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Recently, modifications of charge density wave (CDW) in two-dimensional (2D) show intriguing properties in quasi-
2D materials such as layered transition metal dichalcogenides (TMDCs). Optical, electrical transport measurements and
scanning tunneling microscopy uncover the enormous difference on the many-body states when the thickness is reduced
down to monolayer. However, the CDW in quasi-one-dimensional (1D) materials like transition metal trichalcogenides
(TMTCs) is yet to be explored in low dimension whose mechanism is likely distinct from their quasi-2D counterparts.
Here, we report a systematic study on the CDW properties of titanium trisulfide (TiS3). Two phase transition temperatures
were observed to decrease from 53 K (103 K) to 46 K (85 K) for the bulk and < 15-nm thick nanoribbon, respectively,
which arises from the increased fluctuation effect across the chain in the nanoribbon structure, thereby destroying the CDW
coherence. It also suggests a strong anisotropy of CDW states in quasi-1D TMTCs which is different from that in TMDCs.
Remarkably, by using back gate of —30 V ~ 70 V in 15-nm device, we can tune the second transition temperature from
110 K (at =30 V) to 93 K (at 70 V) owing to the altered electron concentration. Finally, the optical approach through the
impinging of laser beams on the sample surface is exploited to manipulate the CDW transition, where the melting of the
CDW states shows a strong dependence on the excitation energy. Our results demonstrate TiS3 as a promising quasi-1D

CDW material and open up a new window for the study of collective phases in TMTCs.
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1. Introduction

Periodic modulations of electron density from electron—
phonon interactions lead to a novel type of ground state called
charge density wave (CDW).ll' A great deal of materials
such as layered transition metal dichalcogenides (TMDCs)
and transition metal trichalcogenides (TMTCs) have been
found to possess the CDW states.!!?] Recently, these inter-
esting states show unexpected and exotic properties when ap-
proaching the 2D limit. For example, with the thickness
decreasing,’! a commensurate CDW state completely disap-
pears in TaS,; and the transition temperature can be drasti-
cally enhanced in monolayer NbSe; and TiSe,.[*”) More in-
terestingly, the quantum critical behavior may exist in 2D TaS;
and other correlated systems®°! as the reduced dimensional-
ity can strengthen Peierls instability, electron—phonon interac-
tions, and the fluctuation effect.!’-”] Therefore, it is indispens-
able to investigate the effect of the dimensionality on the CDW
states and uncover the intrinsic mechanism.

Like TMDCs, many bulk TMTCs exhibit layered struc-
tures with interlayer van der Waals interactions.[!12] As a
typical TMTC, MX3-type crystals (M = Ti, Zr, Hf, Ta, Nb;
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X =S8, Se, Te) are quasi-1D materials, some of which pos-
sess charge density waves in the bulk form. And these states
emerge and slide along the direction of metal-atom chains un-
like in TMDC materials where the various CDW states are
developed by several-atoms-clusters in 2D layers.!!>!4! For
instance, two phase transitions at 144 K and 59 K in NbSes
are the consequence of three structurally different chains.!!>]
Monoclinic TaS3; has two types of chains which induce CDW
transitions at 240 K and 160 K. Importantly, the low dimen-
sionality may exert strong effects on those chain-like quasi-1D
materials due to the different crystal structures. Each CDW
transition can be variously affected with the change of device
scale along different crystal orientations, thus giving rise to
an evident anisotropy. However, limited works have been re-
ported on the CDW states in quasi-1D TMTC materials when
the dimensionality is reduced to two dimensions.

TiS3, as one of the semiconducting TMTCs, shows ex-
tremely excellent optical properties.!!’~?!1 Strong anisotropy
from electric transport measurements represents 30% of in-
crease over the black phosphorus.[!”??] The bulk crystals
have phase transitions at 120, 60, and 17 K through quasi-
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1D transport.[>3-261 with the first two along the perpendicu-
lar chains. We anticipate that the nanoribbon structure can
have structural fluctuations in horizontal and perpendicular di-
rections that lead to anisotropic CDW behavior upon external
electrical gating. However, to date such studies remain lack-
ing.

