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Atomically thin transition-metal dichalcogenides (TMDs) are 

attracting great interest for future electronic applications. Even 

though much effort has been devoted to preparing large-area, 

high-quality TMDs over the past few years, the samples are 

usually grown on substrate surfaces. Here, we demonstrate the 

direct growth of a MoS2 monolayer at the interface between a Au 

film and a SiO2 substrate. MoS2 grains were nucleated below Au 

films deposited on SiO2 via interface diffusion, and then grew into 

a continuous MoS2 film. By programming the Au pattern 

deposited, controlled growth of MoS2 with the desired size and 

geometry was achieved over preferred locations, facilitating its 

integration into functional field-effect transistors. Our findings 

elucidate the fabrication of a 2D semiconductor at the interface of 

bulk three-dimensional solids, providing a novel means for 

establishing a clean interface junction. It also offers a promising 

alternative to the site-selective synthesis of TMDs, that is 

expected to aid the fabrication of TMD-based nanodevices. 

Following the successful production of monolayer carbon 

sheets (graphene), transition metal dichalcogenides (TMDs) 

became widely studied two-dimensional (2D) materials 

because of their electronic and optical properties at reduced 

dimensions.
1-3

 TMDs possess layer-dependent band gaps and 

undergo strong optical interactions, making them highly 

promising candidates for next-generation semiconductor 

nanodevices.
4-7

 For the sake of scalability, bottom-up synthesis 

of atomically thin TMDs by chemical vapor deposition (CVD) 

was developed for large-area, high-quality growth of TMDs at 

high yield.
8-12

 Using such deposition methods, monolayers of 

TMDs are typically prepared on the exposed surface of a 

substrate. Fine tuning the various reaction parameters allows 

fabrication on a diverse range of substrates, with the most 

common being silicon dioxide (SiO2),
8-12

 gold (Au),
13,14

 

graphene/graphite,
15,16

 and hexagonal boron nitride (h-BN).
17-

20
 Metal electrodes are then deposited on the TMD sheets to 

construct the desired device. 

 Nevertheless, materials prepared this way are inevitably 

exposed to surface adsorbates due to air and moisture. 

Storage under ambient conditions often results in rapid 

degradation
21

 or poor interface contact,
22,23

 requiring 

immediate use of the sample once it is removed from the 

reaction chamber. In addition, common device fabrication 

processes are potentially harmful. The TMD sheets may be 

contaminated by polymer residues during photoresist 

development or damaged by the bombardment of metal 

particles.
22

 Since the physical properties of such ultrathin 

materials are extremely sensitive to interface conditions, the 

effects can be detrimental. Moreover, despite advances in 

controlling crystal size and quality, TMD crystallites are 

generally distributed randomly on the substrates. The inability 

to manipulate their growth position has complicated circuit 

design and device integration. Thus, we have devoted our 

efforts to exploring other means of TMD synthesis that would 

facilitate controlled growth and direct device integration with 

a clean contact interface.  
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 Here, we demonstrate the direct growth of highly uniform 

MoS2 monolayers, a representative member of the TMD 

family, at the interface between Au films and SiO2 substrates 

by using a salt-assisted CVD method.
11,24

 The MoS2 was 

generated via interface diffusion, forming a continuous 

monolayer film under predeposited Au. These MoS2 layers 

have a crystal quality and optical properties comparable to 

exfoliated sheets. Field-effect transistors (FETs) with the 

desired geometry were fabricated by patterning the Au layer. 

With such interfacial growth, the MoS2 layers are protected 

from interaction with the surrounding environment. Not only 

can a clean interface be established, but also sample 

degradation can be minimized, allowing long-term storage 

prior to use. Our findings show that it is possible to create a 2D 

layer at the interface between bulk 3D solids, which aid the 

simultaneous design, growth and integration of TMD-based 

nanodevices. 

