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ABSTRACT. In this study, a comprehensive investigation of the role of sulfur vacancies on the 

electronic structure and surface reactivity of molybdenum disulfide is presented. A 2H-MoS2 

single crystal was annealed at two different temperatures, namely 300 and 500 °C in vacuum, in 

order to generate sulfur vacancies in a controlled manner. The detailed characterisation of the 

electronic structure by means of X-ray and ultra-violet photoelectron spectroscopy clearly 

evidences the formation of a strong surface dipole as well as surface band bending due to the 

excess of negative charge on the Mo centers, as a consequence of the generated sulfur vacancies. 

After thermal treatment, a mercaptoundecylphosphonic acid molecule, which consists of a thiol 

(S-H) tail group and a phosphonic acid group on the other end, was covalently attached on the 

surface through wet chemical functionalization in order to refill the sulfur vacancies. As a 

consequence of the vacancy refilling, the surface band bending is reversed and the surface dipole 

is remarkably decreased being close to the initial value of the pristine surface. 

 

1. INTRODUCTION 

Transition metal dichalcogenides (TMDCs) are a group of materials that have attracted a 

great attention due to their outstanding electronic, optical, chemical and physical properties.1,2 

Within the TMDCs, molybdenum disulfide (MoS2) consists of individual sandwiched S-Mo-S 

layers assembled by weak van der Waals (vdW) interaction. The coordination of the Mo atom in 

layered MoS2 is mostly found to be either trigonal prismatic (2H polymorphs) or octahedral (1T 

polymorphs).  2H-MoS2 is found to be semiconducting with an indirect band gap of  1.2 eV in the 

bulk form that change to a  direct band gap of 1.9 eV when it is present as monolayer, whereas its 

1T- MoS2 shows metallic behavior. The tunable band gap, the good light-conversion efficiency 

and charge mobility together with piezoelectric properties3 leads the MoS2 to be a promising 
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candidate for several applications spanning from sensors, transducers, energy conversion and 

electronics. 

To fully harness the potential of MoS2 and widen its application prospect, different studies 

concerning surface reactivity and chemical composition were done. In this scenario, sulfur 

vacancies which are the most abundant defects located on the surface or edges of the material4,5 

play a crucial role since they are found to be chemically more reactive5 than the perfect lattice and 

they have the tendency to react with molecules to form strong bonds.4 This fact originates from 

the formation of unpaired electrons present along the edges and lattice defects of MoS2.
6 

Regardless if flakes, 2D or few-layered MoS2 are prepared, the presence of different types of sulfur 

vacancies such as mono, double, tri, (multi-) line and/or clusters are present.7–10  

In many studies6,11–16 the potential of sulfur defects have been exploited to functionalize 

MoS2 with a variety of molecules containing thiol as anchoring group. However, a deep 

investigation of the role of sulfur vacancies and surface stoichiometry on the electronic structure 

of 2H-MoS2 and its implication on the surface reactivity and functionalization has not yet been 

reported. Recently performed density functional theory (DFT) calculations17 predicted that thiol-

derived molecules  with electron-donating moieties promote a sulfur vacancy repairing reaction, 

whereas electron-withdrawing groups facilitate the surface functionalization of MoS2.  Nguyen et 

al.18 functionalized MoS2 with a variety of organic thiols with different electron-withdrawing 

capabilities, for tuning the electronic levels of MoS2 flakes, which could pave the way for 

producing more efficient electronic and light emitting devices as well as solar cells.19 Based on the 

above-mentioned studies, a more detailed knowledge of the phenomena that lead to the generation 

of superficial dipoles, surface charge redistribution and work function change with respect to the 

amount of surface defects and functionalizing molecules, becomes of fundamental importance. 
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To maximize the benefit from molecular functionalization, the coverage can be improved 

with a high density of anchoring sites promoting the chemical reactivity. Since the sulfur vacancies 

present on the edge and the basal plane of MoS2 are found to be the active sites for the thiol group, 

it can be inferred that the functionalization efficiency depends on the amount of sulfur vacancies 

present on the edge and basal plane of MoS2.
15 In the case of MoS2 nanoflakes derived by chemical 

or mechanical exfoliation, due to the harsh nature of the processes, the yielded product is highly 

defective and suitable for efficient functionalization processes.20 A remarkable functionalization 

efficiency has been achieved, in particular due to the high number of edge defects present on the 

flakes.4,14,21 However, this is not the case for large-area MoS2 layers, which can be obtained by 

chemical vapor deposition (CVD), pulsed laser deposition (PLD) or other scalable synthesis 

techniques, since the edges play a minor role and the material properties are dominated by the 

basal plane.  

