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The use of simple, fast, and economic experimental tools to charac-
terize low-dimensional materials is an important step in the process of
democratizing their use. Raman spectroscopy has arisen as a way of
indirectly determining the thickness of nanolayers of transition metal
dichalcogenides (TMDs), avoiding the use of more expensive tools such
as atomic force microscopy, and it is therefore a widely used technique
in the study of semiconducting TMDs. However, the study of many
metallic TMDs in the limit of few atomic layers is still behind when
compared to their semiconducting counterparts, partly due to the lack of
similar alternative characterization studies. In this work the characteri-
zation of the Raman spectrum, specifically of the E %;- and A;;-modes,

of mechanically exfoliated Ta;_,Mo,S,, a metallic TMD which exhibits
charge density wave (CDW) formation and superconductivity, is pre-
sented. The clear identification of contributions coming from the SiO,/
Si substrate allowed the isolation of the individual E 3,- and A;;-modes of
the samples and, for the first time, the observation of a clear evolution
of their Raman shifts as a function of sample thickness. This provides a
way of indirectly determining sample thickness in the limit of few atomic
layers in Ta;_,Mo,S,.

are strongly-bonded in the a-b plane but
weakly-bonded and stacked by van der
Waals forces in the c-direction, which
gives them their low-dimensional char-
acter.37 The weak van-der-Waals stacking
of the planes allows the isolation of
single- or few-atomic-layers-thick sam-
ples through relatively simple mechanical
exfoliation techniques.®% One of the most
outstanding characteristics of this family
of materials is that, depending on chem-
ical composition, their electronic proper-
ties can range from band insulators to
metals, and they can show exotic quantum
phenomena such as charge density waves
(CDWs), magnetic ordering, superconduc-
tivity, topological electronic states, among
others.1% Among all the members of this
family of compounds, the semiconducting
members are one the most studied mate-
rials in the last 2 decades. Their visible
or near-visible range bandgaps, elevated
electronic mobilities, large spin-orbit
interaction, large susceptibility to changes
in physical parameters, spatial scalability,
among other characteristics, makes them

1. Introduction

Transition metal dichalcogenides (TMDs) are among the
most versatile families of materials. These are layered mate-
rials with general chemical formula MX,, where M is a tran-
sition metal and X a chalcogen atom. Atoms in this structure

ideal candidates for a large number of optoelectronics, spin-
tronics, and electronics applications.3*1-13l Interestingly, all of
these characteristics get enhanced or only appear in the limit
of few atomic layers, and the body of literature characterizing
electronic and physical properties in the monolayer limit is
extensive.[#1]
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On the other hand, the availability of characterizations of the
properties of metallic TMDs in the limit of few atomic layers
is more scarce. Recent works have reported the tunability of
the electronic properties of metallic TMDs such as NbSe,,10-20]
TaSe,,? 4 and Ta$,>1%2>2%] in the limit of few atomic layers,
which, just as with their semiconductor counterparts, indicates
an optimization of the novel properties of these compounds in
the pure 2D limit. Among these, the 2H polytype of TaS, stands
out for having one of the highest reported superconducting
transition temperatures (T;) of all TMDs (9.15 K at a pressure of
8.7 GPal¥l). At ambient pressure, bulk samples of Ta$, exhibit an
incommensurate CDW below 76 K and superconductivity below
=0.5 K. Various avenues for enhancing the superconducting crit-
ical temperature (at atmospheric pressure) have been explored,
such as chemical substitution with Sel”); intercalation by Cu,*l
Pd,?% Ni,B% and Nal®"; as well as dimensional confinement by
mechanical exfoliation down to few-layers thick samples, for
which T, can go up to 3 K in pure TaS, monolayers,[1>2>2% or
3.6 K in TaS, monolayers with structural defects.?? This is,
about seven times larger than in the bulk.

These exciting observations, particularly for TaS, in the
monolayer limit, invite to find better, faster, and cheaper ways
of producing few-layer samples as well as determining their
thickness and properties. Consequently, Raman spectroscopy
has risen as a fast and trustworthy way to indirectly determine
the thickness of TMD nanolayers,?3-% and as an alternative to
more direct but expensive techniques for thickness determina-
tion such as atomic force microscopy (AFM). Raman spectros-
copy characterizations are widely available for semiconducting
TMDs, which has helped democratizing the study of these mate-
rials, and as a consequence, advancing in the understanding of
their properties in the pure 2D limit and their integration into
devices. This has not been the case for metallic TMDs, and it is
therefore necessary to perform such characterizations in order
to allow easy and fast identification of ultrathin samples of,
not only the pure metallic compounds, but also the chemically
doped ones for which the novel ground states are improved.

