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ABSTRACT: The charge density wave (CDW) in two-
dimensional (2D) materials is attracting substantial interest
because of its magnificent many-body collective phenomena.
Various CDW phases have been observed in several 2D
materials before they reach the phase of superconductivity.
However, to date, the atomically thin CDW materials were
mainly fabricated by mechanically exfoliating from their bulk
counterparts, which leads to low production yield and small
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sample sizes. Here, we report the controlled synthesis of atomically thin 1T-TaS,, a typical CDW material, by a chemical vapor
deposition (CVD) method. The high quality of as-grown 1T-TaS, has been confirmed by complementary characterization
technologies. Moreover, the thickness-dependent CDW phase transitions have been revealed in these ultrathin flakes by
temperature-dependent Raman spectra. This work opens up a new window for the large-scale synthesis of ultrathin CDW
materials and sheds light on the fabrication of next-generation electronic devices.

harge density wave (CDW) materials have attracted a lot

attention over the past few years,”” and the manipulation
of many-body states in these CDW materials becomes a
promising approach for designing next-generation electronic
devices.” It is believed that the dimensionality of the CDW
materials greatly affects instability of CDW states.” With
reduction of the dimensionality, Peierls instabilities and
electron—phonon interactions are strongly enhanced, which
triggers a stronger CDW effect.” Thus, two-dimensional (2D)
materials, which can be isolated into atomically thin layers,
show great potential for CDW applications. For example, the
highly unusual enhancement of CDWs was observed in
atomically thin NbSe, due to the significantly enhanced
electron—phonon interactions,” and the room-temperature
CDWs phase transitions are realized in thin flakes of 1T-TaS,
and TiSe, through the method of gate-controlled Li*
intercalation.”” However, to our best knowledge, the
fabrication of wultrathin 2D layers mainly relies on the
mechanical exfoliation method, which suffers from the low
production yield and small sample sizes.'*~"*

The chemical vapor deposition (CVD) method, involving
the chemical reactions of gaseous reactants on a heated
substrate surface, is regarded as one of the main processing
methods for synthesis of 2D materials.">'* It can produce large-
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size and high-quality 2D materials, such as graphene,
MoS,," "7 WS,,'® and BN,'”*® with controlled thickness.
Therefore, the CVD method could be employed as a swift and
effective way to synthesize high-quality 2D CDW materials in a
controlled manner. In this work, we have demonstrated the
controlled synthesis of atomically thin 1T-TaS,>' > via the
CVD method. The thicknesses of 1T-TaS, can be tuned from
two to several hundred nanometers, as revealed by atomic force
microscopy (AFM). Their high quality has been confirmed by
scanning transmission electron microscope (STEM) and
electron energy loss spectra (EELS). With the help of in situ
temperature-dependent Raman spectroscopy, we also revealed
the thickness-dependent CDW phase transitions in our CVD-
grown samples. Briefly, three phases can be found in our CVD-
grown 1T-TaS,: incommensurate CDW (ICCDW), nearly
commensurate CDW (NCCDW), and commensurate CDW
(CCDW). For a sample of a thickness above 14 nm, a CCDW
phase was observed. As its thickness reaches 14 nm, the
transition from CCDW to NCCDW phase was identified. As
the thickness reaches 6 nm, the transition from the CCDW to
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Figure 1. Controlled synthesis of ultrathin 1T-Ta$, crystals via a CVD method. (a) Schematic of CVD setup for the growth of 1T-Ta$, on a SiO,/Si
substrate with tantalum pentachloride powder and sulfur powder used as the precursors. (b, c) Crystal structure of distorted 1T-Ta$, on a SiO,/Si
substrate. (d, e) Optical images of 1T-TaS, ultrathin flakes. (f) The controlled thicknesses of 1T-Ta$, at different growth times. The inset shows an
octahedral arrangement of the central Ta atom coordinated with S atoms. (g—1) AFM images and their corresponding height profiles of various 1T-
Ta$, at different growing times. The scale bars are 10 ym in parts d and e and 2 ym in parts g, h, and i.
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Figure 2. TEM/STEM characterization of a 1T-TaS, atomically thin flake. (a) Low-resolution TEM image. Inset is the corresponding SAED
patterns of the marked flake with 6-fold rotational symmetry, revealing the hexagonal structure. (b, c) EDX (b) and EELS (c) spectra of the thin
flakes. Ta and S can be identified from both spectra. The occurrence of the Au signal comes from the nearby gold TEM grid bars. (d) High-
resolution STEM image along the [001] direction of a monolayer region near the edge of a thin TaS, flake. (e) FFT filtered image of part d with
enhanced visibility, showing the positions of Ta and S atoms inside the hexagonal 1T lattice, confirming the high quality of the sample. The atomic
structural model is overlaid on the image. (f) FFT pattern of the region shown in part d.

