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Large-Area Atomic Layers of the Charge-Density-Wave

Conductor TiSe,

Hong Wang, Yu Chen, Martial Duchamp, Qingsheng Zeng, Xuewen Wang, Siu Hon Tsang,
Hongling Li, Lin Jing, Ting Yu,* Edwin Hang Tong Teo,* and Zheng Liu*

Layered transition metal (Ti, Ta, Nb, etc.) dichalcogenides are important pro-
totypes for the study of the collective charge density wave (CDW). Reducing
the system dimensionality is expected to lead to novel properties, as exempli-
fied by the discovery of enhanced CDW order in ultrathin TiSe,. However, the
syntheses of monolayer and large-area 2D CDW conductors can currently only
be achieved by molecular beam epitaxy under ultrahigh vacuum. This study
reports the growth of monolayer crystals and up to 5 X 10° um? large films of
the typical 2D CDW conductor—TiSe,—by ambient-pressure chemical vapor
deposition. Atomic resolution scanning transmission electron microscopy
indicates the as-grown samples are highly crystalline 1T-phase TiSe,. Variable-
temperature Raman spectroscopy shows a CDW phase transition temperature

TMDs members (MoS,;, WSe,, etc.) have
been widely investigated and show great
potentials for high-performance electronic
and optoelectronic devices, due to their
high mobility and wide bandgap cov-
erage.2 The Ti-, Ta-, and Nb-based TMDs
are another fascinating material category
because of the coexistence and interplay
of competing ordered phases including
charge density wave (CDW) and supercon-
ductivity.”7 Among them, 1T-TiSe, pro-
vides an ideal opportunity to investigate the
quantum phase transition between CDW

of 212.5 K in few layer TiSe,, indicative of high crystal quality. This work not
only allows the exploration of many-body state of TiSe, in 2D limit but also
offers the possibility of utilizing large-area TiSe, in ultrathin electronic devices.

Layered transition metal dichalcogenides (TMDs) possess a
whole spectrum of electronic properties covering insulators,
semiconductors, semimetals, and metals.l'] Semiconducting
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and superconducting orders.[%81 A CDW
is a periodic modulation of both the elec-
tron density and the crystal lattice arising
from an instability of the coupled electron—
lattice system. In bulk TiSe,, superconduc-
tivity emerges when CDW is suppressed
by pressure or by intercalation of Cu atoms.'%!] Reducing the
system dimensionality is expected to lead to unprecedented and
novel properties and phenomena. For instance, the CDW and
superconducting order as well as their phase transitions could
be tuned in 2D ultrathin TiSe, by an electric field.®] On the
other side, CDW can move and carry electric current when it is
depinned by the application of a sufficient electric field.l'? 2D
ultrathin CDW conductors with high transition temperatures
(TiSe,, TaS, and TaSe,) are potentially suitable for applications
in ultrafast memories,[>14 oscillators!™ and logic circuits./®7]
A central issue in any thin-film application of TiSe, is the
synthesis of large-area ultrathin films. TiSe, prepared by
mechanically exfoliating bulk crystals are small flakes with
uncontrolled thickness.'®2% Currently, large-area TiSe, films
can only be grown by molecular beam epitaxy (MBE) under
ultrahigh vacuum (UHV).2172 The development of a facile
growth routine of TiSe, is desirable. In the past few years,
ambient-pressure chemical vapor deposition (CVD) has been
developed for growing semiconducting TMDs thin layers such
as MoS, and WSe,.>-31 However, the CVD synthesis of TiSe,
has not been realized experimentally as conventional CVD rou-
tine is not applicable. Recently, Wang et al. reported the growth
of small TiSe, flakes down to 4.5 nm by reaction of titanium
and selenium in a sealed ampoule.’?l However, the synthesis
of large-area TiSe, by CVD remains elusive. In addition, facile
synthesis of monolayer TiSe, is another outstanding issue
which limits the exploration of correlated phenomena such as
CDW and superconductivity of TiSe, in 2D limit. For example,
the spectroscopic signatures of CDW phase in monolayer TiSe,
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remain to be clarified.’”) Here, we demonstrate the synthesis of
monolayer crystals and large-area films of TiSe, by salt-assisted
ambient-pressure CVD. High-angle annular-dark-field scanning
transmission electron microscopy (HAADF-STEM) characteri-
zation indicates that the as-grown films are highly crystalline
1T-TiSe,. With low-temperature Raman spectroscopy tech-
nique, we investigated the spectroscopic signatures of CDW
phase in CVD grown TiSe, with thickness down to 1.4 nm.