Here, we report the properties of exfoliated few-layer
TiS3; nanoribbons and find only two phase transitions at 46 K
(T1) and 85 K (T,) in stark contrast to the three in thick TiS3
at 29, 53, and 103 K. T, can be tuned by the back-gate volt-
age because of the variable carrier concentration whereas 7t
does not show an evident change owing to its robustness to
the structural fluctuations. Our transport experiments clearly
exhibit a strong anisotropy of CDW states in TiS3. We also
reveal the light-induced melting of charge density wave under
633-nm laser illumination. When the laser intensity exceeds
10 uW, both two transitions disappear. Moreover, a low illu-
mination intensity of 0.02 uW by a 532-nm laser can readily
destroy the CDW states.

2. Methods
2.1. Growth and characterizations of TiS3 nanoribbons

TiS3 was synthetized by sulfuration of Ti using chemi-
cal vapor transport (CVT) method.!3! 0.23-g titanium powder
and 0.6-g sulfur powder were sealed in an evacuated quartz
ampule. The ampule was placed in a tube furnace, where it
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was heated up to 500 °C for 1 day, then kept at 500 °C for
1 day for sulfuration. The cooling process took place in am-
bient conditions. Sulfur vapor pressure at 500 °C was around
4 bars (1 bar = 10° Pa).

Raman spectroscopy measurements were performed at a
self-built Raman system with a laser wavelength of 532 nm.
The diameter of focused laser spot is less than 2 pwm when
using a 100-pum pin hole.

2.2. Device fabrication and transport measurements

The electrodes of the device were fabricated by EBL us-
ing MMA/PMMA bilayer polymer. Cr/Au (5 nm/100 nm)
electrodes were deposited by sputtering. The temperature-
dependent transport measurements of the 4-probe device
were carried out in a Physical Property Measurement System
(PPMS) system (Quantum design) using an Agilent 2912.

2.3. Light-induced transport measurement

The light-induced transport measurements were carried
out in an optical dry cryogenic system (Oxford Instruments,
OptistatDry BL4).

3. Results

Bulk TiS; crystals were synthesized via chemical
vapor transport (CVT) method (sulphuration of titanium

powder).[17]
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Fig. 1. (color online) Synthesis and characterizations of TiS3 nanoribbons. (a) The TiS3 crystal structure. Ti atoms are covalently bonded to six S atoms
forming triangular prisms which are stacked to make chains. (b) The optical microscopy image of TiS3 nanoribbons on an SiO,/Si substrate. (c) The SEM
image of TiS3 nanoribbons. Inset: single TiS3 nanoribbon. (d) The EDX spectrum of TiS3 nanoribbons with the atomic ratio of Ti/S of 1:3. (e) The Raman
spectrum of the individual TiS3 nanoribbon on SiO,/Si substrate at room temperature using a 532-nm laser source.

067302-2



Chin. Phys. B  Vol. 26, No. 6 (2017) 067302

Figure 1(a) shows a layered structure of TiSs3; parallel
chains of triangular prisms which are held by van der Waals
forces constitute sheets. The parallel chains are responsible
for the quasi-1D nature of the material which leads to charge
density waves. Each sheet is formed by two titanium layers
and four sulfide layers. The as-grown TiS; naturally devel-
Figure 1(b)
shows one of the exfoliated TiS; samples transferred onto

ops groups of black needle-like bulk crystals.

