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Photo-induced lattice distortion in 2H-
MoTe, probed by time-resolved core level
photoemission
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The technological interest in MoTe, as a phase engineered material is related to the
possibility of triggering the 2H-1T' phase transition by optical excitation, potentially
allowing for an accurate patterning of metallic areas into a semiconducting canvas via
laser irradiation. In this paper, we investigate the photo-induced modifications of a bulk
2H-MoTe, crystal by means of time-resolved X-ray photoemission spectroscopy. We
observe that in the microsecond timescale, the core levels shift to higher kinetic
energies due to surface photovoltage fields, while in the sub-nanosecond range, the
photoemission peaks shift in the opposite direction. With the support of DFT
calculations, we ascribe the latter effect to the deformation of the lattice in the out-of-
plane direction, which is along the pathway for the 2H-1T’ phase transition. Our data
indicate an intermediate lattice excitation state with a measured lifetime in the order of
600 ps, in which the displacement of Mo and Te atoms causes the Te 4d electrons to
shift towards higher binding energies.

Introduction

Transition metal dichalcogenides (TMDs) have been widely explored for the
development of innovative nanoscale devices. TMDs are compounds with layered
structures, with each layer consisting of a three atom unit (MX,) with a transition
metal atom (M) sandwiched between two chalcogen layers (X = S, Se, Te). The
multiple combinations of transition metal and chalcogen atoms in TMDs result
in a large range of electronic properties, which also depend on the crystal phase
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and on the sample thickness." The indirect gap of bulk TMDs becomes direct
when thinned down to monolayers, and the material character can change from
semiconducting to (semi-)metallic if the trigonal prismatic (1H/2H) phase is
distorted into an octahedral (1T/1T’) structure.

Molybdenum ditelluride (MoTe,) is a prototypical TMD. It presents two crystal
structures at room temperature: the semiconducting hexagonal phase (2H or a-
phase) and the semimetallic monoclinic phase (1T’ or f-phase). In its 2H phase,
MoTe, has attracted significant interest from a technological point of view due to
its bandgap in the near infrared region (0.9 eV in the bulk and 1.1 eV in the
monolayer), which makes it a potential alternative to silicon for optoelectronic
applications. Very recently, carrier multiplication has been demonstrated in 2H-
MoTe,, making it a promising material for the development of light harvesting
devices.? The 1T’ phase of MoTe, is metastable, since a barrier of around 0.7 eV
(ref. 3 and 4) impedes the reconversion of the system to the 2H phase, making this
material a promising template for relevant phase engineering applications.>®
Laser induced phase patterning has in fact been successfully applied to MoTe, to
fabricate an ohmic heterophase homojunction.” The use of optical excitations
allows for a precise transformation of the structural properties of the substrate
with high area and phase selectivity, which is not achievable with traditional
thermal and strain treatments.

The microscopic nature of the 2H-1T' photo-induced phase transition in
MoTe, is still debated. Several studies have recently tackled the photoexcited
carrier dynamics in 2H-MoTe, by means of optical, terahertz, electron and X-ray
spectroscopies.®™ It has been shown that photoexcitation is followed by ther-
malization of the lattice within 2 ps and the subsequent cooling process of the
phonons occurs in the 100 ps timescale.” MeV ultrafast electron diffraction
experiments have shown that by tuning the excitation wavelength, it is possible to
control the evolution of the phonon populations by coupling to zone-center or
zone-edge vibrational modes and, therefore, to control the structural dynamics.*
More recently, a theoretical work has demonstrated that the photo-induced
transition from 2H to 1T' in MoTe, monolayers is purely triggered by electronic
excitation, which causes the softening of the A”, phononic mode, provided that
the pump energy is above 1.96 eV.*

