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Interlayer coupling and the phase transition
mechanism of stacked MoS,/TaS, heterostructures

discovered using temperature dependent Raman
and photoluminescence spectroscopy
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Ultrathin 1T (tetragonal)-TaS, and monolayer MoS, heterostructures were prepared to study their phase

transition (PT)

mechanisms and band structure modulation.

The temperature dependency of

photoluminescence (PL) and Raman spectra was utilized to study interlayer coupling and band structure.

The PL results indicate that the band structure of MoS,/TaS, heterostructures undergoes a sharp change
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at 214 K. This is attributed to the PT of 1T-TaS, from a Mott insulator state to a metastable state. In

addition, the temperature dependency of the MoS,/TaS, Raman spectra illustrates that the phonon
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1 Introduction

2D heterojunctions play an important role in the rich clustering
of electronic structures and their optical properties.'® Recently,
prominent progress in the field of heterojunctions has been
made resulting in the development of high speed, performance
and power devices.*® Atom-thin heterojunctions as a new
category of 2D semiconducting material are almost as thin,
transparent and flexible as other 2D heterojunctions, with a rich
array of new physical phenomena.>* At this point, layered two-
dimensional (2D) crystals such as transition metal dichalcoge-
nides (TMDCs), graphene and hexagonal boron nitride have
attracted noteworthy attention as different 2D materials that
can be assembled vertically. Note that TMDCs are a broad
family of compounds, which have layered two-dimensional (2D)
crystal structures.”** They have been recognized as promising
materials due to their rich collection of electronic structures
and optical properties. In particular the noteworthy
compound MoS,, taken as an example, has a direct band gap in
single layer form while multilayers of the same material act as
an indirect band gap semiconductor." The transition allows for
a much enhanced quantum yield of photoluminescence.'®
Another typical layered transition metal dichalcogenide (TMD),
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vibration of the heterojunction is softened due to the effect of interlayer coupling. The present work
could provide an avenue to create material systems with abundant functionalities and physical effects.

1T (tetragonal)-TaS,, displays a sequence of unique structural
and electronic phases. At low temperature and ambient pres-
sure, the ground state is the commensurate charge density wave
(CCDW) phase. As the temperature increases, it experiences
a series of first-order phase transitions to a nearly commensu-
rate (NC) CDW phase at 210 K, to an incommensurate (IC) CDW
phase at 350 K, and finally to a metallic phase at 550 K. 1T-TasS,
is an insulator in the C phase, arising from Fermi surface
nesting.'”*

Single MoS, and 1T-TaS, materials have been widely
researched. However, the interlayer coupling and band struc-
tures of MoS,/TaS, heterostructures were rarely studied using
Raman and PL spectroscopy. In addition, it was reported that
1T-Ta$S, lacked the jump in resistivity that signals transition to
the C phase for a few layers or a monolayer of material, or that
the C phase was suppressed when the 1T-TaS, crystals became
thinner than 10 nm,**** but it was also reported that few-layer
1T-TaS, remained in the ground state. Therefore, it is still
unknown whether ultrathin 1T-TaS, retains the CC to NC
transition and produces an insulating state. Temperature
change leads to lattice parameter changes and regulates the
band structure, altering the optical properties of the hetero-
junctions. In addition, it is important to investigate whether the
band gap structures of heterojunctions are tuned by the phase
transition (PT) of 1T-TaS,. In this work, not only is few-layer 1T-
TasS, studied using temperature dependent Raman spectra and
the fitting results used to confirm the PT temperature (from
CCDW to NCDW) as 214 K, but also the tuning of large-area 2D
heterostructures is reported using chemical vapor deposition
(CVD)-grown MoS, and ultrathin 1T-TaS, via mechanical

This journal is © The Royal Society of Chemistry 2018
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exfoliation. In MoS,-Ta$, heterojunctions, interlayer coupling
can be tuned externally with temperature variation. Our results
also prove that the commensurate CDW remains in the ground
state as the thickness of 1T-TaS, is decreased below 3 nm.

