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Abstract

Two-dimensional (2D) tin disulfide (SnS2) crystals have been arousing immense
attentions for flexible electronics and integrated circuits in next generation owing to their earth-
abundant and non-toxic elemental components. Producing high quality crystal with controlled
morphology, however, remains challenging due to the lack of understanding for its growth
mechanism. Here, we demonstrate the direct chemical vapor deposition (CVD) growth and
morphology control of 2D SnS,; on CVD-grown WS, layers. In addition to the formation of
type 11 van der Waals (vdW) vertical heterostructures with enhanced charge separation, the

morphology of SnS> is found to be highly dependent on the underlying substrate surface, where
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lateral growth could be stabilized with epitaxially aligned crystals on the defect-free surface
whereas cluster growth appears on the defect-rich surface. This is attributed to the lower energy
barrier of migration for adsorbed active species on the defect-free surface, resulting in
facilitated surface diffusion compared to the defect-rich surface. The similar results also occur
when switching the growth substrates to other 2D transition metal dichalcogenides such as
MoS:; layers, showing the importance of defect-free 2D substrates on the SnS, growth which
is crucial for the applications in next-generation nanoelectronics such as photodetector or light

emitting diode.

Introduction

The emergence of two-dimensional (2D) layered semiconductors has stimulated
considerable interest for the future applications in flexible electronics and integrated circuits
due to their extraordinary physical and electrical properties.!* Assembly of these different 2D
atomic crystals results in the formation of van der Waals (vdW) vertical heterostructures.* This

brings a series of fascinating physical properties including Klein tunneling,” light-matter

8

coupling,® spin valley polarization,” anti-ambipolar behavior,® superior rectification ratio,’

0

tunable interlayer interaction,'® ultrafast charge transfer and efficient photocurrent

generation.!'"'> Some of which are even unable to obtain from the single component of 2D
layered semiconductors. Additionally, the charge carrier mobility and energy band alignment
of such heterostuctures can be adjusted by altering different 2D materials components to meet
various application requirements. The modulated electrical and optical properties by interlayer

coupling are resulted from the effective charge transfer, which has a great potential in a variety
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of applications such as tunneling diodes, photodetectors,'® light emitting diodes,'’
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photovoltaic cells, and spin valleytronic devices.?’ For example, photodetectors based on



the SnSex/MoS; vdW heterostructure has been demonstrated with an enhanced
photoresponsivity of up to 9100 A/W, which is higher by two orders of magnitude than those
devices with single MoS: channels.?! Photovoltaic devices based on GaSe/MoSez, on the other
hand, exhibit effective transport and separation of photogenerated charge carriers between
individual layers.??> This strong interlayer coupling results in a gate tunable photovoltaic
response with conversion efficiency of 0.3% and fill factor of 0.43, showing the promising

features for the next generation 2D solar cell.

To construct the 2D vdW heterostructures, several approaches have been developed
over the past few years. Multiple step layer-by-layer stacking using mechanical transfer
techniques is the most common way to date due to its simple fabrication process.>* In spite
of this, the lack of scalability and stacking orientation control restrict their applications and the
unavoidable introduction of interfacial contamination is detrimental to the performance of the
resulted devices. Direct chemical vapor deposition (CVD) growth strategy, in comparison,
offers great advantages of size control and clean interface. It is therefore considered as a
practical solution for the future large-scale industrial applications.?>’ Furthermore, compared
to the vapor phase growth of conventional semiconductor-based heterojunctions, it is possible
to build 2D vdW heterostructures without the restrictions of lattice-matching due to the lack of

dangling bonds at the interfaces.?®

To dates, there are several reports demonstrating the successful CVD growth of vdW
vertical heterostructures combining 2D layered semiconductors including WS2/MoS;,?
MoS2/WS2,3* MoS2/WSes,*! WSea/MoSe:,*? and ReS2/WS2.33 Most of these 2D semiconductor
components are Mo and W based chalcogenides, where their physical properties have been
widely investigated in the past. In recent years, another metal chalcogenide with similar crystal
structure to MoSz and WS, tin disulfide (SnS2), has been widely exploited due to its earth-

abundant and environmentally friendly and nontoxic constituents with prominent chemical



stability. In addition, the bandgap of SnS> is located in the green spectral region (2.2 eV), which
is complementary to MoSz and WS; (1.8-2.0 eV) for the red light channel,** and could provide
greater selectivity in wavelength for the future optoelectronic devices. The photoresponse
performance of SnS;-based devices has shown to be comparable to other 2D layered
semiconductors such as MoS» and WS,.2>3” However, in previous reports the CVD SnS, grown
on commercial SiO> substrate exhibits high percentage of crystals with random growth

38-39 which is detrimental for the device

directions or even stacked vertically without any order,
applications. The growth of single crystalline SnS> with well-defined shape still remains

challenging.

In this study, we report the improved synthesis by switching the SnS growth from SiO>
to other 2D transition metal dichalcogenides such as WS> and MoS: via two-step CVD process.
The atomically flat surface of WSz and MoS: enables the control of SnS, morphology from
irregular shapes to truncated triangles or hexagons with well alignment. Another benefit for
this is the realization of SnS>-based heterostructures using direct growth method, which has
great potential for the future device applications. The growth mechanism and the explanation
of morphological difference were proposed. The morphology, crystal structure and chemical
composition were also examined using scanning electron microscopy (SEM), Raman and PL

spectroscopy analysis.



Results and discussion
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Figure 1. Direct growth of SnS,/WS; vertical vdW heterostructures via two-step CVD synthesis.
(@) Schematics of atomic configuration showing the two-step synthesis of SnS,/WS; heterostructures.
(b) Schematic illustration of the CVD experimental set-up for growing SnS; on WS; layers. (c) Optical
image of CVD-grown monolayer WS, before the growth of SnS,. (d) SEM image of showing the
monolayer WS, triangle before the growth of SnS.. (e) Optical image of the WS, after the growth of
SnS; showing the growth preference of the SnS; growth on WS; surface rather than SiO,. (f) SEM
image of the monolayer WS triangle after the growth of SnS; forming a vertical vdW heterostructure.

(g) AFM image of the same heterostructure in (f) showing the thickness of the WS triangle. (h)



Zoomed-in AFM image of the blue dashed square in (g), showing the thickness of the as-grown SnS..

(i-j) Height profile of the WS; triangle and SnS; layers indicated by the dashed lines in (g) and (h).

