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Abstract

A detailed study of temperature‐dependent phonon properties of exfoliated tita-

nium disulphide (TiS2) nanosheets probed by Raman spectroscopy in the 80‐ to

450‐K temperature range is reported here. The TiS2 Raman mode (Eg, A1g, and

Sh) positions exhibit linear shift dependences; however, in contradiction to typ-

ical behavior, the Sh mode surprisingly exhibits positive first‐order temperature

coefficient (χ=0.0592 cm‐1/K) with increase of the temperature. In addition, the

widths of studied peaks typically increase with temperature and peak intensity

ratio shows no changes proving that relative phonon population is not affected

by temperature. Our findings can be useful for further analysis of phonon prop-

erties and determination of thermal conductivity of supported TiS2 thin films

for advanced electronics devices.
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Transition metal dichalcogenides (TMDCs) are layered
materials, which have recently attracted considerable
attention of the scientific community due to their
exeptional opto‐electronic, mechanical, and thermal prop-
erties.[1,2] The TMDCs exhibit a sandwich‐like structure of
transition metal (from groups 4–6) layer enclosed between
two chalcogen layers (e.g. S, Se, or Te), characterized by in‐
plane covalent bonds and weaker out‐of‐plane bonds due
to the van derWaals interactions. Interestingly, the proper-
ties of thosematerials might be controlled and tuned by the
selection of transition metal and chalcogen atoms.[2,3]

Titanium disulfide (TiS2) belongs to the TMDC family
and is a semimetal with small indirect band gap that can
be opened and tuned via oxidation,[4] stoichiometry modi-
fications (e.g., Ti1.023S2), or defects.

[5–7] The TiS2 thin layers
attract attention due to variety of possible applications,
including thermoelectric devices,[8–10] biosensors,[11]

energy storage,[12,13] solar cells[14,15] and may constitute a
useful material for lithium‐ion battery production.[16–18]

In order to further explore the possibilities of TiS2
wileyonlinelibrary
applications in above‐mentioned examples, one needs to
fully understand the fundamental properties of this mate-
rial, including phonon properties. Phonon properties can
be investigated using Raman spectroscopy, which has been
proved to be an excellent tool for characterization of struc-
tural, thermal, optical, and electronic properties of layered
materials.[19–21] However, up to date, phonon properties
(especially as a function of temperature) in titanium disul-
fide thin films are still poorly understood or unavailable.
There are only few relatively old reports on Raman spec-
troscopy performed only for the bulk forms of TiS2

[22,23]

or for Ag intercalated bulkmaterial,[24] showing some tem-
perature dependence of A1g and Eg modes in the limited
temperature range, however, without determination of
first‐order temperature coefficients. Additionally, only
the comparison of the Raman spectra at 15 K and room
temperature (RT) for the bulk TiS2 was presented in
Jiménez Sandoval et al.[24] Up to now, there are no reports
showing the detailed temperature evolution of Raman
modes for TiS2 thin nanosheets.
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Here, Raman spectroscopy was used to analyze the
temperature‐dependent phonon behavior of titanium
disulfide thin films. We showed that the positions of the
Eg and A1g modes exhibit a typical decreasing linear tem-
perature dependence directly resulting from the
anharmonicity of the crystal lattice potential. However,
the position of the A1g broad shoulder mode (Sh) is line-
arly upshifted as a function of the temperature, which is
an unexpected and intriguing behavior. Moreover, the
first‐order temperature coefficients (χ) for all observed
Raman modes were extracted and compared with other
2D materials.

Fig.1a and 1b show crystal structure of analyzed 1T‐
phase of titanium disulfide from a side and top view,
respectively. TiS2 nanosheets were fabricated on SiO2

(285nm)/Si substrate by conventional mechanical exfolia-
tion technique[25,26] from a bulk single crystal (HQ
Graphene). Atomic force microscopy image of investigated
FIGURE 1 Crystal structure of titanium disulfide: (a) a side view and (

force microscopy (AFM) image of TiS2 flake (c); inset shows the corresp

obtained with λex = 514 nm at room temperature (d); inset shows vibrat

figure can be viewed at wileyonlinelibrary.com]
flake is presented in Fig. 1c, and the measured thickness is
approximately 100 nm.

