Vol. 20, No. 1| January 2022

Chemically engineered dendrite growth of uniform
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Large area and uniform monolayer MoS, is of great importance for optoelectronic devices but is commonly suffering from
rather weak photoluminescence. Here, by engineering the concentration profiles of gaseous chemicals through extra trace
amounts of water, we demonstrate the uniform dendrite-type growth of monolayer MoS, unraveled by spatially resolved
fluorescence spectroscopy, which exhibits macroscopic monolayer flakes (up to centimeter scale) with photoluminescence
intensity of orders of magnitude higher than conventional chemical vapor deposition monolayer MoS,. Both spectroscopic
evidence and theoretical models reveal that the fast-fractal dendrite growth can be ascribed to the extra introduced water
sources that generate sufficient aqueous gas around the S-poor regions nearby the central-axis zone, leading to highly
efficient Mo sources transport, accelerated S atom corrosion nearby grain edges, and/or defect sites, as well as enhanced
photoemission intensity. Our results may provide new insight for high throughput fabrication of MoS, monolayers with high
yield photoluminescence efficiency.
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(like continuous films), beneficial for large-area uniform mono-

layers (up to wafer scale), and relatively low defect density except
Atomically thin two-dimensional (2D) transition metal dichal-

i i ] for intentionally doping®>?'; (2) the heterogeneous growth
cogenides  (TMDs)-like rr.lonolayer MoS, ha_s [f;/]ldenced such as dendrites or fractal branches, which are more favor-
tremendous advancements in the field of catalysis

. [45] . [6-8] > 1409 able for enhanced PL due to considerable edges and/or defect
electronics'™”, and optoelectronics

. ) thanks to the.1ptr1gu1ng sites!??). However, most of the reported dendrite-type mono-
physical properties such as the abrupt phase transition from ) . .
C . . layer MoS, samples are discontinuous (with low surface cover-
indirect to direct bandgap semiconductors once they are down . . . .

age of monolayers) and thus incompatible with mainstream

to one atomic layer thickness”~'"). Especially, uniform mono-
v P Y transfer processes of 2D optoelectronic devices'*>~>*]. Therefore,

layer MoS, crystals with a large area and strong photolumines- / i ) )
the spatially uniform dendrite-type monolayer MoS, with large

cence (PL) vyield are highly desired for optoelectronic R )
devices!"™>'”), which drives the fast development of versatile fab- ~ area and strong fluorescence is still challenging but urgently
needed thus far. In this work, we demonstrate the conti-

rication techniques'*~'®). Among various procedures, chemical . :
vapor deposition (CVD) is widely regarded as the most prac- nuous dendrite growth of uniform monolayer MoS, up to

1. Introduction

tical route towards large-area uniform monolayers because of
its low cost, high scalability, and operation simplicity!'”'®],
A broad range of CVD prepared monolayer MoS, can be
ascribed into two primary types: (1) the homogeneous growth
such as triangles, hexagons, and stars[ls’lg], which feature
high crystal symmetry as well as spatially uniform appearance
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centimeter (cm) scale with chemical engineering of spatially de-
pendent concentration of the trace amounts of water sources
(CuSOy - 5H,0) and temperature control, which exhibits pro-
nounced PL enhancement of orders of magnitude with respect
to the conventional triangular monolayer MoS,. The large area
and fast dendrite growth as well as pronounced PL enhancement
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can be ascribed to off-stoichiometric-ratio growth due to aque-
ous gas-assisted generation of appropriate density S-poor sites in
a diffusion-limited growth configuration'**~>), which is unrav-
eled by microscopic fluorescence spectroscopy. Our results can
provide a highly scalable fabrication strategy for ultra-bright
uniform monolayer TMDs for next generation optoelectronic
devices.