NCCDW phase was observed. This controlled synthesis of
large-area ultrathin CDW materials via a CVD method shows
great potential for the fabrication of next-generation electronic
devices.

The CVD setup for synthesizing ultrathin 1T-TaS, is
represented in Figure la. The tantalum pentachloride and

sulfur powder were used as the precursors of Ta and §,
respectively. The SiO,/Si wafer was chosen as preferred
substrate for growth. In a typical process, the mixed powders
were placed at an inlet of the tube furnace, while the SiO,/Si
wafer is located at the center of the furnace. Then, under the
H,/Ar mixture (10% H,) carrier gas, the furnace was heated up
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Figure 3. Raman characterization of as-grown 1T-Ta$, samples. (a) Schematic of CDW phase transitions measured by Raman spectroscopy. (b)
AFM topography of the 16-nm-thick flake, showing uniform thickness along the whole flake. Raman spectra were collected from six different points
labeled in part b. (c) Raman spectra at points A—F collected at 80 K. The pronounced out-of-plane A;, modes of 70, 78, and 112 em™ and in-plane
E, modes of 60 and 99 cm™ indicated the existence of a CCDW state. (d, e) The thickness-dependent Raman spectra and plotted Raman map at
110 K. The presence of two broad modes of 60.5 and 71.2 cm™" on 6-nm-thick sample and the splitting of 61 and 77 cm™' modes into many well-
resolved peaks on a 16-nm-thick sample revealed the CDW transitions of ICCDW to NCCDW and NCCDW to CCDW, respectively.

to 1093 K to chemically grow 1T-TaS, layers on a SiO,/Si
substrate. The side view (Figure 1b) and top view (Figure 1c)
of the 1T-TaS, crystal structure clearly show that 1T-TaS, is a
typically layered material. Each Ta$S, layer is composed of the
hexagonally arranged Ta atoms sandwiched between two sulfur
layers. Sulfur atoms coordinate the central Ta atom in an
octahedral arrangement.”*** The weak interlayer van der Waals
forces actually help in controlling the number of layers and
hence the thickness of TaS,. Figure 1d,e shows optical images
of the 2-nm-thick and 11-nm-thick samples. By controlling the
growing time, TaS, samples with different thicknesses were
obtained at 1093 K, as shown in Figure 1 and Figure S1. In fact,
one can estimate the thickness of TaS, by its contrast. Thick
samples (>10 nm) are in blue while thin films like few-layered
TaS, are in purple. In our work, the thicknesses of TaS,
samples were accurately determined by AFM. As can be seen in
Figure 1f, the thickness of TaS, is linearly dependent on
growing time. As we changed the growing time from 4 to 30
min, the thickness of TaS, increased from 2 nm to above 200
nm. From the AFM images and corresponding height profiles
in Figure 1g—l and Figures S2—4, we can also see that the
CVD-grown Ta$, samples are uniform for relatively large flakes
(>10 pm). In addition, the X-ray diffraction patterns of a 220-
nm-thick sample (in Figure SS) confirmed that the structure of
our CVD-grown TaS$, is the 1T phase (JCPDS 73-2201).%%

