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Abstract: Recently, two-dimensional (2D) charge density wave (CDW) materials have attracted
extensive interest due to potential applications as high performance functional nanomaterials.
As other 2D materials, 2D CDW materials are layered materials with strong in-plane bonding
and weak out-of-plane interactions enabling exfoliation into layers of single unit cell thickness.
Although bulk CDW materials have been studied for decades, recent developments in nanoscale
characterization and device fabrication have opened up new opportunities allowing applications
such as oscillators, electrodes in supercapacitors, energy storage and conversion, sensors and
spinelectronic devices. In this review, we first outline the synthesis techniques of 2D CDW materials
including mechanical exfoliation, liquid exfoliation, chemical vapor transport (CVT), chemical
vapor deposition (CVD), molecular beam epitaxy (MBE) and electrochemical exfoliation. Then,
the characterization procedure of the 2D CDW materials such as temperature-dependent Raman
spectroscopy, temperature-dependent resistivity, magnetic susceptibility and scanning tunneling
microscopy (STM) are reviewed. Finally, applications of 2D CDW materials are reviewed.

Keywords: two-dimensional material; charge density wave; synthesis; characterization; application

1. Introduction

Recent breakthroughs in the synthesis techniques of 2D layered materials have facilitated
the exploration of materials systems that were challenging in the past [1-3]. Transition metal
dichalcogenides (TMDs) are a group of layered materials that has renewed interest due to
their 2D confined structures [4,5]. TMDs disclose a variety of fascinating properties including
semiconducting [6-8], superconducting [9], charge density waves (CDWs) [10,11], and so on. CDW is
a ground state with a periodic modulation of charge density associated with a periodic distortion of
the crystal lattice [12—-17]. The transition to the CDW state usually is depicted as the consequence of
Fermi surface nesting with wave vector Q = 2kr and exhibits an energy gap at Fermi energy in the
quasi-1D counterpart (Figure 1) [18-20].
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Figure 1. Illustration of transition from the normal state to the charge-density-wave state in one
dimension. The atomic displacements lead to the formation of a “superlattice” resulting in opening of

an electronic energy band gap.

Several TMDs (in the form of X-M-X, M =V, Nb, Ta, Ti and X =S, Se or Te) with the chalcogen
atoms in two hexagonal planes separated by a plane of metal atoms in the middle comprise a major
family of 2D CDW materials. Adjacent layers in X-M-X are weakly bonded together, which can have
different metal atom coordinations within the layer and different stacking between layers (Figure 2).
The coordination configurations of metal atoms in 2D CDW materials can be octahedral (T) or trigonal
prismatic (H). The phase transition with temperature of bulk CDW materials is summarized in
Table 1. A variety of CDW phases such as commensurate CDW (C-CDW), nearly-commensurate CDW
(NC-CDW) and incommensurate CDW (IC-CDW) can subsist at different temperatures.
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Figure 2. Schematics of structural polytypes of 2D charge density wave (CDW) materials: 1T (tetragonal
symmetry), 2H (hexagonal symmetry) and 3R (thombohedral symmetry).
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Table 1. Phase transition of bulk CDW materials. C-CDW, commensurate CDW; NC-CDW,
nearly-commensurate CDW; IC-CDW, incommensurate CDW.

Bulk Phase  Superconductivity CDW Transition Temperature Crystal Phase
Materials Transition Temperature (T¢c)  (Tcpw) and Structure Transition Temperature
VS, 1T - ~305 K [21] -
VSe; 1T - ~107 K [4] -
NbS 2H 6 K [22] No CDW phase transition [22,23] 3R—2H
2 3R - - 1123K
NbSe 2H 7.2 K [24] 35 K (3 x 3 structure) [24] 3R—2H
2 3R - - 1104 K
TaS, 1T - C-CDW at 180 K 2H—1T
NC-CDW at 350 K 1300 K
I-CDW at 550 K [25,26]
2H 0.8 K [27] 75 K [25]
TaSe, 1T - C-CDW at473 K 2H—1T
(v/13x4/13 structure) 1111 K
I-CDW at 600 K [28]
2H 0.15 K [29] C-CDW at90 K

(3 x 3) structure)
I-CDW at 123 K [30,31]
TiSe, 1T - ~200 K (2 x 2 structure) [11] -

In spite of more than three decades of comprehensive experimental and theoretical attempts,
the driving force for the CDW transition remains arguable. Upon intercalation with copper [32],
selenium [33], tellurium [34], iron [35] or applying pressure [36], the CDW ordering melts,
and superconductivity emerges with a critical transition temperature of several Kelvin, which directly
indicates the competition between CDW and superconductivity in 2D CDW materials.