Figure 1(a) schematically illustrates the growth of SnS»/WS; vdW vertical
heterostructure via a two-step strategy. The monolayer WS> was grown by CVD in the first
step, the growth details and the analysis of the resulted WS crystals are demonstrated in Figure
S1. The schematic illustration in Figure 1(b) demonstrates the experimental setup for the
second step CVD growth of SnS, with the pre-grown WS placing on the ceramic crucible
where the growth temperature is set to be around 450°C. The two furnaces are provided for the
better control of temperature to generate the vapor of precursors. Sulfur and SnS precursors are
placed in the center of furnace 1 and 2, respectively, while the pre-grown WS is put at the
downstream of furnace 2, around 6 cm away from the SnS powders. With a view to avoiding
unnecessary reactions between two different precursors during the transport of vaporized atoms
to the substrate, two concentric quartz tubes were used to separate the gaseous precursors

before they reached to substrate surface.

To further elucidate the two-step CVD growth process, the characterization and
comparison of WS> domains before and after the second step of SnS, growth is adopted. As
demonstrated by optical and SEM image in Figure 1(c) and (d), the WSz grown in the first step
is fairly uniform, over 90% of which are monolayer with a triangular shape and a typical lateral
size of ~15 um. After the second step of SnS, growth, shown in Figure 1(e) and (f), the WS>
remains intact and the triangular domain is partially covered by SnS» with the domain size of
~10 pum. In addition, it can be seen that SnS; crystals are preferentially grown on the WS>
surface rather than Si0»/Si substrate, suggesting a strong selectivity for the growth. It is
therefore manifested that the WS> layers could be superior templates for the growth of high
quality SnS: layers when compared with the SiO2/Si substrates, where in previous work pure

SnS; layers synthesized by CVD tend to form thick multilayer and some of them are not flat.



The control of layer number uniformity for SnS> growth, however, still remains challenging.
As shown in Figure 1(e), some of the SnS» layers display a monolayer to few-layer thickness
with light blue color, while those yellowish SnS; crystals indicate thicker layers. The element
analysis of thicker SnS; layers is shown in Figure S2. The corresponding AFM image of Figure
1(f) is demonstrated in Figure 1(g) with an enlarged AFM image (Figure 1(h)) showing the
area marked by blue dashed square. The line profiles across different edges indicated by the
dashed lines in Figure 1(g) and (h) are consequently measured, showing the details on layer
number of both WS; and SnS,. As shown in Figure 1(i), the step heights across the WS, and
first triangular layer of SnS; edges are estimated to be 0.8 and 0.7 nm, respectively, suggesting
a monolayer thickness. The hexagonal multilayer SnS» region (Figure 1(j)) is measured to be

7 nm, which is around 8 layers of SnSo.
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Figure 2. Optical characterization of the SnSx/WS; vdW vertical heterostructure: (a) Optical
image of the same heterostructure in Figure 1(g) showing the contrast between WS, and SnS; layers.
(b) Raman spectrum of the SnS,/WS; heterostructures, monolayer WS, and SnS, marked in (a). (c) PL
spectrum of monolayer WS, and the SnS,/WS; heterostructures marked in (a). (d) Raman spectrum of
monolayer WS, with the Lorentzian fitting to extract Ezq and Aiq peaks. () Raman spectrum of
monolayer SnS,/WS; heterostructure (m-SWH) with the Lorentzian fitting to extract Exg and Axg peaks.
(f) Raman spectrum of few-layer SnS,/WS; heterostructure (f-SWH) with the Lorentzian fitting to
extract Ezq and Aiq peaks. (g) PL mapping of the SnS,/WS; heterostructure in (a). (h) PL spectrum of
monolayer WS; with the Lorentzian fitting to extract exciton and trion. (i) PL spectrum of m-SWH with

the Lorentzian fitting to extract exciton and trion. The scale bars in (2) and (g) are 5 um.



To further characterize the optical properties, the SnS2/WS; heterostructures are
employed by the Raman and PL analysis. Figure 2(a) shows the corresponding optical image
of SnS2/WS; heterostructure in Figure 1(f). Figure 2(b) demonstrated the Raman spectrum of
the WS, monolayer and SnS,/WS, heterostructures with different SnS; thickness,
corresponding to the red, blue and green spots respectively in Figure 2(a). To compare with the
SnS2/WS: heterostructure, a 10 nm-thick SnS; crystal on SiO, was also measured as a
reference, where the morphology and AFM measurement are evidenced in Figure S3. Using a
Lorentz fitting, Raman signals for monolayer WS; (i) ranging from 280 to 380 cm™ can be
deconvolved into five separated peaks shown in the Figure 2(d), two of which can be attributed
to second longitudinal acoustic (2LA) vibration mode and in-plane (Ezlg) vibrational mode
located at ~351 and ~355 cm, respectively. Another characteristic peak of monolayer WS is
the out-of-plane (A1) vibrational mode situated at ~418 cm™.*° The Raman spectrum of SnSy,
in contrast, only shows one characteristic peak at ~314 cm, corresponding to the out-of-plane
(A1) vibrational mode.*! It can be seen that in Figure 2(b) the Raman signals of both monolayer
SnS,/WS; heterostructure (m-SWH, ii) and few-layer SnS/WS; heterostructure (f-SWH, iii)
are roughly the superimposition of that in monolayer WS; and SnS; individually. The increase
of Aig peak intensity in the SnS2/WS; heterostructures is likely due to a peak convolution
between out-of-plane vibration modes of WS; and SnS.. Similarly, Raman signals for both m-
SWH and f-SWH ranging from 280 to 380 cm, shown in Figure 2(e) and (f), can be
deconvolved into six separated peaks including those WS, peaks and an additional
characteristic Aig peak from pristine SnS, by employing a Lorentz fitting. It is noted that the
intensity of Aig peak from SnS; decreases with the reducing layer thickness, the SnS; Raman

signal in m-SWH therefore became difficult to detect.

