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ABSTRACT: It remains difficult to control the morphology of two-dimensional (2D) materials via direct chemical vapor deposition
(CVD) growth. In particular, off-equilibrium (kinetic) growth may produce flakes with non-Wulff shapes (e.g., high-index edges,
symmetrical shapes, etc.), which are potentially useful, however a general controllable approach for the kinetic growth of 2D materials
are currently lacking. In this work, we pushed the CVD growth of 2D MoS, into deep kinetic regime, by using potassium chloride
(KCI) as catalyst and plasma pre-treatment on growth substrates. The unprecedented non-equilibrium high-index faceting and unusual
high-symmetry shapes in 2D materials have been realized. The growth mechanism of high-index facets is rationalized based on the
theory of kinetic instability on crystal surfaces. This new vapor-liquid-adatom-solid (VLAS) growth mechanism—synergistic capture
of multiple vapor phase molecules by the catalyst particles on corners and the oversaturated adatom diffusion along adjacent edges
can offer great opportunities for shape engineering on 2D materials. The high-quality, rapid and controllable synthesis of high-index
facets (edges) and other non-Wulff shapes of 2D transition metal dichalcogenides will benefit the developments in 2D materials.

Explosive research on two-dimensional (2D) transition metal
dichalcogenides (TMD) in the past decade have shown their im-
pressive performances in ultrathin and flexible electronics/op-
toelectronics,' as well as the rising potentials for emergent val-
leytronics®® and 2D heterostructures.’!! To date, the most con-
trollable growth method for 2D TMDs is chemical vapor depo-
sition (CVD).'*!* With either homogeneous or heterogeneous
nucleation,'>'7 CVD growth under near-equilibrium can often
yield high quality single-crystalline 2D TMD flakes,'®!$!1° pos-
sibly followed by flake stitching for growing continuous
films.!>?° In-equilibrium crystal shapes or surfaces should fol-
low the Wulff construction,?’*> minimizing the total surface

free energies. The CVD growth of 2D MoS; have been predom-
inantly applied in the near equilibrium conditions, hence the
shapes of the as-grown single crystal flakes are dominant trian-
gular or occasionally hexagonal.?>?* The thermodynamic ener-
gies of the most stable Mo or S zigzag edges have been explic-
itly investigated by us,?>2 as well as some other groups,?’?® and
the Mo/S ratio of atmosphere in growth chamber was found de-
cisive for the flake shapes in products.?-*°

By contrast, the off-equilibrium or kinetic growth for crys-
tals, which can yield dendrites,*'** precipitates,* epitaxial,**
catalytic growth,* etc., is often associated with the supercool-
ing, mass transport, strain or other environmental conditions. In



particular, the kinetic growth of 1D nanowires has the well-
known catalytic modes: vapor-liquid-solid (VLS)**3 or vapor-
solid-solid (VSS),***° so the nano-particle catalysts are attached
to the active growth sites at the top/bottom/end of nanowires
and render the 1D directional growth. In analogous, for 2D ma-
terials like 2D MoS,, the VLS catalytic growth still works and
has been recently reported to guide the growth of 2D MoS; na-
noribbon.3® However, the roles played by the catalytic particles
are still not fully understood.

Owning to the higher thermodynamic energies, high-index
facets can only be prepared by certain kinetic approaches in na-
nomaterials, via e.g. thermal effect,* surface tension (Ray-
leigh),* electrical current®* induced surface instabilities.
Herein, for the synthesis of 2D TMDs with high-index facets
(edges), nanoparticle catalyst (KCl) was applied, together with
the plasma pre-treatment on substrates, which can enhance the
mass transport along the 2D flake edges and override the mass
supply directly from the vapor phase. The enhanced mass
transport on edges caused the surface instabilities on flake
edges, viable for high-index faceting. The relationship between
the catalyst particle sizes and the resulted faceting angles can be
explained by the surface instability theory. Moreover, with this
new growth method, regular hexagons were produced with ro-
bust control, which is challenging by other methods. Overall,
our approach paves a new way to controllable engineering on
the shapes and patterns for 2D TMD materials via direct growth.
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Figure 1. a) The bright field optical microscopy (OM) image of
MoS: grown on no surface treatment sapphire substrate. Scale bar
= 10 pm. b) The dark field OM images of MoS2 grown on Ar
plasma treated SiO2/Si substrate. Scale bar = 5 pm. ¢) The dark
field OM image of MoS2 grown on KCl sprayed SiO2/Si substrate.
Scale bar =5 um. d) The dark field OM images of MoSz grown on
Ar plasma treated combining with KCl sprayed fluorophlogopite
mica substrate. The white arrows point out the catalytical particles.
Scale bar = 10 um.

