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ABSTRACT

High-quality and large-area 1T-VSe, nanosheets with different thicknesses on flat mica substrates are grown by ambient-pressure chemical
vapor deposition. Temperature-dependent Raman spectra between 90 and 350 K have been performed to investigate the phenomena of the
charge density wave (CDW) order. It can be found that the frequency of the A;, mode increases with the decreasing temperature. When the
temperature reaches 110K, the A;, mode abruptly converts to a low wavenumber. This phenomenon proves the CDW formation of VSe,
with the 5nm thickness. It can be interpreted as arising from an enhanced electron-phonon coupling mechanism. Moreover, variable
temperature-dependent Raman spectra for VSe, with different thicknesses showed that the phase transition temperature gradually increased
with the thickness. In addition, the CDW phase transition has also been detected by the abrupt change of the resistance, and its slope is
located at about 112K. The present results can be helpful for the potential applications of VSe, crystals, such as spintronics devices and

supercapacitors.
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A typical conductive two-dimensional (2D) material is metallic
transition metal dichalcogenides (MTMDs)."> MTMDs have emerged
due to their intriguing properties, such as superconductivity, ferro-
magnetism, charge density wave (CDW) order, and so on.” ® Among
them, vanadium diselenide (VSe,) has been widely studied as a typical
MTMD material. The strong electron coupling for all adjacent V**-V**
pairs in VSe, induces its metallic character and the presence of the
CDW phase.”® Additionally, an original monolayer VSe, exhibits
strong room-temperature ferromagnetism and behaves as a unique
2D magnetic material.””'' The CDW order for MTMDs becomes a
very interesting topic because it refers to the periodic fluctuation of
the charge density appearing in the crystal. Although many hypoth-
eses are proposed to explain it, the origin and tuning of the CDW
order still remain a mystery.'”'* According to the previous work,
the strong interaction between the electron and the phonon is con-
sidered to be the most convincing explanation for the CDW

order."” " As we know, the ambient-pressure chemical vapor depo-
sition (APCVD) technique has been extended to the synthesis of
MTMDs.'® Nevertheless, the explorations of large-area and
thickness-adjustable fabrication of MTMDs are still in progress.

In the Letter, we are committed to exploring the preparation of
VSe, nanoflakes and investigating the optical and electrical properties.
We design an APCVD route for the direct synthesis of the high-
quality and large-area 1T-VSe, films to gain an insight into the CDW
order. Moreover, the CDW phase transition of the synthesized VSe,
nanosheets has been confirmed by the combination of Raman spectra
and electrical measurement.

The fluorophlogopite mica and VSe, have the same triple lattice
symmetry. Thus, mica can be used as the substrate to support the epi-
taxial growth of VSe, nanosheets."””’ As shown in Fig. 1(a), we use a
two-zone chemical vapor deposition (CVD) furnace with separate
temperature controls to grow the VSe, nanosheets. Commercial VCl,
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FIG. 1. (a) lllustrations of the synthesis setup. (b) The crystal structure of 17-VSe,.
(c)—(f) OM images of 1T-VSe,. (9)-(j) AFM images of 17-VSe,. Note that the sam-
ples marked by the red dashed lines in (c)—(f) are selected to check the thicknesses
by AFM. On the other hand, the white solid lines at the flake borders in (g)-(j) sug-
gest the thickness curves of the samples.

powders were placed in the middle of the first zone of the furnace at
the upstream end (source zone). The Se powders were placed on the
edge of the source zone. The mica substrates with freshly cleaved
surfaces were placed in the downstream area (substrate zone, 10 cm
from VCl;). After loading all the precursors, the tube was sealed and
purged with a mixed 200sccm Ar/H, flow for 20 min. Then, the
source zone and the substrate zone were heated up to 550 and 650 °C,
respectively. These temperatures were held at their respective setpoints
of 10 min. After the deposition, the furnace was cooled to room tem-
perature naturally. The crystal structure of VSe; is plotted in Fig. 1(b).