In order to achieve an efficient functionalization and to produce hybrid systems for high-

performance devices in which the organic/inorganic interface processes play a main role, we 

investigated the change of both electronic structure and reactivity of highly stable 2H-MoS2 single 

crystal after thermal annealing inducing sulfur defects. The energy level tuning of 2H-MoS2 via 

surface treatment and its effect on surface reactivity was deeply investigated. 

2. EXPERIMENTAL SECTION 

Samples. Thermal treatment and surface functionalization were carried out on MoS2 bulk 

single crystals (SPI Supplies, purity > 99.9 %). As-received crystals were sonicated in 

trichloroethylene, acetone and 2-propanol consequently for 10 minutes in each solvent, and 

finally dried with a nitrogen gas flux. Figure S1 (Supporting Information) shows the C 1s, O 1s 

and N 1s core levels of an as-reveived crystal and after solvent-cleaning (and blowing dry with 
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nitrogen), proving that in both cases neither carbon, oxygen nor nitrogen were present on the 

pristine MoS2 single crystals. 

Thermal treatment. To perform thermal treatment, an ultra-high vacuum chamber with 

a working pressure of ~ 4×10-10 mbar was used. The samples were heated at 300 and 500 °C, 

respectively, each for 1h. In the following, the thermally treated samples are denoted as TT300 

and TT500. 

X-ray photoelectron spectroscopy. After thermal treatment, XPS and UPS analyses 

were performed in-situ (i.e., in the same UHV chamber without breaking the vacuum to avoid 

any gas adsorption on the freshly annealed surface) with a non-monochromatized Mg K X-ray 

source (emission line at 1253.6 eV) and a helium discharge lamp (emission line at 21.21 eV). A 

VSW HA 100 electron analyzer was used to analyze the energy of the emitted photoelectrons.22 

The total resolution was 0.8 eV for XPS and 0.10 eV for UPS analysis. 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 BEs were referred to the Fermi level of the same Au clean substrate. The MoS2 single 

crystal and the clean Au substrate were mounted on the same sample holder and connected to the 

same electrical ground. Core level analyses were performed by Voigt line-shape deconvolution 

after background subtraction of a Shirley function. UPS analyses were performed with the 

samples biased at -7 V to compensate the analyzer work function.  

Surface functionalization. A wet-chemical method was used to functionalize the 

(untreated) pristine and TT500 sample. The samples were immersed into a 1mM ethanol solution 

of 11-mercaptoundecylphosphonic acid (MUPA, purchased from Sigma Aldrich) and kept for 24 

hours. Thermally treated samples were extracted from UHV and immediately immersed into the 

solution to minimize gas adsorption on the MoS2 surface from the atmosphere. Before inserting 
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the functionalized samples into the analyzing chamber, they were sonicated for 5 min in ethanol 

to remove weakly bound molecules and dried with nitrogen. Figure S2 (Supporting Information) 

shows the C 1s and O 1s core levels of MUPA after functionalization of the thermally treated 

MoS2 surface (TT500). 

Raman spectroscopy. Non-resonant Raman spectra were acquired at room temperature 

using a LabRAM Aramis (Horiba Jobin-Yvon) which is equipped with a diode-pumped solid-

state laser line of 532 nm. The laser line was focused on the sample by a 100× microscope 

objective lens. The collected light was dispersed by an 1800 grooves/mm spectrometer and 

detected by a charge-coupled device (CCD) detector. The Rayleigh line below 100 cm-1 was 

filtered. The silicon Raman band which is located at 520 cm-1 was used as reference. The 

resolution of the spectra obtained was 1 cm-1. 

FT-IR spectroscopy. The FT-IR spectra of the pristine and functionalized MoS2 samples 

were obtained using a Bio-Rad model FTS-165 instrument. The analysis was performed in an 

attenuated total reflectance (ATR) mode on diamond single reflection, in the frequency range of 

400- 500 cm-1. 

