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electric field generates a deformation of 
the lattice. The former phenomenon is 
entitled as direct piezoelectric effect, and 
the latter, converse piezoelectric effect. The 
atomic origin of piezoelectricity is centered 
on asymmetric charge distributions gener-
ated by anisotropic bonding between cati-
onic and anionic species. In homogeneous 
bulk crystals, the charge asymmetry strictly 
requires noncentrosymmetric atomic lat-
tice structures, but interfaces, defects, and 
strain gradients can also induce piezo-
electricity in symmetric crystals.[2] Cre-
ating piezoelectricity in technologically 
important materials, such as silicon and 

2D layered semiconductors, potentially enables integrated nano-
electromechanical system (NEMS) devices, including radios, 
switches, tweezers, and mass, and gas sensors.[3] Previously, 
giant electromechanical coupling and pyroelectric figure of 
merit were discovered in the 2D interface between bulk, nonpie-
zoelectric metal and oxide. However, the effect of 1D interfaces 
between 2D materials to piezoelectricity has never been experi-
mentally studied. The question is fundamentally interesting as 
well because 2D materials often show totally different physical 
characteristics from their bulk counterparts.[4]

Several layered 2D materials like MoS2, which possess inver-
sion symmetry in their bulk phases lack centrosymmetry in 
the monolayer limit. Such inversion symmetry breaking on 
the monolayer 2D materials enables nonlinear optical proper-
ties and valley-selectivity.[5] Therefore, there has been a lot of 
interest in investigating in-plane piezoelectricity in 2D lay-
ered materials.[6,7] However, such theoretical and experimental 
investigations have thus far been limited to homogeneous 
single-phase 2D materials like transition metal dichalcogenides 
(MoS2,[8] WSe2,[9] MoTe2

[6]), monochalcogenides (SnS[10,11]), C/N-
based materials (hBN,[12] g-C3N[13]), 2D elements (Se[14]), and 
ultrathin group III–VI binaries (GaAs, InP,[15] In2Se3

[16]), etc.
In the few-layer limit, the presence of piezoelectricity often 

depends on the number layers. Therefore, previous studies have 
been limited to attempts to engineer this symmetry-breaking 
behavior by precise growth of an odd number of layers, which 
requires sophisticated synthesis methods like MBE.[5] In addi-
tion, single-phase in-plane piezoelectricity is also limited by 
edge effects.[17] An alternate way to engineer centrosymmetry 
in bulk 3D materials is in the form of heterointerfaces, which 
break inversion symmetry either by the presence of interfa-
cial strain, in-built electric field, or charge transfer.[2,18] This 

Piezoelectricity in low-dimensional materials and metal–semiconductor 
junctions has attracted recent attention. Herein, a 2D in-plane metal–semi-
conductor junction made of multilayer 2H and 1T′ phases of molybdenum(IV) 
telluride (MoTe2) is investigated. Strong piezoelectric response is observed 
using piezoresponse force microscopy at the 2H–1T′ junction, despite that 
the multilayers of each individual phase are weakly piezoelectric. The experi-
mental results and density functional theory calculations suggest that the 
amplified piezoelectric response observed at the junction is due to the charge 
transfer across the semiconducting and metallic junctions resulting in the 
formation of dipoles and excess charge density, allowing the engineering of 
piezoelectric response in atomically thin materials.

ReseaRch aRticle

1. Introduction

Since the discovery of piezoelectricity in 1880 by J. Curie and 
P. Curie, there has been a constant search for materials capable 
of showing piezoelectricity where mechanical stress can be 
converted to one of the most useful forms of energy, that is, 
electricity.[1] The reverse also is important, that is, applying an 
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approach offers several advantages: i) it provides an expanded 
design space because we have access to multiple materials 
across the interface to tune the piezoelectricity; and  ii) such 
structures show piezoelectric behavior even in the bulk and not 
only in thin/monolayer films.