 Results and discussion 

The typical growth and device fabrication process flow is 

illustrated in Fig. 1a. In brief, first, Au patterns (thickness: 50 

nm) were prepared on an oxidized silicon wafer by a standard 

photolithography and lift-off process. The substrate was then 

subjected to CVD in order to induce MoS2 growth at the Au-

SiO2 interface. Next, SF6 irradiation was performed to remove 

any MoS2 that formed on the surfaces of the substrate and the 

Au film, leaving islands of sandwiched MoS2 underneath. 

Finally, the substrate was spin-coated with a layer of 

photoresist, and windows of various sizes (5-100 μm) were 

created on the patterns to allow selective etching of the Au, 

forming gaps between the metal pads. This revealed the MoS2 

grown below, generating simple transistor devices for 

subsequent electrical probing and measurements.  

 Before proceeding to construct the FET devices described 

above, we tested the feasibility of interface growth by using a 

simple Au pattern. Figs. 1b and c show, respectively, a 

schematic and an optical image of a sample obtained by CVD 

using an Au-deposited substrate. As is frequently reported, this 

yielded a continuous MoS2 monolayer in the channels between 

the Au pads on the bare substrate, judging by the optical 

contrast. MoS2 monolayers were also formed on the Au 

surface, with a thickness of 6.5 Å, as shown in Figs. 1d and f.
25

 

In addition to this surface MoS2, the cross-sectional TEM 

images in Figs. 1e and g reveal the presence of a layer-like 

structure at the Au-SiO2 interface over the center and edge 

regions of the Au films. These correspond to MoS2 layers that 

formed during CVD growth, as confirmed by the optical 

characterization presented below.  

 To confirm the composition of the material produced at 

the Au-SiO2 interface, first, the surface MoS2 was etched away, 

then, the Au was removed. Figs. 2a and b show, respectively, a 

schematic and an optical image of the sample prepared in step 

V of Fig. 1a after KI/I2 treatment. A 20×50 μm film was 

observed when the top Au was dissolved, in agreement with 

the TEM observations. Raman measurements performed on 

this film yielded the spectrum in Fig. 2c. The characteristic in-

plane vibrations of Mo and S atoms (E’) and out-of-plane 

vibrations of S atoms (A’1), signatures of MoS2, are recorded at 

385 and 405 cm
-1

, respectively.
26,27

 The full width at half 

maximum (FWHM) of the E’ peak is 3.8 cm
-1

, suggesting a high 

Fig. 1 Illustration of device fabrication and observations of interfacial-layer growth. (a) Schematic of device integration process: (i) metal 

deposition on substrate; (ii) CVD growth; (iii) surface MoS2 removal; (iv) mask and window opening; (v) Au etching; and (vi) resist removal. 

(b) Cross-sectional schematic and (c) optical micrograph of a sample obtained by CVD growth. Cross-sectional TEM images taken from (d, 

e) the center and (f, g) edge regions of Au blocks, showing the MoS2 grown (d, f) on top and (e, g) at the Au-SiO2 interface.  
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Fig. 2 Structural characterization.  (a) Cross-sectional schematic and 

(b) optical micrograph of sample after Au etching in step V of Figure 

1a. (c) Raman and (d) PL mapping images were obtained from the 

area outlined in (b). A FWHM of 3.8 cm
-1

 was registered for the E’ 

peak. White dots indicate the positions at which the corresponding 

Raman and PL were taken. 

Fig. 3 Growth mechanism. (a) Optical and (b) topographic images 

of a partially formed MoS2 film. Yellow rectangle shows the area 

where the image in (b) was taken. (c) Optical micrographs of MoS2 

grains ordered from low to high grain density. 

crystal quality, comparable to that for surface-grown and 

exfoliated films.
10

 The separation of ~20 cm
-1

 between these 

peaks suggests the formation of a monolayer film.
9,10

 The 

photoluminescence (PL) spectrum for the synthesized MoS2 

sheet is shown in Fig. 2d. The A and B exciton peaks are at 1.8 

and 2.0 eV, respectively, revealing an optical quality equivalent 

to that for an exfoliated monolayer.
28

 It is also worth noting 

that the 2D sheet of MoS2 fabricated in this manner exhibits 

exceptionally high uniformity in terms of both crystal quality 

and optical properties. The Raman and PL maps in Figs. 2c and 

d demonstrate a homogeneous distribution in the A’1 and A 

exciton peak intensities for the area scanned, indicated in Fig. 

