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ABSTRACT

Quasi-one-dimensional layered TiS; nanosheets possess highly anisotropic physical properties. Herein, we reported the anisotropic strain
response of Raman and the piezoresistance effect in layered TiS; nanosheets. An attractive Griineisen parameter (y,,) of 5.82 was achieved
for Aé” mode in the b-axis strained TiS; nanosheet, while a negligible value of y,,, was obtained when the strain is applied along the a-axis
direction. We also revealed the opposite piezoresistive effect with strains applied along the two principal axes, demonstrating a gauge factor
ratio of approximately —1:3.2. The giant anisotropy is attributed to the strain modulated bandgap, which was further confirmed by density
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functional theory calculations.
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Strain engineering has proven to be an effective way to manipu-
late the physical properties of atomically thin two-dimensional (2D)
materials.”” The unique mechanical properties of 2D materials allow
the presence of a large degree of strain before fracture. The strong cou-
pling effect of strain to electronic structures enables a broad tunability
of their physical properties and the implement of functional electronic
devices."” For example, Zhang et al. employed strain engineering to
alter the electrical properties of black phosphorus (B-P), a typical 2D
material with a direct bandgap of 0.33 V.’ The continuous bandgap
modulation under strain would induce the density change of thermally
activated carriers and leads to a remarkable piezoresistive effect in B-P
field-effect transistors (FETS).

Semiconducting materials with a low-symmetry crystal structure
exhibit strong in-plane anisotropy of physical properties, which imbue
more freedom for designing electronic devices with novel functionali-
ties.” " Particularly, titanium trisulfide (TiS;) crystallizes in the mono-
clinic P21/m space group.'” As illustrated in Fig. 1(a), the Ti atoms at
the center are bonded with neighboring S atoms into triangular dis-
torted prisms, which are further connected along the b-axis into

atomic chains. These repeating parallel chains are covalently bonded
within the a-b plane into the monolayer structure while weakly stacked
via vdW interaction along the c-axis, resulting into a quasi-1D layered
structure. The reduced symmetry of the crystal structure gives rise to
the high anisotropy in its electronic and optical characteristics'* '
and offers unexplored possibilities for the modulation of physical
properties via strain-engineering.”* **

In this work, we studied the anisotropic strain response of lat-
tice vibration and piezoresistive effect in TiS; nanosheets. As tensile
strain is applied along b-axis, the Agl Raman mode of TiS; shift
approximately 14 cm™'% ', while it exhibits nearly zero response
when applied with strain along the ag-axis direction. TiS; nano-
sheets exhibit positive and negative piezoresistance along the
a- and b-axes, respectively. These results demonstrate that the
strain engineering is highly efficient to modulate the optical and
electrical properties of quasi-1D layered TiS;. The giant anisotropic
response is critical to understand the unique structure-property
relationship in quasi-1D TiS; nanosheets and develop future elec-
tronic devices with multi-functionalities.
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FIG. 1. Materials characterization of
quais-1D TiS; nanosheets. (a) Crystal
structure of monolayer TiS;. The quasi-1D
chains are formed by connecting triangu-
lar prisms along the b-axis direction. (b)
and (c) OM and AFM images of a 30 nm-
thick TiS3 nanosheet on the SiO,/Si
substrate. Inset image in (c) shows the

Intensity(a.u.)

corresponding 3D view. (d) Raman spec-
tra of TiS3 nanosheets with different thick-
nesses. The data were collected from
fresh samples grown on the mica sub-
strate. Peak locating at ~200cm~" is
from the mica substrate.
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TiS; nanosheets were obtained through a facile chemical vapor
transport (CVT) process by direct reaction of titanium and sulfur in a
sealed ampule at 550°C. A microreactor constructed by vertically
stacked mica is located at the end of ampule in which the space con-
finement effect enables the in-plane growth of TiS;. After 72 h of
growth, the resulting TiS; nanosheets on mica substrate were charac-
terized by optical microscopy (OM) and atomic force microscopy
(AFM). Although the thickness of TiS; can be scaled down to a 2nm
limit, most of them have a small lateral size (less than 3 um) that is not
large enough for device fabrication (Fig. S in the supplementary
material). Therefore, samples with thickness ranging from 20 to 50 nm
were employed for Raman spectroscopy and electrical measurement.
Figures 1(b) and 1(c) show a typical OM image of the 30 nm-thick
TiS; sample and corresponding AFM image. We can see that the rect-
angular TiS; nanosheet has an atomically flat surface with a roughness
(R,) of less than 0.12 nm.

