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Abstract 

Nanostructured molybdenum disulfide (MoS2) thin films were grown on a nanohole-patterned 

silicon substrate using plasma-enhanced atomic layer deposition (ALD). A nanoscale hole-

patterned silicon substrate was fabricated for the growth of MoS2 film using the self-assembly-

based nanofabrication method. The nanoscale holes can significantly increase the surface area of 

substrate while the formation and growth of nanostructures normally start at the surface of 

substrate. Hydrogen sulfide (H2S) gas was used as the S source in the growth of molybdenum 

disulfide (MoS2) while molybdenum (V) chloride (MoCl5) powder was used as the Mo source. The 

MoS2 film had the stoichiometric ratio of 1 (Mo) to 2 (S), and had the peaks of E12g and A1g which 

represent the in-plane and out-plane vibration modes of Mo-S bond, respectively. It was found 

that the MoS2 film grown in the nanoscale hole, especially at the wall of hole has more hexagonal-

like structures due to the effects of the nanoscale space confinement and nanoscale interface 

although the film shows an amorphous structure. A post-growth high-temperature annealing 

ranging from 800 oC to 900 oC produced local crystalline structures in the film, which are 

compatible with those reported by other researchers. 
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1. Introduction 

Transition metal dichalcogenides (TMD) nanomaterials such as 2D molybdenum disulfide (MoS2) 

has attracted a lot of research interest in the past ten years due to their potential for the 

application of future nanoelectronic materials. 2D transition metal dichalcogenides (TMD) 

nanomaterials such as 2D molybdenum disulfide (MoS2) are semiconductors with large bandgaps 

(∼1−2 eV) as well as moderate carrier mobilities (a few to hundreds of cm2 V−1 s−1) [1, 2] and are 

ideal channel materials for the fabrication of high-performance field-effect transistors with high 

current on/off ratios [3]. Nanoelectronic devices built on 2D materials could revolutionize the 

future semiconductor technology [4-6]. However, the preparation of ultrathin 2D TMD 

nanomaterials is changeling. The chemical vapor deposition (CVD) could grow the 2D transition 

metal dichalcogenides (TMD) nanomaterials with desired compositions and enhanced electrical 

properties [7-9].  

 

In this paper, the first research objective was to explore the growth of molybdenum disulfide 

(MoS2) thin films using plasma-enhanced atomic layer deposition (PE-ALD) [10, 11]. It is 

important to find suitable precursors for the PE-ALD of MoS2. Molybdenum (V) chloride (MoCl5) 

and molybdenum hexacarbonyl (Mo(CO)6)) precursors were used by researchers as the Mo 

source in the growth of monolayer MoS2, while hydrogen disulphide (H2S) and dimethyldisulfide 

(C2H6S2) precursors were used as the S source [12, 13].  Hydrogen sulfide (H2S) was used as the S 

source in the growth of molybdenum disulfide (MoS2) thin films while molybdenum(V) chloride 

(MoCl5) powder was used as the Mo source. Hydrogen sulfide (H2S) has advantage over any other 
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available S-containing precursors as the S source for the growth of MoS2, first, it is gas and can be 

easily introduced into the deposition chamber; second, it has only two elements (S and H) and can 

not introduce any additional elements into the MoS2 film during the deposition. However, H2S is 

toxic and also reactive to many materials including metals such as copper. In order to use the H2S 

gas for the research, the ALD system was updated significantly and many parts of the system such 

as the valves and sealing O-rings were replaced with the H2S-compatible parts. Molybdenum (V) 

chloride (MoCl5) also has advantage over any other available Mo-containing precursors as the Mo 

source for the growth of MoS2, it has only two elements (Mo and Cl) and can not introduce any 

additional elements into the MoS2 film during the deposition. In addition, although molybdenum 

(V) chloride (MoCl5) is a powder, it only needs to be heated to about 70 oC to obtain enough vapor 

pressure for being introduced into the deposition chamber [12].  