The morphologies of 1T-VSe, crystals are shown in Figs. 1(c)-1(j).
Optical microscopy (OM) and atomic force microscopy (AFM) mea-
surements were performed to evaluate the morphology, size, and thick-
ness evolution of 17-VSe,. These samples were grown at different Ar/
H, flow rates, which are varied from 50 sccm to 200 sccm. From the
OM images in Figs. 1(c)-1(e), it can be clearly seen that VSe, triangles
and hexagons were selectively deposited on the mica substrates. No mat-
ter how thick the films are, they have both triangular and hexagonal
shapes. The distinguished shapes of these polygons are a preliminary
sign for the high crystallinity. These samples marked by red dashed lines
in Figs. 1(c)-1(e) are selected to test their thicknesses. Obviously, we can
see that the size of VSe, crystals is about 40 um. The AFM images are
used to identify the thicknesses of the VSe, crystals in Figs. 1(g)-1(j).
The white solid lines at the flake borders in Figs. 1(g)-1(j) are the thick-
ness curves of the samples. The thicknesses of the VSe, nanosheets on
mica substrates can be varied from 5.6 to 50 nm.

Figure 2(a) shows the Raman spectra of the hexagonal and trian-
gular VSe, nanoflakes grown on the mica. For two-types of VSe,
nanosheets, a distinct Raman peak can be found at about 203.3 cm L
This peak corresponds to the Raman-active A;, mode of 17-VSe,."
The weak peak at about 260 cm ™" originates from the mica substrate.
Moreover, the visible photoluminescence signal cannot be detected
from the VSe, nanoflakes. This phenomenon is consistent with the
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FIG. 2. Phase structure identification of VSe, polygons. (a) Raman spectra of the
as-grown hexagonal (red) and triangular (black) VSe, nanosheets on mica. (b) The
band structure for a few layer VSe,. (c) The TEM image of the ultrathin VSe, nano-
sheet. (d) XRD pattern of VSe, nanosheets on the mica substrate. Data from
JCPDS card No. 89-1641 are shown at the bottom for comparison. () EDS
spectrum of VSe, and the inset show the proportion of V and Se elements. (f)
KPFM image of VSe,.

zero-forbidden band characteristic of the 1T-VSe,.”" This is also in
good agreement with the band diagram calculated in Fig. 2(b). A band
crossing the Fermi energy indicates that 1T-VSe, is metallic. To iden-
tify the morphology of the synthesized VSe, nanosheets, transmission
electron microscopy (TEM) was also employed for the transferred
samples. The TEM image of typical few layer VSe, nanosheets is
presented in Fig. 2(c). The high electron transmittance arises from the
ultrathin feature of CVD-synthesized VSe, nanosheets. The x-ray dif-
fraction (XRD) pattern of the VSe, nanosheets is shown in Fig. 2(d).
Three main diffraction peaks can be assigned to the (001), (002), and
(003) planes of the 1T-VSe, crystals according to the Joint Committee
on Powder Diffraction Standards (JCPDS) card No. 089-1641.”*
The other peaks are from the mica substrate. It indicates that the VSe,
nanosheets grow along the c-axis. This preferential growth is perpen-
dicular to the substrate. In short, the CVD-synthesized triangular and
hexagonal VSe, nanosheets show the same 17T phase structure and
have high crystallinity.

As shown from the energy-dispersive x-ray spectroscopy (EDS)
in Fig. 2(e), the peaks from V and Se elements can be observed. The
atomic ratio of V to Se is about 1:1.8, which is approximate to the ideal
stoichiometric value. It was confirmed that the obtained VSe, nano-
sheets were the products of VCl; and Se. The Kelvin Probe Force
Microscopy (KPFM) image of VSe, is shown in Fig. 2(f). We can see
that the surface potential on the edge of the sample is higher than that
in the middle. It is consistent with the van der Waals epitaxial growth
mode of VSe,. That is to say, the metallic VSe, nanosheets tend to
nucleate at edge regions and extend into the energetically favorable
center region.”

Figure 3(a) reveals the temperature-dependent Raman spectra of
the 5nm thick triangular VSe, film. In order to explain the relation-
ship between the internal structural changes and the domain evolu-
tion, the temperature effects were removed from the Raman spectra.
Then, they were fitted with Gaussian and Lorentzian peaks in the
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FIG. 3. The phase diagram of the CDW transition temperature of 17-VSe, achieved by variable-temperature Raman spectroscopy. Temperature-dependent Raman spectra of
(a) 5nm thick triangular, (b) 10 nm thick hexagonal, (c) 20 nm thick triangular, and (d) 40 nm thick hexagonal VSe,. Peak position plots of the A4 mode for (e) 5 nm thick trian-
gular, (f) 10 nm thick hexagonal, (g) 20 nm thick triangular, and (h) 40 nm thick hexagonal V/Se, as a function of temperature. (i) The phase diagram of CDW transition tempera-

ture with the layer thickness for 17-VSe,.