As described in the Experimental Section, we grew atomically
thin TiSe, layers on SiO,/Si substrates by salt-assisted CVD
under atmospheric pressure. Partially oxidized Ti powder (TiO,,
x < 2) was first prepared and used as the Ti precursor for TiSe,
growth. X-ray diffraction (XRD) analysis suggested the obtained
power consisted mainly of Ti,O, TiO, and Ti (Figure S1, Sup-
porting Information). The TiO, and LiCl powder mixture was
loaded into the center of a tube furnace. Selenium powder
was positioned at upstream and the heating temperature was
=260 °C during the reaction. A mixture of argon and hydrogen
was used as the carrier gas and provided reducing atmosphere
to support the reaction. Previous studies suggested that a rel-
atively low temperature near or below 600 °C should be used
for synthesizing high-quality bulk TiSe, crystals.[®3334 For the
melting salt-assisted CVD growth of ultrathin TiSe,, LiCl was
chosen because its melting point (=605 °C) is very close to the
suitable growth temperature (=600 °C).

As shown by the optical image (Figure 1b), uniform ultrathin
TiSe, crystals with triangular shape were deposited on a SiO,/Si
substrate. Atomic force microscope (AFM) height measurements
(inset of Figure 1b) indicate the deposited TiSe, crystals have a
typical thickness of =1.4 nm. Given the fact that ultrathin TiSe, is
unstable under ambient conditions and the AFM was measured
in air, small oxidized particles may form on the surface of TiSe,,
which makes the measured thickness slightly larger than that of

Intensity (a.u.)

www.advmat.de

air-stable TMDs such as MoS, and WS,. Therefore, the meas-
ured thickness of 1.4 nm could be assigned to a monolayer.'"!
TiSe, typically crystallizes in a layered 1T CdI,-type structure
(Figure 1a). Ti atoms form a hexagonal sheet and are sandwiched
by two layers of hexagonally packed Se atoms. In our experi-
ment, we find that TiSe, layers usually crystallize in triangular
and hexagonal configurations on SiO,/Si substrates (Figure 1c).
Raman spectroscopy was used to examine the lattice vibra-
tional modes and to confirm the identity of the as-grown mate-
rials (Figure 1d; Figure S2, Supporting Information). According
to previous theoretical and experimental studies,*33°! there are
two Raman-active modes in bulk 1T-TiSe,, corresponding to
Ay and E, symmetries with measured frequencies centered at
195-203 and around 134 cm™, respectively. The E, mode cor-
responds to in-plane vibration of Se atoms, while the A;, mode
corresponds to out-of-plane vibration, as indicated in Figure
le. Our Raman measurements were performed in vacuum to
avoid the oxidation of samples in ambient conditions. The as-
grown layers show two Raman peaks located at around 134 and
198 cm™ (Figure 1d) which match very well with the E, and
Ay, optical phonon modes of 1T-TiSe,. The weak peak around
300 cm™! might be attributed to the overlap of the two phonon
processes of TiSe, and the overtone of acoustic phonons of the
silicon substrate.?*3*3¢] Moreover, Raman intensity map of a
few-layer triangular TiSe, (Figure S3, Supporting Information)
indicates the Raman intensity is nearly uniform in each crystal.
With the new developed synthesis technology, we were able
to study the thickness dependence of Raman spectra of CVD
grown TiSe, down to monolayer. As plotted in Figure 1f, the
intensities of A;, and E, modes of few-layer (7.9 nm) TiSe, are
higher than those of monolayer and thick (22 nm) TiSe,, sim-
ilar to the case of MoS,, which is attributed to the optical inter-
ference effect between thin layers and SiO,/Si substrates.>’]

