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Abstract

Layered van der Waals (vdW) materials, consisting of atomically thin layers,

are of paramount importance in physics, chemistry, and materials science

owing to their unique properties and various promising applications. How-

ever, their fast and large‐scale growth via a general approach is still a big

challenge, severely limiting their practical implementations. Here, we report a

universal method for rapid (~60min) and large‐scale (gram scale) growth of

phase‐pure, high‐crystalline layered vdW materials from their elementary

powders via microwave plasma heating in sealed ampoules. This method can

be used for growth of 30 compounds with different components (binary,

ternary, and quaternary) and properties. The ferroelectric and transport

properties of mechanically exfoliated flakes validate the high crystal quality of

the grown materials. Our study provides a general strategy for the fast and

large‐scale growth of layered vdW materials with appealing physiochemical

properties, which could be used for various promising applications.
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Atomically thin two‐dimensional (2D) layered van der
Waals (vdW) materials, especially the transition metal
dichalcogenides (TMDs), have shown appealing physio-
chemical properties1–9 and promising applications in
(opto)electronics,10 catalysis,11,12 energy storage,13,14

sensors,15 etc. Until now, typical methods used for
synthesis of 2D layered vdW materials mainly include
chemical vapor deposition (CVD), wet‐chemical synth-
esis, and exfoliation of layered bulk crystals. Among
them, CVD is widely used to grow single‐ or few‐layer
layered vdW materials on substrates. However, this
method normally requires high temperature and appro-
priate supporting substrates.16 In addition, surface con-
taminations and/or defects in the CVD‐grown materials
cannot be avoided.17 On the other hand, although the
wet‐chemical synthesis is widely used for the high‐yield
and large‐scale production of 2D vdW materials in so-
lution, the synthesized materials normally suffer from
relatively small sizes, rich defects, and the presence of
undesirable surfactants.18,19 Exfoliation of layered vdW
bulk crystals via mechanical force, ultrasonication, and
alkali metal ion interaction/exfoliation is also a promis-
ing means to obtain 2D vdW materials.20 However, the
mechanical exfoliation gives rise to low‐yield and non‐
scalable production. Moreover, the 2D vdW materials
prepared by liquid exfoliation via ultrasonication or al-
kali metal ion intercalation/exfoliation normally suffer
from uncontrollable thickness and lateral size, rich de-
fects, and/or phase transition.

As known, most layered vdW bulk materials do not exist
naturally and need to be artificially synthesized except a few
natural minerals (e.g., graphite and molybdenite).21,22 As a
traditional method, chemical vapor transport (CVT) can be

used for the synthesis of large‐size high‐quality layered vdW
bulk crystals from elemental powders.23 However, the CVT
method suffers from the long reaction time (e.g., days to
weeks), large variations in experimental conditions for dif-
ferent compounds, and contamination from additional
transport agents, making it difficult for fast, high‐quality and
large‐scale production.24 Therefore, it is urgently desired to
develop a universal method for the fast and large‐scale
growth of wide range of layered vdW materials to fulfill
their potential in various practical applications.

In this study, we rationally design a delicate home‐made
microwave plasma reaction system with precise control over
microwave power and optimize the microwave‐induced
plasma‐assisted synthetic technique to demonstrate a uni-
versal method for the rapid and large‐scale growth of a li-
brary of layered vdW materials. The home‐made microwave
plasma system is used for nonequilibrium heating of the
elemental precursors in a hermetic environment, that is,
sealed ampoule. As a result, large quantity, high phase
purity, and highly crystalline quality of 30 layered vdW
compounds (binary, ternary, and quaternary) with different
properties have been synthesized in a relatively short time
(~60min), showing more powerful and universal synthetic
capabilities compared to that in the previous report.25 As an
example, the high crystal quality of the grown CuInP2S6
crystals is validated by the ferroelectric properties of the
mechanically exfoliated CuInP2S6 flakes. This study provides
an important synthetic technique for the growth of layered
vdW materials and opens possibilities for exploring their
wide variety of scientific and technological implementations.