2 Experimental section
2.1 Construction of the heterojunctions

Ultrathin 1T-TaS, nanosheets were obtained via mechanical
exfoliation onto Si/SiO, (300 nm) from bulk 1T-TaS, crystals.
They were kept in the vacuum chamber to minimize oxidation
during the measurement. The bulk 1T-TaS, crystal was
synthesized using chemical vapor transport (CVT) methods.*” A
MoS, monolayer film was grown using a low-pressure CVD (at
30 Pa) technique for 5 minutes. First, the SiO,/Si substrates were
cleaned using piranha solution, then placed in the center of the
quartz tube’s heating zone and heated to 850 °C in an argon
atmosphere to restrict further oxidation. Molybdenum sulfide
(MoCls) powder was loaded in front of the substrates, while
sulfur powder was placed in the front of the quartz tube, which
was heated to 200 °C. The stacked heterostructure was produced
by transferring the monolayer MoS, film onto the 2.9 nm 1T-
TasS,. The as-grown monolayer film MoS, was coated with a layer
of the polymer polymethyl methacrylate (PMMA). The polymer
acted as a carrier layer and it was helpful in transferring the
MosS, film. It was spin-coated on the CVD grown monolayer
MoS,/Si0,/Si with a speed of 2000 rpm for 15 seconds. The
PMMA/Mo0S,/Si0,/Si material was submerged into potassium
hydroxide (KOH) solution. After the PMMA reacted with the
KOH, the substrate was taken away. Then the PMMA/MoS, was
transferred into deionized water to remove any residual KOH
solution. TasS,/SiO,/Si was put into the water from the side. The
system was dried by simply sucking the water droplets away
with a paper towel. The PMMA/MoS, was positioned above the
TaS,/Si0,/Si with tweezers. In order to combine the hetero-
structures better, the sample was baked at 90 °C for 30 min to
remove water residue, and then at 120 °C for 30 min to spread
the polymer to eliminate possible wrinkles. To dispel the
PMMA, the transferred assembly was soaked in propanone for
at least 2 hours and the propanone changed several times
during this time.

2.2 Material characterization

Temperature dependent Raman scattering and photo-
luminescence (PL) measurements were carried out using
a micro-Raman spectrometer with a Jobin-Yvon LabRAM HR
800 micro-Raman spectrometer and a THMSE 600 heating/
cooling stage (Linkam Scientific Instruments) in the tempera-
ture range of 77 to 405 K with a resolution of 0.1 K. A laser with
a wavelength of 532 nm was used as the excitation source. The
laser beam was focused through a 50x microscope with
a working distance of 18 mm. The laser power was limited to 10
mW in order to minimize the possibility of sample heating. An
air-cooled charge coupled device (CCD) was used to collect the
scattered signal dispersed on 1800 grooves per mm grating in
the frequency range of 50-450 cm ™. All spectra were rectified by
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the Bose-Einstein temperature factor to facilitate comparison
and eliminate the contribution from the Bose-Einstein pop-
ulation factor. In order to study the variation trend of phonon
modes, Raman spectra were fitted with independent damped
harmonic oscillators.

2.3 Computational details

The density functional theory (DFT) calculations were executed
with plane-wave pseudopotentials from the calculation method
of quantum mechanics.”*** The Perdew-Burke-Ernzerhof
generalized gradient approximation (GGA) for the exchange-
correlation term was employed for structure optimization and
band structure.*® To acquire accurate results for multilayer
structures, we incorporated the van der Waals interactions by
adding a semi-empirical dispersion potential (D) to the
conventional Kohn-Sham DFT energy. The structural parame-
ters can be obtained from DFT-D which is in accordance with
the experimental values. A well-converged Monkhorst-Pack k-
point set (13 x 13 x 1) was used for the calculation. A conjugate
gradient scheme was employed to optimize the geometries until
the forces on every atom were 0.005 eV A~'. Geometry optimi-
zation was determined using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) minimization technique, with thresholds for the
converged structure of energy change per atom smaller than
107" eV. The vacuum thickness of a supercell is not smaller than
20 A and spin-orbit coupling was not included.