In atomically thin 2D CDW materials, phase transitions can steer huge changes in electronic
structure and then allow novel electronic devices. Electronic applications such as oscillators [37] and
nonvolatile memory storage [38,39] have been demonstrated successfully in recent years, based on the
charge density wave phase transitions. Although the investigations of bulk CDW materials have been
done extensively for decades, as atomically thin materials, their role is simply up to date. In this review,
we summarize the recent study on 2D CDW materials, including the synthesis, characterization and
potential applications.

2. Synthesis of 2D CDW Materials

2.1. Mechanical Exfoliation of Bulk Materials

The first cleaving NbSe, samples with the scotch tape method were reported much earlier by R. E.
Frindt in 1972 [40]. However, thinner layers of 2D CDW materials, such as 1T-TaS, [41,42], 2H-TaS; [27],
1T-TaSe; [42], 2H-TaSe; [31], 2H-NbSe; [43] and 1T-TiSe; [11], have been reported recently by the
mechanical exfoliation technique.

Figure 3 shows the first successful exfoliation of a tantalum diselenide (2H-TaSe;) monolayer
and a few layers reported by P. Hyziyev et al. [31]. Using the conventional scotch tape procedure,
thinner layers of TaSe, samples were exfoliated onto 300 nm SiO, /Si substrates. Both white light
contrast spectroscopy (WLCS) and atomic force microscopy (AFM) were used to identify the number
of layers. The confirmation of the thin layers’ number can be difficult by AFM due to contamination
and oxidation, usually if the samples have been exposed to surrounding air for a long time.
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Figure 3. Optical images of mechanically-exfoliated 2H-TaSe, (A,B). (C) White light contrast spectra of
the 2H-TaSe, monolayer and a few layers. Data are reproduced from [31]. Copyright © 2013, Nature

Publishing Group.

2.2. Liquid Exfoliation Method

The liquid exfoliation method has shown its potential to prepare 2D ultrathin nanosheets of
layered compounds, such as VS; [44], VSe; [4], TaS; [45], TaSe; [46] and NbSe; [46]. In a procedure of
liquid exfoliation of VS, [44] (Figure 4), the VS,-NHj3 precursor with NH3; molecules is interpolated
into the S-V-S layers. Diffusion of NH3 molecules apart from the stacked layers breaks down the c
axis periodicity. Then, ultrathin VS, nanosheets are formed. A big advantage of the liquid exfoliation
method is escaping the high-temperature, time-devouring solid-state procedure, as well as complicated
equipment. It also offers high operational accessibility and a short reaction time.
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Figure 4. Synthesis of ultrathin VS, nanosheets by the liquid exfoliation method. (A) VS,-NH;3;
precursor with NH; molecules intercalated into the S-V-S layers. (B) Diffusion of NH3 molecules apart
from the stacked layers, breaking down the c axis periodicity and resulting in the formation of ultrathin
VS, nanosheets. (C) Vacuum-filtration assembly of the as-synthesized VS, nanosheets into thin films on
mixed cellulose membrane. (D,E) SEM and AFM image of as-synthesized VS, nanosheets, respectively.
Data are reproduced with permission from [44]. Copyright (2011) American Chemical Society.
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In addition, another emerging method is electrochemical exfoliation. By fabricating a field effect
transistor structure using an electrolyte as a gate medium and employing a comparatively high gate
voltage, layered materials can be etched layer-by-layer, then leaving an ultrathin or even single-layered
film. This technique was reported for the preparation of FeSe (a high-T. superconductor) [47] and
2H-NbSe; [48].

