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Two dimensional materials are being increasingly studied, particularly for flexible and
wearable technologies because of their inherent thickness and flexibility. Crucially, one aspect
where our understanding is still limited is on the effect of mechanical strain, not on individual
sheets of materials, but when stacked together as heterostructures in devices. In this paper, we
demonstrate the use of Kelvin Probe Microscopy in capturing the influence of uniaxial tensile
strain on the band-structures of Graphene and WS, (mono and multi-layered) based
heterostructures at high resolution. We report a major advance in strain characterization tools
through enabling a single-shot capture of strain defined changes in a heterogeneous system at
the nanoscale, overcoming the limitations (materials, resolution and substrate effects) of
existing techniques such as optical spectroscopy. Using this technique we observe that the
work-functions of Graphene and WS increase as a function of strain, which we attribute to the
Fermi level lowering from increased p-doping. We also extract the nature of the interfacial
heterojunctions and find that they get strongly modulated from strain. We observe that the
strain-enhanced charge transfer with the substrate plays a dominant role, causing the
heterostructures to behave differently from two dimensional materials in their isolated forms.
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Two dimensional materials, in particular Graphene and transition metal dichalcogenides
(TMDC) such as tungsten disulphide (WSz) have made rapid progress in defining a new
generation of nanoelectronics; these while pushing the performance limits of current silicon
technology also extends the scaling limits to the sub-5 nanometer scalel. One application for
which two dimensional materials are uniquely well-suited is wearable and flexible technologies,
owing to their intrinsic mechanical flexibility/elasticity, and optical transparency?. A variety of
applications, from flexible photodetectors?, transistors*, and photovoltaics® to data storage®, gas
sensors’ and artificial skin®, have thus far been demonstrated, mostly through combinations of
various two dimensional materials. Commonly, devices are grown by chemical vapour
deposition (CVD), where Graphene is used as the electrode®° and TMDCs as the active units'?.

A unique characteristic of most two dimensional materials is the property of tunability,
I.e., their physical and chemical properties can be tuned through varying the number of stacking
layers'?, and/or by application of external stimuli, such as mechanical strain®>'3!# and electric
field*. The role of strain is particularly relevant in flexible and wearable technologies, where
materials would always bear a certain degree of variable strain. Strain is capable of causing
semiconductor-metallic'® and direct-indirect bandgap transitions'®, bandgap change!’, Schottky
barrier height shifts and/or physical debonding®. Whilst they can be detrimental to the device
performance, they can also be harnessed for use in making field effect transistors'®!8 | strain
sensors® and in catalysis'®. Thus, there has been significant progress in understanding the
underlying effect of strain on isolated two dimensional materials. However, real-world devices
use heterostructures of these materials and techniques to study strain induced effects at the
nanoscale in CVD based two dimensional heterostructures would be ideal.

In this paper, using Graphene-WS> heterostructure (van der Waals) on a flexible
substrate (PEN- Poly ethylene naphthalene) as a demonstrator system, we illustrate an in-situ
characterization technique using Kelvin Probe Microscopy (KPM) that enables characterization

of strain transfer in a strain sensitive multi-component system. Using this technique we study
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the effect of strain on the work function of Graphene (1-2 layered), and monolayer-multilayer
(crystal) WSs.

CVD grown multi-layer (1-2 layers) Graphene and monolayer/multi-layer WS; are used
for the study (see Section S1). Graphene-WS; heterostructure are fabricated by first wet-
transferring Graphene onto a PEN substrate, followed by the transfer of WS, (see Section S2).
Optical characterization reveal graphene and WS> to be homogenous and of good quality (see
Section S3). After transfer, the devices were annealed at 100 °C for 40 minutes in room
conditions inorder to improve the adhesion of graphene and WS> with each other and with the
substrate. We chose PEN as the substrate for its higher glass transition temperature (121 °C)
which allowed for annealing at this temperature. Our set-up utilizes a custom-built sample
holder and strain driver for two point bending measurements and KPM (see Figure 1A which
illustrates a schematic of the setup). The atomic force microscopy (AFM) cantilevers (n-doped
Si) were calibrated for their work function against highly oriented pyrolytic graphite (HOPG).
The strain imparted on two dimensional materials from bending a flexible substrate on which
they reside has been approximated using a continuous mechanics model for elastic beams.
Based on this model, shear and normal stresses have been considered negligible since the
dominant deformation occurs along the longitudinal direction. If strong coupling is assumed
between PEN and the two dimensional materials, which is often the case due to strong van der
Waals interaction at the interface, the strain on the two dimensional materials can be
represented by the equation!®® ¢ = tx sin®/d , where 7 is the PEN substrate thickness (200
um), O is the angle between the tangent to the curved substrate and the normal to the clamp,
and d is the distance between the substrate edges (see inset of Figure 1A). In our AFM set-up,
the sample is grounded, and DC/AC bias is applied to the AFM cantilever.

