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Figure 1. (a) XPS survey spectra of spin coated films on different substrates (polyimide, Pt and SiO2) 
annealed at low temperature (T = 300/400°C); (b) Mo 3d + S 2s core level XPS spectra of Mo precursor and 
spin coated films annealed at low temperature; (c) S 2p and (d) fitted Mo 3d + S 2s core level XPS spectra 

of spin coated films on  Pt and SiO2 substrates annealed at different temperatures (T = 400 – 800°C); (e) 
schematic summary of the XPS findings: MoS2 thin films without any additional oxidized Mo species were 
formed on Pt and polyimide substrates (upper substrate in the photograph corresponds to the MoS2 film on 

polyimide/Cu foil, whereas the lower one is untreated).  
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Figure 2. (a) Secondary electron cutoff (SECO) and (b) valence band (VB) region UPS spectra of the sol-gel 
derived MoS2 thin film on Pt (annealed in Ar at 400 °C) compared to the spectra of a MoS2 reference (single 
crystal); (c) EELS spectrum of the sol-gel derived MoS2 thin film on Pt; (d) corresponding energy-level 

diagram. The energetic positions of the Evac and VBM relative to the Fermi level EF were determined by UPS 
measurements, whereas the energy gap Eg was derived by EELS.  
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Figure 3. (a) XRD spectrum, (b) SEM image, and c) AFM height image of the sol-gel derived MoS2 thin film 
on Pt substrate (annealed in Ar at 400 °C). (d) Non-resonant Raman spectra (λ = 532 nm) of the sol-gel 
derived MoS2 thin film on Pt and polyimide substrate. The spectral distance between the E1

2g(Γ) and the 
A1g(Γ) Raman modes is given by the vertical dashed lines.  

 
167x85mm (300 x 300 DPI)  

 

 

Page 3 of 36

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 4. I-V curve measurements performed with a probe station of MoS2 film grown on Pt. The film was 
first measured as deposited (a) and then conditioned (b) through sweep cycles (the solid black line 

represents a guide for the eye indicating a quadratic dependency for I from V). Upon conditioning the film 
displays a resistive switch from a high to a low state (b). The arrow indicates the voltage sweep progression 

during I-V measurements.  
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ABSTRACT 

Transition metal dichalcogenides, such as molybdenum disulfide (MoS2), show peculiar 

chemical/physical properties that enables their use in applications ranging from micro- and nano-

optoelectronics to surface catalysis, gas and light detection and energy harvesting/production. One 

main limitation to fully harness the potential of MoS2 is given by the lack of scalable and low 

environmental impact synthesis of MoS2 films with high uniformity, hence setting a significant 

challenge for industrial applications. In this work, we develop a versatile and scalable sol-gel 

derived MoS2 film fabrication by spin coating deposition of an aqueous sol on different 

technologically relevant, flexible substrates with annealing at low temperatures (300°C) and 

without the need of sulfurization and/or supply of hydrogen as compared to cutting-edge 

techniques. The electronic and physical properties of the MoS2 thin films were extensively 

investigated by means of surface spectroscopy and structural characterization techniques. The 

potential use of sol-gel grown MoS2 as candidate material for electronic applications was tested 

via electrical characterization and demonstrated via the reversible switching in resistivity typical 

for memristors. The obtained results highlight that the novel low-cost fabrication method has a 

great potential to promote the use of high-quality MoS2 in technological and industrial relevant 

scalable applications.  
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 3 

1. INTRODUCTION 

Transition metal dichalcogenides (TMDs), and in particular molybdenum disulfide MoS2, 

attracted interest in the past decade in both the scientific and the industrial community due to their 

peculiar properties such as the tunable and layer-dependent band gap, mechanical properties, 

piezoelectric effect,1 strong light absorption, etc.1–4 The layered structure and the weak van der 

Waals interactions5–7 between the individual layers are of prominent importance for industrial 

applications such as dry lubricants able to withstand high temperatures8 and catalytic properties 

used for example in the petrochemical industry, which can easily be tuned via selective interlayer 

doping.9,10 Within the TMDs, MoS2 shows interesting properties, for instance, depending on the 

crystal structure and the sulfur S atom arrangements, different polymorphisms can be found. In 

particular, two phases of MoS2 are of prominent importance, namely the bulk 2H phase and the 