In this paper we report the characterization of the Raman
shift of the Ez and A,y vibrational modes of 2H-TaS, and
2H-Tag9Moyg 1S, single crystals as a function of the number of
atomic layers. For both compounds we find, for the first time,
a clear but distinct evolution of the E>; and Ay Raman peaks
as a function of the number of layers, in contrast with previ-
ously published works in pure TaS, for which peaks associated
with the substrate in which samples are deposited were not
considered.?63% In addition, we observe a softening (red-shift)
of both Ej; and A;;-modes with Mo-doping in the limit of few-
atomic layers. This red-shift is lost in the bulk-limit, for which
the Raman-shift of the Eég and Alg-modes are the same in the
pure and doped compound.

2. Results and Discussion

X-ray characterization of our single crystals reveal that the
polytype of the TaS, and Ta;oMog S, single crystals is 2H
(see Figure 1a for a representation of the crystal structure,
and Figure 1c,d for diffraction data). The observed diffraction
peaks correspond mainly to the {001} family of planes. Peaks
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Figure 1. a) Crystal structure of 2H-(Ta,M0)S,. The unit cell is repre-
sented by the solid-box. The c-lattice parameter is shown (plotted using
Balls & Sticks!). b) Representation of the atomic displacements of the
two vibrational modes characterized in this work: E },- and Ay. ¢,d) X-ray
diffraction data for a collection of single crystals of TaS, (black curve) and
TaggMog1S; (blue curve). For both types of samples, diffraction peaks are
consistent with a 2H-phase, for which the peak labeling was done. For
the doped-compound the lattice parameter in the c-direction increases
(shift of the {00n} peaks to lower angles), as better appreciated in the
close-up look to the (006) peak in (b). ) In-plane resistivity as a function
of temperature, normalized by their values at 270 K, for representative
TaS, and TaggMoyg;S, bulk single crystals. For the pure bulk-compound,
superconductivity has been reported only below =0.5 K (out of our range
of temperatures). The Mo-doped samples show superconductivity at a
temperature close to 4 K (onset), as better seen in the inset to the figure.

corresponding to other families of planes have very small
intensity, due to the preferential orientation of the small
pieces of single crystals with their a-b planes parallel to the
mount surface. The data reveals a 0.5% increase in the out-
of-plane c¢ lattice parameter for the Mo-doped samples, with
respect to the pure Ta$S, samples (with ¢ = 12.6 A), evidenced
in the shift to lower angles of the {00n} diffraction peaks.

© 2022 Wiley-VCH GmbH
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Figure 2. a) Optical microscope image of a representative exfoliated TaS,
crystal deposited on a Si/SiO, substrate. The difference in colors is an
indication of the thickness differences across the sample. b) Same image
as in (a), but with the thinnest sample section highlighted by the red-
dashed-lines. c) AFM topographic image of the same sample in (a,b). The
color scale represents the relative height, as indicated in the color bar. A
topographic profile of the path shown by the dashed red line is inserted.
The height of the specified section is =10 atomic layers (five unit cells).
This same procedure was followed for determining the number of layers
of all samples measured in this work.

This shift can be better appreciated in the close-up look to the
(006) peak in Figure 1d.
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Resistivity measurements as a function of temperature were
taken in selected bulk single-crystals of TaS, and Tay oMoy ;S,,
and are shown in Figure le. These curves confirm the crystal-
lization of the samples in the 2H-phase, as the curves are char-
acteristic of samples of this polytype: both compositions show
a transition to a CDW state below about 80 K for the pure TaS,
samples, and 75 K for the Mo-doped samples. In addition, the
Mo-doped sample shows a superconducting transition with
onset of about 4 K. This is, about ten times higher than the
value reported for pure TaS,, and it is the highest for all values
of Mo-doping in Ta$S,.[*’!