KPM is a form of scanning probe microscopy that measures the electrostatic potential
distribution over a conductive substrate?!. This is done through measurements of the contact

potential difference (CPD) between the two dimensional materials (Graphene, and WSy), and
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the AFM tip. The work function of the two dimensional materials can be derived from CPD,
using the relation @sample (x,y) = Ptip — € x CPD (X,y), where @ is the work function, and e is
elementary charge. Unlike photoluminescence spectroscopy, a commonly used strain
characterization tool for two dimensional materials?>4, KPM measures the changes in the work
function of the materials and not their bandgaps. Therefore, as we demonstrate, KPM enables
measurement of strain influence on zero-bandgap and indirect bandgap materials such as
Graphene and WS> multilayer, respectively, and at the nanoscale. Use of KPM also overcomes
any substrate effects (such as suppression and masking of material dependent signature
vibrational modes), which may limit characterization of strain effects (see Figure S2).
Furthermore, we find that KPM also aid the understanding of charge transport through the
visualization of junction potentials.

Figure 1B is an optical micrograph of a typical sample. Individual WS, domains are
visible, while the Graphene film on which these domains sit is indiscernible with an optical
microscope (due to the high optical transparency and uniform coverage of Graphene). An
example of a KPM scan of the outlined region in Figure 1B is illustrated in Figure 1C. Due to
their atomic thickness, Graphene and WS, (including other two dimensional materials) are
difficult to resolve under normal topographic AFM measurements on flexible substrates (see
Figure S4 A and B), as their thickness is lesser or of the same order as the substrate‘s roughness
(see Figure S4 C). KPM however, resolves them quite distinctly, thus enabling identification.
Figure 1C reveals three regions of distinct electrostatic potentials. These regions correspond to
Graphene (S1), monolayer WS, (S2) and multilayer WS> (S3), respectively. The smaller
potential of monolayer WS, over multi-layer WS is indicative of the thickness (number of
layers) induced lowering of the work-function*2. At zero strain, the work functions (see Figure
2A) of S1, S2 and S3 are 4.75 eV, 4.54 eV and 4.72 eV, respectively. These values agree well
with literature?®=28, and are suggestive of Graphene being in a p-doped state, and WS in an n-

doped state. However, we note that these values can be influenced significantly by the
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environment and vary between samples. For example, we observe that commonly used organic
solvents can influence the work-functions of Graphene and WS; and this occurs at very different
rates (Graphene is more readily affected than WSy); in particular acetone results in an increased
p-doping (see Figure S5), which is likely a result of the electron withdrawing nature of the
carbonyl group in acetone. We associate the differences in the work functions between the two
samples, which were fabricated with a time lag of a month (see Figure 2A and B) to the
fabrication process (such as effects from solvents and sacrificial polymer) and relative
humidity?. We note that for multi-layered WS;, this difference is most pronounced. This is
attributed to the differences in the thickness (81 layers in sample 1 and 91 layers in sample 2)
and to the W:S ratio, both, within (different domains) and across the two samples (see Figure
S6 and Figure S7). We find that the WS, domains are mostly hexagonal (irregular) rather than
triangular as has been commonly reported. This follows from the understanding that shapes of
individual WS, domains can be a strong function of their location during growth on the silicon
substrate (local variations in temperature and pressure in the CVD chamber) that could result
to variations in the W:S ratio, as has been previously studied in MoS;%*3!