2.3. Chemical Vapor Transport

Chemical vapor transport (CVT) is a reliable technique for both research and commercial purposes
to grow high quality TMD single crystals [49]. CVT growth of single crystals of TMDs associates the
volatilization and reactions of solid precursors with the benefit of transport agents. Deposition of
products in the form of single crystals is driven by a temperature gradient between the source and
the growth regions [49]. Bulk CDW materials such as 1T-VSe; [50], 1T-TaSe; [28], 2H-TaSe; [5,51] and
2H-NDbSe, [52] have been reported by the CVT method in recent years. For synthesis of 2D CDW
materials, recently, ]. Wang et al. reported controlled synthesis of two-dimensional 1T-TiSe, on sapphire
substrates with sub-10-nm thickness [53] (Figure 5). It is essential to introduce a growth substrate to
guide the 2D growth of TMDs and dramatically slow down the growth of the bulk counterpart in the
CVT method.

i\

Figure 5. Synthesis of 1T-TiSe, flakes using the chemical vapor transport (CVT) method. (A) Schematic
for the setup of the surface growth of 2D TiSe;. (B,C) Optical and AFM images of the as-grown TiSe,
flakes on the C-plane sapphire substrate, respectively. Data are reproduced with permission from [53].
Copyright (2016) American Chemical Society.

2.4. Chemical Vapor Deposition

The CVD method is also considered as one of the main processing methods to synthesis
2D materials. CVD involves chemical reactions of gaseous reactants on a heated substrate
surface [54,55]. The CVD approach has been used successfully in synthesizing 1T-VS, [56,57],
1T-VSe; [58,59], 2H-NDS, [60], 3R-NbS, [60], 2H-NbSe; [61], 1T-TaS; [62,63], 1T-TiSe; [64], and so on.
Contamination-free and high crystalline quality samples with potential for scaling-up are the great
advantages of the CVD method [65].

Later, W. Fu et al. reported the controlled synthesis of atomically-thin 1T-TaS, [62] (Figure 6).
The tantalum pentachloride (TaCls) and sulfur (S) powder were used as precursors. As the carrier gas,
a mixture of N with 10% of H, was used. The reaction was usually carried out at 820 °C. In CVD
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synthesis, the system pressure, gas flow rate, precursor concentration, vaporization temperature of
precursors, reaction temperature and deposition time play the key roles in controlling the quality of
the crystals.

(A)
1T TaS; thin flakes

TaCls powder S powder
“M‘

Figure 6. (A) Illustration of CVD growth of 1T-TaS; crystals using TaCls and S as precursors.
(B-D) Optical images of the as-prepared 1T-TaS, crystals of different thicknesses. Data are reproduced
with permission from [62]. Copyright (2016) American Chemical Society.

2.5. Molecular Beam Epitaxy

MBE technique has also been employed to prepare monolayer and few-layers of 2D CDW
materials, such as TiSe; [66,67], NbSe; [68,69] and TaS; [70] since the 1980s. The advantage of MBE
growth is that it can produce a large area film with an uniform thickness. Furthermore, MBE gives
an exceptionally low concentration of defects, which is extremely preferred in high performance
electronic applications.

3. Characterization of 2D CDW Materials

3.1. Raman Spectroscopic Characterization

Temperature-dependent Raman spectroscopy is a powerful tool to understand the vibrational
properties of 2D CDW materials. In recent years, temperature-dependent Raman spectra of 1T-VSe; [71],
1T-TaS;, [72], 1T-TaSe, [28], 2H-TaSe; [31,73], 1T-TiSe, [11] and 2H-NbSe; [10] have been reported.
In addition, Raman spectroscopy has been used vastly to investigate stacking order [74,75], number of
layers [76], molecular doping [77], edge orientations [78,79], strain effects [80,81] and other properties
of 2D materials.

TMDs with a metallic property can show Peierls transition by forming a superlattice over the
underlying crystal lattice at definite critical temperatures. As a result, the overall energy of the system
can be lowered [82,83]. Figure 7 depicts the temperature-dependent Raman spectra of 1T-TaSe; and
2H-TaSe; samples in the temperature ranges of 213-493 K and 80-300 K, respectively. Bulk 1T-TaSe;
crystals transform into the commensurate charge density wave (C-CDW) at 473 K and incommensurate
charge density wave (IC-CDW) at 600 K [28]. The strong changes in the Raman spectra at around 473 K
for 1T-TaSe, can be seen (Figure 7A). Two Raman peaks (177 and 187 cm™!) of 1T-TaSe, merge together,
forming one broad peak, and their intensity also reduced as the material enters into the IC-CDW phase.
It is noticeable that, at 473 K (I-CDW phase), the spectra of 1T-TaSe; appear more as continua than sets
of narrow peaks. This property could be elucidated by symmetry considerations. In the IC-CDW state,
the translation equilibrium of the lattice vanishes, and the components of the phonon momentum are
no longer favorable quantum numbers when it became parallel to the IC-CDW distortions. In the case
of a thin sample (35 nm) (Figure 7B), it is also observed that the two Raman peaks commence merging,
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but the transition temperature is lower (413 K). These data clearly show that the transition temperature
between the C-CDW and IC-CDW phases decreases for thinner 1T-TaSe; film.
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Figure 7. (A,B) Temperature-dependent Raman spectrum of the thick (150 nm) and thin (35 nm) sample
of 1T-TaSe; in the heating cycle from 213493 K, respectively. (C) Low temperature Raman spectrum of
the double layer 2H-TaSe; sample. (D) Sudden softening of two-phonon (Ejz) peaks of 2H-TaSe;. Data
are reproduced with permission from: 1T-TaSe; [28], Copyright (2015) American Chemical Society;
2H-TaSe; [31], Copyright © 2013, Nature Publishing Group.