1T phase.11,12 The 1T phase is metastable and shows metallic character, whereas the bulk 2H phase 

exhibits semiconducting behavior with n-type character and an indirect band gap of 1.3 eV.13,14 

Single 2D type layers of 2H−MoS2 exhibit a direct band gap of 1.8 eV,13 a n-type character of the 

semiconductor and a rich photophysics of excitonic exited states, while an increasing number of 

layers yields an indirect band gap material.15 These properties together with mechanical flexibility, 

good optical transmittance and high charge carrier mobility makes MoS2 an excellent candidate 

for electronics and optoelectronics devices.16–18 

Beyond the use as few- or single-layered structure in electronic applications,19,20 MoS2 thin 

films21 were recently used in a wide variety of applications ranging from water splitting related to 

its surface catalytic properties,22 to charge transportation layers in energy storage devices like 

lithium ion batteries,23 conversion devices and high-end electronic apparatus,24,25 Q-switched 

laser26 and electro-catalytic applications27 as well as multilayer structures in field effect 
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 4 

transistors.28 Among the large number of techniques recently developed to synthetize thin films 

and single/few layer structures of MoS2, a versatile and industrially scalable one for large-scale 

production of MoS2 films is still lacking in literature.  

Recent developments in methods to grow MoS2 thin films based on vapor phase growth,29,30 as 

well as solution-based approaches such as the sulfurization of a Mo-containing sol-gel precursor31 

and thermal decomposition32–38 or agent-induced reduction35 of spin coated single precursor 

ammonium thiomolybdate [(NH4)2MoS4] have enabled the production of large-scale MoS2 films. 

However, the main drawbacks of these approaches are the need of additional sulfurization steps at 

high annealing temperatures (~1000°C), and/or reducing atmosphere/agents to achieve highly 

crystalline and stoichiometric MoS2 films. The requirement of such high temperatures for the 

annealing treatment clearly inhibits the employment in industrially scalable-application; despite 

some recent efforts using lower temperatures that are compatible with technologically relevant 

substrates,35,36,39 such as polyimide, polybenzimidazole, polyetheretherketone, cellulose, carbon 

paper and cotton thread, there is still a demand of lower temperature treatments enabling the 

growth of crystalline MoS2 films with good electronic properties. 

To obtain large-area high-quality MoS2 thin films, we adopted a facile water-based sol-gel route, 

which was previously used to synthesize MoS2 nanopowders.40,41 More specifically, ammonium 

molybdate tetrahydrate [(NH4)6Mo7O24·4H2O] was used as Mo source and thioacetamide 

(CH3CSNH2) as S source, which are stabilized in solution by the chelating agent pentaacetic acid 

(DTPA).41 For the MoS2 thin film formation developed herein, the as-prepared sol-gel precursor 

was spin coated onto technologically relevant substrates, namely on SiO2, Pt (grown on a Si wafer) 

and polyimide, followed by subsequent annealing in Ar atmosphere at low-temperatures (300 – 

400°C). A broad spectrum of characterization tools were adopted to validate the quality of the 
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 5 

MoS2 thin films and its excellent electronic properties that are comparable to that of a MoS2 single 

crystal. Furthermore, the role of oxide-containing substrates, such as SiO2, in oxidizing as-

deposited precursors during annealing was investigated by X-ray photoelectron spectroscopy. 

Even though this process has been established using spin coating, the deposition of thin films 

can be still deemed as scalable since the use of the water-based MoS2 allows the implementation 

of large-area coating/printing techniques at industrial scale with less impact on the environment 

than previously developed solution-processed approaches based on organic solvents. Furthermore, 

for oxide-free substrates it represents a safer synthesis approach without the need of H2 reducing 

atmosphere and/or development of toxic byproducts such as H2S. Due to the low-temperature 

annealing, desulfurization effects are avoided (i.e., an additional S source during annealing is not 

needed), and the process is compatible with flexible electronics based on polymeric substrates. 

The high quality of the sol-gel derived MoS2 thin film for electronics applications is demonstrated 

on a memristive device. 

