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Semiconductor—metal structural phase transformation in MoTe,
monolayers by electronic excitation

Optical control of transformations between semiconducting
and metallic phases of two-dimensional materials can open the
door for phase patterning of heterostructures for 2D electronics
and catalysis applications. This work shows how optically-
induced changes to the electronic structure and Fermi surface
of monolayer semiconductors couple to lattice distortions,
resulting in a more facile phase transformation pathway. This
work highlights photoexcitation as a viable technique for
functionalizing these material systems.
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Optical modulation of the crystal structure and materials properties is an increasingly important technique
for functionalization of two-dimensional and layered semiconductors, where traditional methods like
chemical doping are ineffective. Controllable transformation between the semiconducting (H) and semi-
metallic (T') polytypes of transition metal chalcogenide monolayers is of central importance to two-
dimensional electronics, and thermally-driven and strain-driven examples of this phase transformation
have been previously reported. However, the possibility of a H-T" phase transformation driven by elec-
tronic or optical excitation is less explored and little is known about the potential energy surface and the
magnitude of activation barriers or the mechanism of the phase transformation in the excited state. Here,
we model the electronic and ionic structure of excited MoTe, crystals and demonstrate how electronic
excitation leads to a Fermi-surface-nesting driven softening of phonon modes at the Brillouin zone
boundary and the subsequent stabilization of a low-energy intermediate crystal structure along the semi-
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conductor—-metal phase transition pathway. The significantly reduced barriers for this transformation
upon electronic excitation suggest that optical excitation may enable rapid and controllable synthesis of
lateral semiconductor—metal heterophase homojunctions in monolayer materials for use in next-gene-
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Introduction

Monolayer transition metal chalcogenide (TMC) crystals of the
form MX, (M = Mo, W and X = S, Se and Te) can exist in two
distinct crystal structures — H and T, which show very different
physical and electronic properties. H polytypes are character-
ized by a trigonal prismatic arrangement of chalcogen ligands
around the central transition metal atom, leading to a direct
band-gap semiconductor, whose lack of inversion symmetry
leads to valley-selective electronic properties. T’ polytypes have
a distorted or twisted octahedral coordination around each
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ration two-dimensional nano-electronics applications.

transition metal atom and possess inversion symmetry and a
semi-metallic electronic structure with complex topological
states." Structural transformations between semiconducting H
and semi-metallic T’ polytypes of monolayer TMCs are of great
interest to the development of two-dimensional electronics,**
optoelectronics,”® sensing” and catalysis applications.®’
Controllable transformation between the H and T’ phases
would enable the formation of defect-free and mechanically-
robust'® semiconductor-metal heterophase homojunctions,
which can be used to ensure ohmic contact to two-dimen-
sional semiconductors, where traditional methods developed
for bulk 3D semiconductor processing like highly-doped
tunnel-contacts are ineffective.>'" Significant effort has been
made to understand the global (i.e. not local) transformation
between the H and T’ phases driven by thermal annealing,'?
alloying,"* adsorption,*” strain engineering®'® and electron
injection and charge doping® ™" using experimental and
theoretical methods.

In contrast, optically induced electronic excitation is an
under-investigated method for controlling the potential energy
surface and enabling facile lattice distortions in TMCs. In
addition to taking advantage of reduced activation barriers in
the excited state for faster phase transformation, optical exci-
tation also offers precise sub-micron control over the for-
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mation of chemically-pure dopant-free homojunctions for
micro- and nano-patterning of reconfigurable circuits. This is
relevant for applications like neuromorphic computing, where
the current state-of-the-art relies on thermally-induced struc-
tural phase transformation (and associated change in elec-
tronic properties) in bulk crystalline and glassy chalco-
genides.? Electronic excitation is known to induce ultra-rapid
bond dissociation and atomic rearrangement in other material
systems like graphene,®® transition metal oxides®” and poly-
mers®® and was also shown to introduce large and reversible
in-plane atomic displacements in semiconducting monolayers
like MoS,.>° Recently, Cho et al.*® used laser irradiation to
convert MoTe, monolayers from the H to T’ crystal structure
and realized some of these advantages including micron-scale
phase patterning and dopant-free homojunction formation.
However, this phase transformation was found to be ther-
mally-driven and proceeds primarily by local heating of the
MoTe, sample by the optical pump resulting in the formation
of Te vacancies and other point defects. At the same time,
several recent experimental pump-probe***! and theoretical®>
studies have been attempted to characterize the ionic potential
energy surface and its impact on electron-phonon coupling
and resultant atomic dynamics in the excited state.