A,
22nmEg )\
—~ 4k -A—Eg
=
13.0nm S o \
£ e %
% 0.6k
o Mn S
§0.4k- f\
— 0.2 )
100 200 300 0 2 4 6 822

Raman shift (cm™) Thickness (nm)

Figure 1. Atomic structure and characterization of atomic-thin TiSe, crystals. a) Top-down and side views of the atomic structure of 1T-TiSe,. b) Optical
image of monolayer TiSe, crystals grown on a SiO,/Si substrate. AFM measurement (inset) indicates the thickness of TiSe, is =1.4 nm. c¢) SEM image
showing the TiSe, crystals with different shapes. d) Raman spectra of the deposited TiSe, crystals with different thickness from 1.4 to 22 nm. e) lllustra-
tion of the E; and Ay, crystal lattice vibrations in TiSe,. f) The thickness dependence of Raman intensity of A;; and E; modes.

Adv. Mater. 2018, 30, 1704382

1704382 (2 of 7)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Figure 2. Large area atomically thin TiSe, films. a) High-density TiSe, nucleation with triangular
shape. b) Optical and c¢) SEM images of the near-continuous TiSe, film. The inset of panel
(b) and (c) indicates the film is made of approximately triangular TiSe, crystals. AFM height
profile (lower inset in panel (b) suggests that the film is =4.5 nm thick. d) Optical image of a

large-area TiSe, film covering approximately 5 x 10° um?.

In addition to individual TiSe, crystals, large-area TiSe,
films can also be produced by adjusting the CVD parameters.
By increasing the amount of precursors and the heating tem-
perature of Se (see Methods in Supporting Information), high-
density TiSe, few-layers (Figure 2a) and nearly continuous film
(Figure 2b) were deposited on SiO,/Si substrates. AFM height
measurement (inset of Figure 2b) indicates the film is about
4.5 nm thick. Uniformly compact and approximately triangular
crystals are observed by optical and scanning electron micro-
scopy (SEM) (inset of Figure 2b,c), which suggests that the
large film is made of high crystalline TiSe, crystals. Figure 2d
shows a =5 x 10° um? large-area TiSe, film grown on a SiO,/Si
substrate. Meanwhile, it was noted that no nucleation of TiSe,
on substrates could be observed without the addition of LiCl
salt (Figure S4, Supporting Information). The reason is that
titanium oxide alone is not a suitable CVD precursor due to its
very high melting point (>1500 °C). Previous studies indicate
that salts (LiCl, NaCl, CaCl,, etc.) react with molybdenum/
tungsten oxides to give volatile oxychlorides.[3*#% Therefore, it
is suggested that titanium oxychlorides may form as intermedi-
ates in our CVD reaction, and further react with selenium to
produce TiSe,. Due to the highly volatile property of titanium
oxychlorides, the vapor pressure of titanium precursor is
greatly enhanced, therefore making the synthesis of large-area
TiSe, films on substrates possible.

The crystallographic structure and the chemical composi-
tion of the ultrathin TiSe, layers were further characterized by
atomic resolution HAADF-STEM imaging and energy-dispersive
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X-ray spectrometry (EDX). The as-grown few-
layer TiSe, on SiO,/Si substrate was coated
with a thin layer of polymethyl-methacrylate
(PMMA), and then transferred onto a TEM
grid by etching SiO, in hydrofluoric acid (HF).
Figure 3a shows a lower magnification STEM
image of the TiSe, film. Figure 3b shows an
atomically resolved HAADF-STEM image
of the dark area (as indicated by the yellow
circle in Figure 3a). HAADF-STEM is sen-
sitive to average atomic number of the ele-
ments, a bright contrast is associated to an
element with a larger atomic number. The
overall empty hexagonal structure is formed
by the Se (Z = 34) atoms. The lighter Ti (Z =
22) atoms are just seen in the middle of the
hexagon (shown by arrows in Figure 3c). The
STEM image can be perfectly overlaid with the
1T-TiSe, atomic model (Figure 3c), which con-
firms the 1T structure of the as-grown mate-
rial. In addition, EDX-STEM mapping (Figure
3d,e) and spectrum (Figure 3f) of the area
indicated by the red square frame in Figure 3a
confirms the thin film is composed of Se and
Ti atoms. The EDX maps show an excess of Se
atoms which aggregate on the surface of the
film, forming some rod-like structures, while
Ti atoms are evenly distributed in the layer.

