of evidence for localized strain effects occurring
at the periphery of nanobubbles in 2D materials. Chen et al.
observed a “doughnut-like” pattern in nanophotoluminescence
maps of exciton emission in WS, nanobubbles, which they
attribute to localized inhomogeneous elastic strain and the
associated carrier funneling effect.* Using valence force field
simulations and tight-binding electronic-state calculations,
Carmesin et al. modeled the spatial distributions of strain
and electronic states in TMD nanobubbles. They showed that
bubbles in monolayer MoS, should exhibit strong carrier
localization in their peripheries due primarily to nonuniform
strain and the corresponding bond deformations, which alter
the bandgap and confinement potentials.*® Shabani et al. saw
similar localization of exciton emission in the periphery of

nanobubbles in MoSe,/WSe, heterostructures.”” Wang et al.
used KPFM to reveal a halo-like pattern in the surface
potentials of MoS, monolayer bubbles, which they propose as
a method to visualize the piezoelectric potential within such
features.’® Our work provides further insight into the origins
and significance of the halo phenomenon by directly measuring
the electromechanical properties of nanobubbles via PFM and
showing their correlation with calculated strain gradients. The
congruent results observed in the literature across a variety of
properties and characterization techniques can be explained by
a mutual connection to localized inhomogeneous strain. This
realization suggests that engineered strain gradients may enable
additional methods for controlling electronic properties of
atomically thin materials.

In summary, this work has demonstrated that topographic
features such as nanobubbles significantly enhance the
electromechanical coupling of monolayer MoS, in comparison
to minimally strained regions. We showed that measurements
of piezoelectric moduli in ostensibly flat monolayers can
therefore yield overestimates due to the inclusion of nano-
bubbles in the analyzed area. Examination of large nano-
bubbles also revealed an unexpected dependence of electro-
mechanical coupling on strain. Rather than increasing
monotonically with strain magnitude from perimeter to apex,
the piezoresponse of large bubbles reaches its peak near the
perimeter and subsequently decreases toward a local minimum
at the bubble center, where the strain is the largest. Strain
gradient magnitudes calculated for the nanobubbles show a
correlation with the effective piezoelectric coefficient, suggest-
ing that the presence of certain types of inhomogeneous strain
at the nanoscale amplifies the material’s flexoelectric response.
This electromechanical enhancement is likely to have
significant implications for a broad range of TMD-based 2D
device structures due to the ubiquity of localized strain and the
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presence of band-edge energy shifts and electrostatic bound
charges in those same features.

B METHODS

Monolayer MoS, samples were fabricated from a CVD-grown
bulk crystal, purchased from 2D Semiconductors, using
mechanical exfoliation and a viscoelastic dry stamp transfer
procedure. Monolayers were initially exfoliated onto poly-
dimethylsiloxane (PDMS) and identified by contrast in an
optical microscope. Layer number was confirmed using Raman
and photoluminescence spectroscopy with a 532 nm laser, as
shown in Figure SI.

(100) oriented As-doped n** silicon with resistivity of
0.001—0.005 Ohm-cm was chosen as the target substrate due
to its conductivity and ultraflat surface. Approximately 1 cm” Si
wafer pieces were cleaned by sonicating in acetone,
isopropanol, and deionized water for S min each. The
PDMS stamps containing monolayer MoS, were placed face
down in contact with the Si surface and heated on a hot plate
at 60 °C for 30—45 min before cooling to room temperature.
The PDMS was then slowly peeled off to leave the monolayers
on the Si substrates. Finally, these substrates were secured to
aluminum sample discs and grounded using silver paste
connecting the Si surface to the disc.

PFM measurements were carried out using a Bruker
Dimension Icon atomic force microscope. The chosen probes,
Bruker SCM-PIC-V2, are composed of Sb-doped silicon with
Pt—Ir coating and have a nominal tip radius and spring
constant of 25 nm and 0.1 N/m, respectively. PFM scans were
performed with 0—4.25 V AC bias at 60 kHz applied to the
sample with 0 V DC bias. Contact forces were maintained at
low values of approximately 5—6 nN to prevent excessive
sample deformation and tip wear. To isolate the signal
component specific to the sample material, a background
subtraction technique was incorporated in calculations of the
effective piezoelectric coefficient from the PFM data using the
method described by Brennan et al."
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