2b. Further investigation into the surface morphology using 

atomic force microscopy (AFM) yielded the topographic 

images in Figs. S1a and b. A distinct, flat, continuous sheet is 

observed with a thickness of approximately 1 nm as shown in 

the topographic height profile in Fig. S1c.  

 The observation of such sandwiched MoS2 is inspiring, as it 

may open up a new path for TMD growth and subsequent 

device integration via interface engineering, distinct from 

current techniques. Thus, it is crucial to know how growth can 

be initiated and how the thin sheet is generated. Fig. 3a shows 

an optical micrograph of a partially formed MoS2 film, taken 

after Au removal. The corresponding topographic image is 

shown in Fig. 3b. As seen in these images, there are connected 

channels of MoS2 along the side edges, with patches of MoS2 

grains having sizes of around 1-2 μm at the center. While this 

pointed to the polycrystalline nature of the synthesized film in 

Fig. 2, one may propose two plausible mechanisms whereby 

crystallization occurs: (i) the vapor-liquid-solid (VLS) growth 

model, where Mo and S atoms diffuse into the Au layer and 

then precipitate out at the interface;
29

 (ii) diffusion via the 

interface over the edges, i.e., the vapor-solid-solid (VSS) 

model.
30

 

 Previous studies on Au-assisted surface MoS2 growth 

suggest no signs of inclusion of Mo or S atoms into the Au 

core.
25,31

 The reaction with Au is restricted to the surface, 

where diffusion occurs solely at the outermost region forming 

the surface alloy. The reaction that proceeds at a much higher 

temperature than in previous studies may enhance the 

solubility and diffusion of these atoms into Au. However, the 

TEM images in Figs. 1d-g suggest otherwise. Rather than 

intermixing of the atoms inside bulk Au, a surface diffusion 

phenomenon was observed. A well-defined array of Au atoms 

with a lattice spacing of 2.4 Å, corresponding to Au (111) 

planes, is observed at the center of a layered sandwich 

structure. This array becomes less orderly at the Au-MoS2 

interface, indicating atomic diffusion at the Au surface.
25,31

 The 

absence of Mo or S inside bulk Au implies a different formation 

mechanism from the VLS model. Besides, the film structure of 

the deposited Au is well-preserved (Fig. 1c) with no 

microscopic pits observed (Fig. S2), indicating the stability of 

Au under the present reaction conditions. This rules out the 

possibility that diffusion may have taken place via channels 

generated by Au agglomeration. 

 The mechanism involved in such confined growth can be 

better comprehended through the optical images in Fig. 3c. 

They show the distribution of MoS2 grains formed beneath Au 

blocks at various population densities over different regions of 

a substrate, which elucidate the process whereby a continuous 

film is eventually generated. Here, we observe a progressive 

increase in the number of grains, starting from the bordering 

edges moving towards the center. It is therefore evident at this 

stage that nucleation occurred via boundary diffusion, 

assuming VSS growth. While the boundary interface is known 
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Fig. 4 MoS2 field effect transistor (FET). (a) Schematic and (b) 

optical micrograph of a fabricated device. (c) Linear and (d) semi-

logarithmic plots of the drain current, Ids, versus the gate voltage, 

Vgs: transfer curves for one of the fabricated FET devices under 

various bias voltages: 40 V (red), 20 V (yellow), 10 V (green), 5 V 

(blue), and 1 V (violet).   

to provide a good anchoring site for nucleation,
25

 as evidenced 

by the connected channels formed along the edges (Figs. 3a, 

b), subsequent growth does not proceed merely through 

continual lateral elongation from these edges. Rather, a 

continuous MoS2 film is generated through the coalescence of 

scattered grains as they grow, in a similar fashion to surface 

growth. The poor contact between Au and the SiO2 surface
32

 is 

thought to play a major role in facilitating growth at the 

interface. Being a noble metal, Au with its low chemical 

reactivity tends to adhere only weakly to the substrate. It is 

common practice in the semiconductor industry to introduce 

metals such as Cr and Ti in order to improve the adhesion of 

Au films to the SiO2 substrate.
33

 Under high-temperature 

annealing, the interactions at the contact interface are 

substantially weakened, inducing an amplified gap. Hence the 

reactants can diffuse from the boundary interface, reach the 

center and become deposited as shown in Fig. 3c. These 

findings open up the opportunity for novel material synthesis 

via interface engineering.  

