
HAL Id: hal-04549497
https://hal.science/hal-04549497

Submitted on 17 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Electronic Properties of Electroactive
Ferrocenyl-Functionalized MoS2

Trung Nghia Nguyên Lê, Kirill Kondratenko, Imane Arbouch, Alain Moréac,
Jean-Christophe Le Breton, Colin van Dyck, Jérôme Cornil, Dominique

Vuillaume, Bruno Fabre

To cite this version:
Trung Nghia Nguyên Lê, Kirill Kondratenko, Imane Arbouch, Alain Moréac, Jean-Christophe Le
Breton, et al.. Electronic Properties of Electroactive Ferrocenyl-Functionalized MoS2. Journal of
Physical Chemistry C, 2024, �10.1021/acs.jpcc.4c00606�. �hal-04549497�

https://hal.science/hal-04549497
https://hal.archives-ouvertes.fr


1 
 

Electronic Properties of Electroactive Ferrocenyl-

Functionalized MoS2 

 

Trung Nghia Nguyên Lê,a Kirill Kondratenko,b Imane Arbouch,c Alain Moréac,d Jean-

Christophe Le Breton,d Colin van Dyck,e Jérôme Cornil,c Dominique Vuillaumeb and Bruno 

Fabrea,* 

 

a CNRS, ISCR (Institut des Sciences Chimiques de Rennes)-UMR6226, Univ Rennes, Rennes 

F-35000, France. 

b Institute for Electronics Microelectronics and Nanotechnology (IEMN), CNRS, University of 

Lille, Av. Poincaré, Villeneuve d’Ascq, France. 

c Laboratory for Chemistry of Novel Materials, University of Mons, B-7000 Mons, Belgium. 

d CNRS, IPR (Institut de Physique de Rennes)-UMR 6251, Univ Rennes, Rennes F-35000, 

France. 

e Theoretical Chemical Physics group, University of Mons, B-7000 Mons, Belgium. 

KEYWORDS: Transition metal dichalcogenides (TMDs), MoS2, redox functionalization, 

ferrocene, charge transport. 

 

 



2 
 

ABSTRACT. The attachment of redox-active molecules to transition metal dichalcogenides 

(TMDs), such as MoS2, constitutes a promising approach for designing electrochemically 

switchable devices through the control of the material's charge/spin transport properties by the 

redox state of the grafted molecule and thus the applied electrical potential. In this work, 

defective plasma treated MoS2 is functionalized by a ferrocene derivative and thoroughly 

investigated by various characterization techniques, such as Raman, photoluminescence, X-ray 

photoelectron spectroscopies, atomic force microscopy (AFM) and electrochemistry. 

Furthermore, in-plane and out-of-plane conductive-AFM measurements (I–V and first derivative 

∂I/∂V–V curves) are measured to investigate the effect of the chemical functionalization of MoS2 

on the electron transport properties. While the conduction and valence bands are determined at 

+0.7 and -1.2 eV with respect of the electrode’s Fermi energy for pristine MoS2, additional states 

in an energy range of ≈ 0.45 eV below the MoS2 conduction band are measured after plasma 

treatment, attributed to S-vacancies. For ferrocene-functionalized MoS2, the S-vacancy states are 

no longer observed resulting from the defect healing. However, two bumps at lower voltages in 

the ∂I/∂V–V indicate a contribution to the electron transport through ferrocene HOMO, which is 

located in the MoS2 band gap at ≈ 0.4/0.6 eV below the Fermi energy. These results are in good 

agreement with theoretical density functional theory (DFT) calculations and UV photoelectron 

spectroscopy (UPS) measurements. 

 

1. Introduction.  

Great advances in the control of graphene electronic properties have stimulated research for 

new two-dimensional materials with unique electronic and optoelectronic properties.1 Transition 

metal dichalcogenides (TMDs), such as molybdenum disulfide MoS2 (and its derivatives MoSe2, 