RESULTS AND DISCUSSION

The 2D MoS; flake growth in our experiments was conducted
by CVD* on sapphire, Si/SiO, and fluorophlogopite mica sub-

strates, with special arrangements on the catalyst and pretreat-
ments (see Figure S1 and Methods section in Supporting Infor-
mation for details). The growth results with different conditions
(for the KCl catalyst and Ar plasma pre-treatments) were com-
pared. For the conventional CVD growth samples, with no KCl
catalyst and Ar plasma treatment adopted, the conventional tri-
angular/irregular monolayer MoS; flakes can be fabricated
(Figure 1a, and results using different substrates shown in Sup-
porting information, Figure S2). Meanwhile, if the KCI catalyst
or Ar plasma treatments were treated separately, the typical
growth results are presented in Figure 1b, ¢ and supporting in-
formation Figure S2. These samples often had irregular shapes
and non-straight edges, e.g. some had circle shapes, exhibiting
the far-from-equilibrium growth manner. The growth kinetics
overwhelmed the thermodynamic energies for the stable edges
(facets) during growth.

Distinctly, the 2D MoS: samples grown with combined KC1
catalyst and Ar plasma pre-treatment showed well-defined fac-
etted edges, with catalyst particles on the corners (one on each
corner) or sometimes on the edges (Figure 1d and supporting
information Figure S2). More atomic force microscopy (AFM)
and scanning electron microscopy (SEM) images, as well as Ra-
man spectroscopy characterizations results on the flakes are
presented in Figure S3-S10 in Supporting Information. The ex-
cellent crystallinity in the as-grown 2D MoS; flakes was clearly
revealed, while most of the MoS, spikes/corners have the cata-
lyst particles on top (end). The main composition of the cata-
Iytic particles were determined as K, Cl and Mo, S, Na and O
according to the energy dispersive spectra (EDS) results (Sup-
plementary Table S1). Considerable O and Na contents in the
catalytical particles came from the vaporized precursor
(Na;Mo00O4:2H,0) during growth, while molecular MoOx and
NaOy were captured by the catalysts.

The growth of the acute angle 2D MoS, spikes were certainly
driven by the leading catalyst particles on corners (Figure 2a).
The invariable 120°/60° differences between the principle
growth directions of the trunk and branches (white dashed lines
in Figure 1d) showed the growth was still directed following the
<100> crystal directions (zigzag directions) of MoS,, however,
a number of vicinal planes of {100} (viz. Mo or S zigzag
planes) were present (Figure 2b) in the final products, which
were different from the reported nanoribbon growth in parallel

{100} planes (edges)*. {100} planes (edges) are the most
stable edges of 2D MoS; according to previous reports.*® How-
ever, the emerged high-index facets which could be identified
by the acute angles of the spikes (white dashed lines in Figure
2a), were attributed to the growth kinetics.