The interaction of SnS, with WS, also affects the PL emission in their vdW

heterostructure. As shown in Figure 2(c), the characteristic PL intensity is greatly quenched in



both m-SWH and f-SWH compared to that in monolayer WS». The PL mapping of the
heterostructure in Figure 2(a) is demonstrated in Figure 2(g), showing the quenching area is on
the entire SnS2/WS; region. This is in great contrast with the pristine WS, before the SnS;
growth where the PL mapping exhibits the emission homogeneity as demonstrated in Figure
S1(f). This significant quenching may be attributed to the indirect bandgap of SnS; or the strong
charge transfer at the interface of the heterostructure. To further analyze the interlayer
interaction at the interface of the heterostructure, both the PL signal in monolayer WS; and
SnS2/WS; heterostructure were then deconvoluted into separate peaks by fitting two Lorentzian
curves in the Figure 2(h) and (i). These two Lorentzian curves are attributed exciton (A)
emission and trion (A’ emission. The corresponding photon energies for A and A" in
monolayer WS; are 1.951 eV and 1.974 eV, while those in the SnS2/WS; heterostructure are
1.939 eV and 1.958 eV, respectively. The redshift of both exciton and trion peak in the
heterostructure could stem from the tensile strain introduced from SnS,. Because the lattice
constant of monolayer WS is 0.31 nm while that of the SnS is 0.36 nm, this would introduce
a tensile strain for monolayer WS; after the SnS, growth.*>*3 The observed A/A peak ratio of
the heterostructure (Figure 2(i)) is much higher than that of the WS monolayer (Figure 2(h)),
indicating an efficient charge separation at the interface of the heterostructure after the
excitation of photon. This charge transfer is the main reason of the PL emission quenching,
where part of the charges in WS layers transfer to the adjacent SnS» layers and reduce the
excitonic emission. This is consistent with the inferred type 11 band offset according to previous
density functional theory (DFT) calculation results.**> Besides, it is noted that the intensity of
PL characteristic peak for monolayer WS, without the cover of SnS; in the heterostructure is
still comparable to the pristine monolayer WS and much larger than that of monolayer WS;
with 5 min Sn doping shown in Figure S4, suggesting little substitution of Sn in the monolayer

WS; after the SnS, growth for the synthesis of SnS2/WS; heterostructure.
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Figure 3. Surface-mediated growth and edge-mediated growth of SnS, on WS, monolayers: ()
Schematic illustrations explaining the growth mechanism and each step during the second step SnS;
growth on the pre-grown monolayer WS;. (b) Low magnification SEM image demonstrating the growth
of SnS, crystals on WS, monolayers under the 470°C growth temperature. (c) SEM image
demonstrating the difference of SnS; growth mediated by the edge and surface of monolayer WS,. (d)

Enlarged SEM image showing the detail on horizontal growth of SnS, on WS surface. () SEM image



demonstrating the morphology of SnS;, grown on the mirror tilt WS, domains. (f) Enlarged SEM image
from the yellow dashed rectangular area in (e) showing the detail on cluster growth of SnS, on the
domain boundary of WS. (g) SEM image showing the SnS, growth mediated by the edges of pre-grown
WS;. (h) Schematic illustration explaining the surface diffusion rate of adsorbed species on different
types of surface during the growth of SnS,. (i) Atomic configuration demonstrating the growth

difference of SnS; grown on defect-rich and defect-free area in monolayer WS.

Figure 3(a) further explains the details on the growth of SnS> on the WS> monolayers,
which involves several sequential steps. After convective and diffusive transport to the reaction
zone, the precursor gas molecules firstly diffuse into the boundary layer near SiO> substrate
and are adsorbed onto the substrate surface. Secondly, the adsorbed species often migrate some
distance on the substrate through surface diffusion. After the migration of adsorbed species to
the growth sites, the adsorbed species are incorporated into the crystal lattice and form chemical
bonds through edge attachment. The adsorbed species, in addition, could also desorb from the
substrate into the gas phase during these growth stages due to the high reaction temperature.
When the temperature increases from 450°C to 470°C, the growth of SnS> becomes more
reactive and could be both mediated by the surface and edges of WS> monolayers. The SEM
images in Figure 3(b) and (c) demonstrates the morphological difference between SnS, grown
on the WS, surface and the edge of WS,. In addition, the growth preference of SnS, on WS>
instead of adjacent SiO- remains and even occurs with the prolonged growth time (Figure S5),
indicating that the growth of SnS; is highly substrate-dependent. The surface-mediated growth
of SnS; shows a stable lateral growth resulting in crystalline hexagons (Figure 3(d)). In
contrast, the edge-mediated growth of SnS; exhibits irregular shapes with a random growth
direction (Figure 3(g)). The growth of SnS> on multiple monolayer WS> domains with domain
boundaries between each other, shown in Figure 3(e), was also examined and displayed the

similar morphological difference. The SEM image in Figure 3(f) shows the domain boundary



area marked by yellow dashed square in Figure 3(e). It can be seen that on domain boundaries
on WS, the SnS; layers grow vertically in a random manner, which is similar to the edge-
mediated growth. The vertical SnS; crystals on the WS, edges and domain boundaries were
further characterized by Raman spectroscopy and both exhibited strong signals of the SnS;

characteristic peaks (Figure S6), indicating the growth of thicker crystal.

The observed morphological difference of SnS> could be further explained by the
different migration coefficient of adatoms on the WS, surface and edges, which leads to
horizontal growth on WS, surface and cluster growth at the edge of WS,. Unlike graphene and
hBN, the vapor deposition growth of 2D layered SnS; is non-catalytic. Without the dominance
of catalysts, the growth is subject to the influences of the interaction between the adsorbed
adatoms and the substrate surface. For example, the initial nucleation bonding may affect the
eventual morphology. The surface that is of abundant dangling bonds has higher chance to
grow 3D structures. The surface diffusion of the adsorbed species could also play a vital role
in determining the final crystal morphology. The surface diffusion coefficient Dy can be

expressed as
Duitt = A*exp(-Em/ksT) (1)

where the Eu is the energy barrier of migration for adsorbed species on the substrate surface,
ks is the Boltzmann constant and 7 is the temperature. The energy barrier of migration, which
increases linearly with the number of surface dangling bonds, drastically affects the surface
diffusion of the adsorbed species.*® As shown in Figure 3(h), The atomically flat surface of
WS, that is free of dangling bonds and defects could facilitate the surface diffusion with longer
diffusion length of adsorbed species due to the lower £y and higher Dy;. The adsorbed species
on WS surface therefore have much higher tendency to incorporate into the ideal growth sites

with the lowest surface free energy. In contrast, the adsorbed species on the defective or



dangling-bond-rich surface such as WS» edges have slower surface diffusion rate and shorter
diffusion length due to the higher £y and lower Dgj. The domain boundaries of WS, consists
of several pentagon-heptagon pairs,*’ where the unsaturated bonding would also affect the
growth behavior of SnS». This results in the random nucleation or edge attachment forming
irregular microstructures on defect-rich WS> edges and domain boundaries during the SnS»
growth, while those on the defect-free WS, surface could show a well-defined hexagonal shape
(Figure 3(i)). The large Ex and lower diffusion rate in WS, edges/domain boundaries could
also promote the nucleation and lead to the thicker SnS; crystals. The SiO; substrates, likewise,
are three-dimensionally bonded and have a high density of dangling bonds on the surfaces,
causing a high energy barrier of migration for adsorbed species. This impedes the free
migration of adsorbed species and the morphology of SnS> grown on SiO: often exhibits
clusters or non-hexagon crystal shape.’® The similar growth dependence on the substrate has
also been observed in the case of other 2D materials such as NbS; and ReS,,**-! which
demonstrate the importance of substrate selection on the growth of 2D crystals with high
quality. It is noted that some of the SnS: crystals could also grow in the out-of-plane direction
on the WS: surface, which is indicated by the red dashed circle in Figure 3(e). This is ascribed
to the high growth temperature of SnS,, which could possibly introduce the local defects on

the WS> surfaces.
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Figure 4. Orientation relationship between the SnS; crystals and WS, monolayers: (a) Low
magnification SEM displaying the orientation distribution of SnS; crystals within each monolayer WS.
(b) Enlarged SEM image demonstrating the orientation preference of SnS; crystals within the same WS;
domain. (c) Schematic illustration for the definition of the relative edge angle between the SnS, and
WS; monolayers. (d) Statistical distribution of the relative edge angles of SnS, domains within WS;

monolayers.

