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Supplementary Notes 
 

The main components of the IJD source1-3 and the deposition geometry are depicted in 

Figure S1a. For MoS2 thin film deposition via IJD, an ionized working gas (e.g., Ar+) passes 

through a convergent-divergent De Laval nozzle4 that creates an ultrafast (supersonic) gas flow in 

its widening part. This ionized gas jet enters a cylinder-shaped hollow cathode, in which the 

electrons of the ionized gas multiply and become electrostatically confined in an equipotential 

space. The fast oscillation of electrons within the hollow cathode leads to an avalanche/cascade 

ionization of the working gas, ultimately increasing the overall ionization density by orders of 

magnitude (hollow cathode effect).5 Subsequently, the high-density electrons are discharged with 

a frequency f ≤ 300 Hz (pulse length 100−300 ns) and are directed towards the grounded target 
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(|V| ≤ 30 kV, Ipeak ≤ 6 kA with a final pulse energy E ≤ 4J). The highly energetic pulsed electron 

beam ablates a rotating MoS2 target material and produces a plasma plume of ejected molecular-

sized MoxSy species that propagate with the working gas through the hollow cathode towards the 

rotating substrate. Finally, the MoxSy species from the target condense as nm-sized clusters on the 

substrate, forming a MoS2 thin film over a large area (e.g., covering 5-inch wafers or larger). The 

typical beam shape of a single IJD source (see Figure S1b) allows to uniformly coat 4-inch wafers, 

whereas larger areas can be coated using several IJD sources that are mounted in-line without the 

need of mechanical frame movements and/or beam scanning methods. 

 

Supplementary Methods 

In Figure S1c and d, the corresponding XPS core level analyses are shown, i.e., fitted Mo 

3d + S 2s and S 2p core level spectra, respectively. The Mo 3d5/2 and 3d3/2 peaks stemming from 

Mo4+ species (gray-blue components in Figure S1c) are located at BE of 229.5 and 232.8 eV, 

respectively, and the S 2s peak (yellow component in Figure S1c) is found at 226.7 eV. The 

corresponding S 2p3/2 and 2p1/2 peaks stemming from S2- in MoS2 appear as a single component at 

BE of 162.3 eV (gray-blue component in Figure S1d).  Additional S 2s and S 2p peaks are present 

(red components) at higher BEs (228.0 and 163.7 eV, respectively), suggesting that some sulfur 

atoms exhibit a different chemical environment (other than Mo−S) in the as-deposited thin film. 

This additional sulfur component can be attributed to S atoms that are not directly bound to Mo 

atoms such as in Mo−S−S species and elemental sulfur. Based on the spectra in Figure S1c and d, 

the atomic ratio of S/Mo is 2.45. The full width at half maximum (FWHM) of the fitted S 2p 

component is about 50% larger than those of the annealed MoS2 (see Figure 1d in the main text), 

suggesting a defective atomic arrangement in the as-deposited MoS2 nanoclusters. The XRD 
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spectrum in Figure S1e reveals no diffraction peaks, indicating an amorphous MoS2 structure in 

the as-deposited sample.  

 

Supplementary Figure 1. Large-area MoS2 thin film growth via ionized jet deposition (IJD): (a) 

schematic illustration of the main IJD components and typical deposition geometry; (b) typical 

beam shape produced by a standard 30°-aperture cathode; (c) fitted Mo 3d + S 2s and (d) S 2p core 

level spectra of as-deposited MoS2 thin film; (e) corresponding XRD spectrum. 