Without KCl catalyst and plasma treatment, our CVD growth
and supply of gaseous precursors in our growth chambers was
lower than the threshold for kinetic growth. The surface insta-
bility on the low index edges, a signature for the kinetic growth,
can be caused by the local inhomogeneity of mass transport.
Owning to their strong ionic nature, the salts such as NaCl*7 and
KClI can efficiently anchor the MoOy and S species in the pre-
cursors and supply redox environment for growth radicals. In
this way, the mass transport routes on the substrate surfaces or
flake edges could be significantly altered by the enhanced dep-
osition of precursors for MoS, growth. Besides, the Ar plasma
treatment would clean the surface and possibly create surface
dangling bonds on substrates (see supporting information Fig-
ure S11), enhancing the surface intimacy of substrates and the
catalyst particles. Therefore, the edge diffusion assisted growth



led by cornered catalyst particles was triggered. A scheme of
the catalyzed growth and associated mass transport is shown in
Figure 2c. The atomic scale scanning transmission electron mi-
croscopy (STEM) results (Figure 2d) clearly show the distinct
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high-index vicinal edges produced by our kinetic growth ap-
proach. The atomic steps (highlighted by red triangles) are crit-
ical to control the adatom mobilities and edge instabilities.
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Figure 2. a) The magnified dark field images of MoS: branches in Figure 1d. Angles of each spike are shown below. Scale bar = 3 pm. b)
The 2D MoS: atomic structure with vicinal planes of {100} (viz. Mo or S zigzag planes). The Mo atoms were blue and the S atoms were
yellow. ¢) A schematic illustration of the catalyzed growth and associated mass transport. d) STEM-ADF images for the 2D MoS: (2L) flake
edges grown by our kinetic approach. Atomic steps (marked by red triangles) are present in the high-index edges (white dash lines). Scale

bars =1 nm.

The precursor overflow in catalyst particles and subsequent
edge (surface) diffusion is apparently different in 2D materials
growth from the 1D nanowire growth previously (Figure 2c¢).
The interface of liquid/solid in 1D VLS growth can provide a
sufficient area for absorption of oversaturated precursors, while
in 2D growth case here, the oversaturated precursors are prone
to be driven away from the underlying vdW surfaces to the more
active edges. The directional rapid 1D edge diffusion is the key
here as compared to the 2D surface diffusion for nanowire
growth cases via this method. In has been found the cornered
KClI catalysts and edge diffusion can also facilitate the growth
of the exact regular hexagons of 2D MoS; (Figure 3a-c), imply-
ing the growth rate are independent on the thermodynamic dif-
ferences between Mo and S-zigzag edges, the same as we ob-
served in the vicinal edges for Mo and S-zigzag edges above.
Figure 3a shows the optical images of the as-grown hexagonal
flakes of 2D monolayer MoS,. The KCI catalysts were present
on all the corners and some edges. More interestingly, the
atomic force microscopy (AFM) results (Figure 3c¢) indicated at
all the corners of hexagons some additional faceted bulges in-
duced by the edge instability were in presence. Unlike the per-
fect six-fold symmetrical shapes in these hexagons, the faceted
small bulges were located at preferable edge types with only
three-fold symmetry. At the same time, the growth without cat-
alyst particles on corners mainly yielded regular triangle flakes
under the same growth condition (Figure 3b).
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Figure 3. a) The dark field OM images of regular hexagonal mon-
olayer 2D MoS: as grown on SiO2/Si substrate with corner cata-
lysts. The inset is magnified image for the dashed square zone.
Scale bar=10 pm. b) The dark field OM image of triangle mono-
layer MoS2 —as grown on substrate without corner catalyst. Scale
bar=10 um. ¢) The topographic atomic force microscopy (AFM)
images of the hexagonal monolayer MoS: marked by the dashed
square in Figure 3a. Numbered insets showed magnified images in
white highlighted areas. Scale bar=5 pm.
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Since the conventional CVD growth of triangle flakes of 2D
MoS, are predominantly observed and investigated by the at-
omistic growth simulations*®, the unusual perfect regular hexa-
gon flakes of MoS; in our experiment are also attributed to the
kinetic effect and explainable by the kinetic mass transport
along edges. Manifested by the above growth products, in our
CVD growth the catalyst particles not only served as the ordi-
nary VLS catalyst that leads to direct growth at the local posi-
tions (point-like position) under the catalyst particles, instead,
it promoted the growth nonlocally on the connected edges (Fig-
ure 2¢). The non-equal Mo- and S-zigzag edges (or the opposite
vicinal edges of Mo and S-zigzag edges) were grown at the
same rate controlled/limited by the mass transport and precursor
supply rate from the catalyst particles. A wealth of dangling
bonds on edges provided the 1D diffusion channels. The atomic
diffusion process was governing the mass transport on edges.
Therefore, the growth mechanism here could be rationalized as
vapor-liquid-adatom-solid (VLAS) process (Figure 4a), in com-
parison to the classical VLS mechanism. The mass (precursor)
supply through the catalytic particles on corners/ends over-
whelmed the direct gas phase supply, and the mass transport
along edges became the growth rate limiting process for the en-
tire kinetic growth.
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Figure 4. a) Schematic illustration of mechanism of VLAS
growth. b) The surface instability induced by edge diffusion. c)
The diagram of catalyst diameter dependence of angle of vicinal
plane in the 2D MoS, samples, fitted by the instability model
(red dashed line).