3 Results and discussion

3.1 Morphology analysis and the temperature dependent
Raman spectra of ultrathin 1T-TaS,

High resolution transmission electron microscopy (HRTEM)
was carried out at an accelerating voltage of 200 kV to gain
detailed insight into the crystal structure of bulk 1T-TaS,. As
shown in Fig. 1(a), the atomic image of bulk TaS, exhibits the
perfect triangular atomic arrangement. The lattice spacing of
2.94 A is assigned to the (200) plane of 1T-TaS,. Fast Fourier
transform (FFT) of the atomic image [Fig. 1(b)] further confirms
the tetragonal crystal structure. In addition, the ultrathin 1T-
TaS, topographies [Fig. 1(c)] and height [Fig. 1(d)] (2.76 nm)
were investigated via atomic force microscopy (AFM, Dimension
Icon, Bruker).

Fig. 2(a) shows the Raman spectra between 50 and 450 cm™
from a 2.76 nm flake for a series of temperatures during the
heating process. All of the features of the Raman spectra at each
temperature were in accordance with the results previously re-
ported.>® At low temperature, the phonons’ vibration is inten-
sified and the modes near about 70 cm ', 86 cm ' and
105 cm ' split into explicit peaks. Additional peaks, which
appeared in the commensurate CDW state, are due to the
folding of the I'-point modes from the original non-zero wave
vector points by the formation of the v/13a, x v/13a, super-
lattice.>”*® At high temperature, some modes in the range of 50-
450 cm~' become weaker gradually and disappear finally,
manifesting in the reduction of structural distortion. The
modes near 305 cm ™" exhibit a slight redshift with increasing
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Fig.1 (a) A high resolution transmission electron microscopy (HRTEM)
image of bulk 1T-TaS,. Panel (b) shows the Fast Fourier transform (FFT)
of the atomic image. The (c) AFM image and (d) height profile of few-
layer 1T-TaS,.

temperature, which can be attributed to the thermal expansion
of the lattice and anharmonic phonon-phonon interactions.
The modes with a frequency below 140 cm™' come from the
acoustic phonon branches where mainly tantalum atoms move.
Those above 220 cm ™" arise from the optical phonon branches
where mainly selenium atoms move.*”*® In order to determine
the accurate temperature at which the PT (from CCDW to
NCDW) takes place, some temperature dependent phonon
frequencies are extracted and shown in Fig. 2(b) and (c). There
are clear changes in the temperature range of 210-230 K. For
example, it can be seen that part of the phonon modes disap-
pears or merges with other modes at the transition from the
commensurate to the nearly commensurate phase. The soft A,-
modes located at about 81 cm ™" and 114 cm™ " are particularly
noteworthy and undergo severe variations in linewidth and
energy, and are marked with stars and triangles in Fig. 2(b).

3.2 Morphology characteristics and interlayer coupling of
the MoS,/TaS, heterostructure

The vertically stacked heterostructure has been investigated
using a Raman scattering technique. An optical image of the
MoS,/TaS, heterostructure is shown in Fig. 3(e). It indicates that
the MoS,/TaS, heterostructure has been stacked successfully.
The bottom 1T-TaS, topographies and height (2.9 nm) are dis-
played in Fig. 3(f). The optical images and topographies of the
top MoS, film are demonstrated in Fig. 3(g) and (h). They
indicate that the monolayer MoS, film was successfully
prepared. Fig. 3(a) and (b) show the Raman shift for the MoS,/
TaS, heterostructure and monolayer MoS,, respectively, as
a function of temperature. In Fig. 3(b), a downward shift of the
MoS, Raman modes with increasing temperature is shown. This
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Fig. 2 (a) Raman spectra of a 2.76 nm-thick flake at different
temperatures during the heating process. Temperature dependence
of the phonon frequency from the 2.76 nm-thick flake from (b) the low
frequency range of 55-130 cm~* and (c) the high frequency range of
220-390 cm™. The phase transition (CC—NC) temperature is marked
by a dashed line in (b) and (c).

behavior is due to the influence of the anharmonicity and the
effect of thermal expansion or volume contribution. As shown
in Fig. 3(a), it was found that the E;, and A,, phonon modes
from MoS, are suppressed in the heterostructures, which can be
attributed to the softening of the phonon mode by the interlayer
coupling of MoS,/TaS,.