 As shown earlier in Fig. 1a, the present growth technique 

provides a useful means for simultaneously achieving site-

specific synthesis and simple device fabrication. Figs. 4a and b 

show, respectively, a schematic and an optical micrograph of a 

fabricated FET. By patterning the deposited Au layer or the 

windows created for Au etching, the dimensions of the MoS2 

regions and the channel width of the device can be tailored 

with ease. Transfer curves (Ids-Vg) obtained for one of the 

present devices are plotted in Figs. 4c and d. Fig. 4c shows 

linear curves, whereas Fig. 4d shows semi-logarithmic plots for 

the FET obtained under various bias voltages, ranging from 1 

to 40 V. A typical n-type behavior is observed: the drain 

current increases with increasing applied gate voltage, in 

agreement with previous reports.
4,8,10

 For the device 

measured, we estimate an ON/OFF ratio of ~10
3
. 

Conclusions 

We have demonstrated direct growth of a 2D MoS2 sheet at 

the Au-SiO2 interface. Monolayer grains of MoS2 form beneath 

the Au film via interface diffusion, eventually merging into a 

continuous film. This offers a novel means for high-precision 

patterning of MoS2, which enables simple integration of these 

2D nanosheets into functional devices with sophisticated 

circuit designs. We believe that the method developed here 

can easily be extended to other growth techniques such as 

metal organic CVD
34,35 

and plasma-enhanced CVD,
36

 which 

allow much lower growth temperatures to be used in the 

industry and are expected to lead to the fabrication of better 

flexible semiconductor devices. Our study not only offers a 

robust alternative for manipulating the growth of TMD 

materials, it also paves the way for the creation of other 2D 

materials at heterogeneous interfaces, as well as metal-

semiconductor-insulator heterojunctions. 

Experimental 

Au patterning.  

A series of 50-nm-thick Au patterns was prepared on a SiO2/Si 

wafer by lift-off processes. Standard photolithography was 

used to define the patterns, and Au was deposited by either 

high-vacuum thermal evaporation or electron-beam 

evaporation. Lift-off was performed by dipping the samples 

into acetone. 

 

CVD growth.  

5 mg of KBr, 17 mg of MoO2 (99% purity, Aldrich) and the Au-

deposited SiO2/Si substrate were loaded into a quartz boat and 

placed inside a quartz tube (1.5 cm in diameter, 6 cm in 

length). This tube was then inserted into a quartz chamber (3 

cm in diameter, 100 cm in length) and set at the center of an 

electric furnace (ARF-30KC, Asahi Rika Manufacturing). An 

excess (~2 g) of S flakes (≥ 99.99 % purity, Aldrich) was loaded 

into an alumina boat positioned 11 cm upstream from the 

edge of the furnace in the quartz chamber. The chamber was 

tightly sealed and purged with N2 for 10 min. Next, the furnace 

temperature was gradually raised (34 °C min
-1

). Once it 

reached 720 °C, the ribbon heater was turned on to induce 

vaporization of S at 180 °C. The reaction lasted for 15 min at 

740 °C. Immediately after this reaction, the system was cooled 

to room temperature. The flow of N2 gas was maintained at 

350 sccm throughout the experiment.  

 

Device fabrication and electrical measurements.  

The sample was subjected to SF6 treatment to eliminate 

surface MoS2. Next, windows of various lengths were created 

using photolithography. The Au in the exposed regions was 

subsequently removed using a gold etchant (Sigma-Aldrich) to 
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reveal the MoS2 formed underneath. Finally, the photoresist 

mask was removed before measurements. All measurements 

were performed at room temperature under ambient pressure 

in a standard probe station. 
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