However, there have been no experimental reports of exci-
tation-driven H — T’ (or T' — H) phase transformations in this
family of materials. Furthermore, the feasibility of using elec-
tronic excitation to induce these structural changes has not
been investigated theoretically through the quantification of
reaction energies and activation barriers. In this work, we use
density functional theory calculations to provide a detailed
understanding of the mechanism behind lattice distortions
resulting from the electronic excitation of a model TMC mono-
layer of molybdenum telluride (MoTe,). We then investigate
the feasibility of using electronic excitation to induce rapid
semiconductor-to-metal transitions by quantifying activation
barriers for the H — T’ structural phase transformation in
MoTe, monolayers in their ground and excited states. Details
about the simulation of ground and excited state crystals are
provided in the ESIf There is significant interest in phase
transformations in the MoTe, material system owing to the
relatively small difference between the energies of the H and T
polytypes, which makes it a suitable candidate material for the
investigation of rapid and reversible phase transformations.*

H — T structural transformation in the
ground state

We use climbing image nudged elastic band (CINEB) calcu-
lations to quantify the activation barrier for the homogeneous
phase transformation between H and T’ crystal structures in
the ground state. Atomic structures along the NEB pathway are
characterized by three primary displacements.

a. In-plane translation of one plane of Te atoms by ~2 A
along the armchair direction, which transforms the coordi-
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nation around each central Mo atom from trigonal prismatic
to octahedral.

b. Simultaneous in-plane displacement of Mo atoms
leading to the formation of Mo-Mo dimer chains as well as
twisted/distorted octahedral coordination around Mo atoms.

c. Small out-of-plane displacements of Te atoms lying
between dimerizing Mo atoms.

This pathway is informed by the mechanism of the phase
transformation observed in experiments on MoS, mono-
layers®® and is identical to the pathway considered in previous
theoretical studies on TMC systems.****

Time-resolved microscopy of TMC crystals shows that the
H-T' phase transformation in experimental material samples
occurs heterogeneously by nucleation and growth from lattice
imperfections like vacancies, dislocations, dopants, and 1D
defects like edges or boundaries. However, due to the relatively
small lateral size of the simulation cells in this study, we
restrict our discussion to the case of homogeneous phase
transformation between the H and T’ crystal structures, which
can be used to qualitatively compare phase transformation
kinetics at different levels of excitation.

We calculate an activation barrier, E,, of 0.77 eV/MoTe,
(Fig. 1), which is comparable to previously reported values of
0.89 eV (ref. 34 and 35) for the MoTe, monolayer for the same
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Fig. 1 The energy profile of the MoTe, monolayer structure (a) along
the phase transformation pathway from the H (b) to the T’ (d) phases
shows an energy barrier of 0.77 eV at the transition state (c) for the
mildly endothermic (AE = 0.06 eV/MoTe,) phase transformation
process. This barrier, which is much larger than the energy of thermal
fluctuations, explains the poor kinetics of the thermally-driven phase
transformation. The phase transition coordinate along the NEB pathway
is quantified as a normalized mean square displacement of atoms in the
NEB image from the ideal MoTe; H lattice. The unit cells for each crystal
structure along the NEB pathway are indicated by black lines in figures
(b)=(d).
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phase transformation pathway. This kinetic barrier compares
favorably to reported barriers in other TMC materials like
MosS, (1.5 eV-1.88 eV (ref. 16, 36 and 37)). While this difference
in kinetic barriers between the material systems can be par-
tially attributed to the greater relative stability of the semi-
conducting polytype of MoS, over its metallic counterpart
(by 0.5-0.6 eV/MoS, ***®), it is notable that a large barrier of
0.77 eV (which is significantly larger than the energy of
thermal fluctuations) persists even in MoTe, where the reac-
tion energy of the H — T’ phase transformation is small (AE =
0.06 eV/MoTe,). This relatively large activation energy barrier is
indicative of a steep potential energy surface for the atomic
motion and large dynamic stability of the H lattice against
small atomic displacements. In contrast to previous reports of
spatially heterogeneous strain-driven phase transformation,”
we find that homogeneous tensile or compressive strain only
leads to a moderate flattening of the potential energy surface
(and a concomitant lowering of vibrational frequencies as
shown in Fig. S1}) and the H crystal structure remains dynami-
cally stable under large tensile and compressive strains. This
indicates that the barrier for homogeneous phase transform-
ation remains significant even in the strained monolayer.