frequency range between 160 and 250 cm . Note that a Raman char-
acteristic peak (A;4) appears in both the normal metallic phase and the
CDW phase. Interestingly, the A;, mode, which corresponds to the
out-of-plane vibration of two Se atoms around one V atom initially,
shifts to a higher wavenumber during the cooling process. This phe-
nomenon may be due to the hardening of the phonon with the
decreasing temperature. The electron-phonon interaction results from
an electron scattering off an ion, creating a phonon and an electron
absorbing a phonon at an ionic site. The selenium atoms induce vibra-
tions in the phonon modes with the increasing temperature, which is
mostly due to the effect of the anharmonicity and the influence of the
thermal expansion or the volume contribution. However, upon further
cooling at about 110K, the Ayq mode shifts to a lower wavenumber.
The change may be due to the formation of the CDW super-lattice,
which causes a lateral phonon to fold from the L point of the Brillouin
zone edge to the center of the zone. As the temperature drops further
from 110K to 90K, the A}, mode shifts to a higher wavenumber. The
frequency of the A}, mode is plotted as a function of temperature, as
shown in Fig. 3(e). The frequency of the A}, mode decreases abruptly

when the temperature drops to 110 K. This temperature point is near to
the critical temperature of the phase transition from the metallic phase
to the CDW phase. The phase transition temperature is consistent with
the reported CDW phase transition temperature at about 112K.*> In
order to further understand the thickness-dependence of the CDW
transition temperature, temperature-dependent Raman spectroscopy
measurements were also carried out on 1T-VSe, nanoflakes with the thick-
nesses of about 10 nm, 20 nm, and 40 nm, as shown in Figs. 3(b)-3(d),
respectively. The frequencies of the observed Raman modes (Ay,) are
also plotted as a function of temperature shown in Figs. 3(f)-3(h),
respectively. As the layer thickness decreases from 40 nm to 5nm, it
can be seen that the CDW transition temperature also decreases gradu-
ally. It may be due to the excess V atoms in the van der Waals gap
between layers. Such defects affect the formation of the CDW.
Although the electrical resistance of VSe, as a function of temper-
ature and film thickness has already been studied,”® the systematic
Raman spectroscopy results have not been reported before. Note that
the previous studies reported that the CDW phase transition tempera-
ture points were all located at about 80 K. However, the CDW phase
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FIG. 4. Electrical measurements of 17-VSe,. (a) The experimental setup for
the Ohmic contact. (b) The function between the current (I) and the voltage (V) of
VSe, at room temperature. (c) The function between the resistance and the temper-
ature of VSe,. (d) The function between the differential resistance and the tempera-
ture of VSe,.

transition temperature can be observed at about 110K in the present
work. According to the previous work, two phase transitions in
1T-VSe, have been discovered.” A 3q-state formed at 110K can be
transformed into an irregular pattern of 2q-domains at 80K.
Additionally, it may be related to the preparation method of the sam-
ples. These VSe, films in the present work were prepared by APCVD.
However, these materials were obtained by the mechanical exfoliation
method in the previous study.

To corroborate the CDW transition temperature, the electrical
properties were also executed on 17-VSe, films, as shown in Fig. 4.
Figure 4(a) shows the configuration of the 17-VSe, films and Au elec-
trodes, which were patterned onto films by thermal evaporation. The
contacts are at the top of the nanosheet. The residual resistance ratio
(RRR = Rsgox/Ropx) of the sample is about 1.02. For different voltage
sweeping, the current-voltage (I-V) curve represents the Ohmic contact
between the electrodes and the materials, as shown in Fig. 4(b). As plot-
ted in Fig. 4(c), the resistance gradually decreases as the temperature
decreases, indicating that the electron-phonon scattering is dominant.
However, the resistance bends upward at about 112 K. This phenome-
non corresponds to the CDW transition. It indicates that the CDW for-
mation results in the modulation of the electronic structure, which
heavily impacts the electronic transport properties. The electron—
phonon scattering is effectively reduced by the strongly coupled CDW
modulation. The function between the differential resistance and tem-
perature of 17-VSe, shown in Fig. 4(d) reveals that the CDW transition
temperature is also located at about 112 K. This transition temperature
matches well with that measured from Raman spectra.

In conclusion, we have synthesized large-area and tunable-
thickness 17-VSe, on the mica substrates through the APCVD
method. We have unambiguously visualized the transition from the
normal metallic phase to the CDW phase according to the
temperature-dependent Raman spectra and electrical measurement.
More significantly, the CDW transition temperature will decrease with
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the decreasing thickness. Our investigation can provide fundamental
spectroscopy and electrical information for 2D 1T-VSe, crystals.
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