We performed an independent set of standard field effect measurements (see Figure 2C)
using a 300 nm SiO2 back gate to further confirm the nature of doping predicted by KPM in
Graphene and WS;. Previous reports have confirmed that adsorbates (H20, O) and charge traps
such as oxygen dangling bonds on the SiO. surface induce p-doping in two dimensional
materials?®>%233; this behaviour, as we explain next, approximates the PEN substrate. We find
that Graphene and WS; are indeed p-doped and n-doped, respectively. The carrier mobility is

estimated using the equation u=(L/WCV)(dls /dV;), where L and W are channel length

and width, respectively, Vps is the source-drain bias and Ci is the gate capacitance (11.505e-9
F/cm?); for graphene and WS, the mobilities are 996 cm? Vst and 0.22 cm? Vis?,
respectively; values typical of CVD grown materials due to larger defect densities (see Figure

S1) that are resultant from contamination (during growth, transfer and handling)343®
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Figure 1: Two dimensional heterostructures on PEN substrate. (A) A schematic illustration of the strain
characterization set-up. Top right Inset is a schematic of the two-point bending apparatus. The strain is estimated
using the equation e = t X sin©/d. Bottom left inset illustrates the heterostructure consisting Graphene/WS;
monolayer/WS, multilayer. B) A false coloured optical micrograph of a typical sample revealing Graphene/WS;
heterostructure placed on a PEN substrate. S1, S2 and S3 correspond to Graphene, monolayer WS, and multi-layer

WS; respectively and (C) Kelvin Probe Micrograph of the highlighted region in (B).

In order to study the effect of strain on the work functions in these regions, we applied a varying
uniaxial tensile stress on the substrate through our strain driver, and recorded the work functions.
We strained the devices below 1 % strain, multiple times to remove any residual stresses that
may have resulted from the annealing step prior to KPM measurements. On the KPM
measurements, we observe that the work function in all the three regions increases with strain
(see Figure 2A and 2B). Furthermore, the fact that the change in the work function of WS,

responds proportionally with Graphene implies an effective strain transfer between Graphene
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and WS. This is suggestive of strong van der Waals interaction/coupling between Graphene
and WS,, which is crucial in determining their charge transfer efficiency and mechanical
stability. We find that the degree of modulation in the work function per unit strain is different
for Graphene and multi/mono layered WS,. These can be calculated on first approximation
using the slope of a linear fit and reach values as high as 0.117 eV for Graphene, 0.098 eV for
multilayered WS, and 0.089 eV for monolayered WS». We emphasize that these are signifcant
modulation in the work functions. The work functions on the reverse cycles are found to not
particularly follow a trend and match the values on the forward cycles, which we attribute to
the viscoelastic nature of PEN and to the fact that slipped Graphene and WS; adhere differently
to the substrate (we discuss this later in the article). We however note the work functions of
graphene and WS; retract to their original state each time after our cyclic measurements. In
cases where graphene and WS slipped, an annealing step on the hotplate at 100 °C for 10 mins
could restore the original work function values for subsequent measurements. Given the
response of the materials to strain being non-linear, we believe an imperfect strain transfer
occurs between the substrate and the two dimensional materials. This implicity indicates that
the geometrical strains do not equal the actual strain felt by graphene and WSz, which stands

contrary to assumption made in literature!2®,

Figure 2: Strain characterization. (A and B) Plots illustrating work function of Graphene, monolayer WS, and
multi-layer WS, on PEN in two different samples; the work function increases with strain. (C) Field effect (gate)

measurements of Graphene and monolayer WS, channels on a SiO; substrate indicating WS; is n-doped, while



Graphene is p-doped. This measurement is difficult to perform on the PEN because of its high roughness, high

defect density and large thickness.

Our observations on the strain induced increase in the work function can be attributed
to the modulation of the electronic energy landscapes (energy band diagrams) of Graphene and
WS,. Such a modulation must originate from the interplay of uniaxial tensile strain and charge
transfer with the PEN substrate since the changes in the work function are significant. The effect
of uniaxial strain on the work function would depend on how the Fermi level and the vacuum
level are modulated (@ = Erermi — Evaccuum). While for bulk materials, these effects are well
understood, for two dimensional materials, particularly TMDCs, the theoretical and
experimental results do not consistently support each other?143¢,