We use the microwave plasma heating26 to achieve
the rapid synthesis of high‐quality, high‐purity layered
vdW compounds. Figure 1 illustrates the synthetic

FIGURE 1 Schematic illustration of
synthetic procedure for the preparation of
layered van der Waals (vdW) materials. (A) Pure
element (metal and non‐metal) powders are
mixed and used as starting materials. (B) The
starting materials are sealed in an ampoule
(quartz tube) in vacuum. (C) The ampoule is
placed in the home‐made microwave plasma‐
assisted‐synthetic system for 60min to realize
the synthesis of layered vdW materials.
(D) Optical image of TiS2 vdW layered crystals,
used as a typical example here
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procedure. Briefly, the homogenously mixed elemental
powders (Figure 1A) are first sealed in an ampoule
(Figure 1B). Figure 1C depicts the configuration of
the home‐made microwave‐induced plasma system. The
sealed ampoule (quartz tube) lies in the middle of
chamber with the gas flow, which is in alignment with a
magnetron and the piston (Figure 1C). The sealed am-
poule is heated with the ignition of argon plasma.
Completion of the process results in the successful
synthesis of layered vdW compounds in large scale
(1–2 g) with highly crystalline quality and phase purity.

As shown in Figure 1D, shiny TiS2 single crystals with
sizes of up to millimeters are obtained after 60‐min reaction
of Ti and S powders. The stoichiometry of the resulting
compounds can be tuned by changing the molar ratio of
elemental precursors in the sealed ampoule. The detailed
construction of the home‐made microwave plasma‐assisted
synthesis setup and the general flow of operation are de-
scribed in detail in the Experimental Section in the

Supporting Information. Normally, two main parameters
can be tuned in this system, that is, reaction temperature
and reaction time (the time of microwave plasma heating
on the sealed ampoule). In this study, to realize the uni-
versal nature of our method, the time used for synthesis of
all the compounds was kept constant (~60min).

Our general method could be used for growth of al-
most any kind of layered vdW materials with any com-
positions. In this study, we have successfully prepared 26
binary crystals (i.e., MoS2, MoSe2, MoTe2, WS2, WSe2,
WTe2, ReS2, ReSe2, NbS2, NbSe2, NbTe2, TaS2, TaSe2,
TaTe2, VS2, VSe2, VTe2, HfS2, HfSe2, HfTe2, TiS2, TiSe2,
TiTe2, InSe, In2Se3, and Bi2Te3), three ternary crystals
(i.e., FePS3, NiPS3, and Fe3GeTe2) and one quaternary
crystal (i.e., CuInP2S6; see the experimental details in the
Supporting Information). The scanning electron micro-
scopy (SEM) images of the aforementioned 30 crystals
are shown in Figure 2. Furthermore, powder X‐ray dif-
fraction (XRD), Raman spectroscopy, SEM, transmission

FIGURE 2 SEM images of the layered vdW materials synthesized using our method. Thirty different binary, ternary, and quaternary
layered vdW crystals are synthesized. SEM, scanning electron microscopy; vdW, van der Waals
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electron microscope (TEM), energy dispersive X‐ray
(EDX) spectroscopy, and elemental mappings have
been used to characterize the synthesized 26 binary and 3
ternary layered vdW crystals (see Figures S1–S41 and the
detailed descriptions in the Supporting Information).

Besides the characterizations in Figures S26, S37, and
S38 in SI, the binary TiS2 and ternary NiPS3 are also
characterized by TEM. The low‐magnification scanning
transmission electron microscope (STEM) and the cor-
responding atomic resolution high‐angle annular dark‐
field (HAADF)‐STEM images clearly show the TiS2
crystal with high quality (Figure 3A,B). The brightness
profile along the red line in Figure 3B clearly shows the
dislocation of the two S atoms between the two nearest Ti
atoms, confirming its 1T phase (Figure 3C,D). The STEM
image and the corresponding elemental mappings dis-
play the homogenous elemental distribution of Ti and S
in the TiS2 crystal (Figure 3E). As a ternary layered vdW
material, the synthesized NiPS3 with a plate‐like

morphology and single‐crystalline nature is confirmed
by the low‐magnification TEM image (Figure 3F), se-
lected area electron diffraction (SAED) pattern
(Figure 3G), high‐resolution TEM (HRTEM) image
(Figure 3H), and atomic resolution STEM image
(Figure 3I). The measured lattice distance in the HRTEM
image is 0.173 nm, which is assignable to the (6 0 0)
planes of the NiPS3 crystal. The uniform distribution of
the Ni, P, and S elements in NiPS3 is verified by the
STEM image and the corresponding elemental mappings
(Figure 3J).