2. Fabrication Process and Design

Figure 1(a) schematically illustrates the rationally-designed
three-zone CVD setup for the large area dendrite-type growth
of monolayer MoS, with spatially dependent temperature con-
trol (see Supplementary Materials, Note S1, Fig. S1 for details),
showing the well-defined spatial concentration and sublimation
phase transition of sulfur (S), MoO; and growth temperature of
MoS,, respectively. In the experiment, except for the conven-
tional precursors MoO; and S powders positioned in lower
and higher temperature zone, respectively, extra water precur-
sors (CuSOy - 5H,0 powders) are added in the inner tube to
introduce a trace amount of water alongside the MoO; gas flow.
As shown in Fig. 1(a), we use CuSO, - 5H,0 to provide a trace
of water due to the excellent stability at high temperature. With
keeping CuSO, - 5H,0 at room temperature, aqueous vapor
can be carried into the inner tube alongside the MoO; gas.
Under the assistance of the Ar carrier gas together with the trace
amount of aqueous gas, the sublimation rate of MoO; can be
increased®”), and the spontaneous diffusive transfer and depo-
sition of Mo sources on the side wall of the inner tube can be
effectively inhibited [Figs. 1(b) and 1(c)], resulting in the suffi-
cient MoOj; gaseous sources reaching the target SiO,/Si sub-
strate, beneficial for large area growth of monolayer MoS,.
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The trace amount of water sources results in chemical corrosion
of the as-grown perfect crystals, generating the defects and/or
S vacancies. The introduction of considerable edges and/or
defect sites into monolayer MoS, can provide more radiation
recombination centers, beneficial for the fluorescence en-
hancement!??). Therefore, with the increased chemical corrosion
of water, the generated higher density defects can lead to
stronger fluorescence intensity. In addition, the trace amount
of aqueous gas can simultaneously be carried to the substrate
as well, which in turn activates the water-assisted corrosion reac-
tions, especially nearby the edges and/or defect points, and thus
in turn accelerates the crystal growth of MoS, (Supplementary
Materials, Note S2), leading to the fast dendrite growth of large-
area uniform monolayer MoS, with respect to the conventional
triangular growth in a self-limiting configuration [see amplified
schematic in Figs. 1(b) and 1(c), respectively].

3. Chemically Engineered Photoluminescence

The representative optical images of as-grown dendrite-type
monolayer MoS, with a trace amount of water sources are
shown in Supplementary Materials, Fig. S3, which can be
extremely fast grown up to cm scale and is much larger than con-
ventional triangular samples. For detailed comparison, Fig. 2
further demonstrates the amplified optical photographs and
microscopic fluorescence images of the dendrite and triangular
monolayer MoS,, respectively. Apart from the much larger
flake sizes, Fig. 2(a) shows in detail that the rough edges of
the flakes clearly resemble the branch feature that distinctly
deviates from the well-known smooth zigzag or armchair profile
reported in literatures'***!), indicating that heterogeneous
growth driven by extra chemical reactions may happen except

(a) Furnace 1 Furnace 2 Furnace 3
MoS,  Exhaust
—@_> Ar + H,0 —» MoO; g MoO;, + H,0 - gz ) -
PP —— Sio /Sl
CuSO,-5H,0
(b) .
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MoO; + H,0
——
S

()
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== / assivatio ;dges
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Fig. 1. (a) Schematic diagram of the CVD setup for growth of MoS,. The locations of S, MoOs, and Si0,/Si substrate are exactly displayed. (b) Schematic of the
growth of MoS, with the extra H,0 sources. (c) Schematic of the conventional triangular growth of MoS, without H,0 sources.
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Fig. 2. (a), (e) Microscopic optical phatographs, (b), (f) fluorescence spectra, (c), (g) phase diagrams of AFM images, and (d), (h) photoluminescence (PL) spectra
for (a)-(c) dendrite and (e]-(g) conventional triangular monolayers MaS,, respectively. Scale bar: (a), (b) = 50 pm, (e), (f) =10 pm, (c), (g) = 6 pm.
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Fig. 3. (a) Bright-field image of a uniform MoS, dendrite with a large size. (b) Diffraction pattern of the area marked with black circle in (a) and the vector indicate
the two families, Ks and Kye. (c) Amplitude of the AFM image of the prepared monolayer MoS, by water-assisted CVD procedure. (d) A line scan profile shows the
diffraction intensity of framed spots in (b). (€] Representative Raman spectrum of the monolayer MoS, dendrites grown on Si/Si0, substrate. (f) shows the line

profile along the white line in (c). The measured thickness of the monolayer is ~1 nm.
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for homogeneous growth of MoS,. More specifically, the fluo- ~ chemical corrosion. In addition, because the corrosion generated
rescence image of the dendrite-type monolayer MoS, [Fig. 2(b)] S-vacancies sites are of considerable density in area under the self-
unravels two additional features compared to the conventional  limiting growth condition, the PL intensity can be significantly
ones [Fig. 2(f)]. (1) The PL intensity of the dendrite monolayer is enhanced compared to the homogeneous arrangement of mono-
much higher than triangular MoS, monolayers almost all over ~ layer MoS, (merely bright nearby the edges), indicating the engi-
the flakes (~30 times, except for the edge sites), as demonstrated ~ neering capability of trace water sources to the intensity of the
in Figs. 2(d) and 2(h), respectively. (2) The extremely bright den- fluorescence spectroscopy. To further confirm the detailed struc-
drite monolayers exhibit self-similar branch-like microscopic ~ ture of MoS, samples, AFM characterizations were performed.
nature composed of first, second, and higher-order branches =~ The AFM phase images [Figs. 2(c) and 2(g)] exhibit the uniform-
(so called the dendrite-type monolayer). More specifically, the ity of the dendrite MoS, and conventional triangular MoS,,
hierarchical branching-like feature in the 2D fluorescence pat-  respectively. In Fig. 2(c), the phase resolved AFM image shows
tern [Fig. 2(b)] is well reproduced by the phase diagram of the = patterned phase contrast with agreement of the outline of back-
atomic force microscopy (AFM) image of the same dendrite ~ bone and secondary branches, which matches well with the den-
flake [Fig. 2(c)], which is commonly related to the spatially dritic profile of fluorescence emission [Fig. 2(b)].