It is understood that in the case of M-X systems (which WS; is) strain can modulate the
in-plane W-S bond length, while distorting the out-of-plane S-W-S in terms of both length and
angle. Tensile strain theoretical calculations'**” suggest that in WS, (unlike MoTey) this results
in the work function to decrease at a slower rate as the vacuum level is also modulated with
strain. However, this is contradictory to our observations (we observe an increase in the work
function), and also to a previous experimental study on WS;%. We attribute this discrepancy to
the nature of theoretical calculations, which considers WS; in its isolated form, ignoring the
effects of substrates and environment. Charge transfer with the substrate, which depends on the
degree of adhesion®% and strain ehanced chemical reactivity*®*! can also play a significant
role in modulating the work function. The chemistry of PEN, which is composed of the
electron-withdrawing aromatic rings and ester groups should induce p-doping (or decreased n-
doping) in the two dimensional materials*’. P doping implies Fermi level lowering or work
function increase as correctly observed in our experiments. Using this line of reasoning, we
attribute the last data point in Figure 2A and B to improved conformation of the two
dimensional materials onto the substrate roughness and their enhanced chemical reactivity from
strain that congruously results in improved charge transfer.
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On the other hand since Graphene is formed by a single sheet of carbon atoms, all the
carbon-carbon bonds get elongated under the uniaxial tensile strain. Strain induced lowering of
Graphene’s work function has been associated to changes in its density of states (DOS)*. An
increase in the lattice parameter is understood to cause an increase in the DOS of Graphene due
to decreased average anisotropic Fermi group velocities. Consequently, increased DOS results
in the lowering of the Fermi level as higher energy electrons can fill the lower energy states.
Overall, this results in an increase in the work function, as has been correctly observed in this
study and in another study, where the substrate was polydimethylsiloxane (PDMS)*. In
comparison however, we observe a relatively larger change in work function. This can be
attributed to our choice of substrate, which unlike PDMS has a smaller Poisson’s ratio, owing
to which Graphene does not undergo significant lateral compression with uniaxial tension??,
and to enhanced p-doping from PEN and adsorbed molecules due to charge transfer. Therefore
Graphene’s Fermi level is more effectively modulated, resulting in a larger change in the work
function.

We performed in situ optical spectroscopic measurements (see Figure S8) to back our
KPM based observations. We find that in the case of monolayer WS, the E2¢* Raman peak that
defines the in-plane vibrations (anti-parallel W and S vibrations) red-shifts by 2.2 cm™ from
strain (2%). In essence, this is indicative of lattice expansion as would be expected from a
tensile strain. The Aig Raman peak that defines the out-of-plane vibrations of S atoms however
is suppressed due to the large back-ground noise (signal). In multi-layered WS> a similar strain
(2%) response is observed as in monolayer; the Exq! red-shifts by 1.77 cm™ upon strain, and the
Aqg peaks which gets evident in multi-layered WS, due to its greater thickness also red-shifts
by 1.06 cm* with strain (2%). This anomolous Aiqg mode softening can be although not entirely
associated to doping and/or to strain and thickness induced changes in intra/inter-layer
bonding**®. For doping to govern this peak shift, the change has to be more significant than

one observed in our case*, and because we observe work function increase with strain, it is
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more likely that the changes in the intra/inter-layer bonding is dominant in the peak shift. Infact
these observations of red-shifts in the Exq' and Asg (With Ezg' > A1g) modes are in a good
agreement with a recent study on the effect of uniaxial strain on the Raman spectrum of WS,*.
In addition, we note from these measurements that monolayer WS is modulated more strongly
than the multilayer counterpart. This greater sensitivity of mono-layer WS, to strain over multi-
layer has also been observed in multi-layered -MoS; and -Graphene, and -exfoliated WS; and
is associated with the variations in the intra-layer bonding as more layers gets stacked on
monolayers of these materials*’~°. In graphene we observe that the signature Raman peaks
become subtle on PEN substrate, partly due to overlapping (G) peaks and partly because of the
suppression from hybridization and larger back ground noise (signal); these factors limit
understanding the strain induced effects in graphene®. Using photoluminescence spectroscopy
we find clear red-shifts in the peak position (that defines direct valence to conduction band
transitions) of both mono-layered and multi-layered WS,. This is indicative of band-gap
reduction and is in agreement with previous reports on WS,%,

Since Graphene, WS monolayers and WS, multilayers have different doping levels and
band gaps, their Fermi levels in an uncontacted state will be different. When in contact, charge
transfer occurs in order to equalise the Fermi levels, which results to the formation of junctions.
We can estimate the nature of these juntions from our KPM measurements. We find that a
Schottky barrier forms at the lateral Graphene/WS; interface, while a type-1 heterojunction
forms at the lateral WS, monolayer/WS, multi-layer interface. In a non-strained state, we
estimate the conduction band offsets and Shocktty barrier height using the following equations

