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ABSTRACT: We have investigated the phase transformation
of bulk MoS, crystals from the metastable metallic 1T/1T’
phase to the thermodynamically stable semiconducting 2H
phase. The metastable 1T/1T’ material was prepared by Li
intercalation and deintercalation. The thermally driven kinetics
of the phase transformation were studied with in situ Raman
and optical reflection spectroscopies and yield an activation
energy of 400 + 60 meV (38 + 6 kJ/mol). We calculate the
expected minimum energy pathways for these transformations
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using DFT methods. The experimental activation energy corresponds approximately to the theoretical barrier for a single formula
unit, suggesting that nucleation of the phase transformation is quite local. We also report that femtosecond laser writing converts
IT/1T' to 2H in a single laser pass. The mechanisms for the phase transformation are discussed.
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MoS, is a member of the transition metal dichalcogenide
(TMD) family." This family consists of two-dimensional planar
sheets that stack via weak van der Waals interlayer interactions.
MoS, exhibits several different polymorphs. The thermody-
namically stable phase is semiconducting 2H MoS,, in which
each molybdenum atom is coordinated by six sulfur atoms in a
trigonal prismatic geometry. The metallic 1T/1T’ phase of
MoS, differs from 2H MoS, in that the coordination of Mo by
S atoms is octahedral (twisted octahedral in the 1T’ variant).
Octahedral 1T/1T’ MoS, spontaneously forms under Li
intercalation; this process has been extensively modeled.>”®
Most remarkably, subsequent deintercalation preserves octahe-
dral coordination, yielding a metastable 1T/1T’ metallic phase
of MoS,.”

MoS, has generated intense interest recently with promising
applications in tribology, hydrodesulfurization catalysis,® photo-
catalysis,” and electrocatalysis.'*~"> In 2H MoS,, the edge site
sulfur atoms are responsible for catalytic activity, whereas the
basal plane is inactive."* In contrast, the metallic 1T/1T’ phase
has been shown to be catalytically active in the whole basal
plane.ls’16 Recently, a coherent in-plane heterostructure
between the semiconducting 2H and metallic 1T/1T’ phases
was induced by electron bombardment of single-layer MoS,
and was studied using scanning transmission electron
microscopy (STEM).'”'® Such 2D heterostructures open up
new possibilities in basic research and device applications.'®

Scanning tunneling microscopy20 and Raman spectroscopy21
studies have, however, shown that the bulk 1T/1T’ phase is
metastable under ambient conditions. The octahedral coordi-
nated 1T/1T’ structure converts to trigonal prismatic
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coordinated 2H structure during room temperature aging or
thermal annealing. Understanding the thermodynamics and
kinetics of this structural transformation is thus critical in order
to realize the application potential of the metastable 1T/1T’
MoS,. While the structure and properties of the MoS,
polymorphs have been extensively investigated, experimental
studies of the 1T/1T’ to 2H structural transformation kinetics
are still lacking. Here we report a measurement of the activation
energy of the structural transformation from the 1T/1T’ phase
to the 2H phase. We employ in situ Raman spectroscopy to
measure the reaction rate and monitor the local temperature.
We also demonstrate that direct femtosecond laser writing can
serve as a new method for patterning MoS, heterostructures.
Experimental and Theoretical Methods. Thin samples
of MoS, for our study were prepared by a cycle of Li
intercalation and deintercalation. To this end, MoS, crystals,
typically about tens of nanometers thick and tens of microns in
lateral size, were mechanically exfoliated from natural MoS,
crystals (SPI) on a Si substrate with a 285 nm thermal oxide
layer. Prior to exfoliation, the Si substrate was cleaned with
piranha solution and washed with purified water. Li
intercalation was performed in an Ar-filled glovebox, by
immersing the MoS, sample overnight in 1.6 M n-butyllithium
hexane solution (Sigma-Aldrich).22 The O, and H,O levels
inside the glovebox were below 1 ppm. The lithiated sample
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Figure 1. Raman spectra of MoS, polymorphs for Stokes scattering induced by weak laser excitation at 633 nm. (A) Initial 2H MoS,. (B) Li-
intercalated MoS,. (C) Metastable 1T/1T’ MoS, after Li deintercalation. (D) Restored 2H phase after thermal annealing of 1T/1T’ sample in
flowing Ar. The mode at 520 cm ™" arises from the Si substrate. The absolute intensities are arbitrary; Figure S2 (Supporting Information) shows the
absolute Raman intensities for the 1T/1T’ and 2H phases before and after femtosecond laser annealing.

was washed in hexane and water. Gentle washing with water
deintercalates Li, producing metastable 1T/1T’ MoS,, as
previously reported.”!