 

3. RESULTS AND DISCUSSION 

Thermal Treatment. The Mo 3d and S 2p core levels of pristine and thermally treated MoS2 

single crystals are shown in Figure 1a and b, respectively. The values of the energy shifts of the 

thermally treated samples with respect to the pristine one and the relative stoichiometry are 

summarized in Table 1. The peak corresponding to the Mo3d5/2 core level of the pristine sample 

was found at a binding energy (BE) of 229.55 eV, whereas the S 2p peak was found at 162.36 eV, 

in agreement with previous reports.23,24 The stoichiometry, evaluated by the ratio between the S 



 S7 

2p/Mo 3d peak areas was found to be 1.92 for the pristine 2H-MoS2 and decreases to 1.86 and 1.72 

for the TT300 and TT500 sample, respectively. After annealing, a shift to lower BEs, increasing 

with the treatment temperature, occurs for both core levels, which is in agreement with previous 

findings.25  

 

 

Figure 1. (a) Mo 3d and (b) S 2p core level spectra of pristine and thermally treated (TT300 and 

TT500) MoS2 single crystals. (c) Corresponding valence band (VB) region UPS and (d) SECO 

spectra. The inset in (c) shows zooms into the near EF region. 

 

Table 1. Binding energy (BE), valence band maximum (VBM), work function (WF) values and 

corresponding changes in pristine and thermally treated samples. 

 Mo 3d5/2 

( BE)a) 

S 2p 

( BE)a) 

VBM 

( BE)a) 

WF 

( WF) 

S / Mo 

[2.0] 

Pristine 229.55 162.36 1.21 4.13 1.92 

TT300 229.45 

(- 0.10) 

162.26 

(- 0.10) 

1.11 

(- 0.10) 

4.33 

(+ 0.20) 

1.86 
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TT500 229.30 

(- 0.25) 

162.11 

(- 0.25) 

0.98 

(- 0.23) 

4.61 

(+ 0.48) 

1.72 

a)BE, ( BE) and ( WF) are expressed in [eV]; 

 

According to previous studies,26,27 downward shifts of the core levels are attributed to the excess 

of negative charge on the surface. This effect can be related to the removal of sulfur from the 

surface, leaving behind excess of molybdenum atoms with electron lone pairs (see schematically 

in Figure 2a), as also evidenced by the change in the S 2p/Mo 3d ratio. Thus, the surface is 

enriched with negatively charged sulfur vacancies.28 This makes the surface locally more negative; 

however, the surface remains globally neutral and not in an anionic state. Moreover, since sulfur 

vacancies have the lowest formation energy among all the possible defects in the MoS2 lattice,29 

they are expected to be the most abundant defects on the surface after thermal treatment.  

The line shape of the core levels remains almost unchanged and the value of the energy shift is 

found to be the same for both core levels, suggesting that no important change in the chemical 

state took place with the annealing. In Figure 1c the valence band maximum (VBM) of the 

thermally treated samples is found at lower BEs, in agreement with the core level shifts. The VBM 

shift for both samples TT300 and TT500 is equal to the shift in the corresponding Mo 3d and S 2p 

core levels. 

Besides VBM shifts, we observed that the two major states at around 3.8 and 2.4 eV (labeled as 

A and B in Figure 1c) appeared more prominent after annealing at 300 °C. By further increasing 

the temperature up to 500 °C, another state located between the two latter ones appeared at around 

3.0 eV (labeled as * in Figure 1c) related to new defect-induced electronic states, as already 

reported in some studies based on density functional methods.30,31 
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In Figure 1(d), the corresponding secondary electron cutoff (SECO) spectra of the samples is 

reported. Thermal treatment and the consequent formation of sulfur vacancies on the MoS2 surface 

leads to an increase in the work function highlighting a p-type behavior32,33 of the thermally treated 

MoS2 surface, differently from the bulk MoS2 that is naturally showing n-type character. It is 

noteworthy that any gas adsorption (such as oxygen/water and/or nitrogen) at S vacancies that has 

been previously shown to induce p-type doping34,35 can be ruled out, since pristine samples showed 

no detectable contaminations (see Figure S1, Supporting Information), and both annealing and 

analysis were performed in the same UHV chamber. Furthermore, the increase of the work 

function is higher than the shifts observed for core levels and valence band, pointing to an overlap 

of two different surface processes. Their origin can be understood by considering the chemical 

environment of an individual sulfur vacancy as shown in Figure 2a.  