In this work, we study the structural dynamics of an optically excited 2H-MoTe,
single crystal by means of time-resolved X-ray photoemission spectroscopy (tr-
XPS). We use laser pulses with a photon energy of 2.4 eV as a pump and
synchrotron X-ray pulses as a probe. We show that the optical excitation results in
the accumulation of electrons in the top layer, generating a long-lived surface
photovoltage (SPV), which causes the shift of the photoelectron spectra to lower
binding energies, as compared to those of the unpumped system. Conversely, on
the sub-nanosecond timescale, we observe a transient shift of the Te 4d core level
to positive binding energies, which cannot be ascribed to the SPV. We used DFT
calculations to simulate the deformation of the lattice along the A”, mode of the
monolayer, corresponding to an out-of-plane displacement of Mo and Te atoms
moving in opposite directions. The theoretical model shows that an atomic
displacement of the order of 0.01 A suffices to cause a ~10 meV positive binding
energy shift, in agreement with the experimental data. The fingerprints of this
transient distortion are spectroscopically inequivalent to those of the irreversible
2H-to-1T’ transition. We therefore suggest that this core level shift is due to



a different and reversible structural distortion of the irradiated sample, which
recovers in the 600 ps timescale.

Experimental details

Materials and methods

The 2H-MoTe, crystal (>99.995% purity) was purchased from HQ Graphene
(Groningen, the Netherlands) and cleaved in an ultra-high vacuum (base pressure
in the experimental chamber <3 x 10~ '° mbar). All measurements were carried
out at the ANCHOR-SUNDYN endstation of the ALOISA beamline at the Elettra
synchrotron in Trieste, Italy."* 2.4 eV (515 nm) pulses from an Yb-doped yttrium
aluminum garnet (Yb:YAG) fiber laser (Tangerine HP, Amplitude Systémes, Pes-
sac, France) were used as a pump to excite the samples. The laser was operated at
385.67 kHz and was used to pump one out of every three hybrid X-ray pulses of the
storage ring (1.157 MHz), as detailed in ref. 15. The X-ray and optical beams were
impinging on the sample in a quasi-collinear geometry, and the spatial overlap
was preliminarily determined on a YAG crystal mounted on the sample holder.
XPS spectra in the pump on/pump off series were acquired with a photon energy
of 400 eV and a pass energy of 20 eV. As such scans were acquired using the
multibunch radiation of Elettra, the pump-induced effects were averaged on a 2.6
us delay range, i.e., the separation between consecutive laser pulses. By acquiring
the scans in pump off/pump on sequences, we ensured the reversibility of the
effect and excluded radiation damage. Time-resolved spectra were acquired with
the pump laser synchronized to 150 eV synchrotron probe pulses. The temporal
coincidence of the pump and probe pulses was calibrated by measuring the
surface photovoltage shift on a silicon crystal. Considering the significant
difference in pulse duration for the pump (~300 fs) and the probe (~100 ps)
pulses, the latter dominates the cross-correlation, and therefore the temporal
resolution in time-resolved XPS measurements.

Theoretical methodology

Geometric structures were optimized and single-point calculations of the MoTe,
monolayers (see Fig. 1) were performed by means of density functional theory
(DFT), as implemented in the VASP code,'*" within the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE).* The ion-electron
interactions were described by the projector augmented wave (PAW) method.** A
plane-wave basis set energy cutoff of 600 eV was employed. Also, the zero damping
DFT-D3 (Becke-Johnson) method of Grimme was employed to include the long-
range interactions.”” As an initial model, we employed the three-atom unit cell
(1 Mo, 2 Te) of the ML, whose Brillouin zone (BZ) was sampled with a I'-centered k-
point mesh of 24 x 24 x 1. A sufficient amount of vacuum was added along the
non-periodic direction to avoid any possible spurious interaction among replicas.
Any possible residual dipole along the same non-periodic direction was properly
corrected. Optimizations were carried out until residual forces were below
0.005 eV A~*. The optimized lattice parameters and angles of the ML area =5 =
3.4996 A and « = 8 = 90° and y = 120°.

We then calculated the changes in the core level energies according to the final
state effect scheme, which consisted of isolating one atom and creating a core
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Fig.1 Lateral(a) and top (b) view of the optimized structure of the ML of MoTe;. (c) Lateral
view of the supercell of the same ML of MoTe,. Purple: Mo; gold: Te.

hole and injecting the electron back into the empty states;*® in our calculations,
we focused on Te 4d electrons. Convergence of the calculations was checked up to
8 x 8 supercells (128 Te & 64 Mo atoms).