This interfacial engineering strategy has been used to con-
struct reliable out-of-plane piezoelectricity in layered materials 
by synthesizing Janus monolayers[19] or by engineering van der 
Waals heterostructures using different layered material com-
binations such as MoS2/In2Se3.[17] However, such out-of-plane 
symmetry breaking is usually screened and weakened by the 
depolarization field. Therefore, there is an attempt to empha-
size materials with in-plane polarizations over those exhibiting 
out-of-plane polarizations because the former prevent depo-
larization according to electrostatic boundary conditions.[11] 
Combining these two approaches to engineering in-plane piezo-
electricity using 1D lateral heterointerfaces is a novel technique 
that gives the best of both worlds—in-plane piezoelectricity in 
few-layer and bulk samples without large depolarization fields 
(see the schematic provided in Figure 1).

In this work, we have grown multilayer 2H–1T′ MoTe2 in-
plane homojunctions and demonstrated enhanced piezoelec-
tricity using piezoresponse force microscopy (PFM) supported 
by first-principal calculations. The mechanical robustness of the 
junction is enabled by the simultaneous growth of both phases 
on the same substrate. The piezoresponse amplitude peaks 
at the homojunction interface, as opposed to a step function 
expected from noninteracting 2H and 1T′ films. Density func-
tional theory (DFT) calculations successfully reproduced the 
piezoelectric responses for the 2H phase and 1T′ phase away 
from the interface and at the interface, which are attributed to 
the formation of Schottky junction and charge transfer, exces-
sive mechanical stress and charge inhomogeneity that exist at 
the 2H–1T′ in-plane interface. Our results are promising and 
pave a pathway toward engineering 2D piezoelectricity at 1D 
metal-semiconductor junctions.

2. Results and Discussion

We systematically investigate the mechanism underpinning 
the amplified piezoelectricity observed at the 2H–1T′ in-plane 

homojunction interface of MoTe2. The preparation of MoTe2 
in-plane homojunction is given in the Experimental Section 
and Section S1, Supporting Information. The formation of in-
plane homojunction is validated with the help of Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS), transmission 
electron microscopy (TEM), and Kelvin probe force microscopy 
(KPFM). The Raman signatures of the 2H and 1T′ phases of 
MoTe2  are sufficiently distinct, enabling spatial differentiation 
of the existence of each phase. The out-of-plane Raman-active 
mode A1g  (≈172  cm−1) and in-plane mode E2g

1  (≈232  cm−1) 
are observed in the 2H MoTe2 region and   Raman bands 
such as Au(≈108  cm−1), Ag  (≈127  cm−1), Bg  (≈161  cm−1), and 
Ag  (≈256  cm−1, second order peak) are observed in the 1T′ 
phase Raman spectrum (Figure 2a).[20] The presence of all of 
the Raman bands in the respective regions imply the simulta-
neous growth of both 2H and 1T′ MoTe2 over Si/SiO2. Among 
the set of Raman bands observed in 2H and 1T′ phases, in-
plane modes including E2g

1  (≈232  cm−1, 2H phases) and 
Bg  (≈161  cm−1 1T′ Phase) are seen to be more intense con-
firming the 2D confinement in the grown samples.[21] It is all 
also interesting to note that the dominant peaks of one phase 
are absent or feebly present in the other phase indicating the 
phase purity and homogeneity of each region. To examine the 
nature of 2H/1T′ MoTe2 homojunction, Raman intensity map-
ping is attempted across the interface region seen in the optical 
microscopy image. Within the square region of 50 × 50 µm2 
(Figure  2b), the collected Raman spectrum from the bottom 
region exclusively shows 2H MoTe2 peaks while the top shows 
just 1T′ MoTe2 bands. The Raman bands used for the mapping 
are E2g