Si0,(285 nm)/Si substrate with a number of nanoribbons. Fig-
ure 1(c) shows a scanning electron microscopy (SEM) image,
where both bulk crystals and thin nanoribbons can be identi-
fied. The purple one in the red rectangle is a thin nanoribbon
with a thickness of 7 nm ~ 8 nm. To identify the composi-
tion of sample, energy dispersive x-ray spectroscopy (EDX)
has been carried out. Figure 1(d) displays the EDX results of
the as-grown samples. More than five positions have been ran-
domly picked and measured, all of which show clear peaks of
Tiand S with the total error less than 0.5%. The atomic ratio of
Ti and S is nearly Ti:S=1:3, indicating a correct composition
of TiS;. We further carried out Raman spectroscopy to ex-
plore the phonon characteristics of materials and identify the
chemical bond. Figure 1(e) displays the Raman spectrum of
an isolated nanoribbon thicker than 50 nm; the optical image
of the sample is shown in the inset under 532-nm laser illumi-
nation. While the peak at ~ 520 cm ™! is due to Raman mode
of silicon substrate, the other four peaks located at 176 cm~ L,
301 em™!, 373 cm™!, and 559 cm™! correspond to A,-type
Raman modes of the TiS3 which are in good agreement with
the bulk crystals. Besides, a previous study reports the obser-
vation of the 373 cm~! peak which has the highest intensity
along b axis in nanoribbons,?”) which is consistent with our
results.

In order to study the CDW properties, four-terminal de-
vices with Cr/Au (5 nm/100 nm) electrodes were fabricated
along the nanoribbon chain direction, i.e., the b axis, by stan-
dard e-beam lithography, metal evaporation, and lift-off pro-
cess. Temperature-dependent resistance (R—T7") is measured
from room temperature down to 10 K as shown in Fig. 2(a).
The inset displays the device image by a conventional optical
microscope. The length of the sample is around 20 um and the
width is 2 um. The thickness of the nanoribbon is determined
to be 50 nm ~ 60 nm, which is relatively thick. The resis-
tivity measured at 300 K has a value of p = 0.4 Q-cm~! in
good agreement with the previously-reported bulk results. >3]
The R-T curves in our experiments are all measured in the
cooling process to eliminate the hysteresis induced by the sys-
tem. As the temperature cools down, the resistance shows sev-
eral broad anomaly features. In order to clearly identify the
transition temperatures, we adopted the widely-used derivative
method and plotted dInR/d(1/R) against the temperature. It
is known that near the transition temperature, the conductivity

can be extracted by

1.747x
- W(TC -7)
C

o =UN. |1
based on the mean-field theory, where u is the mobility and
Np is the density of states.!'®) When T < T, the temperature

derivative of the resistivity is approximately given by

dp_ 174m 1
d(1/T) ~ 2uNT2 (T. - T)'/2

Consequently, the derivative dInp/d(1/T) has a cusp singu-
larity at transition temperature. Here, we use the maxima from
the derivative curve.*! to estimate the transition temperature
of 29, 53, and 103 K in the 50 nm ~ 60 nm-thick nanoribbon,
which are similar to that of the bulk crystals.!?*! Instead of
showing a cusp, one observes a broadened maximum, which
is consequence of fluctuations caused by the 2D dimensional-
ity. At the same time, quasi-1D systems always induce non-
linear conductivity due to the sliding or creeping of the CDW
states.[31 And the current—voltage (/I-V) curves follow the
power law behavior I «< V* in CDW systems (along the chains)
at low temperatures. Indeed, the /-V curve at 10 K exhibits a
voltage-dependent conductivity whereas at 130 K it becomes
linear with a constant conductivity. Figure 2(b) summarizes
all I-V curves in the temperature range of 10 K to 130 K
where a nonlinear behavior is exclusively observed. However,
owing to the possible contribution from the Schottky barrier
which is observed in monolayer MoS, using four-point probe
measurement, the exact onset of the CDW transition remains
elusive.*!) We note that the four-probe method is unsuitable if
the Schottky behavior occurs between the metallic contact and
the sample where the Schottky barrier induces a large con-
tact resistance causing inaccuracy of sample resistance.333]
Since the nanoribbon is thick enough, the drain—source cur-
rent Iys can be defined by three-dimensional (3D) thermionic
emission equation 34!
Iys :ASTzexp [_kBqT (CDB - V;T)} ,