In situ Raman spectroscopy was performed with a home-built
confocal micro-Raman setup using a continuous-wave He—Ne
laser operating at 633 nm. To measure the local temperature,
the anti-Stokes and Stokes Raman spectra were collected
sequentially, using short and long pass filters, respectively, on
the same sample spot with constant laser power and alignment.
The Raman spectra were calibrated with a Ne pen lamp.
Spectra of the original 2H phase and the deintercalated
metastable 1T/1T" phase of MoS, were taken under ambient
conditions. Raman spectra of Li intercalated MoS, samples
were collected in a turbo-pumped vacuum optical cryostat. The
sample was first loaded into the optical cryostat, sealed in the
glovebox, and mounted on the micro-Raman setup without
exposure to air. Thermal annealing was carried out in a quartz
tube furnace at 573 K under continuous Ar flow for 1 h.

An amplified femtosecond laser operating at a repetition rate
of 1 MHz was employed in the laser writing demonstration.
Pulses at a wavelength of 780 nm with a duration of ~100 fs
were produced using a noncolinear optical parametric amplifier
(NOPA). This radiation was coupled into a microscope and

5082

focused by a 100X objective onto the MoS, sample. To induce
the phase transformation from the metastable 1T/1T’ phase,
the sample was scanned at a speed of 0.01 mm/s, with a typical
power of 0.15 mW

Optical reflectivity spectra were measured using a quartz-
tungsten-halogen lamp as light source. A 100 ym pinhole after
the lamp served as a point source and was collimated by an
achromat lens. The collimated beam was focused on the sample
with a 40X objective, which also collected the reflected light.
The reflected light was subsequently dispersed by a
spectrometer and recorded by a liquid nitrogen cooled CCD.

In the theoretical studies of the phase transformation, we
made use of density functional theory (DFT)."” The
calculations employed the projector augmented wave method
(PAW)? and the generalized gradient approximation (GGA)*
in the Vienna ab initio Simulation Package (VASP).® A
periodic simulation box consisting of 2 X 2 unit cells of
monolayer MoS, was constructed with a spacing perpendicular
to the MoS, sheet of 15 A to eliminate interlayer interactions.
An energy cutoff of 400 eV and 9 X 9 K-mesh were chosen to
achieve desired accuracy. The simulation box was fully relaxed
to obtain the ground state of each phase. The phase transition,
occurring directly between two different ground states, was
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studied using the climbing image Nudged Elastic Band (ci-
NEB) method,* with a force convergence <0.05 eV/A.

Results and Discussion. Raman and Optical Reflectivity
Characterization of MoS, Polymorphs. Raman spectroscopy
provides detailed information on the structure of the MoS,
crystals.”>*® Figure 1 displays the spectra of pristine MoS,
(2H), Li intercalated MoS, (1T/1T’), deintercalated MoS,
(metastable 1T/1T’), and thermally annealed MoS, (2H) for
633 nm excitation.

The 2H Raman spectrum, produced by off-resonance S$14
nm excitation, exhibits zone-center modes at 383 cm™' (E,,)
and 409 (Alg) cm™'.>® These modes are relatively weak in the
Raman spectrum excited by 633 nm laser radiation, which is in
resonance with the direct optical transition of the material at K-
point. The 633 nm spectrum is dominated by higher-order
features: an intense asymmetric peak at 460 cm ™' and modes at
572, 600, and 643 cm™!. The correct assignment and resonance
mechanism of these features have been the subjects of
debate.””° Another feature of the resonant Raman spectrum
of the 2H phase is the existence of a continuum background.
The continuum arises from photoluminescence from resonant
excitation near the direct gap of the material at the K-point of
the Brillouin zone, an inefficient process in multilayer 2H MoS,
because of the lower-lying indirect gap.

