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ABSTRACT: Strain engineering modifies the optical and
electronic properties of atomically thin transition metal dichalco-
genides. Highly inhomogeneous strain distributions in two-
dimensional materials can be easily realized, enabling control of
properties on the nanoscale; however, methods for probing strain
on the nanoscale remain challenging. In this work, we characterize
inhomogeneously strained monolayer MoS, via Kelvin probe force
microscopy and electrostatic gating, isolating the contributions of
strain from other electrostatic effects and enabling the measure-
ment of all components of the two-dimensional strain tensor on
length scales less than 100 nm. The combination of these methods
is used to calculate the spatial distribution of the electrostatic
potential resulting from piezoelectricity, presenting a powerful way
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to characterize inhomogeneous strain and piezoelectricity that can be extended toward a variety of 2D materials.
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Atomically thin semiconducting transition metal dichalco-
genides (TMDs) are widely studied due to their novel
properties enabling applications in electronic and optoelec-
tronic devices.'~* Strain in atomically thin TMDs has been
used as a tool for modifying optical and electronic properties,
and the ability of TMDs to withstand large deformations
before rupture enables large modifications of properties such as
the bandgap energy.”® In particular, localized, inhomoge-
neous strain is relevant to many phenomena, such as exciton
funneling and single photon quantum emission, and can be
easily realized on the nanoscale in atomically thin materials
using a variety of techniques such as indentation, bubbles, and
nanopatterned substrates.””'® Piezoelectric and other electro-
mechanical coupling effects can also arise in the presence of
inhomogeneous strain distributions in TMDs and other 2D
materials."”~>* Characterizing the strain distribution and
piezoelectricity is critical for progress in strain engineering
applications in 2D TMDs. Transmission electron microscopy
(TEM) can also be used to measure the strain in 2D materials
but requires the preparation of thin samples for electron
transmission.”® Optical methods are often used to characterize
strain distributions, but these techniques are limited in spatial
resolution by the diffraction limit associated with optical
illumination and detection.”">'***™*® While the resulting
approximations can give a good estimation of the broad
features of a strain distribution, these techniques cannot
directly observe highly localized strain often present in real
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experiments due to contributions from edges, roughness,
ripples, and other sources of nonidealities. Near-field optical
methods using scanning probe microscopy can be used to
resolve localized strain with spatial resolution below the
diffraction limit but require a combination of scanned probe
microscopy instrumentation with optics to align a laser to a
metallic SPM probe tip."**’

In this work, we demonstrate a method for probing spatial
inhomogeneities in the electronic structure of monolayer MoS,
due to strain on the nanoscale using Kelvin probe force
microscopy (KPFM). KPFM has previously been used to
characterize strain in monolayer TMDs, but a complete
understanding of the relationship between surface potential
and strain has not been developed.”* > Using electrostatic
gating, we controlled the carrier concentration, probing
different regimes of screening and band filling in MoS,
strained by dielectric nanomesas. Different regimes yield
different KPFM contrast, which we attribute to separate
mechanisms of strain-induced band structure shifts and
piezoelectricity, providing a quantitative characterization of
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both. We demonstrate a method to image the spatial
distribution of the conduction band edge energy and infer
from this the spatial distribution of in-plane hydrostatic strain.
Additionally, we present a method for calculating the spatial
distribution of the full 2D strain tensor from the in-plane
hydrostatic strain distribution. This full strain tensor is used to
calculate a piezoelectric-bound charge and potential distribu-
tion that agree well with KPFM measurements. This analysis
can help to elucidate the mechanisms driving various optical
and electronic phenomena occurring in atomically thin TMDs
at the nanoscale by allowing for more precise characterization
of strain and related properties.