The Raman spectra were collected using a Renishaw
inVia spectrometer in a backscattering configuration with
a 514‐ and 633‐nm laser excitation lines and a 50x objec-
tive. The diameter of the laser beam focused on the sam-
ple was approximately 1–2 μm, and the laser power
(calibrated on the sample) equals 2 mW. Parameters of
the laser beam were carefully selected to obtain the max-
imal signal to noise ratio without sample heating. We ver-
ified that a change in laser power up to 2 mW (at RT)
does not affect the Raman peak position in supported
TiS2 layer. Fig. 1d shows typical Raman spectrum of the
analyzed sample, taken at RT. The Lorentzian functions
were fitted to the experimental data to designate the posi-
tions, full widths at half maximum (FWHM), and intensi-
ties of Raman modes (see the Supporting Information for
details of error estimation).
b) a top view; the lattice constants (in Å units) were marked. Atomic

onding AFM height profile. Typical Raman spectrum of TiS2 flake

ions of Raman active modes for 1T‐phase titanium disulfide [Colour
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The temperature‐dependent Raman measurements
were performed with a Linkam DSC600 optical cell sys-
tem (0.1‐K resolution) in the range of 80–450 K, at nitro-
gen atmosphere. We emphasize that studied samples
were put into the cryostat immediately after exfoliation
in air, in order to minimize the oxidation effects. For each
temperature, the spectra were collected several times in
order to reduce the statistical error. Moreover, the Raman
measurements as a function of the temperature were
repeated on a few samples with different thicknesses to
confirm the trends in results. The comparison of Raman
spectra for different thicknesses of TiS2 flakes (in the
range 50–200 nm) acquired using 514‐nm excitation laser
line (and additionally with 633 nm) is included in Fig. S1
in the Supporting Information. For both excitations lines
there were no observable changes in positions and
FWHM of Raman modes as a function of the flake thick-
ness (see Fig. S2 and S3). Similarly, the flake thickness
dependence of the Raman modes' intensity ratio shows
slight changes (see Fig. S4). We note that the Raman
spectra of TiS2 flakes thinner than 65 nm have very low
signal to noise ratio, what is probably related with sulfur
vacancies and/or intercalated Ti ions, other defects in the
titanium disulfide thin film structures,[27–29] or more
likely low absorption coefficient of TiS2, or faster struc-
tural degradation of very thin TiS2 layers as observed
for others 2D materials.[30]

Titanium disulfide is a 4‐6 layered material, and it
crystallizes (at RT) into trigonal structure with a space
group P3m1. For 1T TiS2, there are three atoms per unit

cell (the crystal symmetry is described by the D3d
3 point

group[31]) and the decomposition into irreducible repre-
sentations at Γ point is given by Γ = A1g+Eg+2A2u+2Eu,
where modes with A1g and Eg symmetry are the Raman
active modes and modes with 2A2u and 2Eu symmetry
are the infrared active modes.[32] The Eg (~234 cm‐1 at
RT) and A1g (~336 cm‐1 at RT) modes correspond to the
in‐plane and out‐of‐plane vibrations of sulfur atoms,
respectively[33] (see inset in Fig. 1d). Additionally, in the
TiS2 Raman spectra a “broad shoulder” appears at ~369
cm‐1 at RT on the high‐energy side of the A1g peak, and
for the sake of clarity, in this work called Sh (see Fig. 1d).
This feature is also observed for bulk TiS2.