where A is the Richardson constant, n is the ideality factor.
The fitting results show a Schottky barrier &g of 42.3 meV
(see Fig. S1 in the supplementary information in Appendix A).
Thus, our I-V curves consist of contributions from both quasi-
1D CDW and Schottky barrier. When the voltage is larger
than 0.4 V, Inys is proportional to V, matching the thermionic
emission model (Fig. S1(a), and the current induced by Schot-
tky barrier at low voltage is much smaller than that from the
quasi-1D transport. Therefore, at low voltage, the quasi-1D
transport dominates while the Schottky barrier plays important
roles at the high-voltage regime. When the voltage is lower
than the threshold, the electrons cannot be excited across the
CDW gap in a two-fluid model.!!! The current can be written
as It = Iy + Icpw, where the subscripts n and CDW refer to
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the current carried by the uncondensed and condensed elec-
trons. The former has an Ohmic contribution and the latter has
a nonlinear response. For CDW materials, the threshold field
Et is around few millivolt per micron, ! which is much lower
than that in the fitting region of Fig. 2(b). Moreover, no thresh-
old field is observed in nonlinear transport measurements in

(23] unlike the char-

bulk TiS3 in the high temperature region,
acteristics in very thin NbSe; samples with disorders.®>! At

4.2 K, the threshold field Er is reported to be 6 V/cm.[30]
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Therefore, at a specific temperature, the /-V curves have two
linear parts as shown in the inset of Fig. 2(c); the blue region is
dominated by the quasi-1D CDW transport and the red regime
corresponds to the Schottky barrier. We fit both the two re-
gions by using the power law I o< V% at different temperatures;
the resultant temperature-dependent parameter « is illustrated
in Fig. 2(c). It can be seen that & becomes larger than 1 as the
temperature goes below 110 K and a sharp increase occurs at
about 60 K.
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Fig. 2. (color online) CDW transitions in a 50 nm ~ 60 nm thick and 15-nm thin TiS3 nanoribbon. (a) The temperature dependence of the resistance and
the logarithmic derivative dInR/d(1/T). The source—drain current Igs = 5 nA. Three CDW transitions are evident at 29, 53, and 103 K. Inset: optical
microscopy image of the 50 nm—60 nm TiS3 FET. (b) I3s—Vys curves of the thick TiS3 nanoribbon at different temperatures. (c) The temperature dependence
of parameter ¢ using different fitting region. The red curve is fitted at V > 0.4 V, while the blue one is at V < 0.4 V. The inset shows the two fitting regions.
(d) Temperature dependence of the resistance and the logarithmic derivative dInR/d(1/7T) in a device whose thickness is lower than 15 nm. The source
drain current I3 = 2.5 nA. Unlike the thick nanoribbon, two CDW transitions appear at 46 K and 85 K. Inset: optical image of the FET device.

The phase transitions at 53 K and 103 K can be explained
by the formation of two charge density waves in disordered
quasi-1D system. It was found that below 110 K, a CDW
state develops in the direction across the chains, like ZrTes,
while the other CDW forms along the chains below 60 K.’
Our narrow TiS3 nanoribbon increases the fluctuation in the

direction across the chains, thus weakening the CDW, which

also explains the weak non-linear transport after the first CDW
state at 110 K. When the temperature is below 25 K, the noise
at low voltage becomes ignorable; correspondingly the fitting
parameter « has large errors to be analyzed. As the voltage be-
comes larger, the Schottky barrier turns to be prominent (the
red curve). Below 130 K, the /-V curve turns to be nonlin-

ear, and o gets larger with the temperature reduced, but three
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peaks clearly show up with two of which corresponding to the
aforementioned two CDW states. The transition at 25 K, how-
ever, is still unknown and needs further investigation. The
transition temperatures from the quasi-1D transport analysis
and dInR/d(1/T) derivative curve are quite similar, which
also confirms the three CDW phase transitions.