Samples were fabricated to enable electrostatic gating of
inhomogeneously strained MoS, (Supporting Information
Sections S1 and S2), as shown in Figure 1. A gate electrode
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Figure 1. (a) Measurement setup and sample structure. A bottom
gate electrode and top ground electrode allow for electrostatic gating
to be performed during KPFM measurements. A MoS, monolayer is
transferred onto a sample of patterned dielectric nanomesas. Voltage
V,. and V, are applied to the tip to characterize electrostatic potential
variations over the sample. (b) A schematic of the influence of V, on
the electrostatics of the KPFM measurement, showing the relative
alignment of the energy levels in the tip and sample before KPFM
feedback is applied, that is, before the application of V.. The green
lines and symbols depict a shift in the energy levels relative to the
black lines and symbols for positive V,. (c) The calculated
dependence of C, on Ep — E¢ for monolayer MoS, at T = 300 K.
(d) The calculated dependence of V; on Vg assuming E is in the
midgap at V, = 0 V. V, shifts by a constant, V¢ = —Vpp, depending on
the work function difference between the tip and sample. The red
dashed line depicts the approximate position of Vi*, and the blue
dashed line depicts the approximate value of V, beyond which E; &~
Ecand V, » V{*.

consisting of n™* Si is separated from a Au top electrode by a
SiO, gate dielectric. A hexagonal array of holes in the Au layer
defines gated areas for study. Dielectric circular nanomesas
~60 nm tall and 500 nm in diameter with relatively flat tops
were etched from the SiO,, providing a source of
inhomogeneous strain for monolayer MoS,. Monolayer MoS,
was exfoliated from a bulk 2H crystal and transferred to a
sample substrate for characterization. In the locations analyzed
here, the monolayer is approximately conformal, with some
tenting at the mesa edges, to the profile of the hole and mesa
(Supporting Information Section S3).
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We employ frequency modulated KPFM to map unique
electrical information with ~20—100 nm resolution™
(Supporting Information Section S4). The tip and sample
form two electrodes of a capacitor system characterized by a
contact potential difference, V4 generated by the work
function difference between the tip, ¢, and sample, ¢,
according to Vipa = g, where ¢ is the fundamental electric
charge magnitude. A DC bias voltage, V,, combined with an
AC bias modulation, V,, with frequency @ are applied to the
tip, inducing an electrostatic force F with gradient 0F/0z
between the tip and sample with multiple harmonic
components:33

F=F.+E,+E, W
aaiic = ;. ?:z (Vi + qvcl)2 + i?)_cvz (2)
OEI, 9°C (V + CPd)VAC sin(wt) 3)
aaii"’ = —i%Vi cos(2wt) (4)

where Fy, F,, and F,, are the force components at zero, w,
and 2w frequency. V4 is determined by finding the value of V;
which eliminates the F, component of the force, ie., V, =
Vpa- The amplitude of the dF,,/0z signal in eq 4, A, can
also be monitored for a qualitative measurement of the second
z-derivative of the tip—sample capacitance, 0°C/dz>

Applying a nonzero V, in the presence of MoS, modulates
the work function of MoS, and therefore V, measured in
KPFM, as illustrated in Figure 1b. Tuning V, also shifts the
energy levels of the electronic subbands of MoS,.

In the presence of the monolayer, the relationship between
Vg and V, is dependent on the quantum capacitance, C;, of
MoS,. C, is defined as the variation of electric charge with
respect to chemical potential, which is related to the density of
states (DOS) in the monolayer.”* This capacitance acts in
series with the gate oxide capacitance, C,,, such that the change
of V, due to V, is given by

av 1
v, &

ox

+1

(5)

The slope dV,/dV, depends on the ratio between C, and C,,.
When C, =0, dV;/dV, = 1, and when Cy > C,,, dV;/dV, ~ 0.
The DOS and Cq have been characterized using gated KPFM
measurements in a variety of other low-dimensional systems,
including thin ﬁlms of semlconductlng organic molecules,*
InAs nanowires,’® and graphene.”’

The theoretical dependence of C; on Ex — E¢ in monolayer
MoS, is shown in Figure Ic (Supportmg Information Section
SS). When Eg is in the bandgap, Cq~ O As Ey, approaches E,
C, approaches a maximal value C, = g ’g,n, where g, is the 2D
DOS at the conduction band edge The value of g, for
monolayer MoS, is ~5 X 10" eV 'em™’® leading to a
maximum Cg ~ 8 X 107 F/cm? near E¢,”” which is orders of
magnitude larger than C,, (~2—4 X 107® F/cm®). Hence,
there are two regimes: a regime in which Ep is within the
bandgap where C; < C,, and a regime with Ep near E¢ where
Cq> Cop
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Altering V, transitions between these two regimes by
changing the relative positions of Ex and E, as illustrated in
Figure 1b,c. The regimes of low and high C, are reflected in
the theoretical dependence of V, on V, for monolayer MoS, in
our experiment, as shown in Figure 1d (Supporting
Information SS). Increasing Vg increases V, and Cj. At
sufficiently positive V;, dV,/dV, approaches 0, and V, reaches
an approximate saturated value, V{*.