[22,23] The pos-
sible origin of this peak is still under discussion. Sandoval
et al. suggested that this feature can originate from over-
tone and/or summation processes.[24] However, other
study correlates this mode with defects in TiS2 structure
resulting from the excess interlayer titanium atoms,
which cause local stiffening of the phonons and involve
motion of the sulfur atoms transverse to the layer.[34]

The latter hypothesis has been repeated by other work
on chemically exfoliated TiS2 nanosheets by a lithium
borohydride intercalation.[29] Authors of this work
showed that the A1g shoulder appears more pronounced
for multilayers than monolayers and thus can be useful
for the determination of the layers numbers (up to six
layers). Other possible explanation of this peak's origin,
including stress, A2u peak appearance, and double reso-
nant effect is discussed in Ranalli.[35]

Fig. 2a presents a set of Raman spectra of approxi-
mately 100‐nm‐thick TiS2 flake for selected temperatures
between 80 and 450 K. As the temperature increases, the
Eg and A1g Raman modes soften linearly and clearly
broaden. Fig. 2b and 2c show the detailed temperature
dependence of the Lorentzian‐fit peak positions for the
Eg and A1g phonons. The evolution of the Eg and A1g pho-
non wavenumbers ω (in cm‐1 units) as a function of the
temperature shows a linear behavior according to relation

ω Tð Þ ¼ ω0 þ χT; (1)

where ω0 is the phonon wavenumber for temperature
extrapolated to 0 K, χ is the first‐order temperature coeffi-
cient, and T is the absolute temperature.[36–39] The linear
dependence of phonon wavenumbers in TiS2 thin layers
are related to the anharmonicity of the interatomic poten-
tial,[36,40] which results in phonon energy renormalization
and thermal expansion, which can also modify the force
constants. The calculated fitting parameters from Equa-
tion (1) are shown in Table 1. The extracted linear tem-
perature coefficients (χ) from the slopes equal –0.0386
cm‐1/K ± 0.0021 cm‐1/K and –0.0134 cm‐1/K ± 0.0005
cm‐1/K for the Eg and A1g Raman modes, respectively.
We notice that the χ value for Eg mode is clearly higher
compared with A1g mode, which indicates more signifi-
cant temperature impact on phonon vibrations across b‐
axis than to c‐axis (possibly due to the different nature
of the intraplane covalent bonding or/and the interlayer
van der Waals bonding or/and different symmetry of
those phonons) and can affect the anisotropic thermal
expansion of the 1T‐TiS2 crystal.[36,41] Interestingly, the
calculated values of χ parameter for the Eg and A1g tita-
nium disulfide Raman modes are comparable with those
reported for other 2D materials (TiS3,

[42] black phospho-
rus,[38] WS2,

[43] MoS2,
[44] or graphene[36]), which are sum-

marized in Table 1.
An interesting feature is seen for the temperature

dependence of Sh peak position shown in Fig. 2d.
Namely, the broad shoulder of A1g peak is linearly
upshifted from 358.9 to 378.8 cm‐1 in range of 80–450 K,
giving the slope of the fitted line dependence that equals
+0.0592 cm‐1/K ± 0.0063 cm‐1/K. The first striking prop-
erty is the positive peak position shift with temperature,
and the second is that magnitude of the shift for the given
temperature range equals almost 20 cm‐1, showing very
strong temperature impact. We note that a small positive



FIGURE 2 Selected Raman spectra of TiS2 measured in 80‐ to 450‐K temperature range (a). Temperature dependence of (b‐d) positions

and (e‐g) full widths at half maximum (FWHMs) of Eg, A1g, and Sh Raman modes in TiS2 [Colour figure can be viewed at

wileyonlinelibrary.com]
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value of χ coefficient was also reported for the phonon
with E (TO) symmetry in α‐quartz (0.010 cm‐1/K ±
0.005 cm‐1/K) and hexagonal GeO2 (0.005 cm‐1/K ±
0.002 cm‐1/K) and for the B1g mode in tetragonal GeO2

(0.003 cm‐1/K ± 0.001 cm‐1/K).[41] We also note that the
impact of the substrate thermal expansion should be
negligible due to the TiS2 flake thickness (~100 nm). It
seems that the origin of the Sh needs to be verified with
TABLE 1 Calculated parameters from fit of Equations (1) and (2) to te

modes compared with literature data for selected 2‐D materials

Raman mode/material
type

ω0 (cm
‐1)