Results and discussion

We measured the effects of the optical excitation on the 2H-MoTe, crystal core
levels, from the sub-nanosecond to the microsecond timescale. We first acquired
photoemission spectra in the Mo 3d and Te 4d ranges by optically exciting the
sample with 2.4 eV photons and detecting the photoelectrons generated by the
whole multibunch radiation of the Elettra synchrotron. The pump-induced effects
in this case are averaged over the time between consecutive laser pulses, as
described in the Methods section. If compared to the actual time-resolved XPS
scans, which are presented later in the text, this acquisition method ensures
a higher count rate and can be used to quickly assess the presence of long-lived
effects and the entity of the possible radiation damage caused by the laser (not
detected in this experiment). Fig. 2 shows the Mo 3d and Te 4d core levels as
a function of the applied laser fluence. The spectra were acquired by alternating
pump-off and pump-on scans while increasing the laser power to examine
whether any irreversible changes had been introduced. Below 0.4 mJ cm 2 all
pump-induced effects are completely reversible and consist of: (i) a rigid shift of
the Mo 3d and Te 4d lines to lower (higher) binding (kinetic) energies, (ii) the
appearance of a weak component ~0.6 €V below the Mo 3ds/, peak, as indicated
by the black arrow and (iii) the reduction of the Te 4d peak intensity. By switching
the laser off, the spectrum returns to its original shape, thus, we only show the
first of the unpumped spectra for clarity. Above 0.4 mJ cm™?, the appearance of
the novel component (ii) becomes persistent even after switching off the optical
excitation. The energy position of (ii) is compatible with Mo 3ds/, photoelectrons
from Mo atoms in the 1T" phase.”** Concurrently, we would expect its Mo 3d;/,
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Fig.2 Mo 3d and Te 4d photoemission lines as a function of the applied laser fluence. The
pump photon energy is 2.4 eV and the probe photon energy is 400 eV. The spectra shift
consistently to lower binding energies with increasing fluence due to the surface pho-
tovoltage caused by the long-lived charge carriers. The components of the Mo 3d core
level assigned to the 2H and 1T’ phases are also labelled. The inset shows the energy shift
of Mo 3ds,, and Te 4ds,, as a function of the applied fluence with respect to the laser off
spectra.

counterpart and a Te 4d doublet with a ~0.6 eV lower binding energy with respect
to the original Te 4d lines; due to the larger intrinsic width of the Mo 3d;,, and Te
4d peaks and the weak intensity of the 1T" component (~2.5% with respect to the
pristine 2H-MoTe,, as derived from the fits), such contributions do not emerge as
clearly as for Mo 3ds, in the current dataset. The slight broadening of the Te 4d
lines, however, is consistent with the appearance of a chemically inequivalent
component near the 2H related peak. Moreover, the decreasing intensity of Te 4d
(iii) as a function of the increasing pump fluence is a further proof of a partial 2H-
to-1T’ transition, since the 1T’ phase is also characterized by Te vacancies.”*
Indeed, the diffusion and ordering of Te vacancies is one of the proposed
mechanisms for the 2H-to-1T’ phase transition.'*

The last optically induced effect to be discussed is the spectral shift to higher
kinetic energies (i). Due to the semiconducting properties of 2H-MoTe,, we ascribe
this shift to the surface photovoltage arising after the separation of the photo-
generated excitons. The direction of the shift indicates that the material is a p-
type semiconductor; even though the material is intrinsically n-type, it has been
shown that exposure to air and the presence of adsorbates converts MoTe, into a p-
type semiconductor,?*® in agreement with our observations. It was also shown that
in order to restore the original n-type conductance of the material, an annealing of
the crystal at 350 K in a vacuum is necessary.*® This fact led us to conclude that the
pump fluences used in our experiments, which were all conducted at room
temperature, did not cause a significant temperature increase in the sample.