A KPEFM measurement of topography and surface potential

for strained monolayer MoS, at V, = 0 V is shown in Figure 2.
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Figure 2. KPFM characterization of strained MoS, at V, = 0 V. (a)
Topography and (b) V.. The gated SiO, region is within the red
circle, and outside of this perimeter is the region of the top Au
contact. (c) Closeup of the KPFM image shown in (b). The white
dashed lines highlight the 3-fold symmetry seen in the KPFM image.
The scale bars in (a)—(c) correspond to 500 nm. (d) The
dependence of V, and A,, on V,. Quantities for the gated region
and top contact region are averaged over the areas shaded in blue and
red, respectively, in (b). Error bars correspond to 1 standard
deviation.

V, is more negative, corresponding to a larger @, in proximity
to the nanomesa, consistent with tensile strain in monolayer
MoS,.**" As highlighted in Figure 2c, this region of contrast
has a roughly 3-fold rotational symmetry absent from the
underlying topography (Figure 2a), a feature which will be
investigated further in subsequent sections.

KPFM characterization of the monolayer as a function of V,
is shown in Figure 2d, demonstrating a similar dependence of
Vi on V, as the theoretical calculations in Figure 1d. The slope
within the bandgap deviates from the ideal value of 1,
indicating a nonzero DOS within the bandgap of MoS,
potentially originating from defects and states due to the
SiO, interface.” o423 Increasing V, increases A,,, which we
attribute to increasing DOS in the monolayer as Eg approaches
E¢, consequently increasing the tip—sample capacitance,”” and
thereby 0°C/dz>. For Vg > 0.6V, V, and A,,, begin to level off
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due to the large DOS and C; as Ep approaches Ec. V,
approaches a saturated value, V{* &~ —50 mV.

The spatial variation of V;** acquired via KPFM is related to
the relative position of E¢ due to strain. With application of a
sufficiently large positive V,, V; = V;* and Eg ~ Ec. The spatial
variation in the KPFM image, AV}, is then given by

AEy —E) A, — E)

€ €

vac vac

sat

AV = ©)
where A denotes the spatial variation of the quantities. The
quantity A(E,,. — E¢) is directly related to the strain-induced
changes in the conduction band edge energy in monolayer
MoS,. Electrostatic potential variations have an effect
equivalent to shifting V,, but since dV,/dV, is small provided
that C; > C,,, the effect on the measured Vi is very small.
Therefore, AV} is predominantly due to the spatial variation
in Ec due to strain.

Based on this analysis, we measure the spatial distribution of
Vi ~ —A(E,,. — Ec)/e via application of a +5 V gate bias.
Figure 3a,b shows the transition of KPFM contrast between V,

Agw
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Figure 3. KPFM measurements of (a) V, at Ve=0V, (b) V; at Ve=S$
V, (c) A,, at V=0V, and (d) A, at Vg =5 V. The color bar scale in
(b) was chosen to highlight the contrast within the circular area. V;
outside of the circular area is roughly —0.6 V. The scale bars in all
KPFM images correspond to 500 nm.