Our initial 2H spectrum agrees well with previously reported
spectra for the bulk crystalline 2H phase, indicating the high
quality of our exfoliated sample. The 1T/1T’ spectra both
before and after deintercalation also are consistent with
previous reports: all traces of the intense features higher-
frequency modes are absent in this metallic phase. In the 1T/
1T’ phase after deintercalation, three new modes (156, 225,
and 330 cm™') can be observed through a zone-folding scheme
that maps M-point phonon modes onto the I'-point, in
agreement with previous reports.21

After furnace annealing at 573 K in flowing Ar, the resonant
Raman features of 2H MoS, are partially restored. In annealed
2H samples, the higher-order 460, 572, 600, and 643 cm™!
features are significantly weaker, only about the same intensity
as the first-order 383 and 409 cm™" modes. The line width of all
peaks are broadened compared with original 2H spectrum.
Also, a new 228 cm ™' mode appears, which corresponds to the
longitudinal acoustic mode at the M-point.”” This mode
becomes allowed by disorder, like the behavior of the D-mode
peak in graphene.”” These observations suggest that the
resonant enhancement is weaker in the recovered 2H sample
due to structural disorder and reduced domain size. Indeed, our
recovered 2H spectrum is similar to the resonant spectrum of
20 nm diameter 2H MoS§, nanoparticles, as reported by Frey et
al.*” The MoS, layers are severely distorted into a fullerene-like
geometry in these onion-like nanoparticles.

Figure 2 shows the optical reflectance spectra of pristine 2H
MoS, and lithiated 1T/1T’ MoS,. The 2H phase exhibits
excitonic features in the reflectance where the photon energy
matches the direct transitions at K-point in electronic structure
of the 2H phase. The 1T/1T’ phase reflectance is rather flat
and featureless. The 1T/1T’ phase reflectance is generally
lower than 2H phase across the optical range of our
measurement. These differences contribute to the visual
contrast that is readily observed during our photolithography
demonstration with the femtosecond pulsed laser, as reported
below.

Kinetics of the Thermally Induced Structural Phase
Transformation. Here we examine the thermal and photo-

5083

Wavelength (nm)
1 1 1 1 ]

800 700 600 500 400
0.8+
;: 0.6
s
®
2
s 04
o
2
=
@
X 024
® Pristine 2H
A Delithiated 1T/1T'
0.0 - I r ; .
1.5 2.0 25 3.0

Photon Energy (eV)

Figure 2. Optical reflectance spectra of pristine 2H and delithiated
1T/1T’ bulk MoS, samples on quartz substrates. The 2H phase shows
excitonic features. The 1T/1T’ phase shows a flat spectral profile.
Generally the 1T/1T" phase is less reflective than 2H, although some
sample-to-sample variation is observed.

induced kinetics of the phase transformation from the
metastable 1T/1T’ to the equilibrium 2H phase of MoS,; the
distinct Raman modes are used to report the local content of
these two phases. In our studies, the laser excitation served both
to heat the sample and to allow us to observe the Raman
spectrum as it evolved in time. 2H samples of 40 nm thickness
are expected to absorb about 1/3 of the incident 633 nm laser
light (Supporting Information). At low laser powers (e.g., ~100
UW), as used to characterize the different polymorphs in Figure
1, there is no significant heating and the 1T/1T" phase is stable
for days. At higher power levels (e.g, ~2 mW), the 1T/1T’
modes decrease and the 2H modes increase in time, as shown
in Figure 3A. The background continuum response also grows
as the transformation occurs. Both the initial and final phases
absorb laser light, and the laser power controls the amount of
heating.

The sample temperature T is inferred from the phonon
populations, as reported by the ratio between anti-Stokes and
Stokes Raman signals:

aS

I ho
C exp[— —ph)
I kg T (1)

Here I, and Ig represent, respectively, the anti-Stokes and
Stokes intensities, @,;, denotes the angular frequency of the
relevant phonon, and C is a mode-specific prefactor.’’ To
determine the constant C, as well as to correct for instrumental
sensitivity factors, we make use of the usual scheme®' of
calibration using the measured anti-Stokes/Stokes ratio at room
temperature. Figure 3B shows typical Stokes and anti-Stokes
Raman spectra observed during the laser annealing experiment.
In this example, the sample has been largely converted to 2H
phase.