1 mode at 232 cm−1 and Bg mode at 161 cm−1 for the 2H 
phase and 1T′ MoTe2  phase, respectively. The Raman mapped 
image (Figure 2b, right) displays the spatial spreading of 2H/1T′ 
MoTe2  homojunction, though the resolution is limited to few 
micrometers to vividly describe the diffusivity of each phase 
into the other phase, if any. The optical dielectric constants of 
2H and 1T′ phases are recorded and provided in Section S2, 
Supporting Information, which helps differentiate and prove 
the presence of both phases in the grown samples. The chem-
ical purity and stoichiometry of the two MoTe2 phases were 
analyzed through X-ray photoelectron spectroscopy. The major 
peaks observed in the 2H phase region high resolution spectra 
are 228.5 eV (Mo 3d5/2), 231.6 eV (Mo 3d3/2), 573.1 eV (Te 3d5/2), 
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Figure 1. Bulk layered materials (2H phase) regain their center of symmetry and lose their piezoelectric behavior while a lateral heterojunction is 
capable of retaining the charge asymmetry and hence piezoelectric behavior both in atomically thin and thick films, thereby opening opportunities to 
bring thickness-independent yet giant piezoelectric responses at 1D interface.
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and 583.5  eV (Te 3d3/2) (Figure 2c,d).[22] The main peaks seen 
for 1T′ phase are at 228.1  eV (Mo 3d5/2), 231.3  eV (Mo 3d3/2), 
572.8 eV (Te 3d5/2), and 583.1 eV (Te 3d3/2) (Figure 2).[23] Here, 
the 2H phase has shown slightly higher binding energy than 
the 1T′ phase. When looking at the atomic ratio of Mo and Te, 
1:2.1 is expected for 2H MoTe2, and 1:1.9 is for 1T′ MoTe2. The 
atomic percentages derived from the survey spectrum follow 
the same trend for each phase with a slight Te deficiency in 
the 1T phase. The microstructure and crystallographic orienta-
tions of grown MoTe2 samples are studied with high-resolution 
transmission electron microscopy (HRTEM). The HRTEM 
images and their fast Fourier transforms (FFT) are displayed 
in Figure  2e–g. The DFT modeled structures are also super-
imposed on the corresponding phases. The 2H region shows 
(Figure  2e) a hexagonal crystal structure while 1T′ is mono-
clinic (Figure 2f). The most important region, that is, the inter-
face, is further examined with the help of aberration-corrected 
scanning transmission electron microscopy. The lower part of 
Figure 2g shows the image of interface region where 2H phase 
and 1T′ phases can be apparently differentiated with a smooth 
and robust interface region.

The in-plane 2H–1T′ MoTe2 homojunctions are further 
examined using Kelvin probe force microscopy (KPFM). 
The reference image seen in the optical microscopy image 
(Figure 3a) clearly identifies the 2H and 1T′ MoTe2 domains by 
their differing contrasts where the inner circular area is com-
posed of 2H phase and the outer area with 1T′ MoTe2. The 
AFM height image and the height line profiles show no sig-
nificant variation in the heights across in-plane 2H–1T′ MoTe2 