 

The second research objective was to investigate the effect of nanoscale interface on the growth of 

molybdenum disulfide (MoS2) thin films using the nanoscale hole-patterned silicon substrate. A 

silicon substrate was fabricated and patterned with uniform nanoscale holes using the self-

assembly-based nanofabrication method for the growth of MoS2 film [14-17]. It was expected that 

the nanoscale hole could enhance the formation of MoS2 hexagonal-like structures in the hole, 

because the nanoscale holes can significantly increase the interfacial area of film with the 

substrate due to the large wall surface of holes compared to their volume, the formation and 

growth of nanostructures and crystal structures normally start at the interface of film with the 

substrate, more interface produce more nanostructures. It was found that the film grown in the 

nanoscale hole demonstrated more hexagonal-like structures, especially more hexagonal-like 










structures appeared near the wall of holes. A post-growth high-temperature annealing at 800 oC 

or 900 oC in the environment of argon (Ar) for 8 min produced local crystalline structures in the 

film randomly, which are compatible with the results reported by other researchers [13, 18, 19]. 

 

2. Experimental Details 


 
Figure 1. (a) SEM image of a fabricated nanoscale-hole silicon substrate; (b) Enlarged view of the 
fabricated nanoscale-hole substrate, the diameter of the nanoscale holes is about 20 nm – 30nm and 
the depth of the nanoscale holes is about 120 nm – 160 nm. 

 

Figures 1(a) and (b) show the SEM image of the fabricated nanoscale-hole silicon substrate. The 

diameter of the nanoscale holes is about 20 nm – 30nm and the depth of the nanoscale holes is 

about 120 nm – 160 nm. Hexagonal nanopatterns used for hole fabrication were formed through 

self-assembly of a thin film of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) diblock 

copolymer blended with PS and PMMA homopolymers. Cylinder-forming asymmetric PS-b-PMMA 

(Mn = 46.1-b-21 kg/mol, Mw/Mn = 1.09), homopolymer PS (Mn = 3.5 kg/mol, Mw/Mn = 1.05) and 

homopolymer PMMA (Mn = 3 kg/mol, Mw/Mn = 1.14) were purchased from Polymer Source Inc. A 

hydroxyl-terminated random copolymer “neutral” brush of PS and PMMA provided by the Dow 

Chemical Company (P(S-r-PMMA)-OH; 69% styrene, determined by 13C NMR21 dissolved in 










propylene glycol monomethyl ether acetate (PGMEA) and was diluted to a concentration of 1% 

(w/w). All other polymers were dissolved in toluene at 2% (w/w).  A blend solution was prepared 

by mixing the PS-b-PMMA, PS, and PMMA solutions in a 60:28:12 weight ratio. This blend was 

used due to the enhanced self-assembly kinetics afforded by the added homopolymer [14, 15]. 

 

 A silicon wafer was first cleaned by exposure to oxygen plasma for 60s at 100 mTorr and 20 W 

(March Plasma CS1701F).  The random copolymer brush was then grafted to the oxidized silicon 

surface to form a neutral underlayer as described previously [16]. Briefly, a random copolymer 

film is spin coated onto the clean silicon wafer at 1500 rpm to obtain a film 20-30 nm thick. The 

wafer is then thermally annealed at 250 oC for 5 min under continuous nitrogen purging to ensure 

the chemical grafting of the material. Excess ungrafted polymer is removed by spin-rinsing in 

PGMEA at 3000 rpm. The block copolymer/homopolymer blend was then spun onto the wafer at 

3000 rpm, yielding a ~70 nm thick film, which was then thermally annealed at 250 oC for 5 min 

under continuous nitrogen purging to promote self-assembly. PMMA degradation was 

accomplished by UV irradiation for 10 minutes from a low pressure mercury arc lamp (G10T5 

1/2VH, Atlantic Ultraviolet Corporation) in a closed chamber purged by continuously flowing 

nitrogen.  The incident power was ~8 mW/cm2 at the sample position at a wavelength of 254 nm. 

Degraded PMMA was then selectively removed by immersing the sample in acetic acid for 5 min 

and subsequently in deionized water for 3 minutes, yielding a PS film with ordered arrays of 

vertically oriented nanopores. Oxygen plasma etching for 10 s at 20W was performed to remove 

remaining random copolymer at the substrate surface inside the pores.   
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Holes in silicon were then fabricated through reactive ion etching in an Oxford PlasmaLab 100 

using the porous PS film as a mask. As described previously [17], this pattern transfer by reactive 

ion etching employed a 44:11 combination of chlorine and oxygen gas for 80 s at 9 mTorr, with 40 

W from a radio frequency (RF) electrode power source, and 250 W power from an inductively 

coupled plasma (ICP) RF power source. An initial 8 s high power etch step (10 mTorr, 100 W RF 

power and 800 W ICP power) using a 20:5 combination of boron trichloride and chlorine gas was 

included to break through the native silicon oxide at the substate surface. Remaining PS from the 

mask film was removed using oxygen plasma (for 120 s at 20 W, 100 mTorr; March Plasma 

CS1701F). 