 

The morphology of the as-deposited and annealed MoS2 thin film was analyzed by scanning 

electron microscopy (SEM) in a field-emission SUPRA40 Zeiss SEM equipped with a GEMINI 

FESEM detection column and using secondary electrons for imaging. The low-magnification SEM 

image of the as-deposited MoS2 thin film in Figure S2a shows a homogenous and continuous 

morphology over the entire sample area, whereas the enlarged view in Figure S2b reveals a porous 

surface with a large (sub-µm) size distribution of the pores. 
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After annealing, homogenous regions are divided by cracks (see Figure S2c), which might be 

induced due to strain during annealing. The surface shown in the enlarged view in Figure S2d is 

representative for large sample areas of up to (120 × 120) μm2. Its morphology appears less porous 

with respect to the as-deposited sample, i.e., larger pores have been eliminated by the annealing 

process. The low-magnification AFM image (20 µm × 20 µm) of the annealed MoS2 thin film in 

Figure S2e confirms the morphology as observed by SEM.  

 

 

Supplementary Figure 2. (a) Low-magnification SEM image and (b) enlarged view of as-

deposited MoS2 thin film; (c) low-magnification SEM image and (d) enlarged view of annealed 

MoS2 thin film (the inlet shows a cross-sectional SEM image for the determination of the thin 

film’s thickness); (e) low-magnification AFM image (20 × 20 µm2) of annealed MoS2 thin film. 
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Figure S3a shows an optical micrograph, where different sample positions for PL measurements 

with λ = 532 nm (Figure S3b) are indicated. The PL lineshape (i.e., two sharp emission peaks) was 

found to be independent on the sample position, indicating optically active MoS2 homogenously 

distributed in the annealed thin film. The PL spectrum acquired with another excitation wavelength 

of λ = 632 nm, i.e., corresponding to an energy slightly higher than the band gap of MoS2, exhibits 

the same emission lineshape (see Figure S3c), which rules out any wavelength-induced effect on 

the PL spectrum. We rule out Raman scattering as the origin of the sharp features because changing 

the energy of the incident laser does not result in any corresponding shift in the emission energy. 

Additional non-resonant Raman spectra (λ = 532 nm) of the annealed MoS2 thin film were acquired 

in different sample positions (see Figure S3d). For the sake of comparison, the Raman spectra were 

aligned to the E1
2g mode at ~383 cm-1. It can be seen in Figure S3d that the value of frequency 

difference between the E1
2g and A1g modes slightly varies (19.5–23.1 cm-1), which is consistent 

with the numbers of MoS2 layers (L) observed in individual nanosheets (i.e., 1–4 L as evidenced 

by TEM, see Figure 3a in the main text). 
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Supplementary Figure 3. (a) Optical micrograph showing different sample positions for PL 

measurements and (b) corresponding PL spectra (λ = 532 nm); (c) PL spectrum (λ = 632 nm) of 

annealed MoS2 thin film; (d) non-resonant Raman (λ = 532 nm) spectra of different sample 

positions (spectra are aligned to the E1
2g vibrations at 383.0 cm-1), while MoS2 bulk signal (black 

line) is shown for comparison. 

 
Figure S4a displays an atomic-resolution STM image of crystalline 2D-MoS2 nanosheets present 

in the annealed MoS2 thin film. The corresponding FFT image in Figure S4b reveals a hexagonal 

lattice with a periodicity of (0.28 ± 0.06 nm), which is in good agreement to the S-to-S distance 

between the individual S-Mo-S layers (see Figure S4c).  
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Supplementary Figure 4. (a) Atomic resolution STM image (Vbias = -1.1 V, 1.0 nA) and (b) 

corresponding FFT image of the MoS2 nanosheets; c) top view of the 2H-MoS2 crystal structure 

showing the Mo-to-S atomic layer distance of z =1.593 Å and the S-to-S distance between the 

individual S-Mo-S layers of w = 2.959 Å.6  

 

In Figure S5 the electronic properties of as-deposited sample are reported. The work function was 

found to be Φ = 4.10 eV, whereas the onset of the VBM is not clearly defined. It is noteworthy 

that the electronic properties of the as-deposited thin film are reported for the sake of completeness, 

but they do not represent a well-defined crystalline MoS2 sample (see results above). 

 

Supplementary Figure 5. (a) EELS, (b) SECO and (c) valence band (VB) region UPS spectra 

of as-deposited and annealed MoS2 thin film. 
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