To further explore the effect of interlayer coupling on the
heterojunction, we compared the phonon vibration spectrum of
MoS,, MoS,/TaS, and TaS, at the same temperature. As shown
in Fig. 3(c), E;; and A,y phonon modes are located at about
385.3 cm ™" and 405.1 cm ™" for monolayer MoS, at 273 K. The
frequency difference between the Ej, and A,, phonon modes is
19.8 cm ™" for the monolayer MoS, in MoS,/TaS,.?* The Raman
mode Ej, significantly stiffened by 2 cm ™" and the A, mode was
unchanged in the multilayer MoS,/TaS, heterostructure, as
compared with those in the isolated MoS, monolayer from
Fig. 3(c). This was due to the E}, and A,, modes being sensitive
to strain®* and the doping level**** in MoS,, respectively.
Therefore, the shifted E%g mode and the unchanged A;; mode of
MoS, imply that the strain relaxes differently for MoS,/TaS,
compared to that of MoS,/SiO,, and such a result indicates
strong interlayer coupling between TaS, and MoS,. The Raman

This journal is © The Royal Society of Chemistry 2018
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Fig.3 Raman spectra of the MoS,/TaS; heterostructure (a) and monolayer MoS; (b) at different temperatures during the heating process. Raman
spectra of the MoS,, TaS, and MoS,—-TaS; heterostructures at 77 K (c) and 273 K (d), respectively. (e) An optical microscope image of the MoS,—
TaS; heterostructure. (f) The AFM image and height (2.9 nm) profile of few-layer 1T-TaS,. (g) An optical microscope image of monolayer MoS,. (h)

The AFM image and height (0.8 nm) profile of monolayer MoS,.

spectra of the MoS,-TaS, heterostructure seem to be a simple
superposition of the 2.9 nm TaS, and monolayer MoS,. At 77 K,
these phonon modes (marked with a diamond symbol) split
into several well-defined peaks and the mode at 384 cm ™" of
TaS, overlaps the MoS, Eég Raman modes for the MoS,-TaS,
heterostructure.

3.3 The band structures of monolayer MoS,, few-layer TaS,
and MoS,/TaS, heterostructures

Before the PL spectra of the heterostructure were obtained, we
calculated the band structure of monolayer MoS,, 4 layered 1T-
TaS, and their heterojunctions. As shown in Fig. 4(a), the
theoretical results show that the bandgap of the MoS,

monolayer is about 1.9 eV. The valance band maximum (VBM)
and conduction band minimum (CBM) are located at the K
point in the Brillouin zone, which is due to the Mo d-orbitals.
The Mo atoms are located in the middle of the S-Mo-S layer
sandwiches and are unaffected by interlayer coupling. For the 4
layered 1T-TaS,, the band structure is similar to that of the
pristine sample.*® There is a gap of about 0.8 eV below the band
crossing Fermi energy (Ef) as shown in Fig. 4(b) and one band
crosses the Ef, forming a 2D electron pocket around the M point.
In addition, it can be seen that the band diagram of the heter-
ojunction is a combination of the monolayer layer MoS, and
few-layer TasS,, as shown in Fig. 4(c).

monolayer MoS, 4 layers TaS, MoS,/TaS,
(®)
2k 2F ‘ ) \
ol 5 \'\,
4 ﬁ 4 L—\ 4 \\ ‘\ N / /,l%
r M K rr M K rr M K r

Fig. 4 The band structures for (a) monolayer MoS,, (b) few-layer TaS, and (c) MoS,-TaS, heterostructures.
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3.4 The transition mechanism of the MoS,/Ta$S,
heterostructure

