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ABSTRACT: Precise monolayer epitaxy is important for two-dimensional Monolayer “(*(%

(2D) semiconductors toward future electronics. Here, we report a new self- ;;;;:::' 2 E)

limited epitaxy approach, liquid phase edge epitaxy (LPEE), for precise- oo ~

monolayer epitaxy of transition-metal dichalcogenides. In this method, the < Lnlqu_nd
solution

liquid solution contacts 2D grains only at the edges, which confines the
epitaxy only at the grain edges and then precise monolayer epitaxy can be
achieved. High-temperature in situ imaging of the epitaxy progress directly
supports this edge-contact epitaxy mechanism. Typical transition-metal
dichalcogenide monolayers (MX,, M = Mo, W, and Re; X = S or Se) have
been obtained by LPEE with a proper choice of molten alkali halide solvents
(AL, A = Li, Na, K, and Cs; L = Cl, Br, or I). Furthermore, alloying and
magnetic-element doping have also been realized by taking advantage of the

liquid phase epitaxy approach. This LPEE method provides a precise and
highly versatile approach for 2D monolayer epitaxy and can revolutionize the growth of 2D materials toward electronic applications.

B INTRODUCTION

Two-dimensional (2D) materials have garnered tremendous
research interest due to their atomic thickness yet no dangling
bond on the surfaces."” Semiconducting 2D materials, such as
transition-metal dichalcogenides,” can scale the physical size
of transistors down to 1 nm, which makes them gpromising
candidate channel materials for future electronics.”® Precise
monolayer growth of 2D materials is of great importance to the
ultra-short channel transistors; however, it is of great
challenge.””"* An effective approach for thickness control is
via self-limited growth,14 in which the growth is confined at the
interface and then the thickness can be controlled by the
growth mechanism.'”'® A successful example is the growth of
graphene on copper, where the copper catalysis limits the
graphene growth only on the copper surface, and hence only
graphene monolayer can be grown but not the thicker layers.'”
Interface reactions have also been utilized for the self-limited
growth of 2D materials. For example, nitrogen species were
dissolved in melting the Au film and reacted with gaseous
borazine for all monolayer growth of BN."® Mo spices were
dissolved in glass and reacted with sulfur vapor for the growth
of MoS, monolayers.'”*’ Atomic layer deposition (ALD) has
also been used in MoS, growth, but the film quality is low.*'

Here, we have developed a new versatile self-limited growth
method for high-quality 2D monolayers: liquid phase edge
epitaxy (LPEE). In this method, the transition-metal
dichalcogenide monolayer is grown from a molten solution
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on a substrate (Figure 1a). The solution contacts the 2D grains
only at the grain edges, which limits the epitaxy only at the
edges and a uniform monolayer has been obtained. In situ
high-temperature optical imaging has been carried out and
showed a direct evidence of the epitaxial process along the
monolayer edges. The quality of as-prepared monolayers has
been examined by atomic-resolution scanning transmission
electron microscopy (STEM), showing high-quality single
crystalline domains. Furthermore, LPEE has been successfully
tested for different transition-metal dichalcogenides (MX,, M
= Mo, W, and Re; X = S or Se) with different molten alkali
halide solvents (AL, A = Li, Na, K, and Cs; L = Cl, Br, or I).
Benefitting from the liquid phase epitaxy, various 2D
monolayer alloys (MoSy(;.)Se;,, Mo, oWxS,, WS, Se,,
and W(l_x)RexSZ) and 2D monolayers doped with magnetic
elements (Cr/MoS,, Fe/MoS,, Co/MoS, Ni/MoS,, Cr/
MoSe,, Fe/MoSe,, Co/MoSe,, Ni/MoSe,, and Ni/WS,)
have been obtained.
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Figure 1. LPEE of MoS, monolayers from its CsCl solution. (a) Illustration of the LPEE process. (b) In situ imaging of LPEE of MoS, monolayers
from the CsCl solution at 850 °C. (c—f) Optical microscopy image, Raman spectrum, AFM image, and STEM image (with the inset of the FFT) of

as-prepared MoS, monolayers, respectively.