 

Figure 2. (a) Schematic illustration of the chemical environment of an individual sulfur vacancy; 

(b) the removal of sulfur atoms from the MoS2 surface by UHV thermal treatment leads to the 

formation of a surface dipole and band bending; (c) energy level diagram of pristine and thermally 

treated samples. 

 



 S10 

After S removal, an excess of negative charge (-) is generated by the electron lone pair localized 

on the topmost Mo center with respect to the Mo center in the next MoS2 layer (+). Even though 

there might be some interlayer charge compensation due to the repulsive Coulombic interaction in 

the topmost vacancy-rich MoS2 layer, the absence of covalent bonds between the different MoS2 

layers (only vdW forces) will not allow for full charge compensation, leading behind a net excess 

of negative charge localized on the topmost MoS2 layer. Hence, modification of the surface 

occurred due to the introduction of surface defects by annealing the bulk single crystal MoS2 so 

that the electrostatic field close to the surface changes. To account for the modified electrostatic 

field, we assume an electrostatic model previously developed to elucidate work function changes 

due to molecule adsorption,36 where the total change of the work function (∆
𝒕𝒐𝒕

) can be 

determined by the sum of independent contributions.  

In the present study, we attribute the total change of the work function (∆
𝒕𝒐𝒕

) after thermal 

treatment to the formation of an interface dipole ∆𝐕𝒊𝒏𝒕.𝒅𝒊𝒑 (due to net excess of negative charge 

localized on the topmost MoS2 layer), in analogy to the adsorption of electron acceptor/donor 

molecules on semiconducting surfaces,37,38 where net charge transfer between donor/acceptor and 

substrate occurs. This interface dipole can be typically divided into a surface band bending (∆
𝑩𝑩

) 

contribution and the formation of a surface dipole moment (∆
𝑺𝑫

): 

 

∆
𝑡𝑜𝑡

=  ∆V𝑖𝑛𝑡.𝑑𝑖𝑝 = ∆
𝐵𝐵

+ ∆
𝑆𝐷

        (1) 

 

For the samples TT300 and TT500, the downward shift observed for core levels is 0.10 and 0.25 

eV (see Table 1), which is assumed to be equal to the surface band bending and is partially 

responsible for the work function increase of each sample. It has already been found that surface 
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defects are one of the principal reasons for surface band bending.25,39 In addition, the formation of 

a net dipole pointing towards the bulk implies an increase of the sample work function.40–42 

Therefore, we attribute the other part of the work function increase (0.10 and 0.23 eV, respectively) 

to the formation of a surface dipole moment. The simple model in Figure 2b summarizes the fact 

that both the formation of a surface dipole and surface band bending contribute to the increase of 

the work function and hence p-type behavior of thermally treated MoS2. Figure 2c schematically 

shows the interfacial energy-level diagram of pristine and thermally treated MoS2 surfaces, as 

derived from our UPS measurements. 

 

In order to estimate the defects on the surface created by thermal treatment, the Mo 3d core 

levels were fitted (Figure 3(a)). It was found that the Mo 3d line shape cannot be fitted by a single 

Mo 3d doublet, unless another doublet located 0.3 - 0.4 eV below the main doublet is added. The 

main doublet (in the following denoted by 𝑀𝑜𝑀𝑜𝑆2
) corresponds to the six coordinated 

molybdenum atoms that are located at the center of the trigonal prismatic crystal structure of 2H-

MoS2. The second doublet denoted by 𝑀𝑜𝑣  is attributed to unsaturated molybdenum atoms, which 

are present in the thermally treated samples mainly due to sulfur removal. Sulfur vacancies are 

also present in the pristine sample in a low amount which arises from intrinsic defects in the as-

received crystals.39 The appearance of the second doublet in Mo 3d spectra has already been 

reported in some other works.26,27,43,44 By annealing the sample up to 500 oC, the full width at half 

maximum (FWHM) of the 𝑀𝑜𝑀𝑜𝑆2
 peak increased from 0.85 eV to 0.91 eV, which is a clear 

indication for the appearance of defects and disorders in the crystal structure.27    



 S12 

 

Figure 3. (a) Fitted Mo 3d - S 2s core levels, and (b) fitted valence band of pristine and thermally 

treated (TT = 300, 500°C) MoS2 single crystals, showing the evolution of defect-induced states 

after annealing. 