For both types of samples, TaS, and TayoMog;S,, few-layer
crystals were mechanically exfoliated from single-crystal bulk
samples and deposited on SiO,/Si substrates (see Experimental
Section). Inspection of the samples under the optical microscope
enables a quick identification of possible few-layered crystals
due to differences in interference colors (see Figure 2a,b).3+3®l
The selected flakes were characterized using both AFM and
Raman spectroscopy. Figure 2c shows an AFM topographic
image of a representative exfoliated TaS, sample, in which
a large area of approximately ten layers thick is identified
(a single-layer corresponds to 1/2 a unit cell, this is, 0.6-0.7 nm).
Samples of different heights were identified by AFM measure-
ments, with typical lateral sizes of a couple microns. These
same samples were afterward characterized through Raman
spectroscopy (see Figure S1, Supporting Information).

The raw Raman spectra were processed to obtain the con-
tributions of the E3; and Aj; modes. First, the fluorescence
baseline was removed using an asymmetric least squares
smoothing algorithmB (see Figure S2, Supporting Informa-
tion). Figure 3a shows a typical Raman spectrum (after sub-
tracting the fluorescence background) of few-layered 2H-TaS,
flakes. As our interest is the characterization of the Ez; and Ay
modes, we will focus on Raman shifts around these peaks: 285
and 400 cm™ in the bulk, respectively, which matches previously
reported values.* For bulk samples, only these two peaks
are observed in the baseline-corrected spectra for the range of
Raman shifts from 250 to 450 cm™. However, for few-layered
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Figure 3. a) Characteristic Raman spectra of a representative exfoliated sample of TaS, with a low number of layers, deposited on a Si/SiO, substrate.
The spectrum is shown only in a frequency range around the E}, and Ay, peaks. The background of the spectra has been subtracted to highlight only
the peaks. Four different contributions to the spectra can be seen: the most intense peaks are associated to vibrational modes of the Si/SiO, substrate
(and are fixed in frequency for all samples measured), and the weaker peaks are the ones associated to the E}, - and Aj,-modes of the exfoliated sample.
Lorentzian fits are shown for all peaks, from which the central frequency of the modes is extracted. b) Raman spectra of TaS, and c) TagoMog;S,
samples with different number of layers, after subtracting the substrate contribution. The vertical dashed-line marks the central frequency of the E },
and Ay-modes in the bulk limit. A clear shift of the central frequency of the £}, and Aj,-modes is observed between the few-layered and bulk crystals.
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Figure 4. Raman shift frequency as a function of the number of layers for TaS, and Tag Moy S, samples, for a) E‘zg- and b) Ai-modes. Error bars repre-
sent the dispersion among two to three spectra taken in different points of the sample, for each layer number. Insets to both figures show a schematic
of the atomic displacements for both modes, with yellow balls representing S atoms, and green balls representing Ta or Mo atoms. c) Difference of
the Raman shifts of the A; and E}, -modes, as a function of the number of layers for TaS, and TaggMog;S, samples. For all figures dashed lines are

a guide to the eye.

samples, two additional peaks, with a growing relative inten-
sity as sample thickness decreases, are identified in this Raman
shift range. The positions of these peaks, which dominate the
spectra for the thinnest samples, is fixed for all samples meas-
ured, and matches the peaks found in measurements of the
substrate alone under the same measurement conditions. These
substrate peaks match the ones reported by previous works in
Si0,/Si: the one at 300 cm™ is reported to be originated in the
Si, and the one at 428 cm™ has been reported to come from
amorphous SiO, on SiO,/Si substrates.*®! As mentioned, the
Raman signal for the thinnest samples is dominated by the sub-
strate peaks, which almost overlap the weak E}, and Ay, sample
modes. The overlap between Raman modes frequencies for sub-
strate and sample makes the analysis of the Raman spectrum
of nanolayers of TaS, particularly challenging, in contrast with
other dichalcogenides in which this effect is not as important.
Previous works have attempted to characterize the Raman shift
of the E}, and Ay, of nanolayers of pure TaS,.?**¢*] However,
these have ignored the substrate contribution to the Raman
spectrum, and therefore have failed to detect a marked evolu-
tion of the Raman shift of the E}, and Ay modes as a function
of the number of layers. In this work a four-peak Lorentzian
least-squares fitting of the Raman spectrum was used in order
to isolate the individual contributions from each vibrational
mode in TaS, samples, together with the substrate contribu-
tions. Figure 3a shows the shape of the four Lorentzians found
from the fit, for a representative thin TaS, sample, from which
the central frequencies of the Eig and Ay modes are extracted.
Figure 3b,c displays the Ej, and A;, modes contributions to
the Raman spectra of representative TaS, and Tag oMoy S, sam-
ples, for various numbers of layers, after subtracting the fluores-
cence background signal and neglecting the contributions from
the substrate. The intensities are normalized such that the Ej,
peak has an intensity of 1 unit for each curve. For both TaS, and
Tap oMoy 1S, samples, an evolution of the central frequency is
observed for both peaks as the number of layers are decreased
from bulk down to 5/6 layers (thinnest samples that we could
measure using both AFM and Raman for the same sample).
Figure 4 summarizes the evolution of the average Raman shifts
of the Ej, and A, peaks as a function of the number of layers