 

2. EXPERIMENTAL 

2.1. SOL-GEL SYNTHESIS OF MoS2 PRECURSOR SOL 

All reagents were purchased from Sigma Aldrich with analytically pure reagent grade. The 

preparation of the MoS2-based aqueous sol was adapted from the previously reported chelation-

assisted sol–gel method developed to grow MoS2 nanopowders.41 The schematic illustration of the 

molecular structures and the chemical reactions are shown in Figure S1 (Supporting Information). 

Ammonium molybdate tetrahydrate [(NH4)6Mo7O24·4H2O] (0.2 g, 0.016 mmol) was dissolved in 

8 ml of deionized water at room temperature (RT) under continuous stirring. Thioacetamide 

(CH3CSNH2) (0.4 g, 5.32 mmol) was then added to the aqueous solution as S source.  
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 6 

 

To the light blue resulting solution (solution labelled as A in Figure S1, Supporting Information), 

0.05 g of diethylenetriamine pentaacetic acid (DTPA) was added as chelating agent, which turned 

the solution into dark green (B in Figure S1). After 1 h stirring was stopped and the mixture was 

heated at 60°C, leading to the formation of a bronze sol (C in Figure S1) that within 3–4 hours 

gradually turned into a dark brown viscous sol (see D in Figure S1).  

 

2.2 THIN FILM FORMATION 

In the present work, we studied the MoS2 thin film formation on three different substrates. SiO2 

and Pt(50 nm)/Ti(5 nm) on 12-inch Si wafers (in the following denoted as SiO2 and Pt substrates)  

were used to investigate the difference induced by the presence of oxygen at the interface of the 

substrate and the consequent formation of Mo oxidized species (Mo6+ and Mo5+) during the MoS2 

film formation. The Pt(50 nm)/Ti(5 nm)/Si wafers were prepared as described in Ref.42  The third 

substrate was a flexible polyimide film (Kapton®) with a thickness of 100 m supported by a 

copper foil to provide rigidity during the deposition step. Prior to the coating process, all sample 

substrates (2 cm × 2 cm) were cleaned in deionized water and isopropanol by sonication for 5 min 

each, followed by an UV/ozone treatment for ~20 min. 

Our strategy for MoS2 thin film fabrication consists in two simple steps, namely (I) sol 

deposition and (II) low-temperature annealing to remove the organic moieties and promote MoS2 

crystallization (T = 300 – 400 °C, as derived from the TG analysis shown in Figure S2a, Supporting 

Information). For the sol deposition (after 3 − 4h of reaction) the spin-coating technique was 

adopted. To ensure film uniformity and to optimize fabrication time in the laboratory, the MoS2 

film was achieved through a stepwise procedure:43 (i) acceleration from 0 rpm to 1300 rpm in 2 s, 
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 7 

(ii) 2 s at 1300 rpm, (iii) acceleration from 1300 rpm to 2000 rpm in 2 s (iii) 2s at 2000 rpm, (iv) 

acceleration from 2000 rpm to 3000 rpm in 1s and finally (v) 3000 rpm for 49 s. The coatings on 

Pt and SiO2 were cured for 5 min in an oven at 60°C, followed by a second layer deposition with 

the same curing cycle in order to increase the film thickness for characterization of the bulk 

properties.  

Upon MoS2 deposition, the films were annealed in a tube furnace in Ar atmosphere with a flux 

of 200 sccm and heating/cooling rate of 4°C/min. Whereas for the coating on Pt only the annealing 

at 400°C for 4 h was chosen to guarantee the thermal stability of the substrate, the coatings on 

SiO2 were annealed at three different temperatures (T = 400, 600 and 800°C) for 4 hours. For the 

coating on polyimide, only one deposition cycle without heating at 60°C was performed, and the 

annealing temperature was fixed at 300°C in order to prove the full capability of the deposition 

process to be used with a wide variety of relevant flexible substrates that typically lose their 

mechanical properties at temperatures higher than 350 − 400°C. 