The sample temperature is highest at the center of the laser
focal spot and decreases toward the periphery. We follow
Herman’s analysis for a Gaussian laser profile®” to obtain the
peak temperature rise from the measured anti-Stokes/Stokes
Raman intensity ratio. Within the temperature range and
phonon frequency used in this study, the correction is carried
out according to AT, = 2AT,,p., The actual peak
temperature rise AT, is twice that would be determined
assuming a spatially uniform temperature distribution AT,
in analyzing the experimental data.
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Figure 3. In situ Raman spectroscopy measurements of MoS, crystals during the 1T/1T’ to 2H phase transformation. (A) Evolution of Raman
spectra during 633 nm laser annealing at a calculated temperature of 364 K: initial state (black), intermediate state (blue), and final state (red).
Features characteristic of the 1T/1T’ phase (e.g., the 155 cm™' mode) decrease in intensity, while modes from the 2H phase increase in intensity.
The background continuum also increases during annealing. The vertical offset has not been manually adjusted in these three spectra. Upward arrows
indicate increasing intensity with time. The downward arrow indicates decreasing intensity with time. (B) Anti-Stokes and Stokes Raman spectra of
MoS, taken after a kinetic run. Lorentzian lineshapes were used to extract Raman mode intensities, with a cubic term to describe the baseline. (C)
Examples kinetics of the phase transition based on different Raman modes for annealing at 364 K and a comparison with a first-order rate law. Data
are shown for the Ezgl at 380 cm™' mode, the higher-order 456 cm™ mode, and the background continuum. The resulting rate constants from the
three fits are, respectively, k = 2.0 X 107*/s, 2.1 X 107*/s, and 2.5 X 107*/s. The typical uncertainty for k in the fitting is 5 X 107°/s. The inset shows
1T/1T’ phase spectral evolution of the 155 cm™ mode. The rate constant extracted from the fitting is 5.5 X 107*/s, with an uncertainty of 5.0 X
107*/s. (D) Arrhenius plot for the rate of the 1T/1T’ to 2H MoS, structural phase transformation. The slope yields an activation energy of 400 + 60
meV (38 + 6 kJ/mol).

Although the laser annealing experiments were performed 2H Raman modes within a factor of 2. The large uncertainty
under ambient conditions, no evidence for the formation of arises from the comparative weakness of these modes and the
oxides®® (such as MoO;) was detected in the Raman spectra for corresponding noise in the kinetic data. For this reason, we
either cw laser heating or the femtosecond laser writing focus on emerging 2H phase features in our quantitative
described below. Systematic oxidation of bulk MoS, is reported analysis of the phase transformation.
to begin above 870 K.>* Surface etching pits develop on MoS, We have repeated this procedure for different laser powers to
above 610 K in oxygen. In our cw laser heating measure- obtain the annealing rate as a function of sample temperature.
ments, the highest temperature we employed was about 500 K. Over the limited available dynamic range (Figure 3D), we can
AFM measurements exhibited flat surfaces, without evidence of fit the temperature dependence of the rate of the phase
oxidative etching. Also note that the Si substrate phonon line at transformation to an Arrhenius expression with an activation
about 520 cm™! is strong in our spectra, indicating that the laser energy of 400 + 60 meV (38 + 6 kJ/mol). This analysis implies

is substantially transmitted through our MoS, samples that the MoS, in the 1T/1T’ phase has a half-life of about 10
(typically ~40 nm thick), as discussed in the Supporting days at room temperature and about 5 h at 400 K. The inferred