MoTe2, WS2, WSe2...), have recently appeared as very promising nanostructures for numerous 

applications in many areas ranging from electrocatalysis and electronics to optics.2,3,4,5,6,7,8 Unlike 
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graphene, some TMDs have a semiconductor band gap which make them interesting for 

applications in electronics, such as high-performance field-effect transistors (FETs) and 

diodes.9,10 Moreover, TMDs offer a strong potential for spintronics due to some remarkable 

properties, such as high spin-orbit coupling (SOC) leading to a unique spin and valley 

polarization.11,12,13,14 

The covalent attachment of specific molecular units to these 2D materials in view of tuning 

their physicochemical properties, enhancing their processability and conferring them novel 

functionalities is attracting a growing interest.15,16,17 To date, surface functionalization of TMDs 

mainly concerned MoS2 with only a few examples devoted to other derivatives.18,19,20 Among the 

different functionalization strategies, e.g. click chemistry,21,22 grafting of aryldiazonium salts23,24 

or covalent functionalization using alkyl halides,25 the reaction of sulfur-containing groups (e.g. 

organothiols) with metallic 1T-MoS2 (resulting from chemical exfoliation of 2H-MoS2) or 

semiconducting defect-rich 2H-MoS2 layers has been widely explored for the covalent 

attachment of molecules via the sulfur vacant sites.15,17,26,27,28 Through functionalization, it has 

been demonstrated that the electronic and optical properties of MoS2 could be finely tuned and 

outstanding effects were reported on the performance of devices integrating such organosulfides 

functionalized MoS2, such as FETs29,30 and (bio)sensing platforms.31,32 

The functionalization of MoS2 with redox-active molecules has surprisingly been much less 

explored. Yet, such an approach could be highly interesting to design electrochemically 

switchable electronic and spintronic devices. Indeed, it is anticipated that the charge/spin 

transport properties in MoS2 could be controlled in principle by the redox state of the grafted 

molecule and thus the applied electrical potential.  

As a first step towards these exciting prospects, Zhao et al. have nicely reported on the novel 

ferrocene-functionalized MoS2-based field-effect transistor (FET) architecture.33 As a matter of 

fact, the integrated electroactive molecule was responsible for improved FET performance and 
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the tunable doping in the 2D semiconductor. Recent theoretical calculations have validated such 

an approach by supporting that the transport in MoS2 can be electrically and reversibly switched 

from an ON to OFF state attributed to the grafted ferrocene.34 Although ferrocene has been used 

by other groups to probe and modulate the charge transfer kinetics of MoS2,35,36,37 to the best of 

our knowledge, the Samori and co-workers’ study33 constitutes the only experimental example 

of redox functionalization of MoS2. In their work, 6-(ferrocenyl)hexanethiol was used as the 

electroactive reagent and was deposited on MoS2 by spin-coating. The FETs measurements were 

further carried out in a droplet of ionic liquid covering ferrocene-coated MoS2 (MoS2-Fc) 

material. However, the effects induced by truly bound (chemisorbed) or only physisorbed Fc on 

the FET transfer characteristics could not be discriminated although control experiments have 

been carefully achieved by using unsubstituted Fc. 

Herein, we report new and complementary findings on the charge transport characteristics of 

this hybrid material. In our work, the MoS2-Fc material was isolated and its functionalization 

was thoroughly investigated by various surface characterization techniques including Raman, 

photoluminescence (PL), X-ray photoelectron (XPS) spectroscopies, and atomic force 

microscopy (AFM). Furthermore, the effect of the attached electroactive molecule on its charge 

transport properties was examined by conductive AFM (C-AFM). This technique was used 

herein to deduce the energy diagram of the MoS2-Fc/electrode junction, which is a prerequisite 

before employing it in an electrochemically switchable device; the electronic structure of the 

MoS2-Fc hybrid structure has been further computed at the Density Functional Theory (DFT) 

level and confronted to the C-AFM data. Detailed electrochemical investigations of these redox-

active interfaces, using cyclic voltammetry, provide also a complete view of charge transfer 

mechanism in these assemblies. 
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2. Experimental 

2.1. Preparation of MoS2-coated surfaces and further functionalization with ferrocene 

2.1.1. MoS2 exfoliation on SiO2 /Si substrates. 

For MoS2 exfoliation, we followed the gold (Au) tape exfoliation method developed by Liu et 

al. (Figure S1 in Supporting Information).38 Briefly, a 100 nm-thick Au layer was deposited onto 

a flat SiO2/Si substrate (Graphene Supermarket, p++-type Si, 525 µm thick, 0.001-0.005 Ω·cm 

coated with a thermal 90 nm-thick SiO2 layer) by thermal evaporation (thin film deposition 

system) or sputtering. A layer of polyvinylpyrrolidone (PVP) solution (Sigma Aldrich, mw 

40000, 10% wt in 1/1 v/v ethanol/acetonitrile) was deposited on the top of the Au surface by spin 

coating (3000 rpm, acceleration 1000 rpm/s, 2 min) and placed on a hotplate at 150 °C for 5 min. 