junctions (Figure  3b,c). KPFM measures the contact potential 
difference (CPD) between the material and the tip. The values 
[Φ(tip) − Φ(1T′ MoTe2)]/e and [Φ(tip) − Φ(2H MoTe2)]/e, where 
Φ(tip), Φ(1T′ MoTe2), and Φ(2H MoTe2), are the work func-
tions for the tip, 1T′ MoTe2, and 2H MoTe2, respectively, define 
the CPDs on 1T′ and 2H domains of MoTe2. Thus, the work 
function difference between the 2H and 1T′ MoTe2 phases, 
Φ(2H MoTe2) −  Φ(1T′ MoTe2), can be computed. A KPFM 
image and the potential line profiles across the homojunction 
region confirm a sharp 30 mV potential difference between the 
2H and 1T′ MoTe2 domains (Figure  3d,e). The work function 
difference can be described in terms of the Te deficiency in 1T′ 
MoTe2 and the electronic band structure difference between 
the 2H and 1T′ MoTe2 phases. The derived average spread 
value is around 2.44 µm. Extended KPFM results are provided 
in the Section S4, Supporting Information. To precisely define 
the spatial spread of the effect of homojunction, simulations are 
performed on an extended simulation cell of lateral dimensions 
123 Å × 7 Å, containing 80 formula units of MoTe2 (40 units 
of 2H MoTe2 and 40 units of 1T′ MoTe2). Charge redistribution 
at the H–T′ MoTe2 interface, depicted here (Figure  3f) as the 
difference in the charge density of the H–T′ interfacial system 
and the individual parent phases, provides a definition of the 
interfacial width. The majority of the charge redistribution is 
confined to within 9 Å of the interface, which is generally lower 
than the resolution of the surface probe microscopy (SPM) 
scans. Variation in the local potential (sum of ionic potential, 
Hartree potential and exchange correlation potential) across the 
H–T′ MoTe2 interfaceis displayed in Figure 3g. Bending in the 
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Figure 2. Structural characterizations of in-plane MoTe2 homojunctions. a) Raman spectra of 2H and 1T′ regions. b) Optical microscopy image (left) 
where the 2H and 1T′ regions can be identified as they show different contrasts, and Raman mapping (right) of 2H and 1T′ areas based on 235 and 
160 cm–1 bands respectively. c) High-resolution X-ray photoelectron spectra of Mo 3d lines corresponds to 2H and 1T′ phases of MoTe2. A redshift in 
binding energy of the order of 0.2 eV is observed for the 1T′ phase in comparison to the 2H phase. d) A similar redshift is also observed in Te high-
resolution spectra. e–g) High-magnification TEM images of 2H and 1T′ phases and in-plane homojunctions with the FFT pattern in the inset and the 
superimposed DFT modeled structures are also depicted.
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local potential (responsible for band bending) is observed at 
both H–T′ interfaces located at x = 0 and x = 64 Å ( 3g).

To detect piezoelectricity in the as grown atomically thin 
MoTe2 homojunctions, we measure the electric-field induced 
surface deformation using a dual AC resonance tracking 
(DART)-PFM scheme.[24] The field is locally applied by a con-
ductive contact probe, and the electromechanical deformation at 
the surface of atomically thin and flat materials is sensed as the 
first harmonic component of the probe’s deflection. The deflec-
tion amplitude is proportional to the converse piezoelectric 
coefficient and enhanced by the mechanical resonance of the 
probe. Although the probe is primarily sensitive to the out-of-
plane electromechanical motion, an in-plane piezoresponse 
along the cantilever’s direction can also be projected to the ver-
tical deflection of the cantilever.[25] The contribution of in-plane 
and out-of-plane piezoresponse may thus be distinguished by 
different cantilever orientations with respect to the sample 
(Figure 4a). Figure 4b shows the scanning image of topography 
for a typical MoTe2 homojunction, where the 1D interface is 
parallel to the cantilever. The corresponding optical microscopy 
image of the sample under the PFM cantilever is provided in 
Section S5.1, Supporting Information. From the topography 
we found a small apparent height difference of <2  nm across 
the 2H–1T′ homojunction (Figure  4b,c,f) compared with the 
total sample thickness of 10  nm. This apparent step is likely 
due to the difference in probe-sample interaction for the two 
phases. From the amplitudes and phases of the DART-PFM 
measurement (Figure 4d and Section S5.2a,b, Supporting 