Equation (1)
χ (cm‐1/K)
Equation (1)

Eg/TiS2 flakes 244.7 ‐0.0386

A1g/TiS2 flakes 339.7 ‐0.0134

Sh/TiS2 flakes 354.2 +0.0592

A1g/TiS3 nanosheets ‐ from ‐0.0170 to

A2
g/black phosphorus few‐layer ‐ ‐0.0283

A1g/WS2 monolayer ‐ ‐0.0121

E1
2g/WS2 monolayer ‐ ‐0.0091

A1g/MoS2 few‐layer 408.4 ‐0.0123

E1
2g/MoS2 few‐layer 382.6 ‐0.0132

Abbreviation: FWHMs: full widths at half maximum.
theoretical calculation of phonon structure of TiS2 with
including impact of the interlayer defects.

Fig. 2e‐g present widths of Eg, A1g, and Sh modes (that
are usually inversely proportional to the phonon life-
time), respectively, in the 80‐ to 450‐K temperature range.
The linewidth of all peaks clearly broadens with the tem-
perature increase and indicates approximately rather typ-
ical linear relation (similar trend has been observed for
mperature dependence of the positions and FWHMs of TiS2 Raman

Γ0 (cm
‐1)

Equation (2)
C (cm‐1/K)
Equation (2) Ref.

20.2 0.042 This work

12.3 0.036 This work

35.6 0.066 This work

‐0.0283 ‐ ‐ Pawbake et al.42

‐ ‐ Łapińska et al. 38

‐ ‐ Huang et al. 43

‐ ‐ Huang et al. 43

‐ ‐ Sahoo et al. 44

‐ ‐ Sahoo et al. 44

http://wileyonlinelibrary.com
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other 2D materials, e.g., graphene and h‐BN[45]). In order
to quantitatively describe the evolution of FWHMs as a
function of the temperature, the Equation (2) is
applied[45]

Γ Tð Þ ¼ Γ0 þ CT; (2)

where Γ0 is the FWHM at 0 K and C stands for fitting
constant. The calculated Γ0 and C values are shown in
Table 1. The relative change of the peaks width, in tem-
perature range of 80–450 K, equals 11.4, 12.5, and 16.7
cm‐1 for the E1g, A1g, and Sh peaks, respectively. This sug-
gests that the Sh mode width is slightly more sensitive to
temperature variation as compared with Eg and A1g

modes. Interestingly, in the contrary to the peak position,
the Sh mode exhibits typical temperature dependency of
the peak width (increase with temperature). Only, for
the Eg mode (Fig. 2e), the Raman spectrum has a rela-
tively low signal intensity and the width determination
has relatively large error. According to thermal transport
models, the lattice thermal conductivity is directly pro-
portional to the phonon lifetime.[46] Thus, broadening of
the peak widths may suggest the decrease of thermal con-
ductivity (and thermal diffusivity) of the TiS2 with tem-
perature. However, this effect remains to be studied.

Fig. S5 shows the temperature dependence of the rela-
tive intensity ratio of the A1g and Sh modes. Clearly, there
is no significant change in I(A1g)/I (Sh) coefficient within
the investigated temperature range. Constant value of
above coefficient indicates that temperature variation
has no influence on the relative population of A1g and
Sh phonons. Because of the fact that Sh phonon nature
is still not fully understood, the explanation of this obser-
vation needs further theoretical studies.
1 | CONCLUSIONS

In conclusion, we have performed the temperature‐
dependent Raman studies of mechanically exfoliated tita-
nium disulfide thin films supported on SiO2/Si substrate
and determined their phonon properties in temperature
range between 80 and 450 K. The first order temperature
coefficients were calculated and are χ = ‐0.0283, ‐0.0134,
and +0.0592 cm‐1/K for Eg, A1g, and Sh modes, respec-
tively. These results can be also useful for further analysis
of phonon properties and deeper understanding of heat
dissipation of supported TiS2 films, using, for example,
optothermal method.[47]
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