anisotropic distributions of S atoms in CVD samples®*>*], In order to identify the crystalline structure of dendrite MoS,,
Note that with the dark-field spectroscopy evidence for the  transmission electron microscopy (TEM) as well as AFM char-
water-assisted corrosion reactions from the merging sites of  acterization was performed. Figure 3(a) shows the bright-field
different branches (Supplementary Materials, Fig. S2), we  TEM image of a compact dendritic MoS, in a copper hole. The
suggest that there is a correlation between chemical composi- selected-area electron diffraction (SAED) patterns [Fig. 3(b)]
tional heterogeneity and the trace amount of water induced  show a six-fold symmetry hexagonal lattice, which indicates
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Fig. 4. (a) Schematic diagram of growth of MoS, in the representative regions of |, Il, Ill. (b)-(d) Optical microscopy (OM) images of the monolayer MaS, in the
regions of |, II, lll, respectively. The domain evolves from the isolated monolayer in | to the continuous MoS, flakes in lll. (e)-(g) are the fluorescence spectroscopy
(FM) images corresponding to (b)-(d), respectively. The intensity of fluorescence increases gradually from (e) to (g). (h) PL intensity in areas |, II, and Il of the
maonolayer MoS,, respectively. Scale bars: 100 pm.
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the highly crystalline structure of as-grown MoS, sample
[Fig. 3(d)]. The height profile of dendrite MoS, is about 1 nm
in Fig. 3(c), which shows that the MoS, is monolayer [Fig. 3(f)].
In addition, the difference between the two characterized Raman
vibration modes [Fig. 3(e)] was 19.7 cm™!, which further indi-
cates that the MoS, film is monolayer in nature.

The role of trace water induced chemical corrosion, as well as
the off-stoichiometric-ratio dendrite growth, can further be
inferred from the position-dependent fluorescence images of
monolayer MoS, samples with the trace amount of water care-
fully tuned. Figure 4 shows the detailed comparison of micro-
scopic optical photographs as well as fluorescence images of
dendrite-type MoS, samples I, II, III with the off-central-axis
distance decreased gradually, respectively. It is clearly demon-
strated that the nucleation sites move close to the central axis
of the CVD tube, in which area the precursor gaseous atmos-
phere possesses increasing Mo and water concentration while
decreasing S concentration (from I to III). Because of the unique
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core-shell tube profile as well as the carrier gas distribution, as
depicted in Fig. 3(a), the water concentration is gradually
increased from area I to area III, which suggests an increase
of defect density and thus enhanced PL intensity from I to
III. In the meantime, the monolayer flake sizes increase dis-
tinctly [see Figs. 4(b)-4(d) for comparison]. These phenomena
can be attributed to the gradual increase of water concentration
from region I to III. In region III, where gaseous water concen-
tration is so high (with respect to the S concentration), the water
corrosion reactions in the proximity of grain boundary and/or
defect sites happen sufficiently across the entire area of the
monolayer flake, which provides high density of S-poor sites
and thus greatly enhances the fluorescence intensity as well as
accelerates the growth velocity. However, as the deposition
position is far from the center area of the Mo/water precursor
flow, the water concentration and water-assisted edge activation
reactions decrease distinctly, giving rise to rather weak PL inten-
sity [Fig. 4(h)].