Information), we may calculate the apparent electromechanical 
motion of the sample (Figure 4d).[26] The insulating 2H phase 
shows very weak piezoresponse, as expected from the crystal-
line centrosymmetry. The semimetallic 1T′ phase shows finite 
piezoresponse that likely comes from the capacitive force due 
to electrostatic contact potential.[26] The PFM signal’s transition 
between the 2H and 1T′ is smooth, agreeing with the electro-
static potential map (Figure 3). Surprisingly, when the 1D inter-
face is rotated to be nearly perpendicular to the cantilever, an 
enhanced piezoresponse emerges at the junction (Figure 4e,f). 
The difference between the two cantilever orientations indi-
cates that the probe picks up an in-plane force exerted by the 
sample under the applied electric field. Although the apparent 
amplitude of electromechanical coupling is around 2 pm V−1 
at the interface when subtracting the background piezore-
sponse from 1T′ after considering the resonance enhance-
ment factor, Figure  4g, the measured coupling is only the 
partial projection of the actual in-plane piezoelectricity. This 
peak cannot be removed by applying any tip bias, and bears no 
resemblance to the KPFM profile, ruling out pure electrostatic 
effect.[27] It is impressive that, a few unit cells at the interface 
are piezoelectric active and can produce large deformation that 
can be resolved in the SPM methods like piezoelectric force  
microscopy.

To understand the origin of the amplified piezoelectric effect 
near the 2H–1T′ MoTe2 interface, we performed ab initio simu-
lations of 2H, 1T′, and in-plane 2H–1T′ MoTe2 homostructures. 
Specifically, we calculate the in-plane piezoelectric coefficient 
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Figure 3. KPFM measurement of 2H/1T′ MoTe2 in-plane homojunctions. a) Optical microscopy image, b) AFM height image, and c) height line profile. 
d) KPFM potential map of the 2H/1T′ interface. e) Potential profile of (red line) a single line and (black line) the twenty lines averaged in (d). f) Charge 
redistribution at the H–T′ MoTe2 interface, (color codes-red: electron-deficient, green: electron-rich, blue: Mo atom, cream: Te atom). g) Variation in 
the local potential across the H–T′ MoTe2 interface.
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(d11) in these three structures as a ratio between the observed 
change in total polarization (ΔP) and lattice stress (Δσ) in 
response to an infinitesimal lattice strain (ε11). Figure 5a,b 
shows the computed change in charge densities in the 2H (1T′) 
crystal structure due to the application of 1% in-plane lattice 
strain.

The relatively symmetric nature of charge redistribution due 
to lattice strain reflects a relatively minor change in the overall 
polarization of lattice and the correspondingly low value of the 
piezoelectric coefficient, d11 = 3.02 pm V−1 (d11 = 0.19 pm V−1). 
In contrast, when the same lattice strain is applied to the low-
energy atomically sharp α type interface[28,29] between the 2H 
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Figure 4. PFM measurement of 2H/1T′ MoTe2 in-plane homojunction. a) Illustration of the coupling between the in-plane piezoresponse of the sample 
(pink arrow) and the out-of-plane deflection of the cantilever (red arrow) depending on the orientation of the 1D boundary with respect to the cantilever. 
b,c) Topography, c,d) piezoresponse images corresponding cross-sections of the homojunction when the cantilever is aligned (out-of-plane) with the 
2H–1T′ boundary and nearly perpendicular (in-plane) to the 2H–1T′ boundary. f) (top) A small height difference in topography for 2H and 1T′ regions 
due to the difference in tip–sample interaction allows us to accurately determine the phase boundary labeled with thick white shaded line. f) (bottom) 
And when comparing the piezoelectric coefficient profile across the junction for different configurations, an additional peak is observed in the averaged 
piezoresponse cross-section at the boundary for in-plane orientation revealing the amplified piezoelectricity due to the presence of polar charges at 
the interface. g) The modulation in the PFM coefficient value is visualized by drawing the difference between in-plane and out-of-plane configurations 
which is ≈2 pm V−1.