Moreover, the as‐grown quaternary CuInP2S6 crystals
were fully characterized. As shown in Figure 4A, all the
XRD peaks can be indexed to the reference (ICDD da-
tabase file # 04‐012‐9227). The EDX analysis suggests
that the elemental ratio of Cu:In:P:S is close to 1:1:2:6,
consistent with the chemical formula of CuInP2S6
(Figure 4B). As shown in Figure 4C, the Raman spectrum
of the bulk CuInP2S6 crystal shows similar characteristic

FIGURE 3 Structure characterization of binary (TiS2) and ternary (NiPS3) materials. (A) Low‐magnification STEM image of TiS2.
(B) Atomic resolution HAADF‐STEM image of TiS2. (C) The crystal structure model of TiS2. (D) Profile of the red line in (B). (E) The DF‐
STEM image and the corresponding elemental mappings of TiS2. (F) Low‐magnification TEM image and (G) the corresponding SAED
pattern of NiPS3. (H) HRTEM image and (I) atomic‐resolution HAADF‐STEM image of NiPS3. (J) The STEM image and the corresponding
elemental mappings of NiPS3. HAADF, high‐angle annular dark‐field; HRTEM, high‐resolution transmission electron microscope;
SAED, selected area electron diffraction; STEM, scanning transmission electron microscope; TEM, transmission electron microscope
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peaks in previous reports.27,28 Figure 4D shows the low‐
magnification TEM image of an individual CuInP2S6
flake, in which a thin plate‐like morphology is observed.
Its corresponding SAED pattern and HRTEM image
further confirm the single‐crystalline nature of the grown
CuInP2S6 (Figure 4E,F). The measured lattice distances
in the HRTEM image are 0.301 and 0.176 nm (Figure 4F),
which are assignable to the (1 3 0) and (0 6 0) planes of
the CuInP2S6 crystal, respectively. The STEM image and
the corresponding elemental mappings demonstrate the
uniform distribution of the Cu, In, P, and S elements in
the CuInP2S6 flake (Figure 4G).

It is worth mentioning that our microwave plasma‐
based method possesses several advantages in comparison
with the thermal heating‐based methods, such as CVT and
CVD. First, unlike the CVT process, which generally
spends several days to weeks to grow materials,29 all the
compounds can be obtained in 60min using our method.
This dramatic reduction of synthetic time can significantly

benefit the fast production of layered vdW materials for
practical applications. Second, unlike the utilization of
transport agents in CVT, our transport agent‐free ap-
proach can eliminate any potential contamination to the
grown crystals, yielding a high purity and high crystal
quality. Third, unlike the considerable variation of growth
conditions for different compounds in CVT or CVD, our
technique allows us to grow 30 compounds at similar
experimental time (~60min).

To further verify the crystal quality of our synthesized
compounds, the ferroelectric property of CuInP2S6 and
the transport properties of ReS2 and ReSe2 were explored.
CuInP2S6 has been demonstrated as an attractive room‐
temperature ferroelectric layered material.30,31 Piezo-
electric force microscopy was used to characterize the
local ferroelectric domain structure and switchability of
the thin CuInP2S6 flakes obtained by the mechanical
exfoliation of bulk CuInP2S6 crystals. The CuInP2S6 flake
shows a mixed domain state with random “upward” and