 

A plasma enhanced atomic layer deposition system was used to grow the molybdenum disulfide 

(MoS2) film in this research [10, 11]. Hydrogen sulfide (H2S) was used as the S source in the 

growth of molybdenum disulfide (MoS2) while molybdenum (V) chloride (MoCl5) powder was 

used as the Mo source. In order that the H2S gas can be used with the ALD system for the research, 

the system was updated significantly by the ALD Group of Kurt J. Lesker Company with the H2S 

gas-compatible parts including the valves and sealing O-rings. The molybdenum(V) chloride 

(MoCl5) powder was loaded in a stainless-steel bubbler which was designed with the flowing of 

carrier gas through it. The bubbler was heated at the temperature of 90 oC and was introduced 

into the process chamber with the carrier gas of argon (Ar). The sample was heated at 400 oC 

during the growth of MoS2 thin film. The nanoscale hole-patterned silicon substrate was cleaned 

by the Ar plasma gas at 400 W for 20 cycles before the growth of the MoS2 film. The deposition 

pressure was maintained at 1 Torr during the deposition. The cycle time was set as: 100 ms for 
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MoCl5, 1000 ms for Ar purge, 1000 ms for Ar plasma, and 50 ms for H2S. The MoS2 film was grown 

for 200 cycles. The MoS2 film was finally annealed at 800 oC or 900 oC for 8 min in a furnace with 

the flowing of argon (Ar) gas. The scanning electron microscope (SEM) was used to analyze the 

surface of the substrate and film while the high-resolution tunnel electron microscope (HRTEM) 

was used to analyze the cross-sectional structure of the MoS2 film. The X-ray photoelectron 

spectroscopy (XPS) was used to analyze the compositions of the film and the Raman spectroscopy 

was used to analyze the Mo-S bond in the MoS2 film [10].  

 

3. Results and Discussion 

Figure 2(a) shows the MoS2 film grown on the nanoscale-hole silicon substrate. Figure 2(b) is an 

enlarged view of the surface of the substrate with MoS2 on it. The MoS2 film on the surface of 

substrate is about 20 nm think. Figure 2(a) and (b) present a relatively rough surface of substrate 

after the growth of MoS2 compared to the surface of substrate before the growth of MoS2 in Figure 

1(a) and (b).  


 
Figure 2. (a) SEM image of the nanoscale-hole silicon substrate after the growth of MoS2 film on it; (b) 
Enlarged view of the nanoscale-hole substrate with MoS2 film on it. 
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Figure 3 shows the cross-sectional TEM micrograph of the nanoscale-hole sample with MoS2 film 

on it. The nanoscale hole fabricated with the self-assembly-based nanofabrication method has a 

diameter of about 20 nm – 30nm on the top with an inverted pyramid-like bottom and the depth 

of the nanoscale holes is about 120 nm – 160 nm. The holes were uniformly filled with the MoS2 

film and show a clear interface between the silicon substrate and MoS2 film.  The nanoscale hole 

has a large interfacial area of film with the substrate due to the large wall surface of hole 

compared to its volume.  

 

 

Figure 3. Cross-sectional TEM micrograph of the nanoscale hole-patterned silicon 
substrate with MoS2 grown on it, showing that the nanoscale holes have a diameter of 

about 20 nm – 30nm on the top with an inverted pyramid-like bottom and the depth 

of the nanoscale holes is about 120 nm – 160 nm.  
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Figure 4(a) shows the cross-sectional HRTEM micrograph of the MoS2 film in a nanoscale silicon 

hole without being annealed; Figure 4(b) is an enlarged view of the MoS2 film grown on the 

outside surface of substrate, showing a pure amorphous structure; Figure 4(c) is an enlarged view 

of the MoS2 film grown in the nanoscale hole, showing an amorphous structure with some 

hexagonal-like structures; Figures 4(d) and (e)  are enlarged views of the MoS2 film grown at the 

wall interface of the nanoscale hole, showing an amorphous structure, but with some clear 

hexagonal-like structures, which indicates that the nanoscale hole could enhance the formation of 

hexagonal-like structures, especially at the wall surface of hole, due to the nanoscale space 

confinement. 