Figure 5. a,b) Redistribution of electron densities in the H and T′ MoTe2 structure due to the application of εxx = 0.01. c) Extensive redistribution of 
electron densities due to 1% lattice strain at the H–T′ interface leads to local dipoles from more electron-deficient (red) to electron-rich (green) regions. 
The redistribution is greatest at the interface and decreases with distance from the interface. The interfacial region has both enhanced piezoelectric 
coefficient (d11) and elastic modulus (C11) relative to the parent H and T′ phases.
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and 1T′ phases of MoTe2, we observe a considerable redistribu-
tion of charge densities and the formation of finite local dipole 
moments, similar to those observed in semiconductor–metal 
Schottky junctions.[2] This redistribution of charge densities 
and the corresponding local dipole is strongest closest to the 
interface and decays with distance away from the interface. 
This large change in polarization is responsible for a large 
value of the measured polarization coefficient, d11 = 3.80 pm V−1 
for the region close to the 2H/1T′ interface. Similar enhance-
ment of piezoelectric coefficients at the 2H–1T′ interface is also 
observed in bilayer and bulk-like simulation cells containing 
lateral homointerfaces between multiple 2H/1T′ layers (see Sec-
tion S6, Supporting Information). Besides, we have also investi-
gated the d31 coefficient values, but they are very small for both 
the individual parent phases and at the interface.

We also performed Bader charge analysis to quantify this 
larger charge transfer in the interfacial system relative to the 
parent 2H and 1T′ phases. Table 1 shows the computed change 
in Bader charge densities for Mo and Te atoms in the 2H, 1T′ 
and interfacial structures due to the application of 1% lattice 
stain. Consistent with the charge redistribution map seen in 
Figure 5a,b, we notice that the transfer of charge between atoms 
across the interface is of one order of magnitude larger than 
that measured in the parent 2H and 1T′ phases. The computed 
charge densities for unstrained and 1% tensile strained 2H, 1T′ 
monolayer MoTe2 as well as monolayer MoTe2 interface between 
2H and 1T′ is provided in Section S7, Supporting Information.

While the observation of an improved piezoelectric response 
due to doping and alloying is relatively well known, such effects 
are accompanied by a softening of the crystal lattice. In con-
trast, in this charge-transfer-based piezoelectric material, we 
notice an improvement in piezoelectric coefficient along with 
a simultaneous improvement in stiffness since the computed 
interfacial elastic modulus (C11 = 208.5 GPa) is larger than that 
of the parent phases H (162.5  GPa) and T′ (178.0  GPa). This 
is consistent with similar observations in other H/T′ and H/T 
TMDC interfaces.[30,31] The hardness and reduced modulus 
values of the 2H and 1T′ phases are experimentally meas-
ured through nanoindentation experiments and the results, 
appended in the Section S8, Supporting Information, are found 
to be the theoretical values.

3. Conclusion

We have investigated, arguably for the first time, the influ-
ence of 1D yet atomically thin and sharp interfaces on the 
electromechanical properties of materials with 2H–1T′ MoTe2 
semiconductor–metallic homojunction as a case study. We 
have successfully grown the 10  nm-thick 2H–1T′ MoTe2 

homojunction via chemical vapor deposition and characterized 
the formation of homojunctions and the phase purity through 
Raman, XPS, TEM, ellipsometry, Kelvin probe microscopy, and 
nanoindentation. The piezoelectric property of the 2H, 1T′ and 
the homojunctions are investigated via piezoresponse force 
microscopy which showed an amplified piezoelectric response 
at the junction that converges to a stable low piezoresponse 
toward the semiconducting 2H phase and nonzero response 
toward the conducting 1T′ phase due to capacitive effects. The 
density functional theory calculations suggest that the enhanced 
piezoelectricity observed at the 2D material interface (1D junc-
tion) is due to the charge transfer across the semiconducting 
(2H) and metallic (1T′) junction which resulted in the forma-
tion of dipoles and excess charge density. Unlike the conven-
tional approaches such as doping and alloying that are usually 
accompanied by the softening of the crystal lattice, we observed 
a stronger piezoelectric response with an improvement in the 
stiffness of the materials. The discovery of giant piezoresponse 
at 1D metal–semiconductor junctions may pave the way for 
realizing NEMS with desirable form factors using existing yet 
cost-effective fabrication methodologies like CVD and PVD.