 

The areas attributed to the doublet peak corresponding to unsaturated molybdenum in pristine 

and thermally treated samples at 300 and 500oC are found to be (8.0 ± 0.4) %, (10.5 ± 0.5) % and 

(19.6 ± 1.0) % of the total area. In other words, annealing the sample at 300oC for 1 h increased 

the amount of defects by ~30% relative to the pristine sample; this value becomes ~143% for the 

sample annealed at 500oC. It is important to note that the obtained values do not represent the 

absolute amount of surface defects, but are an estimation of their relative increase induced by 

annealing. 

Assuming that the relative increase of the structure in the valence band edge states are 

attributable to the higher amount of sulfur vacancies;45,46  an increase of ~33% and ~139% in the 

area of the valence band edge states for the samples TT300 and TT500 is found (see Figure 3b).  

These values are in agreement with the estimation of defect-induced states via XPS. 
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Surface Functionalization. Surface functionalization with an alkanethiol (MUPA) was used to 

investigate the effect of sulfur vacancy compensation via a thiol anchoring group on the electronic 

structure of MoS2. In particular, the functionalization was performed on pristine and thermally 

treated 2H-MoS2 samples and the change in the surface dipole and surface band bending was 

investigated. It is expected that the thiol group (-SH) will react with a sulfur vacancy and the 

electron-withdrawing end group (i.e., phosphonic acid) facilitates functionalization with the 

functionalizing molecule attached to the surface, over a local sulfur vacancy substitution, where 

only the S2- generated from the thiol group is covalently bound to Mo centers.17 Independent on 

the structure of the S vacancies present on the sample, e.g., mono, double, line or clusters,7–10 the 

chemical reactivity with a thiol group will be similar47 and they can strongly bind the MUPA 

molecule. Furthermore, MUPA was chosen due to its negligible intrinsic dipole moment. Thus, 

any changes on the MoS2 electronic structure can be mainly referred to binding effects. Besides 

this, the phosphonic acid end group provides a molecule fingerprint in the XPS spectra to evaluate 

the functionalization efficiency. Figure 4a shows the P 2p core levels of the untreated pristine 

sample (i.e., neither thermal treatment nor functionalization) and two functionalized samples, 

namely functionalized pristine (without thermal treatment) and functionalized thermally treated 

(TT500) sample. Whereas the P 2p core level region of the untreated pristine sample reveals a 

negligible phosphorus signal, the two functionalized samples exhibit a detectable P 2p peak 

stemming from the molecule.  As can be seen, the intensity of the P 2p core level is higher for the 

functionalized + thermally treated sample than for the only functionalized pristine one, which is a 

clear indication of a higher number of molecules present on the thermally treated sample. 
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Figure 4. (a) P 2p core level of untreated pristine, functionalized pristine (fcn-pristine) and 

functionalized thermally treated (fcn-TT500) MoS2 single crystal. (b) µ-Raman and (c) FT-IR 

spectra of pristine and functionalized (TT500) MoS2 single crystal. 

 

To further prove the presence of intact molecules on the surface, µ-Raman and FT-IR 

measurements were performed on the pristine and functionalized TT500 sample, see Figure 4b 

and c. The Raman spectra (Figure 4(b)) show the typical 𝐸2𝑔
1  and 𝐴1𝑔 vibrational modes which 

arise from in-plane opposite vibration of two sulfur atoms with respect to molybdenum and out-

of-plane vibration of two sulfur atoms in opposite direction, respectively. Due to functionalization 

and the consequent interaction at the interface of molecule/substrate, a shift toward higher 

wavenumbers occurs in the Raman peaks. Such an upward shift of the MoS2 characteristic Raman 

peaks due to thiol treatment has already been reported by Cho et al.13 The FT-IR spectrum obtained 

from functionalized MoS2 (Figure 4(c)) is mainly dominated by the components of the phosphonic 

acid and the carbon chain of the molecule, which confirms the presence of MUPA molecules on 

the surface. Since the samples were sonicated after the functionalization process to remove any 

unbounded molecules, we assume that all the molecules detected on the surface strongly interact 
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with the MoS2 substrate. The typical C 1s and O 1s core level spectra of the intact MUPA molecule 

chemisorbed on the thermally treated MoS2 surface (TT500) are shown in Figure S2 (Supporting 

Information).  