B RESULTS AND DISCUSSION

In a typical experiment of MoS, monolayer epitaxy from its
CsCl solution at 850 °C, MoS, in CsCl solution was
condensed on a sapphire substrate for LPEE (Methods and
Figure S1). A home-built high-temperature optical micro-
scope”” was equipped into the CVD furnace to record the in
situ growth process. The in situ optical imaging clearly showed
that the MoS, flake was growing (with a rate of 1-2 ym/s) as
the liquid droplet was moving (Figure 1b). The liquid droplet
contacted the MoS, flake only at the flake edges but not over
the flake, which physically prevented nucleation and growth on
the MoS, flake and inhibited few-layers growth. The liquid
droplet size decreased as the flake epitaxy occurred, suggesting
that the epitaxy driving force (i, the supersaturation) was
from the evaporation of the solvent.

The MoS, thin film showed a homogeneous optical contrast,
indicating a uniform thickness (Figure 1c). Raman spectro-
scopic characterization and AFM imaging confirmed the
monolayer thlckness of the MoS, film (Alg and E', ¢ difference
of 19.1 cm™!, Figure 1d; and AFM height of 1.0 nm, Figure

le).”»** The homogeneous color contrast in AFM imaging
shows an ultra-clean basal plane of the MoS, flake and is free of

11349

. . . . 2. .
few-layer domains and particle contaminations.”> Atomic-

resolution STEM imaging (Figure 1f) showed a perfect
hexagonal lattice of the MoS, film with clearly resolved Mo
atoms and S atoms. The atom line spacing of 0.269 nm,
matches well with the (100) plane spacing of MoS,. In the fast
Fourier transform (FFT) of the STEM image (the inset in
Figure 1f), a single set of hexagonal spots was observed,
indicating the single crystalline nature for the flake. 2627 The
experimental parameters including the growth time and the
growth temperature affect the growth result significantly
(Figures S2—S4). As the growth time increases, the coverage
and size of MoS, monolayers increase (Figures 2 and $2,S3).
Full coverage of the MoS, monolayer on the sapphire substrate
was obtained for a 3.5 h growth.”>*” Benefitting from the edge
epitaxy mechanism of LPEE, no bilayer or few-layer was
observed (Figure 2h).

Furthermore, TEM, STEM, Raman mappings, and electrical
measurements on the as-grown MoS, monolayers indicate a
high crystal quality of the monolayers (Figures S5—S9). Raman
spectra show no degradation after 15 days for TMDC
monolayers, which suggests a high ambient stability of the
as-grown monolayers in air (Figure S17). To evaluate the
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Figure 2. LPEE of MoS, monolayers to a full coverage. (a—h) Optical images of as-prepared MoS, monolayers on sapphire substrates with different
epitaxy times. The solvent was molten CsCl and the growth temperature was 850 °C. (i,j) Monolayer coverage and flake size of MoS, monolayers

at different growth times.

thermal stability of our grown monolayers, temperature-
dependent Raman test under nitrogen protection was
conducted, showing that the monolayers can be stable up to
350 °C (Figures S18 and S19).

The monolayer growth behavior of LPEE was further tested
for different transition-metal dichalcogenides with different
solvents. With proper molten alkali halide solvents, many
transition-metal dichalcogenide monolayers (MX,, M = Mo,
W, and Re; X = S or Se) were obtained (Figure 3). Optical
images showed homogeneous contrast for the as-prepared MX,
flakes. The MX, flake size ranged from a few micrometers to
more than a hundred micrometers. AFM and Raman
characterization were also done to confirm the monolayer
thickness of the flakes (Figures S10—S15).

The monolayer yields for different MX, with different
molten solvents are plotted in Figure 4a. Not all MX,-AL
combinations showed uniform-monolayer epitaxy. For exam-
ple, the epitaxy of transition-metal dichalcogenides from the
LiCl solutions yielded thick flakes (Figure S16). Excluding
LiCl, a trend can be seen for other solvents, which is that the
monolayer growth is more preferred for solvents with higher
surface tensions (Figure 4b).>”*” This can be understood by
the dewetting condition for liquid droplets on MXzylé’R’1

hp-ghp-1

g™ = o
cos 0

Where 7y, is the surface tension of the solution, y,p., is the

surface tension of the 2D-material, y,p is the surface tension

between the 2D material and the solution, and 0 is the contact

angle of the droplet on the 2D material flake.*”

A higher liquid surface tension is more favored for dewetting
the solution from the MX, flake which can make the edge-
contact more possible (Figure 4b left).”>** Meanwhile, a lower
liquid surface tension prefers wetting of the MX, flake, which
can result in few-layer nucleation and growth (Figure 4b
right).”> The exception for LiCl may be due to the small ion
radius of Li*** and a strong affinity of LiCl to MX,, which
results in a low value of y,p | and wetting of the MX, flakes.