This layer served as a sacrificial layer to minimize the contamination due to the tape residue. The 

Au/PVP was removed from SiO2/Si with thermal release tape (Graphene Supermarket, release 

temperature 90 °C), revealing a flat and clean Au surface. The Au/PVP/tape was pressed onto a 

freshly cleaved bulk of MoS2 (HQ graphene, >99.995%). After lifting off the surface, the tape 

carried the Au/PVP layer with a monolayer MoS2 crystal attached to Au, and was then transferred 

onto another SiO2/Si substrate (300 nm thick thermally grown oxide on highly doped p++-Si(100) 

for electrical measurements, from Graphene Supermarket®). The thermal release tape was 

removed by heating at 200 °C. The PVP layer was then removed by dissolving it in ultra-pure 

water for 2 h. The Au/MoS2 layer was then rinsed with acetone and cleaned by an air plasma for 

3 min (Harrick Plasma cleaner) to remove any remaining polymer residues. The Au layer was 

dissolved in a KI/I2 (Alfa Aesar) gold etchant solution. Finally, the MoS2 monolayer remaining 

on SiO2 was rinsed with ultra-pure deionized water (18.2 MΩ cm) and isopropanol, and dried 

under a N2 flow.  

For in plane conductive AFM measurements, Au contacts were deposited by thermal evaporation 

on the edge of monolayer flakes by lift off after usual photolithography steps. 
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2.1.2. MoS2 exfoliation on Au substrates. 

For MoS2 exfoliation on Au, we started from the same Si/SiO2/100 nm-thick Au substrate onto 

which a drop of optical adhesive (Norland Optical Adhesive 81 (NOA)) was deposited (Figure 

S2). A glass slide was then pressed on the Au/NOA surface and cured with UV light for 1 h. 

Subsequently, the Au layer was cleaved with a razor blade and the so exposed Au surface was 

quickly pressed onto a freshly cleaved MoS2 crystal and heated to 200 °C on a hotplate to improve 

the MoS2/Au adhesion. After 1 min, the substrate was removed from the hotplate to cool down 

and the MoS2 bulk crystal was gently detached leaving monolayer flakes on the Au surface with 

a typical size of a few hundreds of µm. 

 

2.1.3. MoS2 exfoliation on SiOx/Si substrates for electrochemistry. 

For cyclic voltammetry measurements, the exfoliation method illustrated in Figure S1 has to be 

adapted as a low resistance substrate is necessary. We therefore used a p++-Si substrate coated 

with a ca. 1.5 nm-thick native SiOx layer for the transfer of MoS2 as it enabled further 

electrochemical measurements to be performed. This substrate was generated by first sonicating 

p++-type (0.001-0.005 Ω cm resistivity, boron doped, 250 µm thickness, Siltronix) Si(100) for 

10 minutes successively in acetone, ethanol and ultra-pure 18.2 MΩ cm water and then dipping 

the so degreased surface into a “piranha” solution (3:1 v/v concentrated H2SO4/30% H2O2) for 

30 min at 105 ºC, followed by copious rinsing with ultra-pure water. A 2 nm Cr layer and a 5 nm 

Au layer were then sputtered on the SiOx/p++-Si substrate. Freshly cleaved bulk MoS2 crystal was 

then deposited at 200 °C on a hotplate with thermal release tape onto the freshly deposited Au 

surface and removed from the hotplate to cool down. The deposited bulk crystal was then 

removed from the Au sample surface with a scotch tape leaving large monolayer crystals on Au. 

To observe solely the electrochemical response of the grafted MoS2 without any potential 
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contributions from molecules adsorbed on the substrate, poly(methyl methacrylate) (PMMA) 

was spin coated onto the grafted sample, as a protective layer, followed by etching of the metallic 

layers Au and Cr by KI/I2 gold etchant (30% in water) solution and diluted HCl (10%), 

respectively. PMMA was then dissolved in acetone leaving Fc-MoS2 crystals on the p++-Si(100) 

surface. For a reference measurement, the same steps were repeated without exfoliated MoS2 

crystals on the substrate.  