Next, we focus on the thinner nanoribbons. The fabrica-
tion method is the same as before, but the sample thickness
is reduced to < 15 nm as displayed in the inset of Fig. 2(d).
Note that experimentally it is challenging to reach monolayer
TiS3; nanoribbon because of the 1D chain structure and the
subsequent electric measurements are difficult owing to the
extremely large resistance when approaching the atomic thick-
ness. The R-T curve shows anomaly peaks at 46 K and 85 K
(the blue curve), which correspond to the two peaks in the
derivative curve (in red). The third transition cannot be ob-
served in transport measurements for which the underlying
mechanism is not clear yet. We note that the carrier density
can strongly affect the CDW phase.!'®371 Compared with the
thick device, in the thin nanoribbons we find a rapid dimin-
ishment of the two transition temperatures. We provide two
reasons to explain this behavior as follows. First, the scat-
tering mechanism in TiS3 is dominated by charge impurities
at low temperatures (see Fig. S2 in Appendix A). The phase
transition is greatly suppressed by impurities in quasi-2D or
1D CDW materials.['® Non-isoelectronic impurities can in-
duce potentials which lead to changes of the phase of the con-
densate, destroy long-range CDW order and lead to a finite

38.391 Second, lowering the

phase—phase correlation length /.|
dimensionality of a system usually tends to reduce the phase
space available for the phase parameter ¢ to adapt to imper-
fections, and consequently it suppresses the long-range or-
der and lowers the transition temperature Tcpw . 18] Moreover,
the Coulombic interaction can modulate transport properties
in two dimensions.!“%! With the thickness decreased, the in-
teraction between the SiO,/Si substrate and TiS3 nanoribbon
gradually dominates which can also jeopardize the CDW co-
herence. The size effect of CDW transition temperature can be

described by empirical formula*!}

d
T. =Ty (1—;)—AT,

where Ty is the bulk CDW transition temperature, dy is the
critical thickness at which the CDW transition vanishes, AT is
a temperature correction term. Alternatively, we think that the
second CDW transition is more stable in the bulk or nanosheet
but not in nanoribbon (chains) because T, is in the direc-
tion across the chains. In other words, the interlayer cou-
pling is unfavorable for the second CDW state. The device
in Fig. 3(b) has a phase transition at 40 K and 100 K, which

is different from the device in Fig. 3(a). This may be due
to the different thicknesses, impurities, and electron concen-
trations. Therefore, at large gate voltage the T, decreases.
The transition temperature in TiS3 nanoribbon shows opposite
thickness-dependence trend with quasi-2D TMDCs (NbSe;,
TiSe,) which will help us to better understand the relation be-
tween Peierls instabilities and fluctuation effects. 4]

In bulk materials, the doping and high pressure can mod-
ulate the carrier density, for instance, to enhance the super-
conductivity in Cu-doped TiSe;.*3! In quasi-2D materials, the
electric-field effect is much more convenient than these two
methods: a gate voltage can induce a large number of electrons
(holes) into the system so that CDW can be easily tuned.[>-*"]
Here, we use a back-gate voltage to tune the phase transitions
in 15-nm thick nanoribbon. Figure 3(a) illustrates a set of R—
T curves at gate voltage ranging from —30 V to 70 V using
a constant source—drain current of 1.5 nA. At 40 K, the resis-
tance changes from 2.6 GQ to 0.07 GQ. From V, = -30 V
to Vo =70 V, a peak can be clearly identified near the first
transition temperature (Fig. 3(a)). The semiconducting phase
converting to be metallic looks more evident when we use log-
arithmic coordinates as demonstrated in the inset. It is possible
that the large CDW conduction modulation is due to changes
in CDW pinning arising from gate—voltage-induced variations
in the CDW gap which was also observed in semiconducting