Interlayer interaction is expected to be exponentially sensitive to
the interlayer spacing according to tight-binding theory or the
quantum tunneling model. To investigate interlayer coupling
with different interlayer distances, a variable-temperature
tuning process was performed for the monolayer MoS, and
MoS,/TasS, heterostructures. The PL spectra at 77 K (Fig. 5)
collected from the monolayer MoS, region show a strong peak
at a wavelength of about 1.89 eV, which corresponds to the
direct excitonic transition energy in monolayer MoS,. However,
for the MoS,/TaS, heterostructure (region 2, Fig. 3(e)), two peaks
are observed at about 1.86 and 1.67 eV for 77 K. The peak
located at 1.86 eV from MoS, is marked Pys,. Another peak
located at 1.67 eV was attributed to the direct excitonic transi-
tion energies in the top MoS, and bottom ultrathin TaS,
materials at 77 K. It is marked Pjetero. In addition, the MoS,/
TaS, heterostructure forms a type II band alignment.**** In the
type II heterojunction, the CBM and VBM reside in two separate
materials. As shown in the inset schematic diagram of Fig. 6,
photoexcited electrons and holes will relax to the conduction
band edge of TaS, when the temperature is varied from 77 K to
214 K. A Pperero peak at about 1.67 eV is observed at 77 K, 114 K
and 194 K as shown in Fig. 5, interestingly lying at a lower
energy than the peak for the single layers of MoS, . This
suggests that the type II band alignment in the MoS,/TaS,
facilitates the photoexcited electron-hole separation and leads
to an enhanced photoswitching performance, as compared to
that in MoS, and TaS,.*® However, the Ppetero peak disappears in
the MoS,/Ta$S, heterostructure when the temperature is beyond
214 K, which is because of the appearance of domain walls. 1T-
TasS, is in the nearly commensurate CDW phase. It also has long

PMOS2

hetero

MoS,-TaS,)

PL Intensity (a.u)

PMoS2

MoS,-TaS|

] ] !

16 18 20 22 16 18 20 22
Photon energy (eV)

Fig. 5 PL spectra of MoS; and MoS,/TaS; heterostructures at different
temperatures during the heating process.
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Fig. 6 PL peak position of the MoS, and MoS,/TaS, heterostructures.
The inset shows the schematic of the band alignment for the MoS,—
TaS; heterostructure at low temperature.

been assumed that electron correlations open up a Mott-
Hubbard gap in the C phase.*” In addition, electron-electron
interactions, electron-phonon coupling, interlayer interac-
tions and disorder could play an important role in this
observation. As shown in Fig. 5 (254 K, 314 K and 405 K), the
energy band spectra of the MoS,/TaS, heterostructure is very
similar to those of the monolayer MoS,. There is a difference
of 14 meV between the monolayer MoS, and MoS,/TaS, het-
erostructure at 254 K, which is owing to the influences of
a Ta$S, atomic layer for monolayer MoS,. These results show
that the ultrathin 1T-TaS, exhibits abrupt and reversible
changes in the lattice structure, which are attractive for device
applications.

With the purpose of further studying the phase transition
mechanism of the MoS,/TaS, heterojunction, we respectively fit
the PL spectra of MoS, and the MoS,/TaS, heterojunction to
compare their characteristics, as shown in Fig. 6. The redshift of
the monolayer from the MoS, PL peak with an increase in
temperature indicates a reduction in the MoS, energy band gap,
which is the energy of the lowest allowed exciton state. In
addition, most of the energy gaps of the heterojunction are less
than those from MoS, as shown in Fig. 6. This indicates that the
heterojunction regulates the band structure of MoS,, reducing
the band gap and increasing the conductivity. The modified
Varshni relationship of the band-gap temperature dependence
is fitted using the following formula:***°

E(T) = Ey — S{hw) {coth ;Z“’; - 1} . (1)

where E, represents the emission energy at T = 0 K, S is the
parameter which describes the coupling strength of an exciton-
phonon, (Aw) is an average phonon energy, and kg and % are the
Boltzmann and Planck constants, respectively. Another
phenomena that is evident is that the two PL fitting peaks at low
temperature combine into one peak at 214 K. This suggests that
the C phase disappears gradually and the NC phase emerges.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03436b

Open Access Article. Published on 14 June 2018. Downloaded on 12/4/2025 2:35:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

4 Conclusions

In summary, the interlayer coupling and phase transition
mechanism were studied by variable-temperature spectral
experiment. The results of Raman spectroscopy indicate that
interlayer coupling causes phonon softening of MoS,/TaS,
heterostructures. It was also found that the MoS,/TaS, hetero-
structure forms a type II band alignment. A Pyecero peak appears
when the TaS, is located in the C phase. Furthermore, this
phenomenon also confirms that commensurate CDW remains
in the ground state as the 1T-TaS, is thinned to 3 nm. These
results distinguish the significance of band offsets between
different TMDs in tuning the light emission and band structure.
It is believed that the analysis method described in our work
could be helpful in exploring the interlayer coupling of other
similar TMDs.
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