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A library of atomically thin metal chalcogenides

Jiadong Zhou", Junhao Lin>'>*, Xiangwei Huang?, Yao Zhou?, Yu Chen®, Juan Xia®, Hong Wang!, Yu Xie®, Huimei Yu’,
Jincheng Lei®, Di Wu®?, Fucai Liu', Qundong Fu!, Qingsheng Zeng', Chuang-Han Hsu®°, Changli Yang>'°, Li Lu>'°, Ting Yu®,
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Investigations of two-dimensional transition-metal chalcogenides
(TMCs) have recently revealed interesting physical phenomena,
including the quantum spin Hall effect’?, valley polarization®*
and two-dimensional superconductivity’, suggesting potential
applications for functional devices® '°, However, of the numerous
compounds available, only a handful, such as Mo- and W-based
TMCs, have been synthesized, typically via sulfurization!'-1%,
selenization!®!” and tellurization'® of metals and metal compounds.
Many TMC:s are difficult to produce because of the high melting
points of their metal and metal oxide precursors. Molten-salt-assisted
methods have been used to produce ceramic powders at relatively low
temperature!® and this approach?® was recently employed to facilitate
the growth of monolayer WS, and WSe,. Here we demonstrate that
molten-salt-assisted chemical vapour deposition can be broadly
applied for the synthesis of a wide variety of two-dimensional
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(atomically thin) TMCs. We synthesized 47 compounds, including
32 binary compounds (based on the transition metals Ti, Zr, Hf, V,
Nb, Ta, Mo, W, Re, Pt, Pd and Fe), 13 alloys (including 11 ternary, one
quaternary and one quinary), and two heterostructured compounds.
We elaborate how the salt decreases the melting point of the reactants
and facilitates the formation of intermediate products, increasing
the overall reaction rate. Most of the synthesized materials in our
library are useful, as supported by evidence of superconductivity in
our monolayer NbSe, and MoTe, samples?>?? and of high mobilities
in MoS; and ReS,. Although the quality of some of the materials
still requires development, our work opens up opportunities for
studying the properties and potential application of a wide variety of
two-dimensional TMCs.

Figure 1 proposes a general picture for the synthesis of two-
dimensional (2D) TMCs using the chemical vapour deposition method,

Fig. 1 | Flow chart of the general growth
process for the production of TMCs by the
chemical vapour deposition method. The
growth of 2D TMCs can be classified into four
routes based on different mass flux of metal
precursor and growth rate. High mass flux

of metal precursor offers the opportunity to
synthesize large-scale continuous monolayer
polycrystalline films with small (route I) or
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Fig. 2 | The transition metals and chalcogens used, and optical
images of the resulting 47 different atomically thin TMCs and
heterostructures. a, Overview of metals (highlighted in purple) and
chalcogens (highlighted in yellow and orange) that can form layered
sulfides, selenides and tellurides. b, Optical images of 47 TMCs
synthesized using our method: binary 2D crystals containing Mo (MoS,,
MOSCz, MOTCz), w (WSz, WSez, WTCz), Re (R682, ReSez), Ti (TISZ, TiSez,
TiTey), Zr (ZrS,, ZrSe,, ZrTe,), Hf (HfS,, HfSe,, HfTe,), V (VS,, VSe,,
VTe,), Nb (NbS,, NbSe,, NbTe,), Ta (TaS,, TaSe,, TaTe,), Pt (PtS,, PtSe,,

based on the competition between the mass flux of the metal precursors
and the reaction rate of the domains. The mass flux determines the
amount of metal precursors involved in the formation of the nucleus
and the growth of domains, whereas the growth rate dominates the
grain size of the as-grown films. At high mass flux, low growth rate
results in a monolayer polycrystalline film (route I) with small grains,
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PtTe,), Pd (PdS,, PdSe,) or Fe (FeSe); the ternary alloys MoS,Te; _ ,,
MoSe,Te; _ , WS, Te; _ », WSe,Te; _ 5, NbS,Se; — », Mo Nb; _ S,
MObel — xSez, M01 — XRCXSZ, Wbel — XSZ) WXNbl — xSez and