[44] Likewise, figure 3(b) displays the

quasi-1D material TaSs.
derivative curves to ensure the extraction of the transition tem-
perature. Apparently, two peaks are shifted as a function of
the gate voltage. The gate—voltage dependence of conduc-
tance at 160 K is displayed in Fig. S2(b). At V, = —80V,
the conductance tends to be zero and the extracted field-effect
mobility and on/off ratio are 0.8 cm?-V~!'-s~! and ~ 25, re-
spectively (More information is available in Figs. S2 and S3 in
Appendix A). Systematic 7. changes under different gate volt-
ages are summarized in Fig. 3(c). For the first CDW transition,
the critical transition temperature does not vary much and it
positions at around 40 K. On the contrary, T, is identified to
be 110 K when V; = —30 V and reduced to 93 K at V, =70 V
and in the whole gate region T, has negative dependence with
the value of gate voltage. It can be naturally explained by
the fact that the increase of the electron density at positive
voltages suppresses T¢», which is also supported by a similar

[3.371 Specifically, a

behavior occurring in 1T-TiSe; and TaS,.
large electron density may enhance CDW phase fluctuations,
strengthen disorders, and thus ultimately destroy a long-range
CDW coherence. More electrons tend to be excited across the
gap, the periodic structure of charge density becomes unstable
and much lower temperature is needed to reduce the thermal
excitation and keep the density wave. This is commonly ob-

served in quasi-1D and quasi-2D systems.!!® In contrast, T,
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decreases a little at larger Vj; this is presumably caused by its
robustness to the fluctuations because of the ribbon structure
in which the CDW forms along the chains. However, for the
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thick nanoribbon sample, the gate cannot tune it well in a sharp
contrast to the thin one, as shown in Fig. S4 in the supplemen-
tary information (Appendix A).
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Fig. 3. (color online) Gate-tuned CDW transitions in thin TiS3 nanoribbon. (a) Temperature-dependent resistance at various gate voltages from —30 V to
70 V except 40 V in a 15-nm device. Inset: the enlarged view of the R—T curve at low temperature regime. (b) Temperature-dependent logarithmic derivative
of R-T under different V. Right panel, the curves are multiplied by 10 times to display the evolution of CDW phase transition under external gate voltages.

(c) The gate voltage dependence of transition temperature 7;; and Tg;.

Since TiS3 is a light-sensitive semiconductor, a 633-nm
laser (1.94 eV) is used to illuminate the TiS3 surface as dis-
played in the inset of Fig. 4(a). The R-T curve shows two
phase transitions at 40 K and 85 K without laser illumina-
tion (purple curve). The illuminating region of TiS3 is about
20 um?. As the laser intensity gradually increases, the resis-
tance reduces and the phase transition becomes weaker prior
to the disappearance under 1.0 pW. Figure 4(c) displays the
derivative curves where the threshold intensity is about 1.0 uW
and the two peaks come to be completely invisible above this
threshold. Though the resistance is monotonically decreased
by increasing the laser power, the position of two peaks do
not change below 1.0 uW, which can exclude the heating
effect. Like the process of light-induced superconductivity
suppression, 46! Jaser can destroy the condensate in the dis-
torted region in the CDW state and cause a prompt loss of
charge order and equilibration of the electron—lattice system
when the absorbed optical energy is higher than the conden-
sation energy (the energy difference between the free energy
of the CDW state and the normal state).[*7*8] After the ex-