A great advantage of liquid phase edge epitaxy is the easy
alloying and doping of the monolayers. Based on the successful
epitaxy of MX, monolayers with the selected solvents, various
monolayer alloys, such as MoS;(;.,)Se,,, Mo WxS,,
WS,(1.9S€2, and W(;_yRe,S,, have been obtained (Figures S
and $20—523). Taking MoS,( ,)Se,, as an example, AFM
measurement confirmed the monolayer thickness of the alloys
(0.6—1.0 nm). Raman characterization showed that the
compositions were continuously tuned by changing the mass
ratios of the alloying materials (Figure S20). Photolumines-
cence (PL) emission measurements revealed continuous band
gap tuning in the near-infrared regions (Figure Sb). The
energy-dispersive X-ray spectroscopy (EDS) mapping showed
homogeneous elemental distributions of the Mo, S, and Se
elements all over the flake (Figure Sc). Atomic resolution
STEM imaging showed different intensity sites (Figure 5d),
which also confirmed the successful alloying of MoS, and
MoSe2.38’39

Doping atomically thin semiconductors with magnetic
elements is of great interest toward spin electronics. Using
the advantages of the LPEE method, Cr/Fe/Co/Ni-doped
MX, semiconducting monolayers have been obtained by
adding CrCl,, FeCl,, CoCl,, or NiCl, into the liquid solutions
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(Figures S24—S27). For Co-doped MoSe, as an example showed a redshift from 791 to 821 nm, along with quenching
(Figure 6), AFM imaging showed a film thickness of 0.9 nm, and broadening of the emission peaks after Co doping (Figure

indicating the monolayer nature (Figure S$26). PL emission 6b). This is due to the doping-induced trion emission and

11351 https://doi.org/10.1021/jacs.3¢02471
J. Am. Chem. Soc. 2023, 145, 11348—11355


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02471/suppl_file/ja3c02471_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02471/suppl_file/ja3c02471_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02471?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02471?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02471?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02471?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02471?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02471?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02471?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02471?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c02471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

A MoS,, Se, b
3
3
3¢
z x=0.4
= x=0.3

x=0.3 x=0.4 =0.6 630 700 770 840

Wavelength (nm)

Figure 5. LPEE of monolayer alloys. (a) Optical images, (b) PL spectra, (c) element mapping, and (d) atomic-resolution STEM image of LPEE

grown MoS,(;_,Se,, monolayers.

10k

Intensity (a.u.)

b 1 Undoped MoSe,

(g}

1k

Counts

100 -

720 760

Wavelength (nm)

i T T

i
S_n_»
N
CI
"
C
« w0
e "
AR N
A_A_" 2
2"
St _a
"
e
CE T —
e e
E
L N

e
CIE
»
AR _m_an
A
.
* e
I —
T e R R R R
I
CE A A A
L —
2%

T
I
T e R e

AR N =
22T e
»

2 e """ "
A"

-,
=.
g

P

»
»
»
»
»
»
»
»
»
.
L

T R e e
.

S

» .

I ™

e

I

2 2" 2" 0" "0

840 880

Energy (keV)

{Mo Mo Mo Mo
Co

Relative intensity (a.u.)