FIGURE 4 Characterization of quaternary CuInP2S6 crystals. (A) Powder XRD pattern of CuInP2S6. The standard ICDD database
file #04‐012‐9227 is used as reference. (B) EDX spectrum of CuInP2S6. (C) Raman spectrum of CuInP2S6. (D) Low‐magnification TEM image
and (E) the corresponding SAED pattern of CuInP2S6. (F) HRTEM image of CuInP2S6. (G) The DF‐STEM image and the corresponding
elemental mappings of a CuInP2S6 flake. EDX, energy dispersive X‐ray; HRTEM, high‐resolution transmission electron microscope;
SAED, selected area electron diffraction; TEM, transmission electron microscope; XRD, X‐ray diffraction
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“downward” polarization directions (Figure 5A–C).
Upon electrical poling using a biased probe, the polar-
ization can be entirely switched to a uniform polarization
state (Figure 5D–F). Moreover, the polarization can be
reverted to the opposite state if a reverse direct current
(DC) bias is applied (Figure 5G–I). There is a
slight modification of the topography of the thin
CuInP2S6 flake, which is due to the irreversible ionic
migration in the crystal lattice due to the finite ionic
conductivity of CuInP2S6 at room temperature.32 Typical
polarization–voltage hysteresis curves of the CuInP2S6
flake are shown in Figure 5J. The saturated polarization

is around 3–4 µC/cm2. This value is further confirmed by
the positive‐up‐negative‐down (PUND) measurement
shown in Figure 5K, which is also consistent with the
previous report.30,31 The dielectric behavior of the
CuInP2S6 flake is shown in Figure S42. The large di-
electric dispersion at low frequency originates from the
ionic conduction of materials.32 By plotting the capaci-
tance versus temperature, the ferroelectric–paraelectric
transition temperature (Tc), at which the dielectric
anomaly occurs, can be determined. As shown in
Figure S43, the derived Tc is ~325 K, slightly higher than
that reported previously (320 K),30 which could be

FIGURE 5 Ferroelectric characterization of CuInP2S6. (A) Topography, (B) PFM amplitude, and (C) phase images with random
polarization direction. (D) Topography, (E) PFM amplitude, and (F) phase images with uniform polarization after electrical writing by a DC
biased probe. (G) Topography, (H) PFM amplitude, and (I) phase images with switched polarization after a reverse DC bias is applied.
(J) Typical polarization–voltage hysteresis curve and (K) positive‐up‐negative‐down (PUND) measurement of switchable polarization
of CuInP2S6 versus voltage. The saturation polarization is around 3–4 μC/cm2. DC, direct current; PFM, piezoresponse force microscopy
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attributed to the slight Cu deficiency in the compound.31

Therefore, the macroscopic (Figures 5J,K, S42, and S43)
and local characterizations (Figure 5A–I) confirm the
room temperature ferroelectric properties of the
synthesized CuInP2S6.

In addition, the transport properties of the semi-
conducting ReS2 and ReSe2 are also explored. Field‐effect
transistors (FETs) are fabricated based on the mechani-
cally exfoliated ReS2 and ReSe2 flakes on SiO2 (285 nm)/Si
substrates using standard e‐beam lithography followed by
thermal evaporation of Cr (5 nm)/Au (50 nm) as metal
contacts (insets in Figure S44). The transfer curves
(Figure S44) of FETs based on as‐grown ReS2 and ReSe2
show typical n‐type characteristics with on/off ratios of 107

and 106, respectively. The electron mobilities of ReS2 and
ReSe2 are calculated to be 56 and 9 cm2/V s, respectively.
The performances are comparable to the previous re-
ported FETs based on ReS2 and ReSe2 grown by the
modified Bridgman method that avoids the use of a
halogen transport agent.33

In summary, we have developed a universal and rapid
method for the large‐scale synthesis of vdW layered
compounds. Material characterization and applications
revealed the high quality of the as‐grown materials. It is
noteworthy that this method is comprehensive in terms of
synthesizing not only binary but also ternary and qua-
ternary compounds on a large scale in a drastically re-
duced time (~60min) compared to CVD and CVT
methods. The as‐prepared compounds also show com-
parable properties as depicted by a Tc of 325 K on ferro-
electric CuInP2S6 flake and mobility of 56 cm2/V s on
semiconducting ReS2 flake. It is one of the most versatile
methods reported to date for the synthesis of such a
variety of layered vdW compounds in a single process, and
could open up an avenue for layered vdW materials to
realize tremendous scientific and technological potential.
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