citation, the periodic electron density structure is destroyed

and TiS; converts to the normal semiconducting state. With
a low laser excitation, however, the two phase transitions still
exist but are softened with the increasing of the laser intensity,
which may be due to the insufficient photons absorbed per unit
cell.l*1 The low laser excitation can raise the fluctuation but
not sufficient to destroy the condensation energy. Figure 4(b)
shows the I-V curves under different incident laser intensi-
ties at 25 K. The resistance reduces after the laser excitation
and the I-V curves become linear under 11-uW laser inten-
sity which indicates that the CDW states and Schottky barrier
both disappear. Under 1.0-uW laser intensity, the curve is non-
linear, indicating the Schottky barrier existence while CDW
states are destroyed. The quasi-linear /-V curve also shows
the suppression of CDW states under laser illumination. Fig-
ure 4(d) displays the 532-nm laser condition: under a laser
intensity of 0.02 uW, the CDW transitions are substantially
weakened and two peaks in the derivative curve disappear (see
the inset in Fig. 4(d)). Lower critical intensity of 532-nm laser
may attribute to the larger illumination energy. In short, we
conclude that the CDW state strongly depends on the excita-

tion energy, reminiscent of superconductivity, where the CDW
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pseudo gap state is easily broken by external factors. Below a
critical energy, the system needs much more photons to excite
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Fig. 4. (color online) Melting of the CDW states by laser. (a) R — T curves under different laser power (0 uW-11 pW). Inset shows a schematic structure of
TiS3 device incident with a 633-nm laser. (b) I4s—Vys curves under different incident laser powers. (c) Temperature-dependent R—7 logarithmic derivatives
under different laser powers. (d) R—T curves with and without 532-nm laser. Inset displays temperature-dependent R—T logarithmic derivatives.

4. Discussion

Finally, let us briefly compare TiS3 with previously
widely studied CDW in TMDC such as NbSe;. In NbSe;,
reducing the dimensionality strengthens the CDW phase and
weakens the superconducting phase due to the Fermi surface
nesting.!”! In contrast, TiS3 shows an opposite trend in which
thin TiS3 exhibits a lower transition temperature. The CDW
states in TiS3 are strong anisotropic resulting in the different
gate tuning capability because of its robustness to the struc-
tural fluctuations. In conclusion, we have performed a sys-
tematic study on charge density wave properties in quasi-1D
TiS3 nanoribbons. Two CDW transition temperatures decrease
in the thin nanoribbon. The second transition temperature re-
duces as the increase of the electron doping, while the first
transition shows a negligible change. We also observed the
light-induced melting of CDW after 633-nm and 532-nm laser

illuminations. CDW properties in TMTCs are different from
quasi-2D materials such as TMDCs. Our study shows that
TiS;3 is a promising CDW material for the study of collective
phases in TMTCs and expanding the functionalities for elec-
tronic applications like information processing.>%!
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Appendix A: Supplementary information avail-
able

Al. Schottky barrier in thick nanoribbon

Although we use four-probe method to alleviate the ef-

fect of contact resistance, Schottky barrier still exists at low
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temperatures in two-dimensional devices like MoS, as re-

BL51] Four-terminal methods are unsuitable if

ported before.
the Schottky behavior occurs between the metallic contact and
the sample and the Schottky barrier induces a large contact
resistance which may decrease the accuracy of the sample

resistance.3%33] As the nanoribbons are thick enough to be

10-°
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treated as 3D materials, the drain—source current Iys can be
defined by 3D thermionic emission equation**

AsT?exp | — -4 (e — Vi
Iy = AST exp[ kBT(qDB nﬂ’

where A is the Richardson constant, 7 is the ideality factor, and
Vs 1s the drain—source voltage.
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Fig. S1. (color online) Schottky barrier measurements in a thick TiS3 nanoribbon. (a) I4s—Vys curves on a logarithmic scale from 130 K to 10 K, the red
curves correspond to high temperature region, while the blue and purple curves are for low temperature. (b) Arrhenius plot In(lg/T2) versus 1000/T at
different voltage Vys. (c) The extraction of ®p via the y-intercept value. Each data point here represents the slope obtained from the Arrhenius plot in
panel (b) under a specific Vys. The inset shows the band diagram of TiS3, demonstrating a positive Schottky barrier.