In addition to the microstructural difference for the SnS, growth, most of the SnS;
crystals grown within WS> surface are well aligned in one orientation, which is demonstrated
in Figure 4(a) and (b). The stacking angle between the WS and SnS,, illustrated in Figure 4(c),
can be measured as the angle between the {1120} plane of SnS; crystals and the {1120} plane
of WSz monolayers. Counting of ~1000 different SnS> crystals under the SEM yielded the
stacking angle distribution shown in Figure 4(d), which revealed a preferred stacking angle of
near 0°. This indicates the epitaxial relationship between the SnS; layers and WS, monolayers.
In fact, the lattice constant of WS> and SnS; are 0.31 nm and 0.36 nm, respectively, and the
calculated lattice mismatch is around 16.1%. Though the lattice mismatch between SnS> and

WS, is larger than those epitaxial III-IV semiconductor heterostructures, it can be relaxed for



the growth of vdW heterostructures due to the weak interaction at the interface. The growth of
SnS> on WS is therefore attributed to the weak vdW interaction instead of chemical bonding,

which is advantageous for the epitaxial growth due to the similar crystallographic order.
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Figure 5. Direct CVD growth of SnS, on monolayer MoS; and the optical analysis of the
SnS,/MoS; vertical vdW heterostructures. (2) SEM image of as-grown MoS; showing the overall
coverage before the SnS, growth. (b) SEM image of the monolayer MoS, showing the triangular star
crystal shape with dendritic edges. (c) Low magnification SEM image of monolayer MoS; after the
growth of SnS; layers. (d) SEM image showing the detail on horizontal growth of SnS; on MoS; surface.
(e) SEM image of SnS; grown on the surface of SiO. showing the preference of growing in the out-of-
plane directions. (f) SEM image showing the detail on cluster growth of SnS; on the edges of MoS.. (g)
Raman spectrum of the SnSy/MoS; heterostructure, monolayer MoS; and SnS,. (h) PL spectrum of

monolayer MoS; and the SnS,/MoS; heterostructure. (i) PL spectrum of monolayer MoS; with the



Lorentzian fitting to extract exciton and trion. (j) PL spectrum of SnS,/MoS; heterostructure with the

Lorentzian fitting to extract exciton and trion.

To confirm the morphological difference of SnS, resulted from the density of the
surface defects, other 2D materials such as MoS2 and hBN have also been adopted as the
substrates for the SnS> growth. Figure 5(a) and (b) shows the morphology of CVD-grown
monolayer MoS» prior to the growth of SnS,. The details on the CVD MoS; growth are
demonstrated in Figure S7. The growth of SnS, on monolayer MoS; in Figure 5(c-f) exhibits a
similar trend to that on monolayer WS». Lateral growth of SnS> could be stabilized on the
defect-free MoS; surface due to the smaller energy barrier of migration and larger diffusion
coefficient (Figure 5(d)), while the cluster growth of SnS» is observed on the dangling-bond-
rich SiO; surface (Figure 5(e)) and MoS; edges (Figure 5(f)). The Raman spectrum in Figure
5(g) displays both the characteristic signals of individual SnS> Aig peak, MoS: E%g and Agg
peaks crystals in the SnS>/MoS; heterostructure. There is no obvious peak shift of SnS>/MoS»
heterostructure compared to that of MoS», indicating that the MoS> monolayer remains high
quality with little damage after the growth of SnS». The similar quenching of PL signals shown
in Figure 5(h) in the SnS2/MoS: heterostructure is attributed to the interlayer interaction and
effective charge separation at the interface between MoS; and SnS». This is also evidenced by
the increased intensity ratio of trion to exciton peak after the Lorentz fitting, demonstrated in

Figure 5(i) and (j).

Likewise, the growth of SnS; on hBN through a two-step CVD strategy has also been
investigated. In the first step, continuous monolayer hBN films were grown on oxidized Cu
substrate adopting oxide-assisted CVD (OCVD) growth and using the ammonia borane as the
growth precursor,>? followed by transfer from Cu surface to SiO; substrate (Figure S8(a-c)). In
the second step, employing the as-grown hBN as the growth substrate, SnS, crystals were

subsequently synthesized on continuous hBN film. The difference between growth behaviors



of SnS» crystals is demonstrated in Figure S8(d). The SnS» crystals grown on the hBN film
exhibit a higher nucleation density, compared to those grown on the SiO», which may result
from the higher roughness of transferred hBN film on SiO> due to the PMMA residual. Besides,
it can be seen that SnS» crystals grown on hBN tend to exhibit more like trigonal and hexagonal
shape (Figure S8(e) and (f)), while on SiO> surfaces SnS» crystals exhibit trapezoidal shape
(Figure S8(g) and (h)). On the basis of these SnS> growth results in both transition metal
dichalcogenides and hBN, it is inferred that the presence of a clean and continuous film of 2D
materials without additional transfer process is beneficial for the growth of 2D crystalline SnS»
as they are completely passivated without any dangling bonds at the atomically clean and ultra-
smooth surface and could change the interface energy of SnS> and the growth substrate,

therefore stabilizing the lateral growth of SnSo.