Mo, W, _ ,Tey; the quaternary alloy Mo, Nb; _,S5,Sex — ); the
quinary alloy V,W,Mo; _  _,S,,Se51 - »); and the 1 T/ MoTe,-2H
MoTe; in-plane and MoS,-NbSe;, vertically stacked heterostructures.
TMCs that have not been previously synthesized are outlined in blue.
Detailed characterizations of the as-grown 2D materials are shown in
Supplementary Information.

and high growth rate tends to form continuous monolayer films with
large grains of up to millimetres in size (route II)?. On the other hand,
at low mass flux, low growth rate promotes the formation of small
flakes. Tiny nuclei are often observed at the centre of the flakes??, sug-
gesting that the extra adatoms or atom clusters will consistently attach
to an existing nucleus or to the edge during growth (route III). A high

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 3 | Atomic-resolution STEM images of representative monolayer
materials in different phases. a-d, MoS, in the 1 H phase (a), PtSe; in the
1T phase (b), WTe; in the 1 T/ phase (c) and ReSe; in the 1 T” phase (d),
with their corresponding fast Fourier transform patterns and atomic
structural models. e, STEM image (left) of the quinary monolayer alloy

reaction rate preferentially produces a monolayer of individual large
2D single crystals (route IV)*.

Unfortunately, many TMCs, such as those based on Nb, Pt and Ti, are
very difficult to produce because their metal or metal oxide precursors
have high melting points and low vapour pressure, which leads to very
low mass flux and limits the reaction. Molten salts can increase mass
flux by reducing the melting points of the metal precursors and forming
oxychlorides via reaction with some metal oxides, thus increasing the
rate of the reaction. Using this method, we have synthesized a library
of 2D TMCs (shown in Fig. 2).

Figure 2a shows a schematic of the periodic table, highlighting the
chemical combination of all the 2D TMC atomic layers produced,
formed between 12 transition metals (purple) and three chalcogens
(yellow). Synthetic recipes and reaction conditions are illustrated
in Methods and are summarized in Supplementary Fig. 1 and
Supplementary Table 1. Figure 2b shows optical images of 47 2D TMC
compounds with morphologies of triangles, hexagons, ribbons and
films, including 32 binary crystals from group IVB (Ti, Zr and Hf)
to group VIII (Pd and Pt), 13 alloyed TMCs (containing ternary, qua-
ternary and even quinary compounds), which are important for uni-
versal bandgap engineering and heterogeneous catalysis?®*-?%, and two
heterostructure TMCs (vertically stacked MoS,-NbSe; and in-plane
1T MoTe,-2H MoTe,). The 2D TMCs that had not previously been
synthesized are outlined in blue. Detailed characterizations of all 2D
TMCs and heterostructures are presented in Supplementary Figs. 2-11.

The atomic structures and chemical compositions of the as-
synthesized 2D crystals and compounds are further revealed by
atom-resolved scanning transmission electron microscopy (STEM)
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V,W,Mo, __,S2.5ey(1 — z), with the corresponding atomic model from
atom-by-atom intensity mapping (right). f, EDS spectra of the alloyed
monolayer, confirming its chemical composition. g, Line intensity profiles
along the highlighted red (cation) and blue (anion) dashed lines in

e, indicating the different intensity of each chemical species.