Dwsomuttilayer - Pws2monolayer = AEc — (3/2 x KT x In (Mmono/Mutti)) (1)

Dshockity = DPGraphene - Eaffinity (ws2) 2

Equation 1 makes a Boltzmann approximation, and considers identical doping levels per
unit volume in monolayered and multilayered WS,'?. AEc is the conduction band offset at the

junction between mono and multilayered WS, K is the Boltzmann constant, T is the
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temperature, and Mmono (0.349Mo) and Mmyri (0.569mo) are effective masses of electrons®:. At
zero strain, the conduction band offset between mono-layered and multilayered WS, in sample
1 is computed to be 181 meV. Given the band gaps of monolayered and multilayered WS to
be 2.14 eV and 1.4 eV, repectively®?, this indicates a type-l1 heterojunction. At the
Graphene/mono-layer WS; junction, for the given electron affinity (Eatfinity)>® 0f 4.0 eV for WS,
we estimate a Schottky barrier height (®shockity) Of 0.6 €V (using equation 2). This value matches
with our experimental field effect measurements on SiO2 substrate in a previous study!. This,
while backing the accuracy of results also supports our reasoning of approximating the p-doping
nature of SiOo.

We however emphasize that these band offsets and the barrier height at the junctions
also possess an offset due to interactions with the underlying Graphene film (this interaction is
in the vertical direction and is expected to originate from the formations of dipoles rather than
from Schottky barriers, owing to the atomic thicknesses of WSy). For this discussions of our
results it is sufficient that we focus on the Fermi levels of Graphene and WS; since both the
nature and magnitude of the juntions is dependent on the differences in the Fermi levels between
Graphene, monolayered and multilayered WS,. The difference between Fermi levels of
Graphene/WS; monolayer and WS, monolayer/WS; multi-layer can be obtained by computing
the difference in their CPDs>* (ACPDwszmonolayer-Graphene and ACPDwszmonolayer-ws2multilayer)
ACPDws2monolayer-Graphene/ws2multilayer) = Pws2multilayer- @Graphene/ws2monolayer = 4 EFermi (3)

Figure 3A represents a typical KPM line scan at 0.6 % strain. The highlighted region
marks the WS> monolayer/WS, multi-layer interface. A value AErermi = 0.145 eV, and a
depletion width of 2 um can be extracted from WS> monolayer/WS, multi-layer junction (see
Figure 3A). This indicates that the Fermi level of WS> monolayer is higher than WS, multilayer
by 0.145 eV, suggesting a p-n junction at the interface. We further estimated the built-in
potential and the field by fitting the junction with a sigmoidal function (see Figure 3B). The

built-in potential is 0.14 eV. If we approximate WS, multilayer for MoS, monolayer (a
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reasonable approximation on the basis of similar bandgaps), this value matches with the
experimentally observed open circuit voltage of WS,/MoS; junctions®. The derivative of the
sigmoidal fitting is illustrated in the inset of Figure 3B and represents the electric field profile
at the interface. The maximum field is at the centre of the depletion region (162 mV/um). The
effect of strain on the built-in potential, hence electric field is illustrated in Figure 3C (see Figure
S9 for sample 2). We note that the built-in potential shows a non-linear behaviour with strain:
a decrease is akin to applying a forward electrical bias and an increase akin to applying a reverse
electrical bias. Regardless of the direction, this has significant implications as junctions govern
the electrical (charge flow) and optoelectronic (photo -voltaic and -conductive) functioning of

two dimensional heterostructure based devices®.

Figure 3: Heterojunctions characterization. (A) A KPM line scan on sample 1 when strained at 0.6 %. The region
with arrows is the interface between monolayer WS, and multilayer WS, which behaves like a p-n junction with
a built-in potential of 0.14 V and depletion width of 2 um. Inset is the KPM micrograph of sample 1 at 0.6% strain.
(B) The junction is fitted with a sigmodial function, and its derivative is plotted in the inset which represents the
electric field profile; the direction of the field is from multi-layer WS, to monolayer WS,, and (C) Plot illustrating
strain modulated junctions. Strain can either increase or decrease the Schottky barrier height and built-in potentials
at the Graphene/WS; and monolayer WSy/multi-layer WS; interfaces, respectively, due to anisotropic modulation