 


 

Figure 4. (a) HRTEM micrograph of the MoS2 film grown in a nanoscale silicon hole; (b) the enlarged view 

of the MoS2 film on the surface of substrate outside the hole marked by “b” in Figure 4 (a); (c) the enlarged 

view of the MoS2 film in the nanoscale silicon hole marked by “c”; (d) the enlarged view of the MoS2 film at 

the wall interface of hole marked by “d”; (e) the enlarged view of the MoS2 film at the wall interface of hole 

marked by “e”. 
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Figure 5. Color-coded EDS elemental maps of the nanoscale hole-patterned silicon substrate with the 

MoS2 film grown on the surface and inside the holes,  where the color represents the corresponding 

element’s K-alpha x-ray signal: (a) Molybdenum (Mo); (b) Sulfide (S); (c) Silicon (Si); (d) Oxygen 

(O); (e) Carbon (C); (f) HAADF STEM micrograph of the sample; (g) Combined color map with all the 

elements; (h)  Combined color map with all the elements and the HAADF. 


Figures 5(a)-(h) show the energy dispersive spectroscopy (EDS) elemental map analysis of the 

nanoscale hole-patterned silicon sample with the MoS2 film inside the nanoscale holes, where the 

color represents the corresponding element’s K-alpha x-ray signal: (a) Molybdenum (Mo); (b) 

Sulfide (S); (c) Silicon (Si); (d) Oxygen (O); (e) Carbon (C); (f) High-angle annular dark field 

(HAADF) STEM imaging of the sample; (g) Combined color map with all the elements; (h)  

Combined color map with all the elements and the HAADF. Figures 5(a) and (b) indicate that the 

film in the nanohole was MoS2 and the hole was filled by the MoS2 film uniformly. The high-angle 

annular dark-field (HAADF) STEM micrograph shows the image of the element with a high atomic 

number (Z) such as metal, therefore, Figure 5(f) further present the image of Mo distribution in 

the hole. The oxygen (O) in Figure 5(d) was from the surface silicon dioxide while the silicon (Si) 
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in Figure 5(c) was from the silicon substrate. The carbon (C) in Figure 5(e) was from the substrate 

and film surface. 


 

Figure 6. (a) HRTEM micrograph of the MoS2 film grown in a nanoscale silicon hole after being annealed at 

800 oC for 8 min; (b) the enlarged view of the MoS2 film at the wall interface of hole, showing crystalline 

structure with a distance of about 0.2 nm between two lines. 

 

Figure 6(a) shows the HRTEM micrograph of the MoS2 film after being annealed at 800 oC in the 

environment of argon gas for 8 min, Figure 6(b) is an enlarged view of the MoS2 film at the wall 

interface of the hole, showing the crystalline structure with a distance of about 0.2 nm between 

two lines.   

 

Figure 7(a) shows the cross-sectional HRTEM micrograph of the MoS2 film after being annealed at 

900 oC in the environment of argon for 8 min; Figure 7(b) is an enlarged view of MoS2 film at the 

exit of the hole, showing the crystalline structure with a distance of about 0.55 nm between two 

lines; Figure 7(c) is an enlarged view of MoS2 film on the substrate surface outside the hole, 

showing the crystalline structure with a distance of about 0.27 nm between two lines; Figure 7(d) 

is an enlarged view of MoS2 film in the hole, showing the crystalline structure with a distance of 
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about 0.22 nm between two lines; All these local crystalline structures were formatted randomly 

during the high-temperature annealing  

 
 
Figure 7. (a) HRTEM micrograph of the MoS2 film after being annealed at 900 oC for 8 min; (b) the 
enlarged view of MoS2 film at the exit of the hole marked by “b” in Figure 7(a), showing the crystalline 
structure with a distance of about 0.55 nm between two lines; (c) the enlarged view of MoS2 film on the 
substrate surface outside the hole marked by “c”, showing the crystalline structure with a distance of 
about 0.27 nm between two lines; (d) the enlarged view of MoS2 film in the hole marked by “d”, showing 
the crystalline structure with a distance of about 0.23 nm between two lines. 

process, however, they are compatible with those observed in the MoS2 film and reported by other 

researchers [13, 18, 19]. 