Conclusion

In summary, we have successfully synthesized ultrathin SnS; crystals by employing 2D
WS triangles as the vdW growth substrates. The surface structure of underlying WS layers is
found to be critical in determining the growth behavior of SnS». During the growth stage, the
atomically flat and inert surface of the WS> layers could lower the energy barrier of migration
for adsorbed active species and accelerate the surface diffusion compared to the area nearby
edges and domain boundaries, which are often with a high density of unsaturated dangling
bonds. This results in SnS> growth well aligned to the WS, lattice and forms crystalline
hexagons on the flat WS, surface whereas at the edge and domain boundaries of WS> the SnS>
grows vertically in a random manner. The similar phenomenon is also observed on other 2D
materials such as MoS; and hBN, proving the growth behavior is universal and implying the
significance of employing substrates that are free from dangling bonds or defects for the SnS»
growth. This enables the controllable synthesis of flat 2D SnS, with high quality, improving

the applicability in future nanoelectronic applications.
Methods
CVD growth of WS, and MoS, monolayers

The CVD monolayer WS, and MoS> was grown on SiO2 substrates based on our
previously reported CVD approach.>*-® Before growth, the substrate was cleaned in acetone

and isopropanol (IPA) for 10 min each, followed by a 5 min oxygen plasma treatment.

The CVD experimental setup for the WS> growth using S and WOs3 as precursors was
demonstrated in Figure S1(a). 200 milligrams of sulfur powder was loaded at the center of
furnace 1 in the outer 1 in. quartz tube, while 100 mg of WO3 powder was placed at the center

of furnace 2, in an inner quartz tube with a smaller diameter of 1 cm. The SiO2 substrate was



then placed downstream in furnace 2, about 8.5 cm away from WO3 powder. The growth
system was first flushed with 500 sccm Ar for 30 min to drive off the oxygen, followed by a
preintroduction of S by heating the S powder up to 180 °C to create a sulfur-rich environment.
After which furnace 2 was ramped to 1050 °C and the reaction was then conduct under the
temperature of 1150 °C for 3 min with Hz gas flow of 25 sccm and Ar gas flow of 225 sccm.
After that, furnace 2 was set down to room temperature with an Ar flow of 10 sccm, while
furnace 1 was heated up to 400°C. The flow rate was set back to 500 sccm when furnace 2
reached 950 °C to purge the abundant S away from the system. Finally, the growth synthesis

ended up with fast cooling process when furnace 2 decreased under 850 °C.

The CVD experimental setup for the MoS: growth was demonstrated in Figure S7(a).
The growth occurred with the precursors of molybdenum trioxide and sulfur in APCVD using
Ar as the carrier gas. 500 mg of S powder was loaded in the outer 1 in. quartz tube at the central
area of furnace 1, while 20 mg of MoOs was placed in the inner quartz tube at the upstream of
furnace 2, being around 12 cm away from its left opening. The substrate was placed vertically
in the center of furnace 2. After the system was flushed for 60 min with argon, S vapor was
preintroduced into the growth region for 15 min by heating furnace 1 to 180°C. Then the
temperature of the second furnace was increased to ~800°C and kept for 15 min under 150
sccm argon flow, and at the same time, the location where MoO3s powder was placed reached
a temperature of around 300°C. Next, the argon flow rate was reduced to 10 sccm and

maintained for 25 min, followed by a fast cooling process.

Direct growth of vertical SnS; on the surfaces of WS, and MoS;

Employing the as-grown WS; and MoS; as templates, the SnS, was subsequently grown
on top of these transition metal dichalcogenides using tin sulfide and sulfur as precursors.

During the growth of SnS», 100 mg of sulfur powders was loaded at the center of furnace 1 in



the outer 1 inch quartz tube, while 20 mg of tin sulfide (SnS) was placed at the center of furnace
2, in an inner tube with smaller diameter of 1 cm. The SiO substrate was then placed
downstream in the furnace 2, about 6 cm away from the SnS precursor. The CVD growth of
SnSz was conducted at the atmospheric condition. After loading the precursors and growth
substrate, the whole system was flushed with 500 sccm Ar gas for 30 min to remove the residual
air and then the furnace 1 and 2 were raised to 160°C and 220°C respectively under the 70
sccm Ar flow to create a sulfur sufficient atmosphere. After introducing sulfur vapor for 15
min, the temperature of furnace 2 was increased to 550°C and the temperature of furnace 1 was
increased to 180°C to conduct the SnS; growth. After 15 min growth, the Ar flow rate was first
decreased to 10 sccm, enabling the S molecules in the outer tube to diffuse into the inner tube
and sulphurizing the SnS powder to reduce the supplied amount of SnS gaseous precursor,
followed by fast cooling process with 500 sccm Ar gas flow to remove the residual gas

precursors and stop the reaction.

Characterization of SnS>/WS, and SnS,/MoS; vertical heterostructures

Scanning electron microscopy (SEM) was performed using a Hitachi-4300 FEG with
an accelerating voltage of 3.0 kV. Raman spectroscopy was carried out using a JY Horiba
LabRAM Aramis imaging confocal Raman microscope under an excitation wavelength of 532
nm at 12.5 mW power focused to a 1 um spot size. For the PL measurement, the laser power
was decreased to 125 pW for monolayer WSz and 1.25 mW for the heterostructures. Atomic
force microscopy (AFM) was performed using an Asylum Research MFP-3D in AC mode with
a silicon AC-160TS cantilever (Olympus, spring constant ~42 N/m and resonant frequency

~300 kHz). Measurements were all done in room-temperature under ambient pressure.

Associated content
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Atmospheric pressure chemical vapor deposition (CVD) synthesis of WS domains on the SiO>
substrate, EDX elemental analysis of the multilayer SnS; in the SnS2/WS; vertical van der
Waals (vdW) heterostructure, characterization of the SnS» on SiO» substrate, comparison of PL
characterization peak intensity between the pristine monolayer WSz, monolayer WS; in the
SnS2/WS; heterostructure and Sn doped WS, monolayer obtained from 5 min Sn doping of
WS layers, growth of SnS2/WS; heterostructures under 470°C with prolonged growth time:
30 min, Raman characterization of the vertical SnS; crystals on the WS,, atmospheric pressure
chemical vapor deposition (CVD) synthesis of MoS> domains on the SiO. substrate, CVD

growth of SnS; on the transferred hBN layers.

Author information

Corresponding author

*E-mail: jamie.warner@materials.ox.ac.uk.

Acknowledgements

J.H.W. thanks the Royal Society and the European Research Council for support. R.C.

acknowledges the support from Taiwan Government Scholarship to Study Abroad.


mailto:jamie.warner@materials.ox.ac.uk

Reference

(D

2)

3)

(4)

©)

(6)

(7)

(8)

)

(10)

(11)

Novoselov, K. S.; Mishchenko, A.; Carvalho, A.; Castro Neto, A. H., 2D Materials and
van der Waals Heterostructures. Science 2016, 353 (6298), aac9439.

Manzeli, S.; Ovchinnikov, D.; Pasquier, D.; Yazyev, O. V.; Kis, A., 2D Transition
Metal Dichalcogenides. Nat. Rev. Mater. 2017, 2, 17033.