of the work functions.
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We now analyze the energy band diagrams of Graphene and mono/multi-layer WS>
under relaxed and strained conditions. In their isolated states, the Fermi levels of the Graphene,
mono and multi-layer WS are different and distinct with respect to each other and the AFM
tip. From the KPM and gate sweep measurements, we deduce that the AFM tip and WS; are n-
doped, while Graphene is p-doped (see Figure 4A (red dashed lines)). When the two
dimensional materials are in contact with each other, an equilibrium is achieved such that a new
Fermi level is established under zero strain conditions (represented by the green dashed lines in
Figure 4B and 4C). The uniaxial tensile strain disturbs the equilibrium (giving rise to quasi
Fermi levels). In Graphene, the Fermi level moves downwards due to increased DOS and
enhanced electron transfer to PEN and adsorbed molecules from strain mediated increase in its
adhesion and chemical reactivity; Graphene becomes more p-doped. No significant shift in the
vacuum level is expected based on theoretical foundations®. Overall, this results in an increase
in the work function. The new Fermi level of Graphene synergistically affects WSz. In WS;,
with strain, the electrons diffuse into Graphene due to Graphene’s lower Fermi level; this
consequently lowering its Fermi level. Thus, decreased n-doping of WS> depends on how well
Graphene gets p-doped. In addition, strain enhanced chemical reactivity can further p-dope WS..
This is in agreement with our experimental observations: changes in the work function of WS;
closely follows that in Graphene. However, for the work function to increase in WSy, its vacuum
level, which is theorized on first principle calculations to decrease with strain'*, has to decrease
at a slower rate than the decrease in its Fermi level from charge transfer (and it does as observed
experimentally in the present study). Furthermore, we note a monotonous bandgap shortening
in WS, from the application of uniaxial tensile strain using photoluminescence spectroscopy
(see Figure S10A), which complements the literature?®4°,

We also observed drops in the work functions at certain strains (see Figure S10B), which
were followed by an increase. We attribute these drops to slippage or slip-driven relaxation.

Slippage is a phenomenon commonly observed in two dimensional materials under unanchored
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conditions®® (as in this study), and deteriorates the adhesion between Graphene and WS, with
the substrate resulting in an ineffecive strain and charge transfer. Slip is also evident on our
photoluminescence spectroscopy measurements (Figure S10A). Overall, clear signatures of
strain induced changes in the electronic landscape of the heterostructures can be recorded using
KPM. While our results highlight the importance of gaining better knowledge of strain induced
effects in such application-oriented heterostructures, these initial findings need further
investigation by research groups specializing in atomic-scale, as well as finite element

modelling to verify the nature of band-alignment and strain transfer.

Figure 4. Energy band diagrams. (A) Electronic energy landscapes of AFM tip, Graphene, monolayer WS, and
multi-layer WS; under equilibrium and isolated conditions. AFM tip and Graphene in p-type doped, while WS; is
n-type doped (red dashed lines are the Fermi levels). At zero strain we estimate a Schokkty barrier height of 0.6
eV at Graphene/monlayered WS, junction, and a conduction band offset of 181 meV between
monlayered/multilayered WS,. (B and C) Uniaxial tensile strain influenced energy band diagrams of the
Graphene/WS; heterostructure. The green dashed line represents the equilibrium Fermi level. (B) Uniaxial tensile
strain downshifts the Fermi level of Graphene (Eg), illustrated by the increase in the contact potential difference
(CPD). (C) Uniaxial tensile strain downshifts the Fermi level (Ef) of WS, (mono and multi- layer), as well as
decreases the vacuum level (Evacuum) and shortens the bandgaps. The decrease in the Fermi levels of Graphene and

WS; is attributed to strain induced effects and charge transfer.
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In conclusion, we have demonstrated an in-situ characterisation technique based on
KPM for studying the underlying effects of varying uniaxial tensile strain in Graphene/WS>
heterostructures. We report pronounced changes in the work functions of Graphene, mono and
multi-layer WS, and their junctions. We note that WS; in heterostructure configurations behave
differently to how they would in isolation. Our findings are important for both device
engineering, as well as for the studies of two dimensional heterostructures. We emphasize that
the use of KPM is not just limited to two dimensional materials, but to any study that requires
realization of strain modulation in individual components with a nanoscale resolution in a
multicomponent system and in the study of spatial strain distribution in a homogenous system.
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