Bulk 2H-TaSe; has a transition from the normal metal phase to the IC-CDW phase at 123 K,
followed by the C-CDW phase transformation at 90 K [31,73]. From Figure 7C, the intensities of
the two-phonon peak and E;; mode of 2H-TaSe; lessen with decreasing temperature. In contrast,
with reducing temperatures, the intensity of the two-phonon mode (Ej5) expands. This feature can be
interpreted as when reducing the background signal from the two phonon procedure that increases the
visibility of this peak and also the strain-instigated effects due to dissimilarity in thermal expansion
coefficients of thinner films and substrate [84,85]. The frequency changes of two-phonon modes for
monolayer, bilayers and bulk samples are plotted as a function of temperature (Figure 7D), showing
frequency jumps at 120 K, which also indicates the existence of the IC-CDW state in the thinner crystals
of 2H-TaSe;.

3.2. Temperature-Dependent Resistivity and Magnetic Susceptibility

Temperature-dependent resistivity and magnetic susceptibility measurements are often used
for probing the CDW property. As the temperature changes, an unusual response in resistivity and
magnetic susceptibility has been observed in typical CDW material systems, such as 1T-VS, [21],
1T-VSe; [4,50,59], 1T-TaS, [26,37,86] and 1T-TaSe, [82] which is also an indication of CDW transition.

The thickness plays an important role in the CDW phase transition of 2D CDW materials.
The thickness dependence of the NC-CDW to C-CDW phase transition temperature in 1T-TaS,
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thin flakes had been reported by M. Yoshida et al. for the first time [87]. Figure 8A illustrates
the temperature-dependent electrical resistivity of 1T-TaS, for various thicknesses. The dimensionality
effect on CDW states in 1T-TaS, was analyzed by investigating pristine thin flakes by changing
the thicknesses up to ~2 nm [26,88]. It was demonstrated that both C-CDW/NC-CDW and
NC-CDW/IC-CDW phase transitions are dynamically regulated for varying the sample thickness.
As the sample is thinned, both transitions shifted to low temperatures and then instantly disappeared
at critical thicknesses of ~10 nm and ~3 nm, respectively. The dielectric surrounding and surface
contaminations may also have a role in the critical thicknesses, because thin samples are subject to
extreme impacts from surface effects owing to the expanded surface-area-to-volume ratio. Additionally,
CDW transition temperatures have been successfully tuned by using an ionic liquid as the gate medium
in 1T-TaS,-based field effect transistors (FET) [87].
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Figure 8. Temperature-dependent electrical property. (A,B) Temperature-dependent electrical
resistivity of 1T-TaS, and 1T-VSe; in varying of thicknesses, respectively. Data are reproduced with
permission from: 1T-VSe; [50], Copyright (2014) AIP Publishing LLC; 1T-TaS, [26], Copyright © 2015,
Nature Publishing Group.

Temperature-dependent resistivity of 1T-VSe; crystals with thickness ranging from 11.6-66 nm is
shown in Figure 8B. The transition temperature decreases from 105 K in bulk form to 81.8 K in the
11.6-nm thicker flake. For 1T-VSe, flakes, at the phase transition temperature, resistivity shows an
upturn kink due to the CDW transition.