Electronic structure and dynamical
stability upon electronic excitation

Fig. 2a shows the electronic density of states for the ground
state MoTe, monolayer near the valence and conduction band
edges (see Fig. S2f for the full density of states), showing a
band gap of 1.1 eV, consistent with previous DFT-GGA calcu-
lations, and materials databases.’®*" These bandgap values
are also in good agreement with the experimentally measured
optical bandgap in MoTe, monolayers, but this good agree-
ment is likely due to a fortuitous cancellation of errors within
the DFT-GGA method.”” Within the rigid-band ASCF formal-
ism of the excited state modeling used in this study, the Fermi
level in the MoTe, monolayer upon vertical electronic exci-
tation can be obtained from the integrated density of states
(Fig. 2a, blue) corresponding to the required density of photo-
generated charge carriers. Fig. 2b shows contours of the Fermi
surface within the first Brillouin zone at two representative
excited charge carrier concentrations, n(e-h) = 0.5 x 10"* em™>
and n(e-h) = 1.0 x 10" em™>. The values of n(e-h) explored in
this study (of the order of 10'* ecm™) are well in line with the
experimentally accessible concentration of charge carriers in
two-dimensional materials like TMDCs and graphene due to
chemicals and photodoping.'*?** Furthermore, recent pump-
probe experiments have demonstrated that similar concen-
trations of n(e-h) can be sustained in mono- and few-layer
TMDCs without causing permanent damage to experimental
samples.”® At low values of n(e-h), corresponding to mild
optical excitation, the Fermi surface is localized to pockets at
the K-point, consistent with the direct bandgap of the MoTe,
monolayer. At larger values of n(e-h), the Fermi surface also
shows features around the Z-point in the reciprocal space
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Fig. 2 (a) Density of states for monolayer MoTe, near the band edge
(blue). Integrated density of states (red) is used to calculate the Fermi
level for arbitrary values of electronic excitation, n(e—h). (b) Fermi
surface for n(e—h) = 0.5 x 10 cm 2 to 1 x 10** cm™2 plotted within the
first Brillouin zone, with high-symmetry points marked in blue. The Fermi
surface is localized to the K-point at mild excitation, and exposes
X-pockets at higher excited charge carrier density. The three nesting
vectors, q1, g2 and gz, correspond to reciprocal vectors I'M, TK and I'Z,
respectively. (c) A plot of the phonon band structure of monolayer MoTe;
at three representative exciton densities (expressed in units of cm™2 in the
figure) shows that at the critical exciton density of 1 x 10 cm™2, soft
vibration modes emerge at the M-point (0.5 0 0) at the boundary of the
first Brillouin zone. (d) Eigenvectors of the soft longitudinal acoustic
vibration mode at the M point (0.5 0.0 0.0) showing in-plane wrinkling of
Mo lattice positions leading to the formation of Mo—Mo dimer chains as
well as out-of-plane wrinkling of Te ionic positions.

located between the I' and K points. These Fermi surface states
are connected by nesting vectors g¢,', g,” and g, corres-
ponding, respectively, to the coherent scattering of M, K and
Y phonons. This scattering is accompanied by very strong elec-
tron-phonon interactions, which can significantly affect the
phonon dispersion at these g-points. Similar electron-phonon
coupling effects have been observed in other isostructural and
isoelectronic crystals like MoS, and MoSe, when the Fermi-
level is elevated by electron-doping or electronic excitation.**
Fig. 2c shows the phonon dispersion curve of the H MoTe,
crystal at three representative concentrations of excited charge
carriers, n(e-h) = 0.0, 0.5, 1.0 x 10" em™>, corresponding to
no, moderate and strong optical excitation. While the ground
state MoTe, H crystal is dynamically stable, consistent with
previous studies,*” we identify a pronounced softening of the
longitudinal acoustic vibration mode at the M point (0.5 0 0)
at the boundary of the first Brillouin zone at exciton densities
equal to and greater than 1.0 x 10"* em™>. This observed soft-
ening is qualitatively similar to soft vibration modes observed
in electron-doped TMC monolayers.*® The eigenvector corres-
ponding to this soft mode (Fig. 2¢ and d) includes periodic
inplane displacements of Mo atomic positions with a wave-
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length of /3a in the armchair direction, where a is the lattice
constant and a corresponding periodic out-of-plane displace-
ment of Te atoms above and below the plane of Mo atoms.
These ionic displacements correspond to two of the three
primary lattice distortions observed along the NEB pathway
from the H to T’ phase. Therefore, this pronounced softening
suggests that electronic excitation can reduce the energy of
crystal structures along the NEB pathway.