imaging, energy-dispersive X-ray spectroscopy (EDS) and electron
energy loss spectroscopy (EELS). The atomic structures of most 2D
crystals can be classified into four types: (1) the trigonal prismatic 1 H
phase; (2) the undistorted 1T phase with the metal atom located at
the centre of an octahedral unit; (3) the one-dimensional distorted 1 T
phase (called the 1 T’ phase), in which pairs of metal atoms move closer
to each other perpendicularly, resulting in a quasi-one-dimensional
chain-like structure consisting of distorted octahedral units; and
(4) and the two-dimensional distorted 1 T phase (called the 1 T” phase),
in which four nearby metal atoms move closer to each other to form a new
unit cell, producing repeatable diamond-like patterns. The structural
phase of each synthesized material can be determined by the Z-contrast
STEM image. Figure 3a-d shows the representative materials for each
phase with the corresponding atomic structural models; these mate-
rials are monolayer MoS,, PtSe,, WTe, and ReSe, for the 1H, 1T, 1 T/
and 1 T” phases, respectively. The patterns obtained by fast Fourier
transform further indicate that the 1 Hand 1 T phases maintain a hexa-
gonal unit cell, whereas the 1T’ phase forms a rectangular unit cell
owing to one-dimensional metal-pair distortion and the 1 T” phase
changes to a much larger hexagonal cell owing to the aggregation of
four metal atoms into a new unit cell. A summary of different phases
for each as-synthesized 2D material that has been examined is shown
in Supplementary Fig. 12. Details of the atomic structure, EDS and
EELS characterizations for each 2D crystal are given in Supplementary
Figs. 13-27.

A STEM image of a quinary V. W,Mo, _  _,S,.Se ;) monolayer
alloy is shown in Fig. 3e, where the chemical composition is verified
by the EDS spectrum (Fig. 3f). The corresponding optical image
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Fig. 4 | Reaction mechanism. a, b, Schematics of the reactions. Metal
oxychlorides are formed, and these promote the reactions. Chalcogens
are not shown here. (1)-(3) The proposed process of the added salt
decreasing the melting point of the precursors. (4) SEM images of the Nb
nucleus with (left) and without (right) added salt. b, (5)-(7) The growth
process of the 2D atomic layer, with intermediate products. (8) Different
single-crystalline monolayers with large size of monolayer and a growth
time of less than 3 min. ¢, d, The TG-DSC curve of salts mixed with the
metal sources. The melting points of the systems after adding salt are all

and Raman spectrum are shown in Supplementary Fig. 9. Different
chemical species give rise to the distinct atomic contrast in the image.
Combined with the intensity histogram analysis of the cation and anion
sites (Supplementary Fig. 28), each atomic column can be directly asso-
ciated with their chemical identities using the image contrast, as shown
by the representative line intensity profile in Fig. 3g. The atom-by-
atom mapping further confirms the successful synthesis of a quinary
alloyed monolayer. We also observe superconductivity in monolayer
NbSe; and MoTe, (Supplementary Figs. 29-31)*"?2, which is the real-
ization of superconductivity in non-ultrahigh-vacuum-grown mon-
olayer materials. Combined with the high mobility of monolayer MoS,
and ReS, (Supplementary Figs. 32 and 33), these results indicate the
high quality of the as-prepared 2D TMCs. We note that most of the as-
synthesized materials show well controlled thickness and useful
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within the highlighted windows from 600 °C to 850 °C. e-g, XPS spectra
revealing the existence of Cl bonds to other elements, resulting from the
intermediate products during the synthesis of Nb-, Mo- and W-based
2D crystals. XPS spectra of Nb 3d, Mo 3d and W 4 fare shown in e, fand
g, respectively. Nb 3d°? and 3d°2, Mo 3d*? and 3d”? and W 42 and
47/ are the core level energy states of Nb, Mo and W, respectively, all

of which are well fitted with Gaussian peaks at energies indicating the
bonding to CL

attributes, but some, such as ZrTe,, TiTe,, HfTe, and the Pd-based ones,
need to be further improved.

The growing mechanism of the salt-assisted chemical vapour depo-
sition method is discussed in Fig. 4 and detailed in Supplementary
Figs. 34-53). Figure 4a illustrates that salt can reduce the melting
points of metal precursors, and thus make the reaction possible (see
also Supplementary Fig. 35) to grow 2D TMCs. As an example, a com-
parison of the observed Nb nucleus with and without salt added is
shown in Fig. 4a, indicating a high mass flux of the metal precursors
promoted by the salt. In addition to decreases of the melting point,
Fig. 4b shows that some metal oxides can react with salt to form metal
oxychlorides, which evaporate at an appropriate temperature and facil-
itate the growth of the 2D TMCs. We obtained the melting points of
the precursors for all binary 2D systems using thermogravimetry and