Figure 5 a-c shows the Mo 3d and S 2p core levels, and SECO spectra of the functionalized 

TT500 sample (fcn-TT500) in comparison with the untreated pristine and TT500 sample. After 

attaching the MUPA molecule, the Mo 3d and S 2p core levels exhibit the same BE positions than 

the pristine 2H-MoS2. In addition, the work function is decreased and almost reaches its initial 

value (see Figure 5(c)). The backward shift of the core levels is an indication of complete 

passivation of the defects through filling the sulfur vacancies at the surface by the thiol group of 

the molecule. Hence, the surface charge is partially neutralized and the corresponding surface 

dipole is much smaller than in the thermally treated sample (see Figure 5d). Furthermore, band 

bending effects are reversed, pointing to an almost complete compensation of the electric field at 

the surface. Such a backward shift of the Mo 3d and S 2p core levels implies a strong interaction 

between the molecule and the substrate suggesting an effective filling of the surface vacancies. 

The change of the electronic structure of 2H-MoS2 after functionalization (i.e. sample fcn-TT500), 

leading to an almost complete recover of the initial 2H-MoS2 electronic structure is summarized 

in the energy level diagram reported in Figure 5(e), the values are reported in Table 2.  
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Figure 5. (a) Mo 3d, (b) S 2p core levels and (c) SECO of functionalized (fcn) sample after thermal 

treatment (TT = 500°C) in comparison with pristine sample and thermal treatment only. (d) 

Schematic illustration of the functionalization of thermally treated MoS2. (e) Energy level diagram 

of thermally treated and functionalized samples. 

 

Table 2. Binding energy (BE), valence band maximum (VBM), work function (WF) and S/Mo 

ratio changes after functionalization by MUPA. 
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 Mo 3d5/2 

( BE)a) 

S 2p 

( BE)a) 

VBM 

( BE)a) 

WF 

( WF) 

S / Mo 

[2.0] 

TT500 229.30 162.11 0.98 4.61 1.72 

fcn-

T500 

229.55 

(+ 0.25) 

162.36 

(+ 0.25) 

1.21 

(+ 0.23) 

4.21 

(- 0.40) 

1.89 

a)BE, ( BE) and ( WF) are expressed in [eV]; 

 

Figure 6 shows the deconvolution of the (a) Mo 3d – S 2s and (b) S 2p core levels for the 

functionalized pristine and functionalized TT500 sample. For the sake of comparison, the core 

levels of the untreated pristine sample is also reported. The Mo 3d – S2s core level region confirms 

the presence of a second S 2s peak (green in Figure 6a) that only appears in functionalized samples, 

and therefore, it is attributable to the molecule. The S 2s peak of the molecule is located at 227.97 

eV, which is ~1.30 eV higher than the S 2s peak arising from the substrate. The S 2p core levels 

of the functionalized samples (Figure 6(b)) is comprised of two doublets that correspond to sulfur 

atoms of the molecule at ~164.0 eV and the 2H-MoS2 substrate at ~162.35 eV. Although  surface 

functionalization was achieved by filling sulfur vacancies  with thiol groups, the S 2p BE of 

surface-bound (i.e., reacted) MUPA lies ~1.65 eV above the S 2p stemming from sulfur sites in 

2H-MoS2 environment, which is due to the presence of the long alkyl chain and phosphonic acid 

group in the molecule.  
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Figure 6. Fitted (a) Mo 3d - S 2s and (b) S 2p core levels of pristine, functionalized pristine and 

functionalized thermally treated (TT500) MoS2 single crystal, showing the increase in molecule-

attributed states after functionalization. 