 

2.3. CHARACTERIZATION 

X-ray photoelectron spectroscopy (XPS) was carried out with a non-monochromatized Mg K 

source (emission line at 1253.6 eV), and ultraviolet photoelectron spectroscopy (UPS) was 

performed by means of the He I photon at about 21.2 eV. The electron energy analyzer is a VSW 

HSA100 hemispherical analyzer with PSP electronic power supply and control, the total energy 

resolution is 0.8 eV for XPS and about 0.1 eV for UPS. The binding energy (BE) scale of XPS 

spectra was calibrated by using the Au 4f peak at 84.0 eV as a reference, while UPS binding 

energies were referred to the Fermi level of the same Au clean substrate. The secondary electron 

cutoff (SECO) spectra were measured with a sample bias of -7.0 V. 
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 8 

Electron energy loss spectroscopy (EELS) was carried out with a Leybold electron gun 

(EQ22/35) operated at 1000 eV of primary beam energy and a CLAM2 (VG Microtech) electron 

analyzer, with a resolution of 0.1 eV. Electron beam current on the sample was 2 nA. 

X-ray diffraction (XRD) spectra were collected on films with a Rigaku D-Max III diffractometer 

in glancing incidence configuration, using Cu-Kα radiation and a graphite monochromator in the 

diffracted beam. Asymmetric scan geometry was adopted in order to enhance the signal stemming 

from the MoS2 thin film. Typical measurements were performed in the (2θ) range of 10 − 70° with 

an incidence angle of 1°, sampling interval of 0.05° and counting time of 8 s. 

Scanning electron microscopy (SEM) images were obtained using a JSM-5500 scanning 

electron microscope (JEOL technics Ltd.) with acceleration voltage of 10 kV.  

The atomic force microscopy (AFM) images were acquired by a commercially available 

Dimension Icon AFM from Bruker in PeakForce Tapping mode. A silicon tip on a Nitride lever 

(with nominal tip radius of 2 nm and a resonance frequency of 70 kHz) was used for all 

measurements.  

Non-resonant Raman spectra were collected using a Labram Aramis (Horiba Jobin-Yvon) 

equipped with an optical microscope and a 100× objective. A DPSS laser source of 532 nm was 

used for the excitation of the non-resonant Raman signal that was detected with an an air-cooled 

CCD. The slit width of the spectrometer was typically set at 100 mm. A diffraction grating with 

1800 lines mm-1 was used for the collection of all Raman spectra with an overall spectral resolution 

of ~2 cm-1. Raman spectra have been acquired with an overall acquisition time of 10 s by setting 

the laser power to 1.40 and 0.02 mW for MoS2 on Pt and polyimide, respectively. 
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 9 

The electrical characterization of the MoS2 film (deposited on Pt) was performed at room 

temperature and in air by current-voltage (I-V) measurements. The curves were carried out using 

an Imina miBots probe station with Tungsten tips connected to a Keithley 2450 SMU.  

 

3. RESULTS AND DISCUSSION 

To study the role of the substrate for MoS2 thin film formation, the precursor sol (see Figure S1) 

was spin coated on polyimide, Pt and SiO2 substrates. The films were annealed in Ar at different 

temperatures, T = 300°C (polyimide), T = 400°C (Pt and SiO2) and T = 600/800°C (SiO2). 

Chemical analysis of the samples was conducted by X-ray photoelectron spectroscopy (XPS) to 

investigate the coverage of the substrates and the stoichiometry of the films. XPS survey spectra 

of films grown on polyimide, Pt and SiO2 at low temperatures are displayed in Figure 1a.  
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 10 

 

Figure 1. (a) XPS survey spectra of spin coated films on different substrates (polyimide, Pt and 

SiO2) annealed at low temperature (T = 300/400°C); (b) Mo 3d + S 2s core level XPS spectra of 

Mo precursor and spin coated films annealed at low temperature; (c) S 2p and (d) fitted Mo 3d + 

S 2s core level XPS spectra of spin coated films on  Pt and SiO2 substrates annealed at different 

temperatures (T = 400 – 800°C); (e) schematic summary of the XPS findings: MoS2 thin films 

without any additional oxidized Mo species were formed on Pt and polyimide substrates (upper 
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 11 

substrate in the photograph corresponds to the MoS2 film on polyimide/Cu foil, whereas the lower 

one is untreated). 

 

In the MoS2 film grown on Pt substrate (black curve in Figure 1a), besides Mo, S, and small C- 

and O-related peaks (i.e., small amount of residual carbon compounds from air contamination) no 

signal from the Pt (Ti, Si) substrate can be observed, pointing to a good surface wetting and to the 

formation of large-area continuous MoS2 layers on Pt. The XPS survey spectrum of the film grown 

on polyimide (blue curve in Figure 1a), exhibits distinct signals stemming from Mo and S. 