Chhowalla, M.; Jena, D.; Zhang, H., Two-Dimensional Semiconductors for Transistors.
Nat. Rev. Mater. 2016, 1, 16052.

Liu, Y.; Weiss, N. O.; Duan, X.; Cheng, H.-C.; Huang, Y.; Duan, X., Van der Waals
Heterostructures and Devices. Nat. Rev. Mater. 2016, 16042.

Britnell, L.; Gorbachev, R. V.; Jalil, R.; Belle, B. D.; Schedin, F.; Mishchenko, A.;
Georgiou, T.; Katsnelson, M. L.; Eaves, L.; Morozov, S. V.; Peres, N. M. R.; Leist, J.;
Geim, A. K.; Novoselov, K. S.; Ponomarenko, L. A., Field-Effect Tunneling Transistor
Based on Vertical Graphene Heterostructures. Science 2012, 335 (6071), 947-950.
Britnell, L.; Ribeiro, R. M.; Eckmann, A.; Jalil, R.; Belle, B. D.; Mishchenko, A.; Kim,
Y.-J.; Gorbachev, R. V.; Georgiou, T.; Morozov, S. V.; Grigorenko, A. N.; Geim, A.
K.; Casiraghi, C.; Neto, A. H. C.; Novoselov, K. S., Strong Light-Matter Interactions
in Heterostructures of Atomically Thin Films. Science 2013, 340 (6138), 1311-1314.
Schaibley, J. R.; Rivera, P.; Yu, H.; Seyler, K. L.; Yan, J.; Mandrus, D. G.; Taniguchi,
T.; Watanabe, K.; Yao, W.; Xu, X., Directional Interlayer Spin-Valley Transfer in Two-
Dimensional Heterostructures. Nat. Commun. 2016, 7, 13747.

Yan, W.; Wu-Xing, Z.; Le, H.; Congxin, X.; Li-Ming, T.; Hui-Xiong, D.; Yongtao, L.;
Ke-Qiu, C.; Jingbo, L.; Zhongming, W., Light Induced Double ‘on’ State Anti-
Ambipolar Behavior and Self-Driven Photoswitching in p-WSe2/n-SnS;
heterostructures. 2D Mater. 2017, 4 (2), 025097.

Murali, K.; Dandu, M.; Das, S.; Majumdar, K., Gate-Tunable WSe»/SnSe> Backward
Diode with Ultrahigh-Reverse Rectification Ratio. ACS Appl. Mater. Interfaces 2018,
10 (6), 5657-5664.

Tongay, S.; Fan, W.; Kang, J.; Park, J.; Koldemir, U.; Suh, J.; Narang, D. S.; Liu, K.;
Ji, J.; Li, J.; Sinclair, R.; Wu, J., Tuning Interlayer Coupling in Large-Area
Heterostructures with CVD-Grown MoS; and WS, Monolayers. Nano Lett. 2014, 14
(6), 3185-3190.

Hong, X.; Kim, J.; Shi, S.-F.; Zhang, Y.; Jin, C.; Sun, Y.; Tongay, S.; Wu, J.; Zhang,
Y.; Wang, F., Ultrafast Charge Transfer in Atomically Thin MoS2/WS2



(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

21

(22)

Heterostructures. Nat. Nanotechnol. 2014, 9, 682-686.

Yang, S.; Wu, M.; Wang, B.; Zhao, L.-D.; Huang, L.; Jiang, C.; Wei, S.-H., Enhanced
Electrical and Optoelectronic Characteristics of Few-Layer Type-II SnSe/MoS> van der
Waals Heterojunctions. ACS Appl. Mater. Interfaces 2017, 9 (48), 42149-42155.

Roy, T.; Tosun, M.; Hettick, M.; Ahn, G. H.; Hu, C.; Javey, A., 2D-2D Tunneling Field-
Effect Transistors Using WSe2/SnSe, Heterostructures. Appl. Phys. Lett. 2016, 108 (8),
083111.

Zhou, X.; Hu, X.; Zhou, S.; Song, H.; Zhang, Q.; Pi, L.; Li, L.; Li, H.; Ld, J.; Zhai, T.,
Tunneling Diode Based on WSe2/SnS; Heterostructure Incorporating High Detectivity
and Responsivity. Adv. Mater. 2018, 30 (7), 1703286.

Yan, X.; Liu, C.; Li, C.; Bao, W.; Ding, S.; Zhang, D. W.; Zhou, P., Tunable
SnSe>/WSe; Heterostructure Tunneling Field Effect Transistor. Small 2017, 13 (34),
1701478.

Tan, H.; Xu, W.; Sheng, Y.; Lau, C. S.; Fan, Y.; Chen, Q.; Tweedie, M.; Wang, X.;
Zhou, Y.; Warner, J. H., Lateral Graphene-Contacted Vertically Stacked WS2/MoS,
Hybrid Photodetectors with Large Gain. Adv. Mater. 2017, 29 (46), 1702917.
Withers, F.; Del Pozo-Zamudio, O.; Mishchenko, A.; Rooney, A. P.; Gholinia, A.;
Watanabe, K.; Taniguchi, T.; Haigh, S. J.; Geim, A. K.; Tartakovskii, A. I.; Novoselov,
K. S., Light-Emitting Diodes by Band-Structure Engineering in van der Waals
Heterostructures. Nat. Mater. 2015, 14 (3), 301-306.

Furchi, M. M.; Pospischil, A.; Libisch, F.; Burgdorfer, J.; Mueller, T., Photovoltaic
Effect in an Electrically Tunable van der Waals Heterojunction. Nano Lett. 2014, 14
(8),4785-4791.

Yang, T.; Zheng, B.; Wang, Z.; Xu, T.; Pan, C.; Zou, J.; Zhang, X.; Qi, Z.; Liu, H.;
Feng, Y.; Hu, W.; Miao, F.; Sun, L.; Duan, X.; Pan, A., Van der Waals Epitaxial Growth
and Optoelectronics of Large-Scale WSe»/SnS, Vertical Bilayer P-N Junctions. Nat.
Commun. 2017, 8 (1), 1906.

Luo, Y. K.; Xu, J.; Zhu, T.; Wu, G.; McCormick, E. J.; Zhan, W.; Neupane, M. R.;
Kawakami, R. K., Opto-Valleytronic Spin Injection in Monolayer MoS»/Few-Layer
Graphene Hybrid Spin Valves. Nano Lett. 2017, 17 (6), 3877-3883.

Zhou, X.; Zhou, N.; Li, C.; Song, H.; Zhang, Q.; Hu, X.; Gan, L.; Li, H.; Li, J.; Luo,
J.; Xiong, J.; Zhai, T., Vertical Heterostructures Based on SnSe>/MoS, for High
Performance Photodetectors. 2D Mater. 2017, 4 (2), 025048.