 

The molecular surface coverage per surface area was calculated to estimate the functionalization 

efficiency. The approach is based on the fact that the photoelectrons from the substrate are 

exponentially attenuated by the organic layer.48 Hereafter we assume that the immersion of the 

samples in the molecule’s solution followed by sonication yielded a monolayer of MUPA, which 

is uniformly distributed on the MoS2 substrate. By analyzing the Mo 3d and S 2p core levels, the 

surface coverage of MUPA on MoS2 can be estimated. Calculation of the surface coverage was 

done as described by Wang et al.49  and assuming a density for the 2H-MoS2 crystal and the MUPA 

film of 5.06 g/cm3 and 1.4 g/cm3, respectively. The surface coverage for the functionalized pristine 

and functionalized TT500 samples is found to be ~ 0.87 mol/nm2 and ~ 2.1 mol/nm2, respectively. 

According to these values, the number of molecules on the thermally treated sample is about three 

times higher than the number of molecules present on the untreated sample. Hence, the sulfur 
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defects introduced on the surface by thermal treatment facilitate the thiol molecules to be attached 

on the surface, which yielded a three times higher functionalization efficiency relative to the 

untreated functionalized substrate. Such effective functionalization for the TT500 sample leads to 

an almost complete clearance of the surface band bending as evidenced in Figure 5a-b by the 

backward shift of the substrate core level. Moreover, the almost negligible intrinsic dipole moment 

of the MUPA molecule, together with the compensation of the negative charge at the surface, leads 

to a substantial annihilation of the surface dipole that allows for an almost complete recovery of 

the substrate’s initial work function. This process can be explained and justified by an effective 

compensation of charges: the excess of negative charges localized on the Mo centers, which are 

initially generated by the sulfur vacancies after thermal annealing, are compensated by filling the 

sulfur vacancies with the thiol groups of the molecule. 

 

4. CONCLUSIONS 

Since sulfur vacancies play a crucial role in determining the electronic structure of MoS2 

by changing the surface reactivity for any subsequent molecular functionalization, a fundamental 

study to investigate the formation of such defects and their role in the surface electronic structure 

was performed. For this purpose, a pristine 2H-MoS2 single crystal was thermally treated at 300 

and 500°C (in UHV), and compared with the pristine state. The amount of sulfur vacancies, as 

estimated via XPS, increased by about ~30 and ~140%, respectively in comparison to the 

vacancies natively present on pristine 2H-MoS2. The subsequent excess of negative charge on 

the Mo centers at the surface leads to the formation of a surface dipole that strongly modifies the 

electric field at the surface allowing a WF increase of ~0.48 eV with a surface band bending of 

~0.25 eV on 2H-MoS2 thermally treated at 500°C. The possibility to fill the vacancies and 



 S20 

restore the original electronic structure of 2H-MoS2 surface was tested by means of molecular 

functionalization of the thermally treated surface with a thiol-derived molecule having a 

phosphonic acid group at one end. The surface functionalization resulted in the formation of a 

homogeneous and densely packed layer of MUPA (i.e., surface density of ~ 2.1 mol/nm2) that 

filled almost completely the sulfur vacancy sites generated by thermal treatment. The excess of 

negative charge on the Mo centers was then compensated by the thiol (-SH) groups of the 

molecule, bringing back the surface to the almost neutral state. Consequently, the surface band 

bending is completely recovered, and the Mo 3d and S 2p core levels move back to the original 

values as in the pristine 2H-MoS2. The WF of the MUPA functionalized sample almost recovers 

the initial value with an offset of only 0.08 eV with respect to the pristine surface. This is 

attributable to a small surface dipole, related to the presence of only a few remaining sulfur 

vacancy sites.  

The present study highlights how the surface treatment of 2H-MoS2 and specifically the 

generation of sulfur vacancies at the surface can strongly affect the electronic structure of the 

first interface and consequently its reactivity. Moreover, via an efficient molecular 

functionalization we demonstrated how the sulfur vacancies can be filled via a thiol-derived 

molecule, restoring the initial properties of the 2H-MoS2 surface. The rationalization of the 

change in the electronic structure of 2H-MoS2 after thermal treatment and molecular 

functionalization, paves the way for a more efficient and effective engineering of both the 2H-

MoS2 surface and chemically engineered molecules with specific functionalities that will affect 

2H-MoS2 based device performances.  
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