Moreover, the typical signals from the polyimide layer (i.e., N, C and O) are also detectable, 

pointing out that the film on polyimide is rather thinner than the one grown on Pt, as expected for 

a single-step deposition (see section 2.2). Similar to that, the survey spectrum of the film on SiO2 

substantially consist of typical Mo and S peaks together with pronounced intense Si- and O-peaks 

stemming from the underlying substrate, indicating inhomogeneous coverage of the SiO2 substrate 

surface even though a two-step deposition was performed. 

In order to follow the Mo6+ to Mo4+ conversion during film fabrication, we qualitatively 

compared the Mo 3d core level spectrum of the Mo precursor (powder) with that of the MoS2 films 

on the different substrates after annealing at 300°C (polyimide) and 400°C (Pt and SiO2), see 

Figure 1b. It can be clearly seen that during film formation Mo6+ of the ammonium molybdate 

precursor is efficiently converted/reduced to Mo4+, that is located at lower binding energies (BEs), 

corresponding to MoS2. Furthermore, the samples grown on polyimide and Pt (blue and black 

curves in Figure 1b) clearly show the two distinct features related to the Mo3d5/2 and Mo3d3/2 

exhibiting the correct splitting spin orbital with the expected energy position of a MoS2 thin film 

and a small contribution from MoS2-related plasmons at higher binding energy, whereas the MoS2 
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 12 

film on SiO2 exhibits a minor but distinct peak on the high binding energy side ascribable to the 

presence of small amount of Mo5+ species.  

The presence of the above-mentioned component on the MoS2 film grown on SiO2 drove us to 

investigate the effect of both oxidative substrates and high annealing temperatures on sol-gel 

derived MoS2 thin film. Figure 1c and d display the S 2p and fitted Mo 3d + S 2s core level spectra 

of the films grown on SiO2 and annealed at different temperatures (i.e., 400, 600 and 800°C) 

compared to the film on Pt (annealed at 400°C). As shown in Figure 1c, the peaks at BEs of 162.5 

and 163.6 eV correspond to the S 2p3/2 and 2p1/2 core levels. The poor signal-to-noise ratio for the 

film on SiO2 annealed at 800°C indicates significant loss of sulfur at high annealing temperatures. 

This finding is in agreement with the low S/Mo ratio typically reported for film growth at high 

temperatures, which usually requires additional sulfurization (S precursors) to accomplish highly 

crystalline and stoichiometric MoS2 layers.34,44 

In Figure 1d, the Mo 3d5/2 and 3d3/2 peaks stemming from MoS2 (Mo4+ corresponding to gray-

blue component) are located at BE = 229.2 and 232.5 eV, respectively, and the S 2s peak (orange 

component) is observed at BE = 226.4 eV. It can be seen that the film on Pt (annealed at 400°C) 

only exhibits Mo 3d components from MoS2. Based on the spectrum, the atomic ratio of S/Mo is 

1.85, which is in good agreement with the ratio of 1.92 measured on a MoS2 single crystal (not 

shown here). It can be concluded that the annealing process at low temperature (400°C) guarantees 

an excellent S/Mo ratio on Pt, similar to the one measured on a MoS2 single crystal.  

Different to that, all films on SiO2 exhibit small amounts of Mo 3d components from higher 

oxidation states, namely Mo5+ and Mo6+ (corresponding to green and red component in Figure 1d, 

respectively) with the Mo 3d5/2 component located at 231.2 eV and 233.0 eV, respectively, even 

at low annealing temperature (T = 400 °C). These components can be ascribed to oxidized species 
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 13 

formed during film thermal treatment and become more evident with increasing the annealing 

temperature. Since the thermal treatment was performed in Ar atmosphere, it can be assumed that 

the oxygen responsible for the oxidation of Mo4+ to Mo5+ and Mo6+ is provided by the SiO2 

underlying layer. This process becomes more evident at higher annealing temperature (T = 800 

°C) where a higher amount of O diffuses into the film. The finding of large-area continuous MoS2 

film formation on non-oxidative substrates, such as Pt and polyimide, is schematically summarized 

in Figure 1e, where a chemically pure sol-gel derived MoS2 film is obtained.  