Understanding the dependence of CDW
transition properties on film thickness
is essential for any thin-film application.
Therefore, we use low-temperature Raman spectroscopy to
investigate the CDW transition in the as-grown TiSe,. To avoid
oxidation, the TiSe, samples were sealed within a chamber in
an Ar glove box immediately after CVD growth and then trans-
ferred for Raman test under vacuum. The total sample expo-
sure time in air is less than 1 min. The variable-temperature
Raman spectra of TiSe, with the thicknesses of 22, 3.7, and
1.4 nm are displayed in the bottom panels in Figure 4. For ease
of comparison, the results are further plotted as contour maps
of Raman intensity versus temperature and frequency (top
panels in Figure 4). For TiSe, samples at 80 K, in addition to
the original A;, and E, peaks, two new modes including a clear
and strong peak near 110 cm™ and a broad one near 75 cm™!
emerge in the Raman spectrum (Figure 4a,b). According to the
previous studies of bulk TiSe,, these two modes were attrib-
uted to CDW amplitude modes (A;,-CDW and E,-CDW) which
resulted from the folding of transverse acoustic phonons from
the L point at the Brillouin zone surface to zone center due to
CDW superlattice formation.**3%] Notably, for the monolayer
(1.4 nm thick) TiSe,, the A;,-CDW Raman mode is still clearly
visible, although slightly broader compared to thicker samples
(Figure 4e,f). When temperature increases to higher than 80 K,
the broad E,-CDW peak at 75 cm™ becomes too broad to be dis-
cernible, while the A;,-CDW mode remains detectable. There-
fore, we use the A;,-CDW mode as an indicator for the pres-
ence of CDW in CVD-grown TiSe,.

The integrated intensities of the A;,-CDW mode are dis-
played as a function of temperature in Figure 5a. One can see

TiSe, crystals
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Figure 3. HAADF-STEM and EDX characterizations of the as-grown TiSe, layers. a) A low magnification HAADF-STEM image showing a large region
of TiSe,. b,c) Atomic-resolution HAADF-STEM images and the associated structural model of the 1T-TiSe,. d) Se and e) Ti elemental EDX map and
f) averaged EDX spectrum of the region shown in (a). The Cu signal in the EDX spectra comes from the Cu TEM grid.

that for a given sample, the intensity of CDW mode decreases
with increasing temperature, and finally drops to zero, indi-
cating the transition from CDW to normal phase. The CDW
onset temperature is around 187.5 K for 22 nm thick TiSe,,
and increases to around 212.5 K for a 3.7 nm thick sample. The
thickness—temperature phase diagram for CVD-grown TiSe, is
summarized in Figure 5b. It is noted that the CDW order is
enhanced in few-layer TiSe, as compared with a much thicker
(22 nm) sample. The slightly lower onset temperature (around
202.5 K, Figure S5, Supporting Information) in 1.4 nm thick
sample might result from the higher instability of monolayer
TiSe, compared with few-layers. The short air exposure before
Raman measurement as well as the weak laser irradiation
during the measurement could induce disorders and suppress
the CDW order in monolayer TiSe,.33l To our knowledge, this
is the first Raman spectroscopic observation of CDW phase
transition in monolayer TiSe,.

The as-grown few-layer TiSe, shows a transition tempera-
ture (=212.5 K) close to the reported value of MBE-grown 3-6
layer samples (=205 K) revealed by angle-resolved photoemis-
sion spectroscopy (ARPES) and XRD.[?>24 Therefore, the crys-
talline quality of few-layer CVD-TiSe, is comparable with that
prepared by MBE. Additionally, ARPES and XRD experiments
suggest an enhanced transition temperature (=232 K) in MBE-
grown monolayer TiSe,, which is significantly higher than that
of CVD monolayer TiSe, (=202.5 K) deduced from Raman spec-
troscopy. The main reason is probably that ARPES and XRD
experiments were measured in situ after MBE growth under
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UHV, while Raman test was conducted ex situ after CVD
growth in non-UHV environment. As discussed earlier, disor-
ders might be easily induced in CVD monolayer TiSe, before
and during Raman measurement, resulting in a lower CDW
transition temperature.