=0Vand V, =5V in the gated MoS, monolayer. Application
of the +5 V gate bias alters the spatial variations in Vj; in
particular, the spatial distribution of V, loses the 3-fold
symmetry present at V, = 0 and becomes more radially
symmetric. A,, increases over the gated area at Vo=35V
(Figure 3c,d), implying a large 0°C/0z* and therefore large
DOS of the monolayer, indicating that the KPFM measure-
ment at V, = § V corresponds to V, = V;**. The area over the
nanomesa has a more negative V, than the flat area, consistent
with the lowering of E relative to E,,. in the MoS, due to
tensile strain. The magnitude of variations in V, is significantly
decreased at V, = S V compared to V, = 0 V. These
observations suggest that the KPFM contrast at V, = 0 has a
significant electrostatic component other than strain, due in
part to piezoelectricity, which will be discussed further in
subsequent sections.
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Figure 4. (a) Topography of the MoS, on the nanomesa at V, = 5 V. The scale bar is 500 nm. (b) The in-plane hydrostatic strain determined from
the KPFM measurements at V, = S V and the strain deformation potentials of MoS,. Zero strain was assumed from the average of V, in the region
shown in the dashed white box. (c) The in-plane hydrostatic strain determined from topography in (a). Only the circular region of the gated area is
shown, as V; does not correlate to the strain outside of this area due to the presence of the top Au contact. (d) Zoomed in view of the KPFM-
derived hydrostatic strain in proximity to the nanomesa. (e),(f),(g) &, € y Exy elements of the strain tensor derived from KPFM data.
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Figure 5. (a) Original hydrostatic strain derived from KPFM measurements. (b) The polarization field and resulting bound charge due to
piezoelectricity, calculated from the distribution of the full strain tensor derived from the KPFM measurement. (c) Electrostatic potential due to the
piezoelectric bound charge calculated assuming screening and carrier concentration n = 8 X 10'® cm™2. (d) KPFM image of V, at Vg=—1V. Scale
bar = 500 nm. (e) Excerpt of the KPFM data from within the green box in (c). (f) Linecut of the corrected potential variation measured by KPFM
at V, = —1 V and calculated from the piezoelectric charge distribution along the lines shown in (ce).
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We quantify the strain present in the monolayer using the
strain deformation potentials corresponding to the conduction
band of monolayer MoS, (Supporting Information $6)."**’
These deformation potentials directly correspond to changes
in A(Ec — E,,.), which are directly related to AV{* in our
KPFM measurement at V, = § V. The KPFM image at V, = 5
V can therefore be converted into an image of the in-plane
hydrostatic strain, which is related to the strain tensor by &y,4 =
(e1; + €,)/2, as shown in Figure 4b. The maximum tensile
strain derived in this manner is ~0.7%, roughly centered on the
nanomesa in a localized area, with a lower surrounding tensile
strain of 0.2—0.4% coinciding with the area of the nanomesa.
Additional tensile strain is present around the flat region of the
gated MoS,.

KPFM contrast can be influenced by a number of factors,
includin§ contamination from oligomers during the transfer
process.”® In order to verify that the KPFM contrast in Figure
Sb is due to strain and not other potential sources of KPFM
contrast such as contamination, the KPFM method of
estimating strain is compared with a method for determining
strain from the curvature of the topography measured with
atomic force microscopy (AFM). Further discussion of the
AFM-based method is provided in Supporting Information
Section S7 and is similar to the method demonstrated bZ
Darlington et al. for calculating strain in TMD nanobubbles.”
The method models the mechanics of the monolayer as a thin
plate undergoing large deflections. For these calculations, it is
convenient to define the Airy stress function, y:**

%y % %y
.. = ——, 0. = — = —
= dyz SRR Oxdy 7)
where o, 0,, and o,, represent the components of the in-

plane stress tensor. The Airy stress function defined in this way
represents solutions which automatically satisfy the equilibrium
condition stating that the divergence of the stress tensor be
equal to zero,” making it a useful tool for solving for stresses
and strains in thin plates. An additional equation can be
derived which relates the height profile of the monolayer, 4, to
x and therefore the stresses and strains in thin plates:*

(8)

The curvature elements can be extracted from the AFM
topography of the monolayer (Supporting Information Section
$8), and solving for y yields the in-plane stresses and strains in
the monolayer according to eq 7. The in-plane hydrostatic
strain distributions derived from KPFM and AFM (Figure 4c)
are in good agreement, showing tensile strains of similar
magnitude and position over the gated region of the MoS,.
There is more nanoscopic variation in the strain in the KPFM
measurement as compared to the AFM method. We attribute
this to the smoothing effect of taking second derivatives of the
AFM scan. In contrast, the KPFM-FM method resolves
localized strain and strain variations on smaller length scales.
We show that these finer-scale variations in the strain
distribution are necessary for calculating the effects of
piezoelectricity in the strained MoS, monolayer.

The Airy stress function can also be used to convert the
spatial distribution of the hydrostatic strain to a map of the
complete strain tensor by recognizing from eq 7 that*®
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2E

+ o, = l_vghyd

2
V= o, 9)
Solving eq 9 for the Airy stress function provides a general way
to calculate the full strain tensor from a known hydrostatic
strain distribution. We solved eq 9 for the stress function using
the hydrostatic strain distribution derived from the KPFM
method. Further details are provided in Supporting Informa-
tion Section S9. The result, shown in Figure 4d—g, is a spatial
map of the individual components of the 2D strain tensor. This
method can be useful for a variety of strain mapping
techniques provided that the quantity being mapped is
proportional to the in-plane hydrostatic strain. The spatial
distribution of the strain tensor is relevant for understanding
strain phenomena in atomically thin materials; in particular,
the precise calculation of piezoelectric effects requires the
strain tensor.

We next investigated piezoelectricity in the inhomoge-
neously strained MoS, monolayer using the strain tensor
derived from KPFM measurements (Supporting Information
$10). The piezoelectric effect generates a dielectric polarization
field proportional to strain. The calculated polarization field is
shown in Figure Sb. The highly inhomogeneous strain
distribution results in a highly inhomogeneous polarization
field, and the divergence of P generates a bound charge on the
MoS, surface, o, given by 0y, = —V-P. The distribution of
0, using ¢ derived from the KPFM measurements is shown in
Figure 5b. The magnitude of the calculated charge density is as
high as 4 X 10" e/cm’. The piezoelectric-bound charge
generates an electrostatic potential with a similar spatial
distribution, as shown in Figure Sc.

The electrostatic potential due to piezoelectric-bound
charges can also be detected via KPFM. We apply negative
Vg to deplete the MoS, of free carriers, leaving the
piezoelectric-bound charge. A fluctuating surface potential
due to bound charges is revealed (Figure 5d), with a similar 3-
fold symmetry as in the case of KPFM measurements at V, = 0.
There is a good match between the distribution of the
calculated piezoelectric potential and V,, as shown in Figure Se,
suggesting that the origin of the KPFM contrast at V, = =1 V
is largely due to piezoelectricity.

Since the monolayer is in depletion, the tip is electrically
coupled to the gate rather than the MoS, surface, and the
magnitude of the true surface potential variation measured via
KPFM can be estimated according to

Ci
AV, = AV—
ts (10)
where C, is the tip—gate capacitance and C, is the geometric
tip—surface capacitance. Figure 5f shows a linecut of the
piezoelectric potential and the corrected surface potential.
There is good agreement between the calculated piezoelectric
potential and the surface potential, suggesting that the origin of
the surface potential variation at V, < 0 V is largely due to
piezoelectricity. Discrepancies between the calculated piezo-
electric potential and surface potential could be due in part to
the presence of contamination. The symmetry of the
distribution of V, near the nanomesa at V, = —1 V is also
observed at V, = 0 V, suggesting that piezoelectricity is the
origin of the electrostatic effect and distinct 3-fold symmetry of
the surface potential near the nanomesa.

https://doi.org/10.1021/acs.nanolett.3c03100
Nano Lett. 2024, 24, 1835-1842


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03100/suppl_file/nl3c03100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03100/suppl_file/nl3c03100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03100/suppl_file/nl3c03100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03100/suppl_file/nl3c03100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03100/suppl_file/nl3c03100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03100/suppl_file/nl3c03100_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03100/suppl_file/nl3c03100_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

In conclusion, we use KPFM and electrostatic gating to
measure inhomogeneous strain and its effects on monolayer
MoS,. Applying a sizable positive gate bias results in KPFM
contrast generated by pinning the surface potential to the high
DOS conduction band, enabling the measurement of spatial
variations in the band edge energy. Combining these
measurements with known strain deformation potentials
enables nanoscale mapping of hydrostatic strain in monolayer
MoS,. Then, we developed a method for calculating the 2D
strain tensor from the hydrostatic strain distribution. Since
many experimental probes of strain in 2D materials rely on
optical, electronic, or phonon energy shifts, which map strain
as a scalar quantity, this method can be useful for estimating
strain tensor distributions from scalar strain distributions for a
variety of characterization methods. Using this analysis, we
were able to calculate the piezoelectric potential generated by
inhomogeneous strain and find excellent agreement with the
KPFM-measured surface potential at V, < 0 V. The ability to
calculate the distribution and magnitude of the piezoelectric
potential with high accuracy from the strain distribution
determined via KPFM and the full 2D strain tensor
demonstrates the capability of these methods for characterizing
strain on the nanoscale.
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