It should be noted that different to some other techniques adopted to grow MoS2 thin films,31,34,44 

no additional S precursor was needed to guarantee an excellent stochiometric S/Mo ratio and to 

prevent any desulfurization process that would unavoidably affect the MoS2 chemical properties. 

Furthermore, other solution-processed deposition approaches using single-precursor deposition 

[(NH4)2MoS4] on SiO2 substrates report on the need of special reducing agents35 or reducing H2 

atmosphere36,37 to change the oxidation state of Mo6+ to Mo4+ (MoS2). We assume that these 

reducing conditions are always needed to grow MoS2 on oxide-containing substrates, which act as 

O source oxidizing the Mo4+ to Mo5+/ Mo6+ during annealing. However, on non-oxidative 

substrates, such as Pt and polyimide where the oxygen is not released at annealing temperatures of 

400 °C and 300 °C, respectively, strongly reducing conditions are not needed to prevent re-

oxidation of the MoS2 film. Indeed, a recent study45 using single-precursor deposition and two-

step thermal decomposition (at 280/600°C) reports on the synthesis of MoS2 layers on Ni foil 

without the need of H2, supporting our findings that MoS2 growth on oxide-free substrates can be 

performed without special means of reducing agents. 

The MoS2 film on Pt substrate was comprehensively characterized with respect to its optical, 

electronic and structural properties. Spectroscopic ellipsometry (SE) measurements (see details in 
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 14 

Supporting Information) revealed a thickness of about 175 nm, which agrees with a measured 

thickness of 170 nm via SEM cross-sectional imaging (see Figure S3, Supporting Information). 

The electronic properties of the sol-gel derived MoS2 film on Pt were investigated by UPS and 

compared to that of an as-received MoS2 single crystal, see Figure 2a and b. The key physical 

parameters here are the work function Φ and the position of the valence band maximum (VBM) 

relative to the Fermi level EF. The Φ can be calculated by the difference between the energy of the 

UV photons (21.21 eV for He I radiation used here) and the BE of the SECO. As can be seen in 

Figure 2a, the SECO positions of sol-gel derived film and single crystal are almost the same, and 

yield a Φ of 4.25 eV (4.33 eV), which is similar to previous reports.19,46–48  

 

Figure 2. (a) Secondary electron cutoff (SECO) and (b) valence band (VB) region UPS spectra of 

the sol-gel derived MoS2 thin film on Pt (annealed in Ar at 400 °C) compared to the spectra of a 

MoS2 reference (single crystal); (c) EELS spectrum of the sol-gel derived MoS2 thin film on Pt; 

(d) corresponding energy-level diagram. The energetic positions of the Evac and VBM relative to 

the Fermi level EF were determined by UPS measurements, whereas the energy gap Eg was derived 

by EELS. 
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 15 

Furthermore, the valence band of the MoS2 thin film (upper curve) in Figure 2b exhibits the 

same profile and structures than the one collected on the single crystal (lower curve). The two 

features close to EF can be ascribed to Mo 4d − S 3p hybridized orbitals.49,50 Furthermore, the VBM 

of film and single crystal coincides at 1.15 eV, which corresponds to the band structure of a 

2H−MoS2 semiconductor. Fitting analysis of the near EF region evidences that the two components 

of both samples have same energy position, full width at half maximum (FWHM) and relative 

intensity, indicating that the sol-gel derived MoS2 film on Pt exhibits excellent electronic 

properties comparable to that of a MoS2 single crystal. To further investigate the electronic 

properties of the sol-gel derived MoS2 thin film, we characterized the band gap Eg of the 

semiconductor by means of electron energy loss spectroscopy (EELS). The band gap Eg is a crucial 

value to differentiate the phases of MoS2 (i.e., semiconducting 2H or metallic 1T phase), and of 

fundamental importance for any electronic device that implies charge injection or electron-hole 

recombination between VBM and conduction band minimum (CBM). Figure 2c shows the 

corresponding EELS spectrum of the sol-gel derived MoS2 film on Pt, where a MoS2 band gap Eg 

of 1.35 eV is observed, in agreement with previous reports for the (indirect) band gap of bulk 

2H−MoS2.
13,14 The band diagram of the fabricated MoS2 film is reported in Figure 2d. The Fermi 

level is located in the upper half of the band gap (i.e., 1.15 eV above the VBM), consistently with 

the n-type nature of the MoS2.  