Fig. 5. Analysis of the CVD-grown uniform dendritic monolayer MoS, morphology. (a) Fluorescence microscope image for uniform dendritic monolayer MoS,. The
hierarchical structures are marked by arrows, i.e., yellow for primary backbone, green and blue for the secondary and tertiary branches. The axial angles between
different hierarchical branches (I and II, II, and Ill) have the same 120° angle. (b) The close-ups of areas marked by the solid rectangles in (a). (c) Atomic structure
arrangement diagram of uniform dendritic MoS,. The region in the red circle has more defects, where fluorescence is stronger.
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Finally, to unravel the physical mechanism of the dendrite-
type growth of monolayer MoS,, a theoretical model is proposed
to resemble the heterogeneous dendrite growth, as depicted in
Fig. 5 (see more details in Supplementary Materials, Note S3,
Figs. S6 and S7). Note that there are at least three features of the
dendrite-type monolayers from the experiment [see the ampli-
fied microscopic fluorescence image in Figs. 5(a) and 5(b)].
(1) The overall flake exhibits a clear self-similar hierarchical
framework of the 1st, 2nd, and 3rd branches with an inter-angle
of 120°, respectively. (2) The fluorescence pattern is spatially
heterogeneous with respect to the hierarchical branches: the PL
emission of monolayer MoS, in the framework area is weaker,
while PL emission from the monolayer in the adjacent area
between different sub-branches is much stronger, which is noted
as homogeneous and heterogeneous arrangements, respectively.
(3) The edges of the dendrite-type monolayer flake are so rough
that they resemble leaves in nature (Supplementary Materials,
Fig. $4), and the PL intensity is pronounced. In the simulation
model in Fig. 5(c) (Supplementary Materials, Note S3), we
suggest that there are three types of basic building blocks for the
self-assembly of large area monolayers under the self-limiting
growth condition [upper row in inset (i) of Fig. 5(c)], the
inter-angles of which are 120° either in the clockwise or anti-
clockwise direction. Note that the atomic assembly in each of
the three uniform configurations should be a homogeneous
arrangement [lower row in inset (i) of Fig. 5(c)]. In these areas,
the PL emission should be weak since the recombination centers
of perfect lattices are rather limited, which forms the framework
in Fig. 5(c) or dendrite-like branches in Fig. 5(a), respectively.
Now, consider the roles of the trace amount of water sources.
Due to the water-assisted chemical corrosion, the S atoms
located in the defect-rich area, for example, the grain edges as
well as adjacent regions between different sub-branches, tend
to be severely removed, leading to high density of S-poor sites
or highly activated recombination centers in heterogeneous
arrangement [see inset (ii) of Fig. 5(c)]. Thus, the PL emission
of these areas [noted as red dashed squares in Fig. 5(c)] can be
significantly enhanced. The interlaced heterogeneous (S-poor)
and homogeneous (S-rich) areas finally result in the branch-like
fluorescence profile in Fig. 5(a). In addition, accompanying
increased S atoms being knocked out from the monolayers,
S-poor areas become even more heterogeneous and thus more
chemically active. Such positive feedback can further accelerate
the growth velocity and generate considerably large monolayer
flakes (up to cm scale, see details in Supplementary Materials,
Figs. S1 and S3), which is ideal for scalable fabrication of
ultra-bright large-area monolayer MoS,.

4. Conclusion

In conclusion, we experimentally evidenced the large area den-
drite-type monolayer MoS, with pronounced PL intensity by
engineering the spatially dependent temperature/concentration,
especially the extra trace amount of water sources. The overall
PL intensity of the monolayers is enhanced at least an order

Chinese Optics Letters

of magnitude with respect to conventional homogeneous
MoS, flakes. The fast growth velocity (large grain sizes) as well
as significant PL enhancement can be ascribed to the trace-
water-assisted Mo source transport and position selective corro-
sion effect, which finally generates the alternative arrangement
of homogeneous (S-rich) and heterogeneous (S-poor) areas in a
self-similar dendrite flake. Our study can provide a clear physi-
cal picture of the heterogeneous CVD growth mechanism, ben-
eficial for enabling meaningful strategy for scalable fabrication
of optically bright monolayer MoS,.

5. Methods

5.1. Preparation and transfer of monolayer MoS, flakes

MoS, monolayer flakes were transferred onto the TEM grid
for TEM measurements using a poly(methyl methacrylate)
(PMMA)-assisted method. A PMMA film was spin-coated on
the surface of MoS, grown on the used substrate at 4000 r/min
for 60 s. Then, the sample was heated at 160°C for 10 min. After
that, the samples were soaked in NaOH solution to separate the
PMMA /MoS, films from the substrate. Next, the PMMA /MoS,
layer was rinsed three times with deionized water. The film was
immediately mounted on a TEM grid for imaging. Finally, the
PMMA /MoS, films were soaked in acetone for about 5 min to
remove the PMMA.

5.2. Sample characterization

TEM characterizations were carried out on TECNAI F20.
Raman and PL spectroscopies and mapping were carried out
using a WITEC Alpha 300 micro-Raman confocal microscope,
with the diode laser operating at a wavelength of 532 nm. A 100x
object lens with NA = 0.9 was used. Then, AFM (Bruker) mea-
surements were performed to detect the sample morphology.
The morphology and microstructure of the samples were exam-
ined by using optical microscopy (Nikon ECLIPSE LV100ND).
The chemical composition was characterized with XPS
(ESCALab250, Thermo Fisher Scientific).
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