Adv. Electron. Mater. 2022, 2200457

2200457 (4 of 7)

for the pure and doped TaS, compounds (each data point is the
average over various samples of the same thickness; see Sec-
tion SIII and Figure S3, Supporting Information, for details
on the statistics). The evolution of the Raman shift of the Eig
mode with number of layers, shown in Figure 4a, follows the
same behavior than other transition metal dichalcogenides
such as MoS,,33% WS, #4] WSe, 8 and TaSe,,**) for both,
the pure and doped compounds. This softening (red-shift) of
the mode with increasing number of layers has been previ-
ously interpreted in terms of an enhancement of the dielectric
screening of the long-range Coulomb interactions with each
added layer, which conversely leads to a weaker effective force
constant between layers, and therefore, a lower frequency of
oscillation of the mode.}>4#] Noteworthy, even though the
frequency of the E}, mode in the bulk is the same for both
the pure and doped compounds, they differ by a measurable
amount for a low number of layers. The reduced frequency for
the doped compound for low number of layers can be related
to the increased c-lattice parameter revealed by our X-ray
diffraction data, suggesting a larger average distance between
atoms and therefore a reduced restoring force acting on them.
Our data suggests that this effect is enhanced for a low number
of layers, whereas it is negligible in the bulk, where the E;, mode
frequency coincides for both, the pure and doped compounds.
The evolution of the Raman shift of the A;;-mode with
number of layers is shown in Figure 4b. For low number of
layers, the evolution of this mode follows the trend observed for
other dichalcogenides: a stiffening of the mode with increasing
number of layers.?3##%] Such blue-shift can be understood
within a model of classical harmonic oscillators coupled
through van der Waals forces, as a greater number of layers
increases the van der Waals interaction between layers, which
in turn increases the oscillators’ effective spring constant.[3546:4
This model can also account for the lower Aj,-mode frequency
values in the doped compound, compared to the pure com-
pound, as the increased out-of-plane lattice parameter results
in a lower effective spring-constant. This change in out-of-
plane lattice parameter between the pure and doped samples
has a larger effect in the Alg-mode than in the Eig-mode, evi-
denced in a frequency difference (for the lowest number of

© 2022 Wiley-VCH GmbH
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layers) of =12 cm™ versus =1 cm™, respectively. This difference
is a consequence of the symmetry of the modes: the Ai;-mode
is driven by out-of-plane atomic displacements (see inset to
Figure 4b), whereas the E},-mode is driven by in-plane atomic
displacements (see inset to Figure 4a), therefore implying that
a change in out-of-plane lattice parameter will have a stronger
influence in the Aj-mode. Another important point to high-
light is that the stiffening of the A;;-mode with increasing
number of layers is maintained up to bulk-thicknesses for
the Mo-doped compound. However, for the pure TaS, the A;,-
mode softens in the bulk with respect to the the nanolayered
regime. This is a unique feature not previously reported for
other dichalcogenides.

The difference in Raman shifts of the A;; and E;, peaks as
a function of the number of layers is plotted in Figure 4c. This
difference is widely used as a more sensitive indication of the
number of layers for semiconducting TMDs, such as MoS,*!
and WSe,,I*¥l being minimum for the monolayer and increasing
for increasing number of layers. The same trend is followed for
pure and Mo-doped TaS; in the limit of few layers. This plot
can serve as a guideline for the indirect determination of the
thickness in nanolayers of the Ta$, system.