In contrast to 1T-TaS; and 1T-VSey, it is also reported that the CDW phase transition temperature
can increase in the thinner materials. For instance, the liquid-exfoliated 4-8 layer-thick 1T-VSep
sample shows the CDW phase transition temperature at 135 K, whereas the bulk sample shows it
at 107 K [4]. A similar phenomenon has been observed from mechanically-exfoliated TiSe, samples,
where the transition temperature increases from 200240 K, while thinning the thickness from the
bulk to a few nanometers [11]. Moreover, X. Xi et al. reported the strongly enhanced CDW order
in atomically-thin NbSe; Tcpw > 100 K for the exfoliated monolayer sample [10], while M. Ugeda
et al. observed slightly weakened CDW order (Tcpw ~ 25 K) in the single layer NbSe; grown on
graphene by the MBE method [68]. These dissimilarities of the transition temperature still are not well
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understood. The sample quality, substrates and the fabricated device status could play crucial roles in
CDW phase transitions.

3.3. Scanning Tunneling Microscopic Characterization

Atomic arrangement in 2D CDW materials regulates the electronic structures. STM imaging and
scanning tunneling spectroscopy (STS) measurement are direct ways to reveal the atomic structure
and the CDW energy gap of 2D CDW materials. M. M. Ugeda et al. reported STM measurements on
ultrathin film of 2H-NbSe; [68]. A 3 x 3 CDW structure in NbSe; has been observed. Superconductivity
also remains in the 2D limit, but the transition temperature is lowered to 1.9 K (7.2 K for the
bulk material).

Figure 9A-C shows STM characterization for the NbSe, monolayer (Tcpw ~ 35 K) in the
temperature range from 45-5 K. At T = 45 K, the undistorted crystal structure is observed (Figure 9A).
At T = 25 K, spotty and weak signatures of a superlattice become obvious (Figure 9B). The 3 x 3
CDW superlattice with the 1 x 1 atomic arrangement is developed fully and uniformly for the
monolayer NbSe; at 5 K (Figure 9C), which consists of the previously reported STM imaging of the
bulk NbSe; [20,89]. The low-bias dI/dV spectrum obtained for monolayer NbSe, (Figure 9D) shows
an energy gap feature centered at Ef, possibly because of heterogeneity induced by the defects at the
interface. The NbSe, monolayer exhibits a keen sink at Er bounded by two narrow peaks that sit on
top of an asymmetric background. The sink at Er does not reach all the way to zero, indicating that it
is not a full gap in the electronic structure. STM measurements at 5 K reveal a CDW gap of A =4 meV
at the Fermi energy, which is attainable by means of STM due to the shifting of bands crossing the
Fermi level for a monolayer.

(D) 3

STM spectroscopy of single-layer NbSe,/BLG

~N

di/dV (a.u.)

LRt
AR ARG A
) ..;.: .i\.ts‘." ¥ \.? 5 =% 2 0 20 a0

Bias voltage (mV)

Figure 9. (A-C) Atomically-resolved STM images of monolayer NbSe, for various temperatures:
T=45K(A), T=25K (B) and T = 5 K (C). The FFT of the STM image of (C) is shown in the inset.
(D) CDW gap of monolayer NbSe,. Data are reproduced with permission from [68]. Copyright © 2015,
Nature Publishing Group.

4. Applications of CDW Materials

4.1. Electrodes in Supercapacitors

2D materials have provided new opportunities for ultrathin, transparent and flexible electronic
devices. For supercapacitor application, conductivity and surface area are two demanding factors to
evaluate the performance of supercapacitors [90]. Conventional inorganic graphene analogues (IGAs)
are semiconducting or insulating with low conductivity, which hamper them from being employed as
supercapacitor electrode materials [91,92]. In this aspect, thinner layers of 2D CDW materials could be
a good choice. J. Feng et al. has reported using highly conductive ultrathin nanosheets of VS, as the
electrodes of in-plane supercapacitors [44] (see Figure 10), in which a high capacitance of 4760 pF/cm?
and an outstanding cycling lifetime (more than 1000 charge/discharge cycles) have been obtained.
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Figure 10. (A) Planar ion migration pathways for in-plane supercapacitor using VS, thin film

electrodes. (B) Schematic illustration of the in-plane configuration of the as-fabricated supercapacitor.
(C) Current-voltage at different scanning rates of 20, 100 and 200 mV/s. (D) Galvanostatic cycling
behavior. (E) Galvanostatic charge/discharge curves. (F) Cycle life investigation of the supercapacitor.
Data are reproduced with permission from [44]. Copyright (2011) American Chemical Society.