Information Section E. We are thus observing primarily the activation energy is low compared to a similar phase change
interior layers of the MoS, crystal in our Raman spectra. reported for exfoliated—restacked WS,>* Quantitative under-
In Figure 3C we present Raman data tracking the temporal standing of this moderate energy barrier is of fundamental
evolution 1T/1T’ to 2H phase transformation under laser importance in the design and utilization of the metallic
heating. Results are shown for the emergence of different polymorphs of MoS, and other members of the TMD family.
Raman features characteristic of the 2H phase. We see that the Theoretical Modeling of the Phase Transformation:
data can be fit well to first-order kinetics, from which we obtain Nucleation and the Transition State. We have considered
a rate constant for each choice of Raman mode. A rate constant theoretically the minimum energy pathways (MEPs) for
of k = 22 X 107*/s is consistent with the different transformation between the metallic and semiconducting
measurements within our fitting uncertainty of S X 107%/s. phases. Figure 4 presents results for the 1T — 2H and 1T
One can also follow the phase transformation by tracking the — 2H phase transformations, with the lattice configurations for
disappearance of the modes associated with the 1T/1T’ phase. the initial and final states, and the saddle points shown
The inset of Figure 3C shows that kinetics obtained in this schematically. The 1T — 2H transformation is achieved by
fashion agree with the kinetics based on the emergence of the translating one layer of S atoms with respect to the rest of the
5084 DOI: 10.1021/acs.nanolett.5b01196
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Figure 4. Minimum energy paths (MEPs) for 1T — 2H and 1T —
2H phase transformations, indicated by black triangles and blue
squares, respectively, with lines connecting the symbols as a guide to
the eye. The structural models show the lattice configurations of the
system at different stages of the phase transformation. The Mo atoms
are purple, and the top and bottom layers of S atoms are green and
yellow, respectively. TS and TS’ denote the transition state at the
saddle point for the respective 1T — 2H and 1T’ — 2H phase
transformation.

crystal. Similarly, the 1T’ — 2H phase transformation also
involves the translation of a plane of S atoms, but with
additional displacements of Mo atoms to transform the twisted
octahedra to a perfect trigonal prismatic geometry. The
corresponding activation energies are computed to be 680

and 900 meV per formula unit, respectively, for 1T — 2H and
1T" — 2H transformations.

In the theory of nucleation for solid—solid phase trans-
formations, the activation energy increases with the number of
formula units in the critical nucleus (adjusted for surface/
interface energies).”**® A small nanocrystal may fluctuate as a
single coherent unit. In large crystalline systems, one region
(critical nucleus) may coherently fluctuate, followed by phase
propagation across the remaining crystal. In 3D solids with rigid
bonding, the critical nucleus invariably contains many formula
units, and the predicted activation energy is quite large. In real
3D crystals, solid—solid phase transitions are thought to be
caused by pre-existing defects or domain structure that provide
nucleation sites. A large single crystal often breaks into many
small fragments upon phase transformation.

We observe an activation energy for the 1T/I1T’ to 2H
process in 2D MoS, that is remarkably low, somewhat less than
the calculated values for a single formula unit. This indicates
that the nucleation process is quite local and not coherent over
many unit cells. The degraded 2H Raman spectra observed
above after annealing the delithiated 1T/1T’ samples indicates
that the final sample is disordered. Our initial 2H is quite
crystalline. In general, the quality of 1T/IT’ samples
undoubtedly depends upon the details of the intercalation/
oxidation chemical process: Eda et al. report that single MoS,
layers made by colloidal chemical exfoliation of bulk 2H MoS,
at room temperature contain regions of all three phases: 2H,
1T and 1T, with vacancy defects.'” An intercalation/oxidation
process does not necessarily produce defective 1T structure:
Wypych and Schollhorn reported that highly crystalline 1T
powder could be made by potassium intercalation with
subsequent oxidation.”’ Upon heating, this crystalline 1T

Figure S. Optical micrographs of laser MoS, samples patterned by femtosecond laser pulses. (A—C) Step-by-step snapshots of writing a “+” shaped
2H region in a 1T/1T’ flake. (D,E) Well-defined 1T/1T’—2H heterojunction on a single MoS, flake before (D) and after (E) conversion by the
femtosecond laser pulses. The right half of the MoS, flake in (E) was converted to the 2H phase. (F) The letters “CU” were written on the MoS,

flake at a resolution slightly better than 1 ym.
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sample thermally converted to a 2H phase with strong
rotational disorder in the X-ray powder spectra. It is not clear
what to expect for nucleation theory in van der Waals materials.
It may be that the gliding motion of surface atoms that occurs
in the 1T—2H transition inherently leads to a small critical
nucleus size. Our low activation energy indicates the existence
of multiple local nucleation sites, consistent with the
observations of Wypych and Schollborn, leading to a degraded
2H Raman spectrum.

Femtosecond Laser Patterning of MoS, Structures. A
method of making MoS, samples with (arbitrarily designed)
spatially varying 2H semiconducting and 1T/1T’ metallic
regions could be quite useful. An in-plane heterostructure in a
2D material provides a 1D interface with scientific and
technological potential, as evidenced by the recently reported
graphene—hexagonal boron nitride structure.*® In-plane heter-
ostructures in single-layer MoS, between 1T/1T’ and 2H
domains, initiated by electron bombardment of 2H, have also
recently been produced.'”