We further characterized the structural and morphological properties of the sol-gel derived 

2H−MoS2 film on Pt (see Figure 3). The crystal structure was investigated by X-ray diffraction 

(XRD), as illustrated in Figure 3a.  
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Figure 3. (a) XRD spectrum, (b) SEM image, and c) AFM height image of the sol-gel derived 

MoS2 thin film on Pt substrate (annealed in Ar at 400 °C). (d) Non-resonant Raman spectra (λ = 

532 nm) of the sol-gel derived MoS2 thin film on Pt and polyimide substrate. The spectral distance 

between the E1
2g(Γ) and the A1g(Γ) Raman modes is given by the vertical dashed lines.  

Additional XRD spectra of commercial and sol-gel derived MoS2 powder annealed at T = 400°C 

are given in Figure S4 (Supporting Information) indicating a very high crystallinity of sol-gel 

derived MoS2 powders even at low-temperature annealing. Furthermore, the XRD spectra in 

Figure S4 (Supporting Information) helped us in identifying the MoS2-related peaks in the sol-gel 

derived thin films. For MoS2 film on Pt (Figure 3a), two relatively sharp diffraction peaks are 

observed at 2θ = 13.6° and 29.8° corresponding to the (002) and (004) crystal plane of MoS2, 

respectively, whereas the remaining diffraction peaks at 2θ = 40.0°, 46.5 and 67.0° were assigned 

to crystal planes stemming from the substrate (Pt and Si). It is noteworthy that the (002) peak of 

the sol-gel derived MoS2 thin film is slightly shifted to lower angles with respect to the value 

reported for bulk 2H−MoS2 (2θ = 14.3° according to PDF no. 37-1492). This shift can be explained 

with a lattice expansion along the c-axis, most probably due to some defect inclusions. This finding 
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is supported by the value of the interlayer distance calculated via the Bragg equation, which results 

to be 6.55 Å and is slightly larger than 6.14 Å reported for a standard hexagonal 2H−MoS2 

crystal.51,52 By applying the Scherrer equation to the (004) peak we determine the average size of 

the MoS2 crystallites to be (12 ± 1) nm.  

The SEM image of the sample surface in Figure 4b is representative for large sample areas of 

up to (400 × 400) µm2, and shows a featureless flat and continuous morphology. The typical AFM 

height image in Figure 3c reveals the presence of nano-crystallites (root-mean-square roughness 

of the surface is 2.6 nm) with an average diameter of 15 nm, which agrees with XRD evaluation. 

Non-resonant Raman spectra (λ = 532 nm) were collected from the MoS2 thin films on Pt and 

polyimide (Figure 3d). Two typical Raman active modes of hexagonal MoS2 are observed in both 

samples: E1
2g (in-plane vibrations) at 377.6 cm-1 and A1g (out-of-plane vibrations) at 400.8 cm-1. 

Furthermore, the data reveal typical broadening and phonon shifts with respect to a MoS2 single 

crystal as previously observed for MoS2 thin films grown by different techniques.53–55 The 

frequency difference between the E1
2g and A1g Raman modes is ~23.2 cm-1 for the MoS2 thin film 

on Pt, whereas it is 25 cm-1 for the film on polyimide. It is commonly accepted that the spectral 

distance reflects the number of MoS2 layers.56,57 The measured value for the film on polyimide 

typically corresponds to bulk MoS2 (25 cm-1), whereas that of the film on Pt lies in between the 

typical values for bulk and monolayer (18 cm-1). However, our experimentally measured film 

thickness (see Figure S3, Supporting Information) rules out a few-layered MoS2 film on Pt, 

suggesting that the measured value of the spectral distance might also be affected by the lattice 

strain, as evidenced by the XRD analysis, and by the nature of the underlying substrate. 

In order to investigate the electrical properties of sol-gel derived MoS2 films, and to prove the 

application of the herein reported deposition technique for electronic applications, the thin film 
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deposited on Pt was investigated by means of I-V curve measurements (see Figure 4) and in line 

4-point-probe sheet resistivity measurements. The inline 4-point probe measurements yielded a 

sheet resistance in the range from 1.6×106 to 1.1×106 sq. Yet due to the fact that there was a 

certain variation in the film thickness an accurate determination of the value is not possible. 