4.2. Charge Density Wave-Based Oscillator

The CDW phase transition is associated with a lattice reconstruction, which results in much
alteration of the material’s electrical properties. In the case of 1T-TaS;, when the applied electrical
field is over 20 kV cm™, the electrical conductivity instantly increases, which is ascribed to an
insulator-to-metal transition (IMT) [93]. A contrary metal-to-insulator transition (MIT) is also observed

when the voltage is swept back [93].

G. Liu et al. has reported a CDW-based oscillator using thinner layers of 1T-TaS, [37]
(see Figure 11). The voltage oscillation is from the negative differential resistance in the current
sweeping of 1T-TaS, devices. This oscillator can operate at a few MHz, but with potential up to THz.

v
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Figure 11. Oscillator circuit of a 1T-TaS; film. (A) The circuit diagram of the oscillator. (B) Voltage
oscillations under different Vpc values; the circuit oscillates when Vpc is within the range of
3.83 V-3.95 V. (C) Load lines of the resistor at different Vp¢ values. Data are reproduced with permission

from [37]. Copyright © 2016, Nature Publishing Group.
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4.3. Photodetector

Photodetectors based on 2D heterojunctions have been studied extensively in recent years.
2H-NbSe; crystals show a significant photoresponse at different wavelengths and intensity excitations.
The photocurrent responsivity and photoconductive gain can reach 3.8 AW~ and 300, respectively
(Figure 12). The existence of electron trap states at the surface was responsible for the lower dark
conductivity and expanded photoconductivity in the 2D 2H-NbSe; nanostructures. This performance
recognizes another prospect for utilization of 2D CDW materials as an optoelectronic component,
as well as an ultrathin transparent conducting material.
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Figure 12. (A) Photocurrent responses to the excitation wavelengths (A) of 532 and 808 nm measured
in air for the 2H-NbSe, nanoflake with a thickness of 20 nm. A measurement under 532-nm excitation
for the bulk crystal (t = 50 um) is also shown for comparison. (B) Photocurrent, (C) responsivity and
(D) photoconductive gain as a function of light intensity at 532- and 808-nm excitations for the NbSe,
nanoflake (t = 20 nm). Data are reproduced with permission from [52]. Copyright © 2015, Royal Society
of Chemistry.

4.4. Nonvolatile Memory

Semiconducting-based 2D TMDs and ferroelectric materials have been studied immensely to
fabricate nonvolatile memory devices. Currently, the functionality of computer memory components
is established on multi-stability, directed either by locally manipulating the density of electrons in
the transistor or by changing the ferroelectric or magnetic order. A further possibility is switching
between metallic and insulating phases by the ions” motion. However, the speed is restricted by slow
nucleation and diverse percolative growth. Recently, a 2D CDW material such as 1T-TaS, has shown its
potential to have the ultrafast current-driven nonvolatile switching, which showed the switching speed
of 30 ps (Figure 13) [38]. L. Stojchevska et al. and M. Yoshida et al. also reported the photo-induced
and current-driven nonvolatile memory function in the 1T-TaS, thin flakes, respectively [39,94].
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Figure 13. Switching speed and threshold behavior of 1T-TaS; based memory device. (A) Switching
resistance ratio calculated with a single pulse upper threshold Ir. (B) Erasing with 1-s pulses.
(C) Schematic of the measurement circuit. (D) Voltage (V) measured during each pulse, first increasing
incrementally and then reducing the pulse current (I), shown by Paths (1) and (2), respectively. (E) Same
as (D), but starting from the low resistance state increasing Louise along Path (1) and then reducing Lyyse
along (2). In all cases, T = 20 K and the pulse length was 10 us. Scale bar, 2 um. Data are reproduced
from [38]. Copyright © 2016, Nature Publishing Group.

5. Sample Oxidation and Substrate Effect on CDW Transition

Bulk NbS,, NbSe,, TaS; and TaSe;, are stable in air, but once cleaved to a few layers, then become
highly air sensitive [1]. Oxygen (O,), water (H,O) and/or hydrocarbons can be adsorbed in the surface
and react with the materials. Usually, by encapsulation with hexagonal boron nitride (h-BN) in an
inert atmosphere, the intrinsic properties of atomically-thin crystals can be protected [37,88].