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved



differential scanning calorimetry (TG-DSC) measurements. They all
fell within the temperature window from 600 °C to 850 °C, as shown
in Fig. 4c, which matches the temperature range in which the resulting
materials grow. This is further supported by the thermogravimetry
versus time curves in Fig. 4d. During the growth, coarsening forms a
stable nucleus (Supplementary Fig. 38), then adatoms and atom clusters
of chalcogen and metal attach to the edges of as-grown 2D monolayers
and grow quickly owing to their high mobility (Supplementary Figs. 47
and 48). This growth process is supported by experimental evidence
(Supplementary Figs. 49-51), and also previous reports® on Mo$,. This
helps to produce millimetre-sized single-crystal 2D TMCs, such as the
W-, Nb- and Mo-based TMCs (Fig. 4b). Notably, the growth time in
our experiment is as short as 3 min and the growth rate is up to 8 jums !
(Supplementary Figs. 39 and 40), owing to the high chemical activities
of oxychloride during the reaction. To confirm the existence of metal
oxychloride, the intermediate products are collected and analysed by
X-ray photoelectron spectroscopy (XPS) during the synthesis of mon-
olayer NbX,, MoX; and WX,(X = S, Se, Te). The signals from M-CI
and M-O (M = W, Nb, Mo) bonds in Nb 3d, Mo 3d and W 4f (Fig. 4e-
g) confirm the existence of the oxychloride compounds®~** NbO,Cl,,
MoO,Cl, and WO,Cl, (see also Supplementary Figs. 52 and 53).
Moreover, the formation of metal oxychloride is also corroborated
by ab initio molecular dynamics simulations (Supplementary Figs. 36
and 37). The density functional theory calculations show that it is ener-
getically more favourable to sulfurize metal oxychlorides than metal
oxides.

In conclusion, we have demonstrated a universal salt-assisted chem-
ical vapour deposition method for producing a 2D TMC library con-
sisting of 47 compounds and heterostructures. Our work provides a
swift way to produce good-quality 2D TMCs. Our understanding of
the growth mechanism is greatly improved, suggesting ways to explore
the extraordinary physical characteristics of these materials and their
nanodevice applications.

Online content

Any Methods, including any statements of data availability and Nature Research
reporting summaries, along with any additional references and Source Data files,
are available in the online version of the paper at https://doi.org/10.1038/s41586-
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METHODS

The 2D compounds and heterostructures were synthesized in a quartz tube
with diameter 1 inch. The length of the furnace is about 36 cm. The system of
the reaction is shown in Supplementary Fig. 32. A mixture of H,/Ar was used
as the carrier gas. Specifically, an aluminium oxide boat with volume about
8cm x 1.1cm x 1.2 cm containing precursor powder was placed in the centre of
the tube. The precursor powder and the salt were mixed together first. The Si
substrate with a 285 nm top layer of SiO, was placed on the aluminium oxide
boat with the polished surface down; the distance between the sources and sub-
strate ranges from 0.2 cm to 1.2 cm. Another aluminium boat containing S or Se
or Te powder was placed on the upstream (upwind) of the tube furnace at 200 °C,
300 °C and 450 °C, respectively. The distance between the S or Se or Te boat and
the precursor boat is about 18 cm, 16 cm and 15 cm, respectively. The heating rate
of all reactions is 50 °C min~". All the reactions were carried out at atmospheric
pressure. The temperature was cooled down to room temperature naturally. All
reaction materials were bought from Alfa Aesar with purity more than 99%.
MoS;. A powder mixture of 0.5 mg NaCl and 3 mg MoOj3 in an aluminium oxide
boat was placed in the centre of the quartz tube. The furnace was heated to the
growing temperature (600-800 °C) with a ramp rate of 50 °C min~". The growth
time is 3-5min. Ar (or Ar/H,) with a flow rate of 80 (or 80/5) sccm (cubic centi-
metres per minute) was used as the carrier gas.

MoSe;. The synthesis recipe for MoSe; is similar to that of MoS,. The growth
temperature was about 700-800 °C, and Ar/H, with a flow rate of 80/5 sccm was
used as the carrier gas.