Li, X.; Lin, M.-W_; Lin, J.; Huang, B.; Puretzky, A. A.; Ma, C.; Wang, K.; Zhou, W_;



(23)

(24)

(25)

(26)

27)

(28)

(29)

(30)

€2))

Pantelides, S. T.; Chi, M.; Kravchenko, I.; Fowlkes, J.; Rouleau, C. M.; Geohegan, D.
B.; Xiao, K., Two-Dimensional GaSe/MoSe; Misfit Bilayer Heterojunctions by van der
Waals Epitaxy. Sci. Adv. 2016, 2 (4), e1501882.

Huang, Y.; Sutter, E.; Shi, N. N.; Zheng, J.; Yang, T.; Englund, D.; Gao, H.-J.; Sutter,
P., Reliable Exfoliation of Large-Area High-Quality Flakes of Graphene and Other
Two-Dimensional Materials. ACS Nano 2015, 9 (11), 10612-10620.

Frisenda, R.; Navarro-Moratalla, E.; Gant, P.; Perez De Lara, D.; Jarillo-Herrero, P.;
Gorbachev, R. V.; Castellanos-Gomez, A., Recent Progress in the Assembly of
Nanodevices and van der Waals Heterostructures by Deterministic Placement of 2D
Materials. Chem. Soc. Rev. 2018, 47 (1), 53-68.

Chen, T.; Zhou, Y.; Sheng, Y.; Wang, X.; Zhou, S.; Warner, J. H., Hydrogen-Assisted
Growth of Large-Area Continuous Films of MoS; on Monolayer Graphene. ACS Appl.
Mater. Interfaces 2018, 10 (8), 7304-7314.

Lu, Y.; Chen, T.; Ryu, G. H.; Huang, H.; Sheng, Y.; Chang, R.-J.; Warner, J. H., Self-
Limiting Growth of High-Quality 2D Monolayer MoS; by Direct Sulfurization Using
Precursor-Soluble  Substrates for Advanced Field-Effect Transistors and
Photodetectors. ACS Appl. Nano Mater. 2019, 2 (1), 369-378.

Chen, T.; Sheng, Y.; Zhou, Y.; Chang, R.-j.; Wang, X.; Huang, H.; Zhang, Q.; Hou, L.;
Warner, J.  H., High Photoresponsivity in  Ultrathin 2D  Lateral
Graphene: W S,:Graphene Photodetectors Using Direct CVD Growth. ACS Appl. Mater.
Interfaces 2019, 11 (6), 6421-6430.

Tan, C.; Chen, J.; Wu, X.-].; Zhang, H., Epitaxial Growth of Hybrid Nanostructures.
Nat. Rev. Mater. 2018, 3, 17089.

Gong, Y.; Lin, J.; Wang, X.; Shi, G.; Lei, S.; Lin, Z.; Zou, X.; Ye, G.; Vajtai, R.;
Yakobson, B. I.; Terrones, H.; Terrones, M.; Tay, Beng K.; Lou, J.; Pantelides, S. T.;
Liu, Z.; Zhou, W.; Ajayan, P. M., Vertical and in-Plane Heterostructures from
WS2/MoS; Monolayers. Nat. Mater. 2014, 13, 1135-1142.

Shi, J.; Tong, R.; Zhou, X.; Gong, Y.; Zhang, Z.; Ji, Q.; Zhang, Y.; Fang, Q.; Gu, L.;
Wang, X.; Liu, Z.; Zhang, Y., Temperature-Mediated Selective Growth of MoS>/WS,
and WS2/MoS; Vertical Stacks on Au Foils for Direct Photocatalytic Applications. Adv.
Mater. 2016, 28 (48), 10664-10672.

Lin, Y.-C.; Ghosh, R. K.; Addou, R.; Lu, N.; Eichfeld, S. M.; Zhu, H.; Li, M.-Y.; Peng,
X.; Kim, M. J.; Li, L.-J.; Wallace, R. M.; Datta, S.; Robinson, J. A., Atomically Thin

Resonant Tunnel Diodes Built from Synthetic van der Waals Heterostructures. Nat.



(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

Commun. 2015, 6, 7311.

Gong, Y.; Lei, S.; Ye, G.; Li, B.; He, Y.; Keyshar, K.; Zhang, X.; Wang, Q.; Lou, J.;
Liu, Z.; Vajtai, R.; Zhou, W.; Ajayan, P. M., Two-Step Growth of Two-Dimensional
WSex/MoSe; Heterostructures. Nano Lett. 2015, 15 (9), 6135-6141.

Zhang, T.; Jiang, B.; Xu, Z.; Mendes, R. G.; Xiao, Y.; Chen, L.; Fang, L.; Gemming,
T.; Chen, S.; Riimmeli, M. H.; Fu, L., Twinned Growth Behaviour of Two-Dimensional
Materials. Nat. Commun. 2016, 7, 13911.

Huang, Y.; Sutter, E.; Sadowski, J. T.; Cotlet, M.; Monti, O. L. A.; Racke, D. A.;
Neupane, M. R.; Wickramaratne, D.; Lake, R. K.; Parkinson, B. A.; Sutter, P., Tin
Disulfide—An Emerging Layered Metal Dichalcogenide Semiconductor: Materials
Properties and Device Characteristics. ACS Nano 2014, 8 (10), 10743-10755.

Xia, J.; Zhu, D.; Wang, L.; Huang, B.; Huang, X.; Meng, X.-M., Large-Scale Growth
of Two-Dimensional SnS> Crystals Driven by Screw Dislocations and Application to
Photodetectors. Adv. Funct. Mater. 2015, 25 (27), 4255-4261.

Ahn, J.-H.; Lee, M.-J.; Heo, H.; Sung, J. H.; Kim, K.; Hwang, H.; Jo, M.-H.,
Deterministic Two-Dimensional Polymorphism Growth of Hexagonal n-Type SnS; and
Orthorhombic p-Type SnS Crystals. Nano Lett. 2015, 15 (6), 3703-3708.

Chang, R.-J.; Tan, H.; Wang, X.; Porter, B.; Chen, T.; Sheng, Y.; Zhou, Y.; Huang, H.;
Bhaskaran, H.; Warner, J. H., High-Performance All 2D-Layered Tin Disulfide:
Graphene Photodetecting Transistors with Thickness-Controlled Interface Dynamics.
ACS Appl. Mater. Interfaces 2018, 10 (15), 13002-13010.