The quality of the as-grown crystal was further examined by
TEM and STEM. Figure 2a shows a TEM image of the
atomically thin TaS, flake, displaying a uniform film with a
smooth surface. The selected area electron diffraction (SAED)
patterns of the 6-fold rotational symmetric diffraction patterns

confirm the hexagonal structure of the CVD-grown Ta$, at a
large scale. Figure 2b,c shows the energy dispersive X-ray
spectra (EDS) and EELS of the as-synthesized thin flakes,
confirming its chemical composition: Ta and S elements
without any other obvious impurities. Figure 2d shows a high-
resolution Z-contrast STEM image of a monolayer region near
the edge of the thin flakes. Ta (bright spots) and S atoms can
be easily identified by their contrast. However, S atoms are
nearly invisible due to the large difference of the atomic
number between Ta and S. In order to reveal the position of
the S atoms, a fast Fourier transformation (FFT) filtered image
is provided in Figure 2e,f. Figure 2e shows clearly the displaced
S, columns surrounding the Ta atoms, which is consistent with
the 1T structural model as overlaid in the same image. These
high-resolution STEM images assured the high quality of our
CVD-grown TaS, flakes in the intrinsic 1T phase. Moreover,
the X-ray photoelectron spectroscopy (XPS) was used to
identify the chemical binding in the CVD-grown 1T-TaS, flake.
The XPS results are shown in Figure S6. In the high-resolution
Ta 4f spectrum, the Ta 4f;;, and Ta 4f,/, peaks are located at
24.7 and 22.7 €V, respectively, corresponding to Ta*" from
TaS,.”® In the high-resolution S 2p spectrum, peaks at 161 and
160 eV are from the S 2p;/, and S 2ps,, respectively.”” The
small amounts of Ta,O; species, caused by surface oxidation of
TaS,, were also detected on the flake.

Our CVD-grown 1T-Ta$S, shows rich CDW phases. As seen
in Figure 3a, 1T-Ta$, undergoes a series of CDW transitions
from metallic ICCDW, to textured NCCDW, to insulated
CCDW, on lowering the temperature. The low-temperature
CCDW phase is characterized by \/ 13 X \/ 13 superlattice of
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Figure 4. Thickness-dependent CDW phase transitions in CVD-grown 1T-TaS$, thin flakes. (a—f) The Raman intensity counter maps and Raman
spectra for 1T-TaS, flakes with different thicknesses. For a 21-nm-thick sample, as the temperature lowered to 170 K, the Raman modes around 61
and 77 cm™" split into many well-resolved peaks, revealing the transition from NCCDW to CCDW. This transition was not observed in S- and 12-
nm-thick samples, because the long-range CDW coherence was destroyed by the stronger fluctuation effects. (g) The thickness-temperature phase
diagram for CVD-grown samples. As the sample thickness reduced, both transitions of ICCDW/NCCDW and NCCDW/CCDW were shifted to
lower temperatures, and then vanished at critical thicknesses of 6 and 14 nm, respectively.

David stars formed by 12 Ta atoms clustered around a 13th Ta
atom.” The periodic lattice distortion creates energy gaps in
the 1T-TaS, band structure and leaves exactly one conduction
electron per David star.®’ The on-site Coulomb repulsion
further localizes this conduction electron and produces a Mott
insulator state.”’

It is believed that the phonons could couple strongly to the
collective modes of CDW states.’>>” Raman spectroscopy has
been a powerful tool to investigate the CDW phase transitions
due to the high resolution and high sensitivity. Many additional
Raman modes appear in the commensurate CDW state due to
the folding of the original Brillouin zone.>” Here, we conducted
the in situ temperature-dependent Raman measurements on
our 1T-Ta$S, samples to undertand the thickness-dependent
CDW phase transitions. The 16-nm-thick sample was used in
this experiment as shown in Figure 3b. First, we investigated its
structural homogeneity. We selected six locations, labeled as
A—F (as seen in Figure 3b), to collect the Raman spectra. The
Raman spectra and plotted intensity mapping collected at 80 K
are shown in Figure 3¢ and Figure S7, respectively. It can be
seen that the pronounced out-of-plane A}, modes of 70, 78, and
112 cm™ and in-plane E; modes of 60 and 99 cm™" are clearly
detected in the Raman spectra, indicating the existence of the
CCDW state.””** The homogeneous Raman mapping spectra
in Figure 3c further confirms the good quality of our CVD-
grown TaS,. Figure 3d shows the Raman spectra collected at
110 K from samples with various thicknesses from 2 to 21 nm.
It can be seen that, as the thickness increased, the appearance of
two broad modes at 60.5 and 71.2 cm™" was first observed on a
6-nm-thick sample which can be attributed to the presence of
the NCCDW phase. Also, their subsequent splitting into many

well-resolved peaks was detected on a 16-nm-thick sample,
which corresponds to the presence of the CCDW phase. These
results revealed the thickness-dependent CDW transitions.>” It
can be clearly seen from thickness-dependent Raman mapping
in Figure 3e. Moreover, this result further proved the high
quality of our as-grown 1T-TaS,.

