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Abstract
In the context of advanced nanoelectronics, two-dimensional semiconductors such as transition
metal dichalcogenides (TMDs) are gaining considerable interest due to their ultimate thinness,
clean surface and high carrier mobility. The engineering prospects offered by those materials are
further enlarged by the recent realization of atomically sharp TMD-based lateral junctions,
whose electronic properties are governed by strain effects arising from the constituents lattice
mismatch. Although most theoretical studies considered only misfit strain, first-principles
simulations are employed here to investigate the transport properties under external deformation
of a three-terminal device constructed from a MoS,/WSe,/MoS, junction. Large modulation of
the current is reported owing to the change in band offset, illustrating the importance of strain on
the p—n junction characteristics. The device operation is demonstrated for both local and global
deformations, even for ultra-short channels, suggesting potential applications for ultra-thin body

straintronics.

Supplementary material for this article is available online
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The development of advanced semiconductor technologies
relies on the continuous increase in performance of integrated
circuits, achieved so far by the miniaturization of their ele-
mentary components, mostly field effect transistors (FETs) and
diodes [1]. As those conventional devices enter the nanometer
regime, this technological growth is facing severe issues,
including substantial variation and low reliability of the device
parameters, poor gate controllability and short channel effects
[2]. In this context, two-dimensional (2D) layered materials
such as graphene, hexagonal boron nitride, transition metal
dichalcogenides (TMDs), phosphorene, silicene, germanene,
stanene, ... [3, 4] are gaining considerable interest. Their ulti-
mate thinness and dangling-bonds-free surface would enable

* Author to whom any correspondence should be addressed.

device miniaturization at the atomic scale, while improving
electrostatic control and suppressing short channel effects sig-
nificantly [5].

Among 2D materials, TMDs are promising candidates
for electronic applications due to their semiconducting char-
acteristics and high carrier mobility [6, 7]. Single-layer TMDs
exhibit a Young’s modulus of about 200 GPa [8], greater than
most 2D materials, making them appealing candidates for
flexible electronics [9]. In addition, TMDs are able to sustain
strains of 6%—10% before breaking [10]. The combination of
those mechanical features with their tunable electronic prop-
erties reflects the enormous prospects of those materials for
straintronic applications [11]. In particular, strain was found
to tune the carriers mobility [12] and effective mass [13, 14],
causing subsequent modulations of the on-state currents in
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Figure 1. Three-terminal-device based on 2D lateral heterojunctions (a) The elementary transistor is composed of top (T) gate, back (B) gate,
source (S), drain (D) and a MoS,/WSe,/MoS, heterojunction as the channel. The lengths of the top gate and the WSe, channel are denoted
L, and Lws,, respectively. (b) The interface is either zigzag (top) or armchair (bottom), while the WSe, strip is strained by an amount

(1 + €,) along the transport axis.

TMDs transistors [15-17]. Similarly, piezoresistivity was
reported in nanoelectromechanical devices [18] due to the
band gap sensitivity on strain [19, 20].

The integration of TMDs into developing nanoelec-
tronics is further enlarged when forming heterostructures
(HSs), either vertically by stacking single-layers [21-24] or
laterally by stitching them together [23-26]. TMD-based
vertical HSs have demonstrated great potential for electronic
applications, including solar cells [27], complementary metal-
oxide-semiconductors [28], p—n diodes [29] and photo-
detectors [30]. In comparison, lateral HSs exhibit similar p—n
junction behaviors such as rectifying properties [31] and
photovoltaic effects [32], while displaying higher carriers
mobility [33]. As interaction between constituents is stronger
and more localized than in their vertical counterparts, those
systems provide an exciting one-dimensional platform for
quantum engineering [26].