MoTe;. A powder mixture of 4mg NaCl and 14 mg MoOj in the aluminium oxide
boat was placed in the centre of the quartz tube. The furnace was heated to the
growth temperature (600-800 °C) with a ramp rate of 50 °C min~! and held for
3 min before cooling down to room temperature naturally. Ar/H, with a flow rate
of 80/20 sccm was used as the carrier gas.

WS,. Using our method, large-size and monolayered WS, single crystals can be
prepared at a relatively low temperature of about 750-850 °C. An aluminium oxide
boat containing 6 mg NaCl and 30 mg WO; was placed in the centre of the quartz
tube. The furnace was heated with a ramp rate of 50 °C min™" to the growth tem-
perature (750-850 °C) and held for 3 min. Ar/H, at flow rate 80/10 sccm was used
as the carrier gas.

WSe,. The growth process of WSe, was similar to that of WS,. The size of the
monolayered WSe; single crystal can reach 1 mm.

WTe,. A powder mixture of 15mg NaCl and 60 mg WOj in the boat was placed
in the centre of the quartz tube. The furnace was heated with a ramp rate of 50 °C
min~' to the growth temperature (750-850 °C) and held at this temperature for
3 min before cooling down to room temperature naturally. Ar/H, with a flow rate
of 80/20 sccm was used as the carrier gas.

TiS,. A powder mixture of 3 mg NaCl and 10 mg TiO, in the aluminium oxide
boat was placed in the centre of the quartz tube. The furnace was heated with a
ramp rate of 50 °C min™! to the growth temperature (750-810 °C) and held at
this temperature for 8-15 min before cooled down to room temperature naturally.
Ar/H, with a flow rate of 80/20 sccm was used as the carrier gas. Using our method,
monolayer TiS, with a size up to 50 um was obtained.

TiSe,. The parameters for the growth of TiSe; are similar to those of TiS, but
replacing S with Se. Ar/H, with a flow rate of 100/20 sccm was used as the carrier
gas.

TiTe,. A powder mixture of 3 mg NaCl and 10 mg TiO, (note that Ti powder can
be used) in the aluminium oxide boat was placed in the centre of the quartz tube.
The furnace was heated with a ramp rate of 50 °C min™" to the growth temperature
(800-850 °C) and held at this temperature for 10-15 min before cooling down to
room temperature naturally. Ar/H, with a flow rate of 110/20 sccm was used as
the carrier gas.

ZrS,. The synthesis procedures are as follows. A powder mixture of 3 mg NaCl and
10mg ZrO; (note that Zr powder can be used) in the aluminium oxide boat was
placed in the centre of the quartz tube. The furnace was heated with a ramp rate of
50 °C min~" to the growth temperature (750800 °C) and held at this temperature
for 10-15 min before cooling down to room temperature naturally. Ar/H, with a
flow rate of 100/20 sccm was used as the carrier gas.

ZrSe,. Similar to the synthesis of ZrS, but replacing S with Se powder and raising
the growth temperature to 750-830 °C.

ZrTe,. Similar to the synthesis of ZrS, but replacing S with Te powder and raising
the growth temperature to 800-850 °C.

HIfS,. The synthetic procedures are as follows. A powder mixture of 3 mg NaCl and
5mg Hf in the aluminium oxide boat was placed in the centre of the quartz tube.
Another aluminium oxide boat containing S powder was placed in the upstream.
The furnace was heated with a ramp rate of 50 °C min™" to the growth temperature
(800-850 °C) and held at this temperature for 10-15 min before cooling down
to room temperature naturally. Ar with a flow rate of 120 sccm was used as the
carrier gas.

HfSe,. Similar to the synthesis of HfS, but replacing S with Se powder and raising
the growth temperature to 750-850 °C. Ar/H, with a flow rate of 120/20 sccm was
used as the carrier gas.

HfTe,. Similar to the synthesis of HfS, but replacing S with Te powder and raising
the growth temperature to 800-850 °C. Ar/H, with a flow rate of 120/20 sccm was
used as the carrier gas.