The substrate also plays a significant role in the fundamental properties of 2D materials. The choice
of substrates can lead to distinct degrees of charge transfer and may also instigate mechanical instability,
which leads to a change in carrier mobility and can be harmful for device processing [95]. Substrates
can steer to modification of the band gap [96], along with indirect-to-direct band gap [97], modulation
in the optical band gap and introduction of magnetism [98]. R. Zhao et al. reported tuning the phase
transitions in 1T-TaS, on different substrates [99], revealing that doping and charge transfer from
the substrate have a minimal effect on CDW phase transitions, but substrate surface roughness is a
predominant external factor on C-CDW transition temperature and hysteresis.

6. CDW Alloys

Two-dimensional CDW materials show a prosperous set of CDW orders, which typically coexist
or compete with superconductivity. The mechanism of CDWs is still under controversy. There are a
few reports that have proposed that the Fermi-surface nesting assists CDWs in the system [93,100-104],
whereas some other studies have attributed this to the periodic-lattice-distortion structure [105,106].
Preparing a solid solution of various parent materials of the system and detecting the abnormality of
the CDW properties may benefit understanding the CDW mechanism.

In recent years, some investigation have been performed on the CDW alloys like 4Hb-TaS;_x-Sex
(0 <X <2)[107], 1T-TaS;—_xSex (0 < X < 2) [33], 1T-TaSep_xTex (0 < X < 2) [108], 2H-NbSe;p_xTex
(X=0,0.1, 0.2) [34], and 1T-FexTa;_x5S; (0 < X < 0.05) [35] (see Figure 14). Recent study shows
that superconductivity can be activated by Se-doping in layered charge density wave system
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1T-TaSy-xSex [33]. Coexistence of superconductivity and C-CDW in 4Hy,-TaS,_x-Sex single crystals has
been demonstrated lately [107]. Angle-resolved photoemission spectroscopy (ARPES) investigation on
1T-FexTa1-xS; (0 < X < 0.05) also denotes the direct experimental confirmation that superconductivity
and NC-CDW coexist in real space [35]. Studies on 2H-TaS; system are also widely analyzed by element
doping [109]. For instance, Cu-intercalated single crystals of 2H-CuxTaS; exhibit an outstanding
enhancement of T, from 0.8 K in 2H-TaS, to 4.2 K in 2H-Cuyg3TaS;. It also suppresses the CDW
transition to a low temperature [110].
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Figure 14. Temperature dependent in-plane resistivity ratio of 1T-TaSe, _x Tex (A) under T = 250 K and
(B) above T = 250 K. Insets: the enhancement of superconducting transitions at lower temperatures
and the C-CDW transition of 1T-TaSe; at higher temperatures. (C) Temperature dependent in-plane
resistivity of 1T-TaS,_xSex. The inset indicates the region of the superconducting transformation.
(D) The NC-CDW transitions at higher temperatures of 1T-TaS,_xSex. (E) Temperature dependence of
in-plane resistivity of 4Hb-TaS,_xSex (0 < X < 1.5) and the enlargement of superconducting transition
at low temperature region. Data are reproduced with permission from: 1T-TaSe,_xTex, ref. [108],
Copyright (2016) American Physical Society; 1T-TaS,_xSex, ref. [33], Copyright (2013) AIP Publishing
LLC; 4Hb-TaS;_x-Sex, ref. [107], Copyright (2014) AIP Publishing LLC.

Y. Liu et al. reported the nature of charge density waves and superconductivity in
1T-TaSe; _xTex [108], which revealed that doping-activated disordered dispersion of Se/Te suppresses
CDWs in 1T-TaSe;. The superconducting state with the highest T of 2.5 K was observed near CDWs.
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The superconducting volume is very little inside the CDW state and becomes substantial suddenly
when the CDW state is completely suppressed.

7. Conclusions

Although there have been many publications on 2D CDW materials, the investigation on
their properties and applications is still in its initial stage. The outstanding attributes of 2D CDW
materials can offer enchanting new freedom for researchers to enhance the research activities in
this rapidly expanding area. The prospective fields towards basic study are extensive including the
advancement of new efficient approaches to prepare 2D crystals with a particular number of layers and
upgrading the structural quality of the grown layers. The exploration of indispensable physicochemical
characteristics of monolayer and few-layers crystals, strain effect, fabrication of interfacial attributes
among the heterojunctions, the electric field and functionalization are all disclosed for expected
research. In addition, the numerous opportunities of CDW materials and alloys with fascinating
properties will make them an attainable material for future research that will help industries, as well
as conclusively human beings.
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