Here we use the surface instability model *+** usually for vic-
inal surface plane problems to explain the observed scenario of
catalyst-led growth and the surface faceting. In view of the sym-
metric growth for Mo- and S-zigzag edges (or vicinal surfaces),

the ratio of Mo/S of the source is not the governing factor, ra-
ther, the catalytic capture rate of precursors by KCl is critical.
Thus the binary precursors for growth can be simply termed as
adatom in the following. As depicted in Figure 4b, net flux of
atoms(J) depends on a few variables, including local height (h),
surface tension (o), atom mobility (i), and the adatom concen-
tration (c), 4%

92 (sin@ ac

ot M

where x is the position, and sinf = Z—Z / /1 + (2—2)2. The first

term on the right is the contribution from surface tension (inher-

J(x) = uocosd

ent surface flattening), and the second term is contributed by the
adatom diffusion along edges (the catalyst induced mass
transport). 1t is dependent on the slope (crystal plane of surface).
For vicinal planes (edges for 2D flakes here), the mobility p is
inversely related to oh/0x. The crystal growth rate h(t) is asso-

ciated with J by dh/dt=0J/0x.

The above eq.(1) is a moving boundary problem. Considering
the nature of the single source diffusion from the corners (cata-
lyst), the adatom concentration gradient (Oc/0x) gradually de-
creases from the corner points toward the center of the edges.
For simplification, assuming a constant concentration gradient
(K), surface instability wavelength (A, the maximum straight
length of edge) is given by,

A~2m ﬁ( 2)

Therefore, the surface instability will be first initiated close
to the catalyst location (viz., at the corners with the largest K),
then for the suppression of instability (keep the straightness of
high-index vicinal surface), a minimum vicinal angle (o) is re-
quested, yielding the straight vicinal edges near the corners (and
catalytic particles). Our experimentally observed faceting rela-
tionship (o-r), where 1 is the radius of catalyst particle so pro-
portional to K", which can be explained by the above eq.2 (Fig-
ure 4c¢). The bulges at the hexagon corners (Figure 3c) has the
surface instability origin as well, caused by the edge instabilities
first developed at the highest concentration gradient positions
(corners). The preferential bulge occurrence at certain type of
edges can be rationalized by the slight differences in atomic mo-
bilities (i) on the two types of edges (Mo and S zigzag edges).
Thus, the creation of vicinal edges in our products is directly
associated with the edge diffusion, higher index facets with
lower diffusivity are preferred for keeping the straight edges un-
der larger flux of mass flow along edges.

CONCLUSION

In summary, here we have introduced a new catalytic kinetic
approach for the controllable synthesis of high-index edges as
well as well-defined highly-symmetrical shapes of 2D TMD
materials. This kinetic VLAS growth can overwhelm the ther-
modynamic factors which limit the product shapes. In such deep
kinetic growth, the edge instability dependent on the mass
transport along edges play a major role in controlling the final
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edges. Overall, it is promising to achieve the well-controlled ki-
netic CVD growth of 2D materials by the introduction of cata-
Iytic particles and special pre-treatments on growth substrates.
This new approach can significantly enrich the morphologies
and patterns simply by growth method, and has potentials in
electrical and electrochemical applications.
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