Here we report that femtosecond laser writing of metastable
1T/1T" MoS, can be used to fabricate such lateral
heterostructures. Figure 5 shows the production of 2H regions
of designed geometry from a metastable 1T/1T" crystal after a
single pass of the focused ~100 fs, 780 nm, 1 MHz laser
radiation, using a scan speed of 0.01 mm/s. Raman spectros-
copy confirms these new areas of increased reflectivity are 2H
in structure (see Supporting Information). In the figure, a 1T/
1T" to 2H heterojunction spanning a single MoS, flake was
fabricated with a well-defined geometry. By combining such
laser-induced phase change with laser ablation, one could
envisage the fabrication of a monolithic circuit consisting of
semiconducting and metallic elements from a single MoS,
flake/domain. This method of laser writing may be generally
valuable in the transition metal dichalcogenide family, which
exhibits a variety of polymorphs. We note that the short time
scale for the laser-induced change with femtosecond pulses
implies that lateral diffusion of the excitation will not be
significant (see Supporting Information Section D). Con-
sequently, no degradation in the spatial resolution of patterning
is expected.

We note that the choice of a 780 nm wavelength for the
femtosecond laser excitation is expected to lead to a self-
terminating character for induction of phase transformation
process in which unnecessary laser excitation is avoided. The
metallic 1T/1T" phase has intraband transitions that give rise to
light absorption over a broad spectral range and allow excitation
by the femtosecond laser radiation. However, once the
semiconducting 2H phase has been formed, the 780 nm
radiation lies below the direct band gap of the material. It
consequently absorbs light only weakly (See Supporting
Information Section E).

In comparison with cw laser excitation, the time-averaged
femtosecond laser power required to induce the phase
transition greatly reduced. We are able to write structures at
a scan speed of 0.01 mm/s using an average power for the
temtosecond pulses of just 150 W, which would not give rise
to any meaningful annealing for cw excitation. Each femto-
second laser pulse, however, strongly excites the sample. Based
on a simple heat-capacity calculation (Supporting Information),
the deposited fluence by each femtosecond laser pulse (7.5 mJ/
cm?) would yield an equilibrium temperature rise of the sample
to ~1000 K. Despite this intense excitation, we do not observe
ablation or oxidation of the sample under our experimental
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conditions. However, damage and ablation is observed at a
factor of 2 higher fluence (Figure S2 in the Supporting
Information.

The time constant for decay of the calculated high
temperature present at the end of an individual femtosecond
laser pulse, by heat flow, is estimated to be of the order of 1 ns
(Supporting Information). We observe the phase trans-
formation to occur with 10° pulses, implying that the aggregate
time that the sample is hot is ~107* s. If one extrapolates the
thermal conversion rate obtained at lower temperatures using
cw laser heating to the high calculated temperature, the
expected conversion time is about 10 s, ie., S orders of
magnitude longer than observed. This comparison suggests that
under intense femtosecond excitation the mechanism for the
phase transformation may differs from that at low temperature.
The excitation within a femtosecond laser pulse is extremely
energetic; we are within a factor of 2 of the damage threshold.
Perhaps something similar to transient melting occurs. In
addition, on the ultrashort time scale relevant for femtosecond
laser excitation, strong nonequilibrium effects are expected in
the material, with the electronic degree of freedom initially
decoupled from the lattice. In this regime, direct electron-
induced, nonthermal solid—solid phase transitions have been
reported in some thin film materials.>*~*" These questions will
be investigated in further studies.

Conclusion. In summary, we have induced a structural
transformation in MoS, crystals from the metastable 1T/1T’
phase to the equilibrium 2H phase using cw and femtosecond
pulsed laser radiation. For cw heating, we have followed the
kinetics with in situ Raman spectroscopy. The activation energy
for the phase transformation inferred from the temperature
dependence of kinetics is 400 = 60 meV (38 + 6 kJ/mol).
Quantitative knowledge of this activation energy allows better
understanding and control of MoS, polymorphs. We have also
demonstrated direct laser writing with femtosecond laser pulses
as a promising practical method to control the local crystal
structure and to generate arbitrary in-plane heterostructures in
MoS,,.
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