Since dissimilar TMDs always exhibit lattice mismatch,
strain effects are unavoidable when forming lateral junctions.
While this feature essentially governs interfacial properties
such as band alignment or charge redistribution effects [34], it
concurrently offers engineering possibilities at the atomic
scale. Those prospects are further motivated by recent
advances in growth, where remarkable control over sharpness
[35, 36] and strain [34, 37, 38] was demonstrated at the
interface. In essence, the structure of the junction can be
designed in a controllable manner through the type of sub-
strate [34], the supercell dimension [37] or the growth process
[38]. On this basis, tunnel FETs based on TMDs lateral HSs
were found to be ideal for ultra-low power consumption
devices due to the presence of misfit strain [39]. Conversely,
the opportunities opened by the application of extrinsic strain
in those systems remain yet to be explored.

Strain can be introduced in 2D materials uniaxially by
bending or elongating the substrate while piezoelectric
stretching or thermal expansion generate biaxial strain [40].
The layer is then deformed globally, with an amplitude of at
most 3% when stretching the substrate [41]. Asymmetric
strain profiles emerge when those techniques are combined
with materials showing different mechanical and thermal
properties. In parallel, local strain is applicable through
diverse methods such as pressurized blisters, blown-bubble,
tip indentation and ripple formation [42]. Alternatively,

tuning the substrate protruding features enables precise strain
accumulation as the overlaid material conforms to the surface
morphology owing to the strong interfacial adhesion [43].

In this work, we investigate the charge transport prop-
erties of a three-terminal device constructed from a
MoS,/WSe,/MoS, heterojunction (see figure 1(a)), with the
WSe, channel strained uniaxially along the transport axis.
Charge density is modulated in this central region by the top
gate voltage (V) whereas an electron doping of 5 x 102
cm™ ~ is imposed in the MoS, contacts upon application of a
back gate, in agreement with values reported in the literature
[44]. At such doping levels (below 10'*cm™2), the band
structure can be assumed to be shifted rigidly [45]. The cur-
rent is computed in the ballistic regime using the Landauer
formula [46] for a drain-source voltage (Vg,) of 0.1V, based
on first-principles simulations performed with OpenMX
[47-49]. Owing to the impossibility to directly simulate the
insulator and the top gate, the analysis is restricted to the sub-
threshold regime while V, is modeled as an electric potential
(U,) added to the Hamiltonian. This also means that the
fringing of the electric field or quantum capacitance effects
are not included in the simulations. Additional information
are provided in the supplementary material.

Compared to state-of-the-art simulations, the present
computational framework aims at providing an accurate
atomic-scale analysis of straintronics in lateral junctions of
TMDs, assembled into devices extending over tens of nan-
ometers. The complicated physics of those systems is expli-
citly described by first-principles methods, as opposed to
semi-empirical techniques which require a proper calibration
of parameters. Typically, strain effects are included using an
effective mass approach [50, 51] or maximally localized
Wannier functions [39, 52, 53]. Such models are however
fine-tuned on isolated materials, thus disregarding the com-
plex interplay between strain and interfacial effects. Impor-
tantly, the role of the latter on the transport properties of
strained heterogeneous devices based on 2DMs remains
mostly unexplored. Those issues are addressed herein with an
intermediate framework that offers an adequate trade-off
between accuracy and scaling. In this context, MoS,—WSe,
lateral junctions are ideal candidates for investigation using
ab initio simulations, since their electronic properties differ
substantially from their pristine counterparts owing to the
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Figure 2. Interfacial properties of MoS,—WSe, lateral junctions. (a)—(d) Excess charge as a function of the distance from the interface

(indicated by a dashed line), as obtained from a Mulliken population analysis for the zigzag interface at €, =

— 2% and €, = 4%. The dots and

triangles represent M and X atoms, respectively. Local density of states (LDoS) as a function of energy and position along the device length
at various strains, for both (e), (f) zigzag and (g) armchair interfaces. The valence and conduction band edges are highlighted in white.

noticeable lattice mismatch and the different chemical com-
pounds involved.