The shift amplitude as a function of the applied fluence is shown in the inset of
Fig. 2. The trend appears to be linear, despite the expected dependency of SPV
induced shifts on the laser power being logarithmic.”” To evaluate the excited
carrier density in MoTe,, we should consider the saturable absorption correction,
which reduces the absorption coefficient according to:
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where « and «, are the absorption coefficients with and without saturable
absorption effects, respectively, I is the incident peak intensity and Ig is the
saturation peak intensity. The latter quantity has been reported for 2H-MoTe, and
a 300 fs pulse at 515 nm,*® and amounts to ~60 GW cm 2. In our experiments, the
peak power at 0.7 mJ cm ™2 fluence is ~2 GW cm™?, which gives the lowest o/
ratio of 0.97; we can therefore neglect saturable absorption effects in the evalu-
ation of the excited carrier density. From the optical properties of MoTe, (ref. 29),
we find a reflectivity R = 0.44 at normal incidence and a penetration depth of ~2
x 10~* em, which gives an upper limit for the excited carrier density of ~5 x 10'®
cm? with an applied fluence of 0.7 mJ cm ™2, assuming one excited electron per
absorbed photon. For photon energies larger than twice the band gap (~1 eV for
bulk MoTe, (ref. 30)) quantum yields of 1.5-2 have been observed,* raising the
upper limit of the excited carrier density to ~1 x 10"° cm ™ in our measurements.
Considering that 2H-MoTe, has 18 valence electrons per unit cell (i.e., in a volume
of ~1.7 x 10** cm?), we get a maximum excitation density® of 0.01%. Moreover, if
we assume a uniform absorption in the interaction volume and a monolayer
thickness of 0.7 nm, we obtain an average of ~7 x 10" cm ™2 carriers per layer,
which is lower than the Mott threshold of ~1 x 10'* cm™? reported for other
TMDs.**3* On one hand, these low numbers are in agreement with the observed
SPV linear trend; on the other hand, this estimate disagrees with the requirement
of a threshold concentration of carriers for the 2H-to-1T’ transition to occur,
since the fingerprints of both the Te vacancies and the 1T’ component in the Mo
3d region become noticeable at 0.4 mJ cm 2. A plausible explanation for this
unexpected behaviour is that higher concentrations of carriers are accumulated at
the surface of the material after the separation of the excitons that are generated
in the interaction volume, therefore locally triggering the phase transition. This
mechanism has been recently observed in 2H-MoS,, in which the transition to the
1T metallic phase is reversible.*

The measurements presented in Fig. 2 characterize the photoexcited system in
the microsecond range, therefore they define the SPV corrected position of the core
levels acquired in the sub-nanosecond XPS measurement. The concept is summa-
rized in Fig. 3. The static XPS spectrum acquired without optical excitation (a) serves
as a reference for the absolute binding energy positions of the core levels. The
measurement has then been repeated while illuminating the sample with increasing
optical fluence, but without synchronizing the pump and probe sources (b). In these
measurements, the pump-induced effects are averaged over 2.6 us, which is the time
separation between two consecutive laser pulses; as we have shown in Fig. 2, the
dominant effect is the SPV shift to lower binding energies. Finally, we performed the
time-resolved scans by synchronizing the laser to the hybrid pulses of the Elettra
storage ring™* and progressively varying the delay between the two (c). We observed
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Fig. 3 Scheme of the acquisition modes. (a) The reference spectrum of the Te 4d
multiplet is acquired without optical excitation (black) to define the reference binding
energy of the peaks. (b) A series of spectra as a function of the applied laser fluence (blue) is
acquired using the multibunch radiation as a probe, in order to detect the average optically
induced modification in the system in the microsecond range. The peaks shift to lower
binding energies due to the surface photovoltage, as indicated by the blue arrow. (c) The
time-resolved XPS experiment is performed using the single X-ray pulses as a probe,
unveiling the photo-induced dynamics in the sub-nanosecond range (red). The red arrow
indicates that the spectral shift in this case is towards positive binding energies, suggesting
that the origin of the effect is different from the photovoltage effect that is present at
longer delay times.

that when the pump and probe pulses are temporally overlapped, the core levels
shift to higher binding energies which, interestingly, is the opposite direction of the
SPV effect occurring at longer delay times.