Raman spectroscopy was employed to study the vibrational prop-
erties of TiS; nanosheets. As shown in Fig. 2(a), five Raman active
modes located at 176, 298, 370, 402, and 556cm™" can be clearly
resolved. The frequency peak at 176cm ' is labeled as Al, which
involves the out-of-plane vibration of quasi-1D atomic chains of TiS}>
Therefore, the peak position of AL mode is highly dependent on the
layer number of TiS; nanosheet, which can blue-shift by as large as
5cm~ ! with the thickness increasing from 2 to 45nm [Figs. 1(d)
and S2 in the supplementary material]. Both of the peaks at 298 cm™"
(Ag Yand 370 cm ™! (AgI ) are originated from the displacement of TiS;

atoms within the in-plane layer. The A mode represents that two
degenerated optical branches coincide with each other in which the
difference lies in the relative vibration direction between the Ti and S
atoms across the two individual Ti-S prisms. The A]" mode relates to
the opposite vibration of Ti and S atoms in a single prism, whereas the
vibration of atoms in the neighboring prism is in a centrosymmetric
way. For the AV mode, it is predominantly composed of the in-plane
motion of S-S pair and part of out-of-plane vibration of Ti-S bonding.
It was shown that a small peak at 402 cm ! is also revealed, which
belongs to the BY vibrational mode. The peak shows an extremely
weak intensity, and it would cause immense hardship for data process-
ing. Therefore, we only focus on the four main vibration modes locat-
ing at 176, 298, 370, and 556 cm ™ L.

To investigate the anisotropic lattice vibration of TiS; nanosheet,
angle-resolved Raman spectra were collected by rotating the sample
with a step of 15°. The peak intensity of Raman-active modes is quite
sensitive to the polarized angle (Fig. S3 in the supplementary material),
and corresponding polar figures can be generated and plotted as
shown in Fig. 2(b). TiS; nanosheet was initially aligned with the b-axis
parallel to the polarized direction of the incident laser, and the angle in
this configuration is defined as 0°. The polar plot of AT mode is in the
form of a horizonal two-lobed shape, and the intensity of peak reaches
the max/min values when the lasers are polarized along the b/a-axes
directions of TiS; nanosheets. The aspect ratio of peak intensity
(r = max/min) was calculated to be 4.28 for the A" mode. It should
be noted that the two lobes shown in the polar figures are rotated by
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FIG. 2. Angle-dependent Raman spectra of TiS; nanosheets transferred onto the Si/SiO, substrate. (a) Typical Raman spectrum of TiS; nanosheet measured at room temper-
ature. Inset legends illustrate the correspondlng atomic motion of different branches. The peak locating at 521 cm~" is from the SiO,/Si substrate. (b) Polar plots of different
vibration modes at 176, 298, 370, and 556 cm™~". The inset image shows a TiS; nanosheet with the b-axis parallel with the polarized direction of the incident laser. Scale bar is

10 pum.

90° for the Aé Ag , and Aév modes, with the aspect ratios of 2.61, 1.71,

and 2.50, respectively. The peak intensity of B mode exhibits weak
anisotropy, and the aspect ratio was calculate(f to be 1.14 (Fig. $4 in
the supplementary material).

The anisotropic lattice vibrational properties of TiS; nanosheets
are well in consistent with previous reports,”” which can be explained
by the subtle variations in the atomic spacing and bond lengths of
TiS;. The remarkable anisotropy of lattice vibration provides a nonde-
structive and feasible approach for the determination of the crystallo-
graphic direction.

Based on our experiment setup, uniaxial strain was applied along
the b- and a- axes of TiS; nanosheet to evaluate the strain response of
lattice vibration. Tensile strain (¢) was estimated using formula:
& = d/2r, where d and r are the thickness and radius of curvature of
the flexible PET substrate. Polymethyl methacrylate (PMMA) with a
thickness of 100 nm was spin-coated on TiS; nanosheet to prevent the
slippage during strain loading [Fig. 3(a)]. The PET substrate with a
thickness of 120 um was initially bended along the b-axis direction of
TiS; nanosheets. In other words, tensile strain is applied parallelly with
the direction of quais-1D TiS; atomic chains. As shown in Fig. 3(b), all
the Afg, A and AT modes experience an apparent red-shift of fre-
quency, while the ATV mode almost exhibits zero-response even with a
large strain of 0.85%.