In conclusion, we demonstrated the synthesis of mono- and
few-layer TiSe, crystals and large-area (=5 x 10° um?) films on
insulating SiO,/Si substrates. HAADF-STEM imaging confirms
the as-grown samples are highly crystalline 1T-phase TiSe,.
Low-temperature Raman measurement reveals the thickness-
dependent CDW phase transition in the as-grown samples.
The transition temperature of 212.5 K in few layers suggests
the CVD TiSe, films crystallize in high-quality. Our work has
implications for the synthesis and development of other fas-
cinating 2D charge ordering and superconducting materials
(TaS,, NbSe,, TaSe,, etc).

Experimental Section

CVD Growth of Mono- and Few-Layer TiSe, Crystals: Titanium oxide
(TiO,) precursor was prepared by heating titanium powder (Alfa Aesa,
325 mesh, 99.5%) at a temperature of =820 °C for 15 min in air. The
bottom dark grey powder was used as the TiO, precursor. The synthesis
of TiSe, was conducted in a 1 in. OD fused quartz tube heated by a
Lindberg/Blue M (TF55035C-1) split-hinge furnace. The TiO, (60 mg)
and LiCl (2.5 mg, Sigma-Aldrich, 99.99%) precursors were mixed in
an alumina boat and then positioned in the center of the furnace.
285 nm SiO,/Si substrate was placed just above the powder mixture
with the polished side face down. Selenium powder was placed at the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Raman spectra showing the CDW transition in the as-grown TiSe, for different thickness. a,c,d) Raman intensity maps as a function of Raman
shift (horizontal axis) and temperature (vertical axis) for a) 22 nm, c) 3.7 nm, and e) 1.4 nm thick TiSe, crystals. b,d,f) Representative Raman spectra
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3.7 nm thick TiSe,, respectively. b) Thickness—temperature phase diagram for TiSe, grown by CVD.
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upstream of the quartz tube where the temperature is =260 °C during
the reaction. 80 sccm (cubic centimeters per minute) Ar and 15 sccm H,
were used as carrier gases. The furnace was heated to 600 °C in 14 min
and maintained at this temperature for 13 min to allow the synthesis
of TiSe, layers. After growth, hydrogen was turned off and the furnace
was rapidly cooled to room temperature under 180 sccm Ar. The above
growth condition allows the deposition of high-density monolayer
TiSe, crystals, plus a small proportion of few-layer and even thicker
TiSe, layers on the nearby SiO,/Si substrates. All the Raman spectra
in this work were collected on TiSe, layers grown under the same CVD
condition as described above.

CVD Growth of Large-Area Few-Layer TiSe, Films: Large-area TiSe,
films were synthesized by increasing the amount of the precursors (TiO,:
80 mg, LiCl: 3.5 mg) and setting the heating temperature of selenium
at =300 °C during growth period, while keeping all other growth
parameters identical).

Preparation of STEM Sample: A thin PMMA film was spin-coated on
top of TiSe, layers grown on 285 nm SiO,/Si and cured at 130 °C for
6 min in an Ar glove box. The PMMA/TiSe, film was detached from the
substrate by etching SiO, layer in HF. After rinsed in DI water, it was
scooped up by a TEM grid and dried in an Ar glove box. Finally, PMMA
was removed by acetone.

Characterizations: AFM images were taken using the Asylum Research
Cypher AFM in tapping mode. HAADF-STEM images were recorded
using a probe corrected Jeol ARM200F using an inner collection
semi-angle of 68 mrad and a convergence semi-angle of 30 mrad at
80 keV. Raman measurements were conducted in vacuum by a Witec
system with 50x objective lens and a 2400 lines mm™"' grating under
532 nm laser excitation. The laser power is kept below 0.6 mW. For
low temperature Raman measurements, a temperature-controlled
evacuated chamber cooled by liquid nitrogen is used for preventing the
potential oxidation and local heating of the TiSe, samples under laser
irradiation.

Supporting Information

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