VS,, VSe; and VTe,. A powder mixture of 1 mg KI and 3 mg V,0s5 in the alumin-
ium oxide boat was placed in the centre of the quartz tube. Another aluminium
oxide boat containing S/Se/Te powder was placed in the upstream. The furnace was
heated with a ramp rate of 50 °C min ! to the growth temperature (680-750 °C)
and held at this temperature for 10-15 min before cooling down to room temper-
ature naturally. Ar/H, with a flow rate of 80/16 sccm was used as the carrier gas.
NbS,, NbSe; and NbTe,. A mixed powder of 2mg NaCl and 10 mg Nb,Os in the
aluminium oxide boat was placed in the centre of the quartz tube. Another alu-
minium oxide boat containing S/Se/Te powder was placed in the upstream. The
furnace was heated with a ramp rate of 50 °C min™" to the growth temperatures
(750-850 °C) and held at this temperature for 3-5 min before cooled down to room
temperature naturally. Ar/H, with a flow rate of 80/16 sccm was used as carrier gas.
Ta$,, TaSe; and TaTe,. A mixed powder of 5 mg NaCl and 30 mg Ta,Os in the alu-
minium oxide boat was placed in the centre of the quartz tube. Another aluminium
oxide boat containing S/Se/Te powder was placed in the upstream. The furnace was
heated with a ramp rate of 50 °C min ! to the growth temperature (800-850 °C)
and held at this temperature for 10-20 min before cooling down to room temper-
ature naturally. The Ar/H, with a flow rate of 100/18 sccm was used as carrier gas.
ReS,. A mixed powder of 1 mg KI and 5mg Re in the aluminium oxide boat was
placed in the centre of the quartz tube. The furnace was heated with a ramp rate of
50 °C min ! to the growth temperature (650750 °C) and held for 5-10 min before
cooling down to room temperature naturally. Ar with a flow rate of 60 sccm was
used as the carrier gas.

ReSe,. Although the synthesis of ReS, has been reported, monolayer ReSe; has not
been synthesized successfully. Here, the preparation method of ReSe; is similar
to the synthesis of ReS,. Se powder was used as the Se source and the reaction
temperature was fixed at 700-780 °C. Ar/H, with a flow rate of 80/10 sccm was
used as the carrier gas.

FeSe. A mixed powder of 2 mg NaCl and 10 mg Fe,O5 (or FeCl,) in the aluminium
oxide boat was placed in the centre of the quartz tube. Another aluminium oxide
boat containing Se powder was placed in the upstream. The furnace was heated
with a ramp rate of 50 °C min™" to the growth temperature (750-850 °C) and held
at this temperature for 10-20 min before cooling down to room temperature nat-
urally. Ar/H, with a flow rate of 100/18 sccm was used as the carrier gas.

PtS,, PtSe;,, PtTe,, PdS, and PdSe,. A mixture of 1 mg NaCl and 10 mgM (using
Pt, Pd nanoparticles or PtCl,, PdCl, powder) in the aluminium oxide boat was
placed in the centre of the quartz tube. Another aluminium oxide boat contain-
ing S/Se/Te powder was placed in the upstream. The furnace was heated with a
ramp rate of 50 °C min " to the growth temperature (800-850 °C) and held at this
temperature for 10-20 min before cooling down to room temperature naturally.
Ar/H, with a flow rate of 100/20 sccm was used as the carrier gas.

MoS,,Tes(; — ). A powder mixture of 2mg NaCl and 10 mg MoO3 in the alumin-
ium oxide boat was placed in the centre of the tube. Another aluminium oxide boat
containing a powder mixture of S and Te was placed in the upstream. The furnace
was heated with a ramp rate of 50 °C min ™! to the growth temperature 700-800 °C
and held at this temperature for 10-20 min before cooling down to room temper-
ature naturally. Ar/H, with a flow rate of 100/5 sccm was used as the carrier gas.
MoSe;,Tey(; — x). Similar to the synthesis of MoS,,Tey(; — x) except for using a
powder mixture of Se and Te as precursor.