1. Interfacial properties of MoS,—WSe, lateral
junctions

Covalent bonding limits the constitutive TMDs to display
relatively similar lattice structures, such that a coherent
interface is energetically favored. In recent years, it was
demonstrated that MoS,—WSe, lateral junctions can be syn-
thesized as atomically sharp semi-coherent interfaces
extending over tens of nanometers [34, 36], despite their
noticeable lattice mismatch and the different chemical com-
pounds involved. Those last features make this specific
junction of particular interest, as demonstrated further.
Figure 1(b) illustrates the applied strain profile and the two
types of commensurate systems that are considered herewith.
Although both zigzag and armchair interfaces are observed
experimentally, the former one tends to be the preferable
direction for growth [34, 38, 54-56]. Along the junction axis,
the WSe, strip is constrained to the lattice structure of MoS,,
resulting in a strain of 3.9%.

The relative alignment between the energy bands of
TMDs is dictated by the transition metal d-orbitals and the
chalcogen p-orbitals [57], with the position of the bands
extrema increasing in energy with the atomic numbers. At the
interface, the band offset is affected by the lattice mismatch
and the electric dipoles resulting from bonding asymmetries.

Figure 2 presents the excess of charges at the zigzag
interface and the junction local density of states (LDoS),
illustrating the joint roles of strain and the interface geometry

on band offset. First, the amount of charge exchanged is
found to depend on the type of covalent bonds at the junction.
A net charge gain is observed in MoS, as the d-orbitals of Mo
act as electron accommodators. Conversely, charge accumu-
lation is absent in the armchair configuration as Mo and W
atoms form pairs of equivalent bonds. Second, a zigzag
interface results in two asymmetric junctions whereas an
armchair interface has a two-fold rotational symmetry. This
structural (a)symmetry generates a similar (a)symmetry in the
charge redistribution. These two discrepancies imply that
zigzag and armchair interfaces display contrasting LDoS. At
similar strain, the LDoS is found to be symmetric for the
armchair interface while an asymmetric band bending occurs
for the zigzag one, in agreement with [58, 59]. The band
bending slope is dictated by the charge build-up at each
interface, as electric dipoles generate a potential gradient
along the WSe, strip. Strain influences the amount of charge
transferred across the junction as well as the band gap of
WSe,, with the former effect altering band bending while the
latter affects band offset. The flat bands reported for —2%
constitutes a singular case of inversion of the slope sign.
Zhang et al [34] used scanning tunneling microscopy to
measure the band alignment in MoS,—WSe, lateral junctions
grown on a WSe; single-layer. The misfit strain was found to
induce a type II to type I transition, owing to the band gap
reduction in MoS,. Correspondingly, the valence band offset
(VBO) was approximately estimated to 0.65eV while the
conduction band offset (CBO) was determined to be 0.40 eV.
From our calculations, the VBO and the CBO for the most
stable zigzag configuration (e, = 0.5%) are found to be 0.4 eV
and 0.22 eV, respectively, yielding a type II heterojunction.
This estimation of the VBO is in good agreement with the
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Figure 3. Transport properties of a MoS,—WSe, based three-terminal device. (a) Transfer characteristics for the lateral junctions of MoS, with
a central strip of WSe, for a channel (gate) length of 5.8 nm and an applied bias of V4, = 0.1 V. The corresponding LDoS as a function of
energy and position along the device length and the current density spectrum, for €, = 4% at (b) U, = — 0.6 eV and (c) 0.8 €V. The source

and drain quasi-Fermi energies are denoted as i, and p,, respectively.

theoretical work of Guo er al [60], illustrating the strongly
pinned nature of lateral systems.

2. Transport properties of MoS,—WSe, lateral
junctions

Figure 3(a) displays the current across the junction (I45) as a
function of strain and the carriers density inside the channel
(o, wse,)» resembling the transfer characteristics of a FET
operating ideally in the sub-threshold regime [61]. Within the
present computational framework, 7o wse, is preferred to U,
to characterize the channel due to its experimental accessi-
bility using inversion charge measurements from capaci-
tance—voltage characteristics. While this approximation
implies that typical transistor parameters (sub-threshold
swing, transconductance, ...) are not obtainable, strain-related
effects under electrostatic gating are accurately described. For
a 5.8 nm channel, strain-tuning of the current is predicted as
15 increases (decreases) with compressive (tensile) strain.
Note that the current plateau observed for €, = — 2% does not
correspond to the saturation regime as doping remains quite
low. Lastly, the proper operation of the top gate is illustrated
in figures 3(b), (¢), where U, is shown to modulate the energy
levels of electronic states located inside the channel.