Caution: The concentrated aqueous H2SO4/H2O2 (piranha) solution is highly dangerous, 

particularly in contact with organic materials, and should be handled extremely carefully. 

 

2.1.4. Plasma treatment of MoS2. 

The creation of defects (sulfur vacancies) on MoS2 was carried out with the MoS2-coated 

substrate (Au or Si/SiOx) using an air plasma (Harrick Plasma cleaner) for 5 s at a plasma power 

of 7 W. 

 

2.1.5. Functionalization of plasma treated MoS2 with ferrocene. 

The plasma treated MoS2-coated substrate was immersed into a 1 mM of 6-

(ferrocenyl)hexanethiol (Sigma-Aldrich) solution in acetone (semiconductor grade, Carlo Erba). 

After degassing with argon for at least 15 min, the substrate was allowed to react with the grafting 

solution for 24 h at room temperature under argon. In order to remove any excess of the 

functionalizing agent, it was then subjected to several acetone baths and dried under an argon 

stream. For each washing cycle, the solvent was collected and subsequently removed under high 

vacuum. The residues were dissolved again in acetone-d6 and analyzed by 1H-NMR spectroscopy 

(Figure S3). 
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2.2. Instrumentation 

2.2.1. Raman and photoluminescence spectroscopies. Micro-Raman and micro-

photoluminescence spectra were collected with a micro-spectrometer LabRAM HR 

Evolution800 (Horiba Scientific), respectively with a selected 1800 and 600 g/mm gratings 

suitable for the spectral resolution required for these studies. Micro-Raman (µR) measurements 

have been performed on the 35 to 553 cm-1 spectral range (dispersion around 0.51 cm-1/pixel), 

micro-photoluminescence (µPL) measurements have been performed on the 532 to 869 nm (or 

770 nm) spectral range (dispersion around 0.05 nm/pixel) with a laser wavelength of 532 nm. 

Measurements were acquired by using an Olympus x100 ULWD objective and an optical density 

filter to avoid laser heating. The XY stage makes µR and µPL mappings possible that we used 

for the calculation of the average spectra of the different domains. 

 

2.2.2. XPS. XPS measurements were performed with a NEXSA G2 (ThermoFischer Scientific) 

spectrometer using the Al Kα X-ray source working at 1486.6 eV and using a spot size of 

200 µm². Survey spectra (0-1000 eV) were acquired with an analyzer pass energy of 200 eV 

(1 eV/step); high-resolution spectra used pass energy of 50 eV (0.1 eV/step). Binding energies 

were referenced to Au 4f 7/2 peak at 84.0 eV. The core level spectra were peak-fitted using the 

CasaXPS Software, Ltd. Version 2.3.25PR1.0. Shirley background subtraction was used for the 

spectral analysis. The peak areas were normalized by the manufacturer-supplied sensitivity 

factors (SC 1s = 1, SO 1s = 2.88, SMo 3d = 11.0, SS 2s = 1.29, SS 2p = 1.88 and SFe 2p = 14.35).  

 

2.2.3. UPS. UPS analyses were conducted in an integrated ultrahigh vacuum system, connected 

to the NEXSA G2 spectrometer (Thermo Fisher Scientific). UPS spectra were obtained with a 

He lamp providing a resonance line, He I (hν = 21.2 eV). The spot size was 1mm. The specific 

used parameters were a dwell time of 50 ms, a step energy of 0.05 eV and a pass energy of 2 eV. 
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2.2.4. Electrochemical measurements. Cyclic voltammetry measurements were performed with 

an Autolab electrochemical analyzer (PGSTAT 30 potentiostat/galvanostat from Eco Chemie 

B.V.) equipped with the GPES and FRA softwares in a home-made three-electrode glass cell. 