WS, Tey(1 — ). A powder mixture of 3 mg NaCl and 15 mg WOs in the aluminium
oxide boat was placed in the centre of the quartz tube. Another aluminium oxide
boat containing a powder mixture of S and Te was placed in the upstream. The
furnace was heated with a ramp rate of 50 °C min™! to the growth temperature
(750-850 °C) and held at this temperature for 10-20 min before cooling down to
room temperature naturally. Ar/H, with a flow rate of 100/5 sccm was used as
the carrier gas.

WSe,Teyq — 4. Similar to the synthesis of WS,,Tey(; _ ) except for using a powder
mixture of Se and Te as precursor.

NbS,,Sex1 — x). A powder mixture of 2mg NaCl and 10 mg Nb,Os in the alumin-
ium oxide boat was placed in the centre of the tube. The furnace was heated with a
ramp rate of 50 °C min " to the growth temperature (760-840 °C) and held at this
temperature for 10-20 min before cooling down to room temperature naturally.
Ar/H, with a flow rate of 100/15 sccm was used as the carrier gas.

Mo, _ ,Nb,Se,. A powder mixture of 2mg NaCl and 10 mg of Nb,O5:M0O;=1:1
in the aluminium oxide boat was placed in the centre of the quartz tube. Another
aluminium oxide boat containing Se powder was placed in the upstream. The
furnace was heated with a ramp rate of 50 °C min~" to the growth temperature
(760-840 °C) and held at this temperature for 10-20 min followed by cooling down
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to room temperature naturally. Ar/H, with a flow rate of 100/15 sccm was used
as the carrier gas.

Mo, _ (Re,S;. A powder mixture of 2mg NaCl and 10 mg of Re:MoO;=1:1 in the
aluminium oxide boat was placed in the centre of the quartz tube. The furnace
was heated with a ramp rate of 50 °C min ! to the growth temperature (700-800
°C) and held at this temperature for 10-20 min before cooling down to room tem-
perature naturally. Ar/H, with a flow rate of 80/5 sccm was used as the carrier gas.
W, _ Nb,S,. A powder mixture of 2mg NaCl and 15mg of Nb,O5:WO3=1:1
in the aluminium oxide boat was placed in the centre of the quartz tube. The
furnace was heated with a ramp rate of 50 °C min~! to the growth temperature
(750-840 °C) and held at this temperature for 10-20 min before cooling down to
room temperature naturally. Ar/H, with a flow rate of 100/15 sccm was used as
the carrier gas.

W _ xNb,Se;,. A powder mixture of 2mg NaCl and 15mg of Nb,O5:WO3;=1:1in
the aluminium oxide boat was placed in the centre of the quartz tube. The furnace
was heated with a ramp rate of 50 °C min™" to the growth temperature (750840 °C)
and held at this temperature for 10-20 min before cooling down to room temper-
ature naturally. Ar/H, with a flow rate of 100/15 sccm was used as the carrier gas.
Mo,Nb; _,S,. A powder mixture of 2mg NaCl and 10 mg of Nb,O5:M003=1:1
in the aluminium oxide boat was placed in the centre of the quartz tube. The
furnace was heated with a ramp rate of 50 °C min™! to the growth temperature
(760-840 °C) and held at this temperature for 10-20 min before cooling down to
room temperature naturally. Ar/H, with a flow rate of 100/15 sccm was used as
the carrier gas.

Mo, W, _ ,Te,. A powder mixture of 2mg NaCl and 10 mg of WO3:MoO;=1:1
in the aluminium oxide boat was placed in the centre of the quartz tube. The
furnace was heated with a ramp rate of 50 °C min~! to the growth temperature
(760-840 °C) and held at this temperature for 5-10 min before cooling down to
room temperature naturally. Ar/H, with a flow rate of 100/15 sccm was used as
the carrier gas.

Mo,Nb; _ ,S,,Se>1 — ). A powder mixture of 2 mg NaCl and 10 mg of
Nb,05:M00; = 1:1 in the aluminium oxide boat was placed in the centre of the
quartz tube. Another aluminium oxide boat containing S and Se powder was placed
in the upstream. The furnace was heated with a ramp rate of 50 °C min ! to the
growth temperature (760-840 °C) and held at this temperature for 10-20 min
before cooling down to room temperature naturally. Ar/H, with a flow rate of
100/15 sccm was used as the carrier gas.