Owing to the device ultra-short channel, /45 stems for the
most part at low doping from quantum tunneling currents
instead of thermionic ones. Such simple analytical approach
also offers significant insight on the predominance of certain
strain-dependent transport features. In the case of a rectan-
gular potential barrier, tunneling transmissions are expressed
as

T(E) = 1/(cosh®(Bw) + (7/2)* sinh*(Bw)) ey

where (% =2m*(E, — E)/h*, v=3/k—k/B. The barrier
width, height and the carriers effective mass are denoted w,
E, and m", respectively. First, strain effects on the
band structure are represented in figure 4(a), showing an

indirect-to-direct transition of the band gap. Consequently,
the current is expected to exhibit an energy-dependent dis-
tribution between the K and Q valleys. In this analysis,
the former contribution is disregarded as electronic transport
is demonstrated to originate predominantly from the Q
valley (see supplementary information). Second, the
strain dependence of the model parameters is depicted in
figures 4(b), (c), with w kept as an additional degree of
freedom. The band gap (E,) of strained WSe; is provided for
comparison with the barrier height, corresponding here to
the CBO. An almost identical dependence is reported
between the two, in agreement with previous measurements
on Schottky barriers for metal-contacted WSe, [62], indi-
cating the strain-free character of the VBO and the strongly
pinned nature of lateral systems. As concerns m”, only the
radial part is considered here, owing to the equivalent
behavior between this latter component and the transverse
one [15-17, 63]. Its estimation is in satisfactory agreement
with previous theoretical works [63, 64], as m™ is found to
increase with uniaxial strain, similarly to the case of biaxial
strain in other TMDs [15-17].

Figure 4(d) displays the transmissions obtained from
first-principles and the tunneling model, where w is deter-
mined to yield the best fit. Interestingly, the analytical model
predicts w to decrease with strain, consistently with
figures 2(e)—(f). The potential shape changes from rectan-
gular to triangular as strain increases, due to the aforemen-
tioned band bending effect. The discrepancy between the
channel length and w results most probably from the model
simplicity and the assumption of an isotropic effective mass.
Lastly, transmissions deviate more for larger deformation
due to the diminishing contribution of the Q valleys, causing
the wave function to present a more pronounced mixed
character. This phenomena generates larger transmissions
due to the underlying increase in DoS, as illustrated for
€, =4%.

The output characteristics are depicted in figure 5(a)
at several gate potentials for both compressive and tensile
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Vas= 0.1V and U, = 0 eV while the legend in the inset indicates the barrier width.
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function of energy and position along the device length and the current density spectrum when Vy; is increased to 0.8 V, for (c) €, = — 2%

and (d) 4%. The quasi-Fermi energy of the source is denoted as j.

strains. The current is seen to increase exponentially at small
voltages (see inset), with a sensitivity on Vy, that intensifies
with strain. This discrepancy originates from the stronger
electric field induced by the larger charge transfer across the
junction when €, =4%. The steeper band profile then results
in an increased sensitivity of the barrier height, as indicated
by the sharper drop in figure 5(b). The linear region is reached
once Vg is large enough to compensate for the potential
barrier, typically above 0.5V. The saturation regime is
attained after a transition of about 10 kg7, where negative
differential resistance is reported in agreement with previous

theoretical works [65]. The current non-monotonic behavior
stems from strain-induced variations in the channel DoS, as
illustrated in figures 5(c), (d). At gate potentials close to
0.8 eV, an improved alignment between incoming and chan-
nel states increases the number of modes available for
transport. Such effects is greater for tensile strain, in contrast
with currents computed in the subthreshold regime for which
compressive strain exhibited better transmissions.