3. Conclusions

The characterization of the Raman spectra in TaS, and its evo-
lution with number of layers has been a challenging task, as its
most characteristic Raman peaks overlap with substrate peaks,
being these last the ones that dominate the Raman signal in
the limit of a few-atomic layers. In this work we were able to
reveal, for the first time, a clear evolution of the E;, and Ay,
Raman peaks as a function of the number of layers in 2H-TaS,
and 2H-Ta; Mo, ;S, by explicitly fitting Lorentzian functions to
the peaks of both substrate and samples, for samples with dif-
ferent thicknesses. We find that the evolution of the E ig -mode
with increasing number of layers for both the pure and doped
compounds, follows the same softening observed for other pro-
totypical transition metal dichalcogenides. The A;,-mode shows
a stiffening as a function of increasing number of layer for the
Tay oMoy 1S, samples, and equivalently for the pure-TaS, sample
in the limit of few layers. This observation analogous to what
has been previously observed for other dichalcogenides. How-
ever, for the pure TaS,, the Aj-mode frequency shows a sig-
nificant reduction with respect to the values in the nanolayer
limit, a feature not previously reported for any dichalcogenide.
Nevertheless, in the limit of few atomic layers, the behavior of
the E}, and Ay, Raman peaks in 2H-TaS; and 2H-Ta,yMo, 1S,
resemble what has been reported for other dichalcogenides,
which allows using the Raman-shift of these modes, as well as
their difference, as an affordable alternative for inferring the
sample thickness.

We find that the effect of Mo-doping in the Raman shift
of the Eig and Ajy Raman peaks, in the limit of a few atomic
layers, is the softening of both modes. This effect is ten times
larger for the Aj-mode than for the Ej,-mode. This softening
could be explained by the increase in out-of-plane lattice para-
meter induced by Mo-doping, which leads to a decreased van
der Waals interaction between layers, and therefore to a reduced
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force constant and oscillation frequency of the modes. Interest-
ingly, the effect of Mo-doping on the E2, and Ay in the bulk-limit
is negligible, as the Raman shifts of both modes are the same
(or at least, within the error bars) for the pure and doped com-
pounds in this limit. A possible explanation for this could be
a larger relative effect of the lattice parameter change with
respect to the sample thickness, which can lead to an enhance-
ment of this effect for the ultra-thin samples; or alternatively, a
larger lattice parameter increase for the Mo-doped samples as
thickness is reduced.

4. Experimental Section

Single-Crystal Synthesis: TaS, and TaggMog;S; bulk single crystals were
synthesized in a two-step process. First, the stoichiometric ratios of Ta,
S, and Mo, were thoroughly ground and pressed into pellets. The pellets
were sealed in vacuum inside a quartz tube and sintered at 900 °C for
100 h. The resulting polycrystalline compounds were ground again and
sealed with 5 mg cc™ iodine in a long evacuated quartz tube. Finally,
single-crystals were obtained by chemical vapor transport. The tube was
placed inside a horizontal one-zone tube furnace for 7 days, with a center-
of-furnace temperature of 1000 °C, at which the powder-containing end
of the quartz-tube was placed. The other end of the tube was placed
toward one end of the furnace, at which a temperature difference of
the order of 100 °C with respect to the center of the tube furnace was
naturally developed. Shiny-platelet-like crystals were obtained in the cold
end of the tube, with typical lateral sizes of T mm x 1 mm.

Few-Layered Crystals Exfoliation: Few-layer crystals of TaS, and
TaggMog S, were obtained through repeated mechanical exfoliation using
a combination of clean Nitto SPV 224 tape for the initial exfoliations, and
Gel-pack X4 viscoelastic poly-dimethylsiloxane (PDMS) stamps for the
final exfoliations. The PDMS-stamps were then pressed against 300 nm
SiO,/Si substrates to deposit a collection of exfoliated crystals.

Characterization: The structural characterization of the obtained
crystals was performed using X-ray diffraction in a Eulerian—Cradle
geometry, in a Panalytical X-pert diffractometer. This characterization was
performed in a collection of single crystals of each batch, which were cut
in tiny fragments and spread in double-sticky tape to emulate a powder
diffraction experiment. This was done with the purpose of obtaining a
statistically meaningful characterization of many crystals of each batch
from which each individual crystal for the exfoliation process was taken.

The precise thickness of the exfoliated Ta; _,Mo,S, flakes, deposited on
the SiO,/Si substrates, was determined using AFM. An Asylum Research
MFP-3D-BIO microscope was operated under ambient conditions in
contact mode. The Raman-shifts of the samples measured in AFM
were then determined in a HORIBA Scientific XPLORA XI041210 Raman
spectrometer. The excitation wavelength used for all measurements was
532 nm with a grating of 2400 lines per mm and an acquisition time of 10 s.

In addition, resistivity measurements from room temperature down
to =2 K were done in bulk single crystals, using a four-probe technique.
This allowed identifying the critical temperatures of the CDW and
superconducting transitions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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