00 03 06 09 12
Position (nm)

Figure 6. LPEE of Co-doped MoSe, monolayers. (a) Optical image, (b) PL spectrum, and (c) EDS spectrum of Co-doped MoSe, monolayers. (d)
STEM image of a Co-doped MoSe, monolayer, (e) zoom-in images (the red arrows indicate the atoms with dimmer intensities), and (f) the

intensity section analysis along the lines in panel e.

band gap modulation, which is similar to the reported
observation in Re/V-doped MX, monolayers.""~** EDS
measurement showed a Co Ka peak at 6.9 keV with an atomic
percentage of 0.27% for the Co-doped MoSe, monolayer.
Atomic-resolution STEM imaging (Figure 6d—f) also revealed
Co doping sites with dimmer intensities. Other magnetic
element doped monolayers have been obtained and some with
significant M—H loops at low temperatures, such as Fe/MoSe,
(Figure §25). 0%

B CONCLUSIONS

Overall, we have developed an edge-contact LPEE for the
growth of high-quality monolayers, monolayer alloys, and

magnetic-element doped monolayers of transition-metal
dichalcogenides. In situ optical imaging directly supports the
edge epitaxy mechanism. EDS mapping and atomic-resolution
STEM imaging have confirmed the high quality of the
monolayers, the successful alloying, and the doping. Cross-
experiments on multiple MX, and molten solvent combina-
tions have revealed that surface tension plays an important role
in the LPEE. This LPEE method provides a precise and highly
versatile approach for 2D monolayer epitaxy with tunable
compositions/doping and can revolutionize the growth of 2D

materials toward electronic applications.
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B EXPERIMENTAL SECTION

Growth Recipe. LPEE was done in a single temperature zoon
chemical vapor deposition (CVD) furnace under atmospheric
pressure. Transition-metal dichalcogenide precursor source (Alfa
Aesar, purity 99.999%) and alkali metal salt source (Alfa Aesar, purity
99.998%) were loaded in a quartz boat with a ratio of 1:20. Sapphire
substrates with a c-plane (0001) were placed directly above the boat
(see Supplementary Figure 1). Before heating, the system was vacuum
pumped for 10 min and flushed with high-purity 50 sccm Ar gas to
expel air. The furnace temperature was ramped to the growth
temperature (800—900 °C) within 30 min and maintained the growth
temperature for 0—3.5 h. 10 sccm Ar gas was utilized as the carrier gas
during the growth. After growth, the furnace was naturally cooled
down with flowing Ar gas.

In Situ Imaging Furnace. The system consists of a CVD furnace
with an optical access hole, a high-temperature resistant objective, a
light-emitting diode (LED) monochrome light source (488 nm), a
CCD, and other minor parts.

Characterizations. Optical images were captured on a Olympus
BXS1 optical microscope, and Raman/PL characterization was done
on a home-built Raman/PL spectroscopy with 532 nm excitation. The
laser power was kept below 0.5 mW pm™ to avoid sample damage.
The contact mode of Asylum Research MFP-3D Infinity AFM
(Oxford Instruments) was used to explore the thickness mappings of
2D materials. X-ray photoelectron spectroscopy (XPS) spectra were
acquired using an ESCALAB250Xi (ThermoFisher Scientific, UK).
Without specification, all measurements were done at room
temperature.

HAADF-STEM Sample Preparation and Characterization.
The monolayer samples were transferred onto TEM grids by a wet
polymethyl methacrylate (PMMA) transfer method. A layer of
PMMA of about 1 ym thick was first spin-coated on the substrate
with deposited samples and then baked at 80 °C for 15 min. The
substrate was then immersed in distilled water for 15 min to separate
the substrate. The PMMA/TMD film was fished by a TEM grid and
baked at 120 °C for 10 min, and then dropped into acetone overnight
to dissolve the PMMA coating layers. The STEM of MoS, was
conducted by a double Cs-corrected JEOL JEM-ARM200CF
operated at 200 kV with a CEOS Cs corrector (CEOS GmbH,
Heidelberg, Germany) in the Institute of Physics, Chinese Academy
of Sciences. The HAADF-STEM images were recorded with a
collection semi-angle of 90—370 mrad. For the STEM images and
EDX of MoSy(;.,)Se,,, Themis Z was operated at 300 kV in Scientific
Compass, Beijing. The probe current was 50 pA. The HAADF-STEM
image was recorded at a convergence semi-angle of a 25 mrad and an
inner angle of 41 mrad. For the STEM images and EDX of Co/
MoSe,, a JEM-ARM200F with a CEOS corrector with a cold-FEG
was operated at 200 kV in Migelab, Beijing. The HAADF-STEM
image was recorded at a convergence angle of 20 mrad and a detected
angle of 68 mrad.
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