To understand the impact of soft phonon modes on the
potential energy surface of MoTe,, we calculate the energy of
the excited H crystal as a function of increasing amplitude
along the soft-mode eigenvector at different values of the
excited charge carrier concentration (Fig. 3). In the absence of
significant excitation (i.e. n(e-h) = 0-0.5 x 10" cm™2), the
potential energy landscape is well described by a single quad-
ratic expression, E = k-x*, where x is the magnitude of atomic
displacements from the ideal H crystal structure and the
effective spring constant, k, is proportional to the calculated
phonon frequency at the M-point. Increasing electronic exci-
tation in this regime results in a gradual flattening of the
potential energy landscape, which is reflected in a reduction of
the spring constant, k, going from n =0 to n = 0.5 x 10"* ecm ™2,
However, higher excitations lead to the destabilization of the H
crystal structure leading to a PES which is better described by
a quartic equation, E = k-x*(x*> - 2x,%), where x, is a finite dis-
placement along the soft phonon mode that corresponds to
the structure with a minimum energy for the excited crystal.
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Fig. 3 (a) A plot of energies of the electronically excited crystal as a
function of displacement along the soft phonon mode reveals the pro-
gressive destabilization of the H crystal structure with increasing density
of excited charge carriers and the formation of a metastable ground
state (H*) at high exciton densities around 10 x 10'* cm™2. (b) The meta-
stable H* crystal structure is characterized by periodic reduction of
Mo—-Mo bond distances leading to the formation of Mo—Mo dimer
chains accompanied by an out-of-plane displacement of Te atoms.
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The crystal structure corresponding to x, is characterized by
shorter Mo-Mo bond distances and the formation of well-
defined Mo-Mo dimer chains and the corresponding out-of-
plane displacement of Te atoms (Fig. 3b). This crystal structure
at the energy minimum is closely related to the H* crystal
structure described by Kolobov et al.** However, as Fig. 3 indi-
cates, H* represents a continuum of crystal structures with
differing values of x, at different concentrations of excited
charge carriers.

H — T structural phase transformation
in the excited state

In order to identify if the H* crystal structure provides a low-
barrier pathway for the H — T’ phase transformation, we quan-
tify the activation barrier between the excited phases of the H
and the T’ crystal structures using the CINEB method under
the constraint of constant occupancy of excited energy levels.
Fig. 4 compares the calculated activation barriers for the
H — T’ structural phase transformation in the ground state to
those obtained under intense electronic excitation (n(e-h) =
6-12 x 10"* em™>). The figure shows progressively decreasing
barriers for the phase transformation with increasing excited
charge carrier concentrations. At n(e-h) = 10 x 10! cm™>, the
H* crystal structure is highly destabilized and the calculated
activation barrier falls within the energy range of thermal fluc-
tuations, effectively making the phase transformation spon-
taneous. In addition to changes to the activation barrier, elec-
tronic excitation also greatly affects the relative stability of the
H and T’ polytypes. While the H is the energetically stable
crystal structure in the ground state, the T’ polytype is more
stable for n(e-h) values greater than 6 x 10" ecm™2. This rever-
sal of stabilities has important implications for the reversibil-
ity of the phase transformation. The similarity in the calcu-
lated barriers for H — T" and T' — H phase transformations in
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Fig. 4 The plot of DFT energies along the excited-state NEB pathway
shows a progressive reduction in the activation barriers for the H - T’
phase transformation with increasing concentration of excited charge
carriers. The activation barrier falls within the range of thermal fluctu-
ations for n(e—h) values close to 10 x 10* cm™2. This reduction in bar-
riers is accompanied by destabilization of the H crystal structure relative
to the T crystal structure.
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the ground state (0.77 eV and 0.71 eV, respectively) allows for
thermally-excited phase transformation in either direction.
However, the strong anisotropy in the barriers in the excited
state (0.15 eV and 0.45 eV at n(e-h) = 10 x 10"* cm™?) strongly
favors the forward H — T’ phase transformation. This marked
difference in the effective barriers for the phase transform-
ation and relative energies of the polytypes in excited and
ground state crystals shows that photoexcitation can be an
effective method to induce rapid semiconductor-to-metal
structural phase transformation in monolayers of TMC
materials.

In summary, we have quantified a large activation barrier of
0.77 eV per formula unit for the semiconducting-to-metallic
H — T structural phase transformation for the model TMC
system of MoTe,, which is responsible for the slow kinetics of
this transformation in the ground state crystals. We identify
Fermi-surface-nesting driven progressive softening of vibration
modes at the boundary of the Brillouin zone upon electronic
excitation. Lattice distortions corresponding to the eigenvec-
tors of these soft modes lead to the formation of the meta-
stable H* crystal structure as a low-energy intermediate in the
conformational space between the H and T’ phases. The acti-
vation energy barrier between electronically excited H and T
crystals decreases monotonically with increasing density of
excited charge carriers and reduces to the range of thermal
energy fluctuations at charge carrier concentrations beyond
12 x 10" em™. These results suggest that optically induced
electronic excitation could be a viable method for rapid,
controllable and localized semiconductor-to-metal phase
transformation in the TMC monolayer system.
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