To understand the CDW phase transitions of as-grown 1T-
TaS, samples, we conducted the in situ temperature-dependent
Raman measurements. For a 21-nm-thick sample, Figure 4c,f
shows the plotted Raman intensity map and Raman spectra at
270, 200, 140, and 80 K, respectively (complete Raman spectra
are shown in Figure S8). As the temperature decreases, the
Raman peaks corresponding to a NCCDW state become
significantly intense. The A, mode at 77 cm™! is the strongest
peak and shows a large temperature-dependent Raman shift.
According to the previous reports,””>*** the modes below 140
cm™' are derived from the acoustic phonon branches which
resulted from the vibrations of the tantalum atoms. When the
temperature decreased to 170 K, the Raman modes at 61 and
77 cm™" split into a few more peaks. These new modes can
contribute to the increase in the number of zone center (I'-
point) phonon modes when the original Brillouin zone folds.”
The results evidenced the phase transition from NCCDW to
CCDW at 170 K, which is in agreement with various
retrospective studies.””***> For a 12-nm-thick sample (com-
plete Raman spectra shown in Figure S9), Figure 4b,e only
shows the characteristic phonon modes of the NCCDW phase
at frequencies of 60, 71, 77, and 97 cm™" without splitting. This
result dictates the suppression of a phase transition from
NCCDW to CCDW at a 12-nm-thick 1T-TaS, flake. A similar
phenomenon was also observed in ultrathin flakes at
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Figure S. Phase-transition comparison between CVD-grown 1T-TaS$, flakes and mechanically exfoliated ones. (a, b) Temperature-dependent Raman
spectra and intensity maps of CVD-grown samples. (c, d) The temperature-dependent Raman spectra and intensity maps of mechanically exfoliated
samples. The Raman vibration modes and transition feature from NCCDW to CCDW matches quite well for both samples, confirming the high

quality of the CVD-grown samples.

thicknesses of 11 and 13 nm, which can be concluded from
their Raman analysis in Figures S10 and S11. When we focused
on the S-nm-thick 1T-TaS, flake, no characteristic phonon
modes of NCCDW were detected in Raman spectra (Figure
4a,d), revealing the suppression of a phase transition from
ICCDW to NCCDW at the S-nm-thick 1T-TaS, flake.
Moreover, in order to clarify the thickness-dependent CDW
phase transitions, we examined the thinner sample down to 2
nm. The thickness—temperature phase diagram is shown in
Figure 4g. As the sample thickness was reduced, the phase
transitions of ICCDW to NCCDW and NCCDW to CCDW
were shifted to lower temperatures, and vanished at a critical
thickness of 6 and 14 nm, respectively, demonstrating that the
phase-transition temperature can be tuned by the thickness of
the as-grown TaS,.

In order to compare the property of CDW phase transitions
between CVD-grown 1T-Ta$, flakes and mechanical exfoliated
samples, we also carried out in situ temperature-dependent
Raman measurements on the mechanically exfoliated thin flake.
The Raman spectra of CVD-grown and mechanically exfoliated
samples are shown in Figure 5. Although both samples exhibit
the similar temperature-dependent CDW phase transitions, the
slight broadening of peak line width of the CVD-grown sample
was observed as compared to that of the mechanically
exfoliated one, which might be due to the increased lattice
defects in CVD-grown samples. Moreover, the suppression of
the CCDW transition from 170 to 160 K was also detected in
the CVD-grown sample. The reason can be that lattice defects
might have disordered the positions of Ta atoms in a
superlattice of David stars, which subsequently results in the
suppression of a Mott insulating state or CCDW phase.”’

To summarize, we have developed a CVD method to
synthesize metallic 1T-TaS, atomically thin crystals on a SiO,/
Si substrate with controlled thickness. The high quality of

CVD-grown 1T-TaS$, is confirmed by complementary charac-
terizations like XPS, AFM, and STEM. We also identified the
thickness-dependent CDW phase transitions using Raman
spectroscopy. This work provides a promising way to produce
high-quality 2D CDW materials and related electronics devices.
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