The working electrode was MoS2/SiOx/p++-Si after plasma treatment and ferrocene grafting. It 

was pressed against an opening in the cell side using a Teflon circular piece and a FETFE 

(Aldrich) O-ring seal. After an Ohmic contact was made on the previously polished rear side of 

the sample by applying a drop of In-Ga eutectic (Alfa-Aesar, 99.99%), a steel piece was 

positioned on the eutectic-coated side of the sample and subsequently the assembly was screwed 

to the cell using a plastic cap screw. The electrochemically active area of the Si(100) surface 

(namely 0.38 cm2) was estimated by measuring the charge under the voltammetric peak 

corresponding to the ferrocene oxidation on an oxide-free, hydrogen-terminated silicon surface 

and compared to that obtained with a 1 cm2-Pt electrode under the same conditions. A carbon 

rod and the system 10-2 M Ag+ | Ag in acetonitrile were used as the counter and reference 

electrodes, respectively. The potentials versus 10-2 M Ag+ | Ag can be converted into potentials 

versus aqueous KCl-saturated calomel electrode (SCE) by adding +0.29 V. Tetra-n-

butylammonium perchlorate Bu4NClO4 (Fluka, puriss, electrochemical grade) was used at 0.1 

mol L-1 as supporting electrolyte in acetonitrile. The electrolytic medium was dried over 

activated, neutral alumina (Merck) for 30 min, while stirring and degassing with argon. About 

20 mL of this solution was transferred with a syringe into the electrochemical cell prior to 

experiments. All electrochemical measurements were carried out inside a home-made Faraday 

cage, at room temperature (20 ± 2 ºC) under constant argon gas flow. The Ohmic drop was 

determined before each experiment by measuring the impedance of the system at 100 kHz and it 

was found to be around 500 Ω in (CH3CN + 0.1M Bu4NClO4). 
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2.2.5. Atomic Force Microscopy (AFM). AFM images were acquired on a NT-MDT Ntegra 

microscope in semi-contact mode with FM tips (APPNANO, SPM Probe Model: ACTA, 

resonance frequency: 200-400 kHz). The images were treated and analyzed with the open-source 

Gwyddion software (tilt correction by mean plane corrections). 

 

2.2.6. Conductive AFM (C-AFM) measurements. The electron transport properties were 

measured with a C-AFM (ICON, Bruker) instrument at room temperature (air-conditioned 

laboratory with controlled Tamb = 22 °C and relative humidity of 35-40%) and using an Au coated 

tip probe with a nominal radius of curvature ≈20 nm. We control the loading force at 12-15 nN. 

For the in-plane current measurements (field-effect transistor configuration), the tip was 

grounded, the drain voltage, VD, was applied on the Au lithographed electrode and the gate 

voltage, VG, on the underlying highly doped Si. The scanned voltage (i.e., VD for the output I - V 

characteristics, VG for the transfer I - V curves) was applied with the internal voltage source of 

the ICON C-AFM, while the fixed voltage (i.e., VG for the output I - V characteristics, VD for the 

transfer I - V curves) was applied by an external Keysight B2987A source/measure unit (SMU). 

The tip was placed at a distance L from the edge of the Au electrode, and 100 I - V traces were 

acquired around this point by moving the tip on a 10 x 10 grid (10 nm pitch) and averaged. For 

the out-of-plane measurements, we used a "blind" mode to measure the current-voltage (I - V) 

curves and the current histograms: a square grid of 10 × 10 was defined with a pitch of 50 to 100 

nm. At each point, the I - V curve was acquired leading to the measurements of 100 traces per 

grid. This process was repeated several times at different places (randomly chosen) on the MoS2 

sample, and up to several thousands of I - V traces were used to build the current-voltage 

histograms. 

The first derivative ∂I/∂V - V curves were numerically calculated from the mean Ī - V curves 

and smoothed with the Savitzky-Golay technique (2nd order polynomial function on 20 data 
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points). For the ferrocene grafted MoS2 junctions, the ∂I/∂V - V curves were also acquired directly 

(about 160 curves at different locations on the sample). A small AC voltage at 1 kHz with an 

amplitude of 30 mV was superimposed to the DC voltage ramp and the output voltage of the C-

AFM transimpedance amplifier was fed into the lock-in amplifier to measure ∂I/∂V (Nanonis 

Electronics). 

 

3. Results and Discussion. 

The mechanically exfoliated MoS2 was deposited on either SiO2/p++-Si or Au substrate. After 

deposition, the monolayer MoS2 flakes were visualized by optical microscopy and characterized 

using Raman and X-ray photoelectron spectroscopies, photoluminescence, atomic force 

microscopy and electrochemistