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Abstract

We report the detection of tip-induced local strain applied to the monolayer MoS, grown on a
graphite substrate by scanning tunneling microscope (STM). Monolayer MoS, behaves as
both mechanical and tunneling barriers that prevent the tip from contacting the graphite while
maintaining the tunneling current. Inelastic tunneling electron spectroscopy (IETS) is utilized
to probe the phonon modes in graphite. As the tip pushes the sample, IETS reveals a
continuous phonon-softening in graphite, corroborated by a downward shift of the phonon
energy as calculated by density functional theory. Our results demonstrate a novel way to
apply local mechanical strain and simultaneously detect the induced change in phonon modes

by unitizing IETS with two-dimensional materials as a tunneling barrier.

PACS number(s):



1. Introduction

Two-dimensional (2D) materials such as graphene and transition metal
dichalcogenides are promising candidates for next-generation electronics due to not only their
superior electronic properties but also their high mechanical strength. Extreme toughness
against mechanical stress makes them suitable for novel applications as flexible display and
wearable devices '. Mechanical stress can alter their electronic properties such as changing
the electronic band gap and introducing pseudo-magnetic field **, and thus the strain
engineering is an active research field for 2D materials °. Because the materials are so thin
with only a few atoms thick, scanning probe microscopy (SPM) has been utilized to locally
strain the materials and measure their mechanical responses. Especially, atomic force
microscopy (AFM) has been widely used to observe the deformation of suspended 2D
materials in response to the tip-induced local force % However, AFM usually measures static
response like the stress-strain curve, and studies on dynamic response like strain-induced
changes in vibrational and phononic properties are rare. Also, AFM is not optimized for
measuring the materials’ electronic properties, so it is still challenging to measure both local
strain and its effect on electronic properties at the same time. To overcome the disadvantages
of AFM, there were attempts to combine Raman spectroscopy with AFM and observe local
phonon properties, and a recent study showed that the strain induced by AFM tip was

detectable by tip-enhanced Raman spectroscopy °.

Inelastic tunneling electron spectroscopy (IETS) is a method capable of directly
observing phonons by exciting them with tunneling electrons '*'®. Especially, IETS
performed by scanning tunneling microscopy (STM) can measure the phonons at the

11,12, 14

nanoscale, which was successfully demonstrated in graphene . By adjusting tip-sample

separation in sub-nanometer scale with STM, the tip-induced change in the phonon energy of



molecules was detected, too '”. However, IETS signals are usually an order of magnitude
weaker than the one from ordinary scanning tunneling spectroscopy (STS), and so the
sophisticated vibration isolation system with operating temperature less than 10 K is usually
required to maintain stable vacuum tunneling barrier '°. Replacing the vacuum barrier with a
few layers of hexagonal boron nitride (hBN) is considered as a method to create more stable
tunneling barrier for IETS, and several devices in this scheme have successfully measured
phonons in graphene and hBN '® "> '8 However, it is hard to apply strain to such devices
because the entire device area should be uniformly strained, which is usually larger than a
micrometer, and the local information is disguised under the macroscopic average properties.
Conventional straining methods such as cantilever beams or diamond anvil cells achieved a

maximum strain of about 1% or less '*%2,

Here we utilize monolayer MoS, grown on graphite as a tunneling barrier to perform
IETS with STM. The recent development of chemical vapor deposition technique enabled
uniform large-scale epitaxial growth of monolayer transition metal dichalcogenides, which is
a strong advantage of MoS, compared to hBN ****. As a semiconductor with a bandgap of
2.1 eV 2, monolayer MoS, behaves as a tunneling barrier for electron transport to the
graphite substrate at low bias. Moreover, its high mechanical strength enables application of
mechanical strain to the graphite underneath with the STM tip ®®. IETS reveals a downward
shift of the phonon energy as the tip pushes the sample, and the shift increases with the tip-
induced strain. Compared with the calculated phonon density of the states (DOS), the IETS

results allow us to correlate the local strain with the phonon energies of graphite.

2. Experiment and Methods

MoS; was grown by chemical vapor deposition on highly oriented pyrolytic graphite



(HOPG) substrate®. MoS, forms a few micrometer size triangular patches with mostly
monolayer and occasionally small regions of bi- or multilayer. For the STM measurement,
Omicron variable temperature STM (VT STM) and a cryogenic 4 probe STM (4P STM) were
utilized. VT STM was operated at room temperature to image the sample down to the atomic
scale, while 4P STM was used to measure spectroscopy since it is more thermally stable at
low temperature (82 K) *'>*. Also, scanning electron microscope (SEM) attached to the 4
probe STM allows finding the micrometer-size patches of monolayer MoS,. Both systems are
operated at ultrahigh-vacuum (~10'10 torr). STM tips were etched from the tungsten wire and
checked by SEM to have the radius of curvature less than 100 nm. Bias voltage Vz was
applied to the sample for all STM measurements. For spectroscopy, conventional lock-in
amplifier technique was used for measuring differential conductivity d//dV, where
modulation voltage was set to 3~10 mV and modulation frequency to 731 Hz. For IETS, the
numerical derivative of dI/dV spectra was taken to extract d’Z/dV*. The phonon DOS of
graphite was calculated with the DFT based frozen phonon method as implemented in
phonopy ** using 4 x 4 x 2 sized supercells. The unstrained crystal structure was taken from
Ref. * for the calculation. For the strained cases, the strain of the in-plane lattice constants
was compensated by a reduction of the out-of-plane lattice constants such that the volume of
the unit cell remained constant. The DFT calculations were performed within the generalized
gradient approximation (GGA) using the Perdew—Burke—Ernzerhof exchange correlation
scheme *® and projector augmented wave potentials >’ as implemented in VASP ***. We

used a 500 eV kinetic energy cutoff and a 5 x 5 x 2 k-point grid for the supercell calculations.

3. Results and Discussion
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Fig. 1. (a) A large-scale topography image of MoS, flake on HOPG (V3 = 2.0 V, I = 50 pA).
(b) Atomic resolution topography images taken on HOPG (Vz = 0.5 V, I = 20 pA), and (c)
monolayer MoS; (V= 0.7 V, I =300 pA). (d) A dZ/dV spectrum taken on monolayer MoS,
with high bias set point (V3 = 2.0 V, I =20 pA). (e) dI/dV spectroscopy on monolayer MoS,

with low bias set point (V3 =10.3 'V, I =50 pA).

Atomic structure of MoS, flakes was observed by taking topography images with
STM at room temperature. Figure 1(a) shows the large-scale topography image of a MoS;
flake on HOPG surface. The MoS, flake on the upper right corner shows typical triangular
shape with the height of about 7 A, while the HOPG step on the left shows only the height of
about 3 A %. Zoomed in topography images on both HOPG and monolayer MoS, regions
show triangular lattices with lattice constants of 2.4 A and 3.1 A, respectively [Figs. 1(b) and
(c)], which matches the reported values *> *°. Also, the MoS, surface displayed larger
corrugation compared to the HOPG, probably due to the defects created during the growth
process *'. Subsequently, electronic structure of MoS, was probed by d//dV spectroscopy,
performed at the low temperature of 82 K to reduce the thermal broadening. Figure 1(d)

shows the typical d//dV spectrum taken over the monolayer MoS,, which shows the bandgap



of about 2.1 eV 227?°_ Here the bias voltage V3 is set to 2.0 V to assure that the tip and the
sample are not in contact and no electrons are tunneling into the HOPG. At this high bias set
point, d//dV is negligible inside the band gap. However, when we lower the bias set point to
0.3 V, we observed the finite d//d}V inside the bandgap again [Fig. 1(e)]. Because the bias is
lower than the conduction band edge of MoS,, this finite d//d}V should come from the
electrons tunneling into the graphite across the layer of MoS,. Moreover, there is a gap-like
feature around the Fermi energy which is symmetric with a size about 120 meV. This gap-like
feature can be identified as an IETS signal induced by the phonon excitations in graphite
because of its symmetric shape at the Fermi energy and the size consistent with the energy

range of the phonons '>*2.
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Fig. 2. (a) d//dV spectra taken at the same location on monolayer MoS, with different set
point currents as indicated in the labels (set point bias V3 = 0.3 V for all spectra). A spectrum
taken on bare HOPG surface is plotted together in dashed gray line for comparison (set point
Vg=0.3 V,1=10 pA). (b) d*I/dV* spectra derived from numerical derivative of dI/dV spectra
in (a). Each spectrum is shifted vertically for clarity, and the horizontal line crossing zero is

drawn with dotted lines.

Interestingly, the IETS signal exhibits a strong dependence on the set point current.
Figures 2(a) and (b) show the d//dV and d*r/dv? spectra, respectively, taken at the same
location on monolayer MoS, with different set point currents. All d//dV spectra show IETS
signal with gap-like features at the Fermi energy, and the gap size decreases as the set point
current increases. In d*//dV* spectra, IETS signal is more clearly shown as symmetric peak-
valley pairs across the Fermi level and they shift toward the lower energy as the set point
current increases. Peak energy starts from about 150 meV at the lowest set point current of 10
pA, and shifts all the way down to 40 meV at the highest set point current of 250 pA. As the
MoS, phonons have energies only up to 60 meV *** the IETS peaks in d*//dV* cannot come
from the MoS, phonons. On the other hand, phonons in graphite have energy from zero to
200 meV '*'>* and thus we believe that most of the IETS signal here originates from the
phonon excitation in graphite. This assignment is supported by a comparison with the d7/d}V
spectra taken on the bare graphite surface [Fig. 2(a)] which shows the gap structure from the
IETS with the similar size. The observation is also consistent with the fact that the electron

tunneling occurs between the tip and graphite, instead of MoS..
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Fig. 3. (a) Changes of the tip height z as a function of the bias voltage for different set point
currents (4z is set to zero at Vp = 2.0 V for each curve). (b) Schematics showing the

configurations of the tip and the sample for different bias voltages.

To investigate the origin of the shift in the IETS signal, we measured tip height z
spectroscopy and examined z dependence on the bias and current. Because the phonon
frequency is intimately linked to the mechanical behaviors of the materials, it is important to
evaluate the geometry changes of the sample surface with tip height at different set points.
Figure 3(a) shows relative tip height 4z while the bias is changing from 2.0 V to 0.5 V for
different set point currents. The tip is shown to move toward the sample rapidly to maintain a
constant current as the bias decreases, and then move significantly slower after a cusp at 1.3 ~
1.8 V. This indicates that the tip movement is impeded due to the contact of the tip with the
MoS; layer at lower bias. Moreover, in contrast to the general trend of decreasing 4z, there is
an upturn in Az slightly below the bias cusp for set point currents larger than 6 pA. It is

speculated that the MoS, layer starts to move towards the tip as the two come in contact,



which gives rise to a small tip retraction in order to maintain a constant current, especially at
high set point currents. Decreasing the bias further from this point requires the tip height
becomes lower than the surface of the MoS; layer, which will push the sample and strain the
sample underneath the tip. The cusp point appears sooner (at lower |4z|) when the set point
current is increased since the tip is closer to the sample for larger set point current. Figure 3(b)
illustrates the tip-sample configurations for the different bias conditions. Note, during these
measurements, there was no noticeable damage to the MoS, layer as confirmed by STM

images, and d//dV spectra were reproducible before and after applying the strain.
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Fig. 4. (a) Calculated phonon DOS of graphite for in-plane strains in the range of 0 % to 15 %
(with out-of-plane strains reduced to keep the unit cell volume constant). Peaks in phonon
DOS are marked with circles, and the most prominent one in each curve is emphasized with a
larger black circle. Each curve is shifted vertically for clarity. (b) Energies of the peaks in
phonon DOS as a function of strain extracted from (a), marked with the same color. (c)
Measured energy changes of the IETS peaks in Fig 2(b) as a function of the tip height (4z is

set to zero for the set point V3 =0.3 V and / = 10 pA). Error bar is FWHMs of the Gaussian



fitting to the IETS peaks.

The effect of the strain on the phonon DOS of graphite was calculated by DFT and
compared with the IETS results. To model the experiment condition, we considered the
graphite lattice that is stretched in-plane but compressed out-of-plane to keep the unit cell
volume constant. We focused on the relationship between in-plane strains and phonon DOS
because out-of-plane strains had a negligible effect due to the much weaker bonding in that
direction. When the in-plane tensile strain is applied to the graphite, it is expected that
phonon energies will decrease because of the weakening of the bonds between the carbon
atoms '°*%. Graphs of calculated phonon DOS, as shown in Fig. 4(a), shift clearly towards
lower energies when increasing the strain level. Prominent peaks in the phonon DOS are
plotted as a function of strain in Fig. 4(b), and the peak energies obtained from IETS spectra
shown in Fig. 2(b) are plotted as a function of tip height in Fig. 4(c). The peak energy of
calculated phonon DOS decreases almost linearly as the strain increases, which is consistent
with the changes of measured IETS peaks as a function of tip height. The IETS peak shifts
about 100 meV when 4z changes from 0 nm to -1.4 nm, which corresponds to a strain about
10 % for the most prominent phonon peak to shift the same amount. A rough estimation of
the strain is also given by ¢ = (Az/w)z, where ¢ is the in-plane strain, 4z is indentation depth,
and w is the width of the contact *”. Assuming that the tip radius of curvature R;, = 5~15 nm,
e = 3~5 % for 4z = 1.4 nm. Both estimations give the same order of the magnitude of
mechanic strain, confirming strain as the cause of the peak shift in IETS. Because of
unknown factors such as tip shape, absolute tip height, and geometry of the sample
deformation, quantitative analysis is not feasible on the tip-induced strain. In addition, large

thermal broadening at the experimental temperature of 82 K, which contributes to dZ/dV by



3.54ksT = 25 meV and d*Z/dV* by 5.4ksT = 35 meV '® prevents from a one-to-one
assignment of the observed IETS peaks to the specific phonons in calculated DOS. A rough
comparison between the DFT and IETS results implies that the IETS signals are mainly from
optical phonons, but the exact assignment would require further investigation such as higher
energy resolution IETS at a lower temperature, or the combination with Raman spectroscopy.
Nevertheless, the current work shows that mechanic strain applied by an STM tip through a
2D semiconducting layer to the substrate is capable of both exciting phonons and detecting

phonon modes at the nanoscale.

4. Conclusion

In summary, we employed monolayer MoS; as a tunneling barrier to conduct IETS
with STM, which revealed the phonons in graphite substrate. STM tip height was controlled
to apply local strain on graphite through the MoS, barrier, and such tip-induced strain
resulted in a decrease in phonon energy and was detected in the peak shift of IETS.
Calculated phonon DOS by DFT were compared with the IETS results, and both show
phonon modes shifting to lower energy as the strain is increased. The qualitative agreement
in the simulated and experimentally derived mechanic strains confirms that the IETS signal
originates from the phonon excitations on the substrate. The results indicate that STM
provides an efficient method to investigate the strain effect on both electronic and phononic
properties when insulating/semiconducting 2D monolayers offer a tunneling barrier. Coupled
with the high spatial resolution of STM, the IETS technique can expand our understanding of
effects of local strain and provide spatially resolved information on the performance of

) . . . 1.5
nanodevices in the strained environment °.
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