 The I-V measurements were carried out in air and at room temperature by contacting the top 

surface of the MoS2 film with two tungsten-coated tips of a probe station. Given an average work 

function of 4.6 eV for the Tungsten, it is expected to form an Ohmic contact between the MoS2 

film and the Tungsten coated tips. The I-V curve of the investigated pristine film is displayed in 

the semi-log plot in Figure 4a. The solid black line represents a guide for the eye displaying a 

quadratic relation between current and voltage (I  V 2). The I-V curve is almost fully symmetric 

in forward and reverse bias direction and does not exhibit any deviation from the quadratic relation 

between current and voltage, which is a clear confirmation of an Ohmic contact formed for both 

carriers. The quadratic relation between current and voltage is typical when the electronic 

characteristics are determined by space charge limited conductivity (SCLC), which is expected for 

a trap free material with low carrier density.58,59 The good agreement between the experimental 

data and the V2 dependency indicates that the MoS2 film deposited has a negligible concentration 

of shallow trap states above the valence onset (within the gap) as indicated by the UPS 

measurements in Figure 2b. The very same simple electrical testing configuration was also used 

to test if the MoS2 films are being applicable as the active material in resistive random memory 

devices (ReRAM) as reported before for MoS2 films fabricated by other techniques.60–62 
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Figure 4. I-V curve measurements performed with a probe station of MoS2 film grown on Pt. The 

film was first measured as deposited (a) and then conditioned (b) through sweep cycles (the solid 

black line represents a guide for the eye indicating a quadratic dependency for I from V). Upon 

conditioning the film displays a resistive switch from a high to a low state (b). The arrow indicates 

the voltage sweep progression during I-V measurements. 

 

Upon conditioning (achieved by several forward-reverse bias sweeps at increasing voltage) the 

MoS2 film displays abrupt (yet reversible) changes in the film conductivity. The I-V curve in 

Figure 4b displays the possibility to switch (and thus program via electrical stimuli) the resistivity 

between a high and a low state with an ON-OFF ratio > 102. The resistive switch is achieved upon 

application of a writing voltage (VWRITE > 1 V). The original low resistivity can be reset to the 

original state exposing the device to a higher voltage (VRESET  > 4 V). This electrical behavior (as 

well as similar figures of merit such as I-V curve, turn-on bias value and current ratio between the 

two states) is very similar to what has been already reported for ReRAM based on MoS2 fabricated 

by other techniques.60–62 However, the possibility to solution process MoS2 and to cure it at low 

temperature allows the fabrication of memory-based technologies on flexible substrates by means 
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of low-cost fabrication methods, which will definitely trigger interest in the non-volatile memory 

community60–62 and may constitute an true alternative to other organic and hybrid materials 

currently used in such technologies.63,64 Furthermore, low temperature solution processed MoS2 

will also find their ways into more complex three-terminal devices such as field effect transistors 

in a next step. 

 

4. CONCLUSIONS 

In the present study, large-area homogeneous thin films of 2H−MoS2 on technologically relevant 

substrates were prepared by low-temperature (300°C − 400°C) annealing of a spin coated water-

based sol-gel precursor. The role of oxygen-containing substrates, such as SiO2, in partially re-

oxidizing the deposited film (due to oxygen diffusion) was comprehensively studied by XPS. On 

substrates, where oxygen atoms are not present and/or the oxygen atoms are not released during 

annealing (e.g. in the case of polyimide), an inert Ar atmosphere was suitable for obtain 

nanocrystalline 2H−MoS2 thin films with high spatial homogeneity that show excellent electronic 

properties for applications in optoelectronic devices. The capability of the sol-gel derived MoS2 

for practical applications in electronic/optoelectronic devices was verified by realizing a resistive 

random memory device with low erasing and writing voltages threshold. It is expected that the 

present approach provides a feasible and reliable route for obtaining layer-controlled thin MoS2 

films by tuning the concentration of the sol-gel precursor and the process parameters. Furthermore, 

it potentially represents a low-cost fabrication method with low environmental impact for large-

area coating/printing techniques such as roll-to-roll, blade and spray coating production on metal 

foils, inkjet printing on flexible polymeric substrates. 
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