Temperature-dependent /-V measurements were carried
out to determine the Schottky barrier height ®p as shown in
Fig. S1(a). In Iy is proportional to Vg from the equation. The
curve is linear at Vg > 0.4 V on a logarithmic scale. Not
enough electrons have overcome the barrier when Vgs < 0.4 V
thus the thermionic emission model is not suitable. Besides,
the quasi-1D transport also causes the nonlinear transport that
takes a large part in this region. This is also why the fitting
in the V4s > 0.4 V region is more accurate for the quasi-1D
transport. To extract the barrier height, it is common to use
Arrhenius plot, In(lg/T?) against 1000/T for various Vs in
Fig. S1(b). Fitting the data to each Vg, the slopes with

q Vs
= —— ¢ —_——
S 1OOkB< b n>

are obtained. Then, we plotted the slopes as a function of
Vas- The Schottky barrier height can be extracted from the y-
intercept So = —(q®Pp)/(1000kp) = 42.3 meV as displayed in
Fig. S1(c). The band diagram of the Schottky barrier between

Cr/Au and thick TiS3 is shown in the inset of Fig. S1(c).

A2. FET properties in thin nanoribbon

Figure S2 shows the field-effect-transistor properties of
a TiS3 thin nanoribbon (~ 15 nm). The gate-dependent con-
ductance G is displayed in Fig. S2(a). Figure S2(b) shows
the temperature dependence of mobility. The mobility is ex-
tracted from the conductance curves in the 40 V-60 V range
of gate voltage V, using the expression for field-effect mobility
1= (dG/dVy) x (L12/WCo1). The temperature dependence
is characterized by a peak at 200 K, below which a decrease of
the mobility with the reducing temperature is witnessed. That
is caused by the scattering from charged impurities.[°?! On the
other hand, the mobility decreases as increasing the temper-
ature above 200 K which is related to the electron—phonon
scattering.[>3] We fit this part of the curve with the generic
temperature dependence of the mobility pt ~ T~7, and find the
value y=1.17.
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Fig. S2. (color online) FET properties in a thin TiS3 nanoribbon. (a) Con-
ductance G dependence on the gate voltage from 220 K to 50 K. (b) Temper-
ature dependence of mobility, the region above 200 K is fitted by u ~ T~7.

A3. Activation energy in thin nanoribbons

Figure S3 shows the field-effect-transistor properties of
a TiS; thin nanoribbon. The conductance G in the high-
temperature regime (8 K< 7' < 280 K) can be modelled with
thermally activated transport: G = Go(T)e F/*8T | where E,
is the activation energy. However, due to the effect of CDW
state below 100 K, we fitted the data above 100 K as shown
in Fig. S3(a). Then, we extracted the activation energy E,
and showed its dependence on gate voltage in Fig. S3(b). Ex-
amining the deviation of the E, from the linear trend, which

occurs when the barrier tunneling dominates the charge car-

rier injection,*!1 we estimate a Schottky barrier height of
Pp ~ 36 meV. It is similar to that of the thick sample because
the electrical bandgap both in the bulk and few-layer TiS3 are
around 1.2 eV.
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Fig. S3. (color online) Activation energy in a thin TiS3 nanoribbon. (a)
Arrhenius plots of conductance for different gate voltages. Solid lines are
linear fits in the high temperature region to extract the activation energy. (b)
Gate dependence of activation energies.

Ad. Gate-tuned CDW transitions in thick TiS3 nanoribbon

Figure S4 shows the field-effect-transistor properties of a
TiS;3 thick nanoribbon. Even the gate voltage is large at 40 V,
the resistance did not change much. It is not easy to tune car-
rier density in the thick sample, while the two CDW transitions
are still evident.

3 T T T
V, =40V
9 b
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O
~
& V.=-10V
1F =-20V
V. =-30V
0 1 1 1
0 50 100 150 200

Fig. S4. (color online) Gate-tuned CDW transitions in a thick TiS3 nanoribbon. (a) An optical microscopy image of a thick TiS; FET. (b) Temperature-

dependent resistance at various gate voltages. Two CDW transitions are evident.
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