These results are shown in Fig. 4 for the Te 4ds, core level. In particular, the
system is excited with 2.4 eV laser pulses ata 0.7 mJ cm > fluence and probed with
150 eV synchrotron pulses; the laser repetition rate being 1/3 of the synchrotron
revolution frequency allows for the parallel acquisition of the photoelectron
signal generated by the pumped synchrotron pulse, and a reference signal
generated by the subsequent X-ray pulse, i.e., ~0.9 us after the optical pump,
which is used for normalization (when the timescales of the observed effect are
short enough). In Fig. 4a, we refer to the former as the “pumped” signal (red trace)
and to the latter as the “unpumped” signal (blue trace). In this case, the
unpumped trace is equivalent to a “laser on” spectrum at the same pump fluence,
therefore it shifted to lower binding energies according to the SPV effect, while the
pumped trace displays the dynamics occurring on top of the SPV on shorter
timescales. In the bottom panel of Fig. 4a, we also present the false color map of
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Fig. 4 Time-resolved XPS measurements on the Te 4ds,, core level. (a) The unpumped
(blue trace) and pumped (red trace) spectra are shown, revealing a rigid shift of the
photoemission peak to higher binding energies. A false color map of the difference
between the pumped and unpumped signal as a function of the pump—probe delay is also
shown, evidencing the shift of the center of mass of the peak after the photoexcitation. (b)
Te 4d binding energy shift (circles) obtained by fitting the experimental data for each delay
point. The data is fitted by the convolution of a Gaussian peak and an exponential decay
(black trace). The Gaussian (green trace) FWHM is held to 120 ps to account for the cross
correlation between the pump and probe pulses. The exponential decay yields a time
constant of 580 4 120 ps. (c) Sketch of the A”,-like displacements applied in the MoTe,
layer to simulate the chemical shift observed experimentally. Note that the Mo displace-
ment is twice that of Te. Purple: Mo; gold: Te.

the difference between the pumped and unpumped scans for each delay point,
from which the shift of the center of mass of the Te 4ds,, peak to higher binding
energies clearly emerges. In Fig. 4b we show the binding energy shift (circles) as
a function of the pump-probe delay that has been obtained by fitting the Te 4d
multiplet with a Doniach-Sunjic pair. In particular, the magnitude of the shift is
the difference between the binding energies of the pumped and unpumped data
at each delay point, meaning that the shift is corrected for any eventual photon
energy drift of the synchrotron beam that may occur over the scan acquisition
time. The same procedure has been used to derive the broadening and the
intensity change of the Te 4ds, peak, revealing no significant variations; the
photo-induced effects in the sub-nanosecond range therefore consist of a rigid
shift of the core levels to higher binding energies. To derive the lifetime of this
effect, we fitted the data points of Fig. 4b using the convolution of and exponential
decay with a Gaussian function, to account for the instrumental response func-
tion. In particular, the Gaussian FWHM of the fit is held to 120 ps since this value
should correspond to the cross-correlation between the pump and probe pulses,
which has been independently determined by measuring the SPV dynamics on



a Si crystal under identical experimental conditions. The recovery dynamics of the
binding energy shift derived from the fits are therefore well described by a single
exponential decay with T = 580 £ 120 ps.

As already mentioned, the most interesting aspect of this sub-nanosecond
effect is the direction of the shift, which is opposite to the one of the SPV
induced shift. In fact, if we suppose that the sub-nanosecond shift is also due to
the SPV, we would expect it to be in the same direction of the shift measured in
the microsecond range. Even assuming a SPV that has not completely relaxed in
the time elapsed between consecutive pump pulses, we should measure a positive
(in the case of a p-doped semiconductor) binding energy shift also around time
zero.>*® We also exclude vacuum space-charge effects***° because the number of
secondary electrons photoemitted by the pump pulse is negligible, and because
the typical fingerprint of such an effect is a positive kinetic energy shift. The
nature of the shift observed in Fig. 4 must therefore be different. Considering the
timescales of hundreds of picoseconds, a plausible hypothesis is that lattice
related effects are involved. Ultrafast electron diffraction measurements have
recently revealed how hot carriers can couple to high-energy phonons, leading to
lattice displacements;" long-lived lattice heat effects have also been detected in
transient X-ray absorption measurements,*® and lattice cooling time constants in
the order of 200 ps have been measured by transient optical absorption.