V.W,Mo; _ x _,S:.8¢€;1 — ;). A powder mixture of 2mg NaCl and 10 mg of
V,05:M003:WO; = 1:5:3 in the aluminium oxide boat was placed in the centre of
the quartz tube. Another aluminium oxide boat containing S and Se powder was
placed in the upstream. The furnace was heated with a ramp rate of 50 °C min~! to
the growth temperature (760-840 °C) and held at this temperature for 10-20 min
before cooling down to room temperature naturally. Ar/H, with a flow rate of 100/5
sccm was used as the carrier gas.

LETTER

1T’ MoTe,-2H MoTe, in-plane heterostructures. A mixed powder of 4mg NaCl
and 14mg MoOj in the aluminium oxide boat was placed in the centre of the quartz
tube. The furnace was heated to a growth temperature of 720 °C with a ramp rate of
50 °C min~! and held for 3 min, and then quickly cooled to a growth temperature
0f 650 °C and held for 5min and then cooled down to room temperature naturally.
Ar/H, with flow rates of 80/20 sccm and 20/4 sccm was used as the carrier gas for
1T MoTe; and 2 H MoTe, growth, respectively.
MoS,-NbSe; vertically stacked heterostructure. MoS, was synthesized first. A
mixed powder of 0.5 mg NaCl and 3 mg MoOj3 in the aluminium oxide boat was
placed in the centre of the tube. The furnace was heated to the growing temperature
(600-800 °C) with a ramp rate of 50 °C min~!. The growth time is 3 min. Ar (or
Ar/H,) with a flow rate of 80 sccm (or 80/5 sccm) was used as the carrier gas. The
as-obtained Mo$S, was quickly transferred to another furnace for heterostructure
growth. For the NbSe; growth, a mixed powder of 2mg NaCl and 10 mg Nb,O5 and
in the aluminium oxide boat was placed in the centre of the quartz tube. Another
aluminium oxide boat containing Se powder was placed in the upstream. The
furnace was heated with a ramp rate of 50 °C min ! to the growth temperature
of 700 °C and held at this temperature for 10 min before cooling down to room
temperature naturally. Ar/H, with a flow rate of 60/4 sccm was used as carrier gas.
We note that the weight ratio between salt and metal precursors can be tuned.
Typically, for the synthesis of alloys, we fixed the weight ratio at 1:1 for the precur-
sors. Taking Mo; _ cRe,S, and WS, Te, _ , as examples, by tuning the ratio between
Mo and Re, and between S and Te, we can control the value of x.
STEM. STEM samples were prepared with a poly (methyl methacrylate) (PMMA)-
assisted method or PMMA-free method with the assistance of an iso-propyl alco-
hol droplet. For some water-sensitive materials, we used a non-aqueous transfer
method. STEM imaging and EELS analysis were performed on a JEOL 2100 F
with a cold field-emission gun and an aberration corrector (the DELTA corrector)
operating at 60kV. A low-voltage modified Gatan GIF Quantum spectrometer was
used for recording the EELS spectra. The inner and outer collection angles for the
STEM image (31 and 32) were 62 mrad and 129-140 mrad, respectively, with a
convergence semi-angle of 35 mrad. The beam current was about 15 pA for the
annular dark-field imaging and the EELS chemical analyses.
TG-DSC. TG-DSC measurements were performed using a Netzsch STA 449 C
thermal analyser. Approximately 10 mg of the sample were loaded into an alumin-
ium oxide crucible and heated at 10 Kmin " from 20 °C to 920 °C. The 95vol%
Ar/5vol% H, with a flow rate of 40 mlmin ' was used as the carrier gas.
XPS. XPS measurements were performed using a monochromated Al Ko source
(hv=1486.6eV) and a 128-channel mode detection Physical Electronics Inc. orig-
inal detector. XPS spectra were acquired at a pass energy of 140V and a take-off
angle of 45°.
Data availability. The main data supporting the findings of this study are available
within the paper and its Supplementary Information. Extra data are available from
the corresponding authors upon request.
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