It was assumed to this point that the channel and the top
gate overlap perfectly, although their lengths would evidently
differ in practice. Such discrepancy could then degrade the
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device performance or impede its proper functioning. To
address this concern, the region under electrostatic gating (L)
is extended beyond the WSe, channel. Figure 6(a) presents
the on- and off-current values for L, ranging from 5.8 nm to
9.3 nm, with the on-currents defined when U, = — 0.4 eV and
the channel fixed at 5.8 nm. It appears that both I3 and
no,wse, substantially increase with L, in the off-state whereas
the on-state appears mostly unaffected. While strain-induced
current modulation remains, extending the gate beyond the
interface reduces the gate controllability for ultra-short
channels at low doping due to the greater charge transfer.
However, this detrimental effect is expected to subside for
longer channels.

Figures 6(b), (c) displays the transfer characteristics for
Lyse, = 8.7nm and 11.6 nm, showing an improved strain-
controllabilty when the channel lengthens. The current
becomes mostly thermionic as the tunneling contribution
dwindles, while observing an almost constant 7igwse, €Vi-
dences its reliability to characterize the carriers statistics
inside the channel. It can be assumed from previous theor-
etical works [39, 66] that other parameters related to the
device electrostatic integrity improve as it scales up.

Although some strategies enable to locally strain the
system in the channel, the MoS, region would in reality be
deformed as well. Figure 6(d) presents the current char-
acteristics when the MoS, leads are strained uniaxially with
the WSe, strip, under the requirement that fiys, = 5 x 10'?
cm . A noticeable noise is reported but the strain-con-
trollabity remains overall acceptable. While current modula-
tion is absent for compressive strain due to the ultra-short
channel, this feature is well preserved in the more practical
case of tensile strain. In this regard, functional operation for
global strains represents a decisive advantage of heter-
eojunctions over mono-crystals, where strain-induced current
modulation occurs only for local deformations.

Lastly, the impact of defects has been neglected even
though their presence at the interface has been observed
experimentally [34]. In spite of their fundamental role in

strain relaxation mechanisms, defects are not expected to
substantially affect the device performance. Indeed, Cao et al
[67] demonstrated that optoelectronic properties of lateral HS
are only minimally affected by interfacial imperfections. On
the contrary, those defects could represent an intriguing
playground for the design of additional strain-induced trans-
port mechanisms.

3. Conclusion

In summary, a MoS,—WSe, lateral HS is studied by means of
first-principles quantum transport simulations. A type-II band
alignment is reported, with band bending occurring at the
junction vicinity for zigzag interfaces. Strain is observed to
significantly influence band alignment by increasing both the
band gap in WSe, and the charge transfer across the interface.
Transport calculations in the zigzag configuration reveal
strain-induced current modulation, as tunneling and ther-
mionic transports depend exponentially on the CBO, in
contrast with the moderate gain theoretically predicted in
n-type MX, FETs [15-17]. The device operational robustness
is demonstrated for global strain and non-ideal gating profiles
while current modulation is shown to improve with the
channel length.

This theoretical work represents a preliminary step
towards the demonstration of the unique platform that con-
stitutes TMDs lateral junctions. Those systems are at the
scaling limit of quantum engineering due to their ultimate
thinness and similar chemical environment [68], contrary to
mixed-dimensional architectures where WSe, is more per-
turbed [62, 69], while decisively operating at any strain field,
in contrast to mono-crystals. In the context of strain sensors,
the gauge factor should be estimated, as strain gauges com-
parable to that of state-of-the-art silicon sensors were already
demonstrated for MoS, devices [70]. In the scope of low
power electronics, one should consider the tunnel FET for its
improved sub-thermionic operation, where strain-tuning of
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the band alignment would be extremely useful. From a
computational perspective, semi-empirical studies based on
more advanced Poisson solvers are required, thus providing
the device complete transfer characteristics and further insight
into its transport mechanisms.
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