Su, G.; Hadjiev, V. G.; Loya, P. E.; Zhang, J.; Lei, S.; Maharjan, S.; Dong, P.; M.
Ajayan, P.; Lou, J.; Peng, H., Chemical Vapor Deposition of Thin Crystals of Layered
Semiconductor SnS; for Fast Photodetection Application. Nano Lett. 2015, 15 (1), 506-
513.

Zhou, X.; Zhang, Q.; Gan, L.; Li, H.; Zhai, T., Large-Size Growth of Ultrathin SnS,
Nanosheets and High Performance for Phototransistors. Adv. Funct. Mater. 2016, 26
(24), 4405-4413.

Burton, L. A.; Whittles, T. J.; Hesp, D.; Linhart, W. M.; Skelton, J. M.; Hou, B.;
Webster, R. F.; O'Dowd, G.; Reece, C.; Cherns, D.; Fermin, D. J.; Veal, T. D.; Dhanak,
V. R.; Walsh, A., Electronic and Optical Properties of Single Crystal SnS»: an Earth-
Abundant Disulfide Photocatalyst. J. Mater. Chem. A 2016, 4 (4), 1312-1318.

Kang, J.; Tongay, S.; Zhou, J.; Li, J.; Wu, J., Band Offsets and Heterostructures of Two-
Dimensional Semiconductors. Appl. Phys. Lett. 2013, 102 (1), 012111.



(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(1)

Sheng, Y.; Wang, X.; Fujisawa, K.; Ying, S.; Elias, A. L.; Lin, Z.; Xu, W.; Zhou, Y.;
Korsunsky, A. M.; Bhaskaran, H.; Terrones, M.; Warner, J. H., Photoluminescence
Segmentation within Individual Hexagonal Monolayer Tungsten Disulfide Domains
Grown by Chemical Vapor Deposition. ACS Appl. Mater. Interfaces 2017, 9 (17),
15005-15014.

Smith, A. J.; Meek, P. E.; Liang, W. Y., Raman Scattering Studies of SnS> and SnSe,.
J. Phys. C: Solid State Phys. 1977, 10 (8), 1321-1323.

Pak, S.; Lee, J.; Lee, Y.-W.; Jang, A. R.; Ahn, S.; Ma, K. Y.; Cho, Y.; Hong, J.; Lee,
S.; Jeong, H. Y.; Im, H.; Shin, H. S.; Morris, S. M.; Cha, S.; Sohn, J. L.; Kim, J. M.,
Strain-Mediated Interlayer Coupling Effects on the Excitonic Behaviors in an
Epitaxially Grown MoS2/WS; van der Waals Heterobilayer. Nano Lett. 2017, 17 (9),
5634-5640.

Tweedie, M. E. P.; Sheng, Y.; Sarwat, S. G.; Xu, W.; Bhaskaran, H.; Warner, J. H.,
Inhomogeneous Strain Release during Bending of WS» on Flexible Substrates. ACS
Appl. Mater. Interfaces 2018, 10 (45), 39177-39186.

Kangawa, Y.; Akiyama, T.; Ito, T.; Shiraishi, K.; Nakayama, T., Surface Stability and
Growth Kinetics of Compound Semiconductors: An Ab Initio-Based Approach.
Materials 2013, 6 (8), 3309-3360.

Ji, H. G.; Lin, Y.-C.; Nagashio, K.; Maruyama, M.; Solis-Fernandez, P.; Sukma Aji,
A.; Panchal, V.; Okada, S.; Suenaga, K.; Ago, H., Hydrogen-Assisted Epitaxial Growth
of Monolayer Tungsten Disulfide and Seamless Grain Stitching. Chem. Mater. 2018,
30 (2),403-411.

Huang, L.; Yu, Y.; Li, C.; Cao, L., Substrate Mediation in Vapor Deposition Growth of
Layered Chalcogenide Nanoplates: A Case Study of SnSe». J. Phys. Chem. C 2013, 117
(12), 6469-6475.

Ge, W.; Kawahara, K.; Tsuji, M.; Ago, H., Large-Scale Synthesis of NbS> Nanosheets
with Controlled Orientation on Graphene by Ambient Pressure CVD. Nanoscale 2013,
5(13),5773-5778.

Li, X.; Cui, F.; Feng, Q.; Wang, G.; Xu, X.; Wu, J.; Mao, N.; Liang, X.; Zhang, Z.;
Zhang, J.; Xu, H., Controlled Growth of Large-Area Anisotropic ReS, Atomic Layer
and its Photodetector Application. Nanoscale 2016, 8 (45), 18956-18962.

Wu, R.; Tao, Q.; Dang, W.; Liu, Y.; Li, B.; Li, J.; Zhao, B.; Zhang, Z.; Ma, H.; Sun,
G.; Duan, X.; Duan, X., van der Waals Epitaxial Growth of Atomically Thin 2D Metals
on Dangling-Bond-Free WSe> and WSa. Adv. Funct. Mater. 2019, 29 (12), 1806611.



(52)

(53)

(54)

(55)

(56)

Chang, R.-J.; Wang, X.; Wang, S.; Sheng, Y.; Porter, B.; Bhaskaran, H.; Warner, J. H.,
Growth of Large Single-Crystalline Monolayer Hexagonal Boron Nitride by Oxide-
Assisted Chemical Vapor Deposition. Chem. Mater. 2017, 29 (15), 6252-6260.

Rong, Y.; Fan, Y.; Leen Koh, A.; Robertson, A. W.; He, K.; Wang, S.; Tan, H.; Sinclair,
R.; Warner, J. H., Controlling Sulphur Precursor Addition for Large Single Crystal
Domains of WS,. Nanoscale 2014, 6 (20), 12096-12103.

Sheng, Y.; Tan, H.; Wang, X.; Warner, J. H., Hydrogen Addition for Centimeter-Sized
Monolayer Tungsten Disulfide Continuous Films by Ambient Pressure Chemical
Vapor Deposition. Chem. Mater. 2017, 29 (11), 4904-4911.

Wang, S.; Wang, X.; Warner, J. H., All Chemical Vapor Deposition Growth of MoS::h-
BN Vertical van der Waals Heterostructures. ACS Nano 2015, 9 (5), 5246-5254.

Xu, W.; Li, S.; Zhou, S.; Lee, J. K.; Wang, S.; Sarwat, S. G.; Wang, X.; Bhaskaran, H.;
Pasta, M.; Warner, J. H., Large Dendritic Monolayer MoS, Grown by Atmospheric
Pressure Chemical Vapor Deposition for Electrocatalysis. ACS Appl. Mater. Interfaces
2018, 70 (5), 4630-4639.



defect-rich

© Sn

Surface-mediated © S