The change in the Raman shift rate of different vibration modes
can be well explained by the change in atomic bonding characteristics
under strain. Tensile strain along the b-axes causes the elongation of
the Ti—S covalent bond length, which would weaken the interatomic
interactions and lead to the reduction in vibration frequency. As the

mapping plot shown in Fig. 3(c), the A}’ mode locating at 370 cm™ " is

the most sensitive to the tensile strain, and the Raman shift rate up to
14cm '% ' can be achieved. Such a value is the highest value among
the previously reported 2D nanosheets (e.g., B-P,” MOSz,Zﬁ tellurene,””
and selenene”®) and 1D materials (e.g. ZnO”’ and Ge™"). The PMMA
coating plays an important role for the strain-engineering of TiS;
nanosheet. The Raman shift rate of A mode is only 4cm™'% ' with-
out the PMMA encapsulation (Fig. S5 in the supplementary material).
Similarly, tensile strain along the b-axis direction would also influence
the relative vibration between the Ti atoms, bridge S atoms, and S-S
pairs across the two prisms, resulting into the red-shift of the A”
mode with a shift rate of 6cm™'% ", The Al mode mainly involves
the relative motion of individual quasi-1D TiS; chains, which is hardly
affected by the b-axis tensile strain; thus, minor shift of Raman fre-
quency was observed with a small value of 2cm™'% . For the zero-
response of AV mode, we can ascribe it to the fact that it mainly
involves the relative motion of S-S pairs perpendicular to the direction
of TiS; chains, which is insensitivity to b-axis deformation.

Griineisen parameter (y,,,) represents the shift rate of the vibra-
tion mode as lattice expanding,”’ and it can be calculated by applying
formular:

_ 1 Awy,
Vm_ O AS I

1)

where @y, represents the Raman frequencies at the zero strain. The
uniaxial strain ¢ can be expressed as ¢ = &, + &, = &, — vy, where v
is the Poisson’s ratio. Since TiS; nanosheet locates on a PET substate
with PMMA film coating, y,, can be calculated according to Eq. (1)
with the Poisson’s ratio of b = 0.33 for PET.”” The maximum value of
5.82 was obtained for A{’" mode, which is about 1.5 times higher than
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FIG. 3. Anisotropic strain response of lattice vibrational properties of TiS; nanosheets. (a) Schematic diagram of the experimental setup. The applying of anisotropic tensile
strain is realized using a two-point bend approach. (b) Raman spectrum evolution of T|S3 nanosheet with the tensile strain applied along the b-axis and a-axis directions,

respectively. (c) Mapping plots of different vibration modes at 176, 298, 370, and 556 cm ™

the value of B-P (yB =3.69)°, and even an order of magnitude
higher than that of 1sotrop1c Mos, ( Ve, = = 0.6)*%. The results provide a
pronounce evidence of the extraordmary anharmonic effect and strong
interaction of atoms along quasi-1D TiS; chains.

We note that the strain response of lattice vibration along a-axis
is quite different from that along the b-axis direction. Strain mapping
was plotted by extracting the data from the Raman spectra [Fig. 3(d)].
Even with a large strain of 0.85%, TiS; nanosheet does not show signif-
icant photon frequency shift, and y,,, along a-axis is almost negligible.
The negligible strain response is highly associated with the weak inter-
actions between quasi-1D TiS; chains. Figure S6 in the supplementary
material summarizes the frequency shift of strained TiS; nanosheet
along these two directions. The strain-engineered giant anisotropy of
lattice vibration conclusively verified the anisotropic nature of TiS;
crystals.

Strain engineering also enables efficient control of the physical
properties of 2D semiconducting material,” * thus providing many
opportunities for advanced mechanical-electronic device applications.

"in b-axis strained TiS;. (d) Corresponding mapping plots in a-axis strained TiS3.