4. Experimental Section
Synthesis: Molybdenum (Mo) films (3 nm) were deposited to a cleaned 

SiO2/Si substrate via e-beam evaporation of Mo. Later, the sample was 
tellurized inside a furnace by keeping the Te powder upstream relative 
to the 50 SCCM Ar/H2 (15%) gas flow. After purging the carrier gas for 
20 min, the CVD furnace was warmed toward the reaction temperature 
(50 °C min−1). The temperature was maintained at 750 °C for a specific 
duration of growth before cooling down to 500 °C and later the lid of the 
furnace was opened to upsurge the rate of cooling. More details have 
been reported elsewhere.[32]

Characterization: A Renishaw inVia micro spectrometer was used 
to record the Raman spectra and the spatial maps of the samples. 
532  nm laser light with 10% intensity was used to excite the samples. 
A PHI Quantera II with monochromatic Al Kα X-rays was employed to 
collect the XPS spectra of the samples at 148.6 and 26 eV pass energy. 
TEM sample was prepared by PMMA-assisted transfer method. High-
resolution TEM was performed using a FEI Titan G2 60–300 microscope, 
operated at 80  kV, offering sub-angstrom image resolution. KPFM was 
performed on a Bruker Dimension Icon in PeakForce KPFM (frequency 
modulated) mode using a PFQNE-AL probe. Values over the 2H, 1T′ 
and junction region were then averaged. Atomic force microscopy and 
piezoresponse force microscopy were performed with an ASYLUM 
Research probe model “ASYELEC-01-R2” with a silicon tip coated with 
Ti/Ir (5/20). The spring constant and lever air resonance frequency of the 
probe are 2.8 N m−1 and 75 kHz, respectively. The resonance frequency 
of the tip during measurement was 330 kHz on average. A Hysitron TI 
980 Tribo Indenter with Berkovich Probe of radius of curvature 150 nm 
was used to measure the micromechanical properties where a quasi-
load function (max load: 200 µN) was employed for a single indentation.

Computational: Ground-state energies of the optimized interfacial 
structures and bulk crystal supercells were obtained from DFT 
performed using the projector augmented wave[33] method implemented 
in VASP, the Vienna Ab initio Simulation Package.[34,35] The B3LYP hybrid 
exchange-correlation function was used for all simulations.[36,37] Electron 
wavefunctions were expanded in a plane-wave basis set with an energy 
cut-off of 750 eV. The reciprocal space was sampled only at the Γ point in 
the Brillouin zone with 0.1 eV Gaussian smearing of orbital occupancies.

Simulations of 2H–1T′ lateral interfaces were performed on 
48-atom supercells, containing eight formula units each of 2H and 
1T′ MoTe2, in a simulation cell measuring 24.75 Å × 6.97 Å along the 
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Table 1. Change in Bader charges of Mo and Te atoms in 2H, 1T′, and 
2H–1T′ interfaces due to application of 1% lattice strain.

System Mo Δq (e–) Te Δq (e–)

2H MoTe2 −0.009 0.005

1T′ MoTe2 −0.011 0.008

2H–1T′ interface −0.17 0.13
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a- and b-directions. DFT simulations of monolayer 2H and 1T′ MoTe2 
crystals were performed on supercells comprising 4 × 2 × 1 unit cells 
of 2H and 2 × 2 × 1 unit cells of 1T′ MoTe2, each containing 24 atoms. 
Periodic images of these supercells were separated by 10 Å along the 
c-axis to remove artificial image interactions. Self-consistency cycle were 
continued until the energy was converged to within 1 × 10−5 eV per atom 
and forces on all ions were below 5 × 10−2 eV Å−1. Macroscopic electronic 
polarization in all systems was computed using Berry phase expressions 
in accordance with the modern theory of polarization implemented in 
VASP.[38–41] Bader charge analysis was performed using the fast Bader 
charge analysis program developed by the Henkelman.[42,43] All crystal 
and interfacial structures in this study were visualized using the VESTA3 
crystal structure program.[43]
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