We performed DFT calculations to examine the possibility that the sub-
nanosecond shift in our measurement is indeed due to the modification of the
chemical environment of the Te 4d electrons that occurs as a consequence of
lattice distortion. As an example, the thermally induced lattice expansion in
a Ta(100) crystal was experimentally observed to cause a ~30 meV increase in the
Ta 4f binding energy.** In our case, we model the lattice distortion along the A”,
phononic mode of the monolayer, displacing Mo and Te atoms in opposite
directions along the ¢ axis (see Fig. 4c). This is the mode dominating the distor-
tion for photoexcitation with pump photon energies near 2.4 eV, although we
acknowledge that in the real system, other phononic modes may also contribute
to the lattice distortion. We also underline that in our study, the DFT calculations
have been performed on monolayer 2H-MoTe, and not on a bulk sample, as in the
experiment. Despite the different electronic and vibrational properties of mono-
layer and bulk MoTe,, both undergo the same 2H-1T' structural transition and we
assume that the direction of the core level binding energy shifts of the distorted
structure is maintained. The results of our simulations are reported in Table 1. In
detail, we observe that the calculated binding energy difference (ABE) of the Te 4d

Table1 Mo and Te displacements along the ¢ axis and relative binding energy variations
(ABE) compared to the unperturbed initially optimized case

Displacement along the ¢ axis (A)

Mo Te ABE (eV)
—0.025 +0.0125 0.03
—0.05 +0.025 0.06
—0.10 +0.05 0.11

—-0.15 +0.075 0.14



electrons increases linearly with the atomic displacement, compared to the
unperturbed initially optimized lattice positions. It is worth mentioning that,
since our simulations are statically mimicking the A”, phononic mode, we
consider relevant displacements up to 0.15 A for Mo (0.075 A for Te); above this
threshold, we observe a sensitive stretch of the Mo-Te bond, which is a fingerprint
of an incipient bond breaking (thus, far stronger than a phononic vibrational
mode), which is not relevant for our analysis.

Our model is in agreement with the experimental findings and shows that
a slight structural distortion can indeed cause a positive binding energy shift of
the Te 4d level for tens of meVs; a linear fit of the data reported in Table 1 gives
that a ~0.01 A shift for Mo atoms is required to reproduce the ~10 meV shift
observed in Fig. 4. In particular, this can be due to a combination of the initial
state (density of states) and final state (core-hole screening) contributions, but
a more thorough analysis is required to quantify the weight of both effects on the
total shift observed. Interestingly, the direction of the transient core level shift
reported above is in the opposite direction with respect to the position of the Te
4d line in 1T-MoTe,, as the core levels in the latter phase are found at a ~0.6 eV
lower binding energy with respect to the 2H phase.”** Recent calculations by Peng
et al™ demonstrate that the excited carrier density threshold for the photo-
induced phase transition to occur in MoTe, is in the order of 10" ecm™2, which
is more than two orders of magnitude higher than the excitation density in our
experiment; moreover, the authors show that, since the 2H-to-1T’ transition is
aresult of phonon softening, the transition should occur within the timescales of
the lattice vibration periods (<1 ps), which is too fast to be probed with our current
setup. We therefore suggest that the transient modification of the photoelectron
spectra reported in this paper is rather due to a lattice distortion with a ~600 ps
time constant, supporting the theoretical hypothesis of the existence of inter-
mediate phases along the 2H-1T’ transition.**?

Conclusions

We have investigated the photo-induced dynamics of a 2H-MoTe, crystal by
means of time-resolved X-ray photoemission spectroscopy. We have shown that
the optical excitation generates a surface photovoltage shift of the photoemission
spectra to lower binding energies, which persists for microseconds. When
observing the sub-nanosecond dynamics of the system, we observed a transient
shift of the Te 4d core level to higher binding energies instead, which we assigned
to structural deformations in the out-of-plane direction; our DFT calculations
show that an atomic displacement in the order of 0.01 A is enough to cause
a positive binding energy shift of tens of meVs, in agreement with the experiment.
These results show that high-resolution time-resolved photoemission, combined
with theoretical simulations, can provide valuable information not only on elec-
tronic and chemical modifications of photoexcited systems, but also on lattice
distortions and phase transitions.
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