 

Table I shows that the MoS2 film has 18% Mo, 36% S, 15% Si, 17% C, and 14% O. The Si and O are 

from the silicon substrate while the C is from the surface of the film. The XPS analysis indicates 

that the MoS2 film has the stoichiometric ratio of 1 (Mo: 18%) to 2 (S: 36%).  

 
Table I. Compositions in the MoS2 film 

            Atomic Concentration (%) of MoS2 Film 

Mo S Si C O 

18 36 15 17 14 
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Figure 8 shows the XPS scan of S 2p1/2 and 2p3/2 in the MoS2 film. Figure 9(a) shows the XPS scan 

of Mo 3p1 and 3p2 in the MoS2 film while Figure 9(b) shows the XPS scan of Mo 3d3/2 and 3d5/2 in 

the MoS2 film. All the peaks in the XPS spectroscopy have the right corresponding binding energy 

for the Mo and S elements of MoS2 [20, 21]. 

 
Figure 8. High-resolution XPS scan of S 2p1/2 and 2p3/2 in the grown MoS2 film. 

 

 

 
Figure 9. (a) High-resolution XPS scan of Mo 3p1 and 3p2 in the grown MoS2 film; (b) High-
resolution XPS scan of Mo 3d3/2 and 3d5/2 in the grown MoS2 film. 
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Figure 10(a) shows the Raman spectrum of the MoS2 film on the nanoscale hole-patterned silicon 

substrate and Figure 10(b) is an optical micrograph of the mapping area during the Raman 

measurement.  

 
Figure 10. (a) Raman spectrum of the MoS2 film grown on the nanoscale hole-patterned silicon 
substrate, showing that the measurement has the E12g and A1g peaks in the grown MoS2 film; (b) the 
optical micrograph of the mapping area. 

 

The Raman spectrum (Figure 10(a)) shows that the measurement has the E12g and A1g peaks in 

the grown MoS2 film, where the separation between the two vibrating modes, E12� and A1g, is 

24.06 cm−1. The vibration mode of Mo-S bond (E12�) along the base in-plane is observed at 382.55 

cm−1 and vibration of sulfur along the out-of-plane (A1g) is observed at 406.61 cm−1. The Raman 

spectra are compatible to those obtained from the MoS2 film by other researcher [13, 19, 19]. 

 

4. Conclusions 

Nanostructured molybdenum disulfide (MoS2) thin films were grown on a nanoscale hole-

patterned silicon substrate using the plasma-enhanced atomic layer deposition (ALD). The 

nanoscale hole fabricated with the self-assembly-based nanofabrication method has a diameter of 
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about 20 nm – 30 nm on the top with an inverted pyramid-like bottom and the depth of the 

nanoscale holes is about 120 nm – 160 nm. Hydrogen sulfide (H2S) was used as the S source in the 

growth of molybdenum disulfide (MoS2) while molybdenum (V) chloride (MoCl5) powder was 

used as the Mo source. The MoS2 film had the stoichiometric ratio of 1 (Mo) to 2 (S) with the right 

corresponding binding energy and had the E12g and A1g peaks. It was found that the MoS2 film 

grown in the nanoscale hole, especially at the wall surface of the nanoscale holes, had more 

hexagonal-like structures, indicating that the nanoscale holes could enhance the formation of 

hexagonal-like structures due to the nanoscale space confinement and nanoscale interface. A post-

growth high-temperature annealing of the MoS2 film produced some local crystalline structures in 

the film randomly, which are compatible with those reported by other researchers. The growth of 

MoS2 film on the nanoscale hole-patterned substrate is interesting, according to the finding in this 

work that more hexagonal-like structures appeared at the wall of holes, when the nanoscale hole 

becomes narrower, more hexagonal-like nanostructures could be formed in the hole. The 

electronic device based on the PE-ALD-grown MoS2 film such as field-effect transistors (FETs) will 

be fabricated and the electrical property of the MoS2 film will then be studied in the following 

research. 
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