To investigate the anisotropic strain response of electrical conductance
in quasi-1D layered TiS;, two-terminal devices with a/b-axes channels
were fabricated based on the TiS; nanosheet on the PET substate. To
ensure a reliable electrical contact during measurement, Au/Ti (50/
5nm) metal electrodes are patterned with a large width of 200 yum,
and the channel length is set to be 10 um. Figure 4(a) plots the real-
time resistance change in the b-axis channel device as the strain is
applied along the b-axis direction. It demonstrates a stable and
repeated strain modulation of resistance under strain between 0% and
0.85%. The metric of the gauge factor (GF) of piezoresistance is used
to evaluate the piezoresistive sensitivity, and it can be given as

GF = (AR/R) /e, (2)

where R represents the resistance of the unstrained TiS; channel and
AR is the resistance change under strain ¢. GF along b-axis of TiS;
nanosheet is calculated to be as high as ~224.7, which is much larger
than that of previously reported multilayer MoS, (~50),” BP
(~125),” and ReS, (~60.49).” The piezoresistance response of the
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FIG. 4. Anisotropic piezoresistance effect in TiS; nanosheets. (a) and (b) Real-time measurement the resistance changes of b-axis and a-axis TiS3 devices. Tensile strain is
applied along the channel direction. Inset images shows the optical microscopy images of devices. (c) Repeatability of the piezo-resistance response of TiS; nanosheet with
the channel patterned along the b-axis direction. (d) Relative resistance changes as a function of strain. (€) Theocratically calculated total energy states of b-axis and a-axis

strained TiS; single crystals. (f) Variation of bandgap as a function of ¢, and &p.

device can be well repeated without degeneration even after five bend-
ing cycles, suggesting that TiS; nanosheet was deformed in the elastic
regime [Fig. 4(c)].

The resistance drops slowly as the strain is applied along the a-
axis direction [Fig. 4(b)], indicating the opposite piezoresistance com-
pared to the b-axis strain. Figure 4(d) illustrates the relative resistance
change in TiS; devices along these two orthogonal directions, both of
which exhibit great linearity as a function of tensile strains. The GFs of
TiS; nanosheet along the a- and b-axes are estimated to be —69.76
and 224.70, respectively, with a factor ratio of approximately —1:3.2.

The distinct anisotropy in piezoresistive properties of TiS; is
associated with the strain-engineered bandgap structure.”**” The con-
ductivity of semiconductors under tensile strain can be given as’

. 0k
ZkBT Oe ’

0 = 0¢ exp {— (3)
where ¢ and g are the electrical conductance of strained and initial
TiS; nanosheet, respectively. & kg, and T represent the strain,
Boltzmann constant, and temperature. (9E,) /e is the change rate of
bandgap under tensile strain. We performed density functional theory
(DFT) calculation to identify the energy band structure of strained
TiS; (see a detailed simulation process in the supplementary material).
A bandgap value of 1.025eV was obtained for the unstrained TiS;
nanosheets, and the direct bandgap structure can be well maintained
with applied tensile strains (Fig. S7 in the supplementary material).
Under 0.85% b-axis tensile strain, the bandgap would be broadened by
57 meV, reaching up to 1.082 eV. We also observed abnormal decrease

in bandgap by about 25 meV as the tensile strain is applied along the
a-axis direction [Figs. 4(e) and 4(f)]. According to Eq. (3), the opposite
transition in the energy band structure would cause the increase/
decrease in conductivity as the strains are applied along the a/b axes
direction, which well explains the anisotropic piezoresistive effect in
the TiS; nanosheet. The results indicate the promising applications of
quasi-1D layered TiS; for developing piezo-functional devices with
capability of detecting directional strains.

In conclusion, we demonstrated the anisotropic Raman
response and piezoresistance in strained TiS; nanosheet. A high
strain sensitivity with y,, of 5.82 was demonstrated for the AéH
mode in b-axis strained TiSs, together with the near zero response
in the a-axis strain samples. We also found that the resistance of
TiS; nanosheet exhibits remarkable opposite strain response, show-
ing positive and negative piezoresistance as the strain is applied
along the a- and b-axes, respectively. The giant anisotropy of the
piezoresistive effect can be explained well by the opposite bandgap
transition along the two axes in strained TiS; nanosheet, which was
confirmed by the DFT calculation. The distinct anisotropic charac-
teristics make TiS; a versatile 2D semiconductor for designing
novel electronic devices.

See the supplementary material for the detailed DFT simulation
process, characterization of TiS; nanosheet with different thickness,
the layer-dependent Raman spectra, the anisotropic frequency shift of
TiS; nanosheet under a/b-axes strains, and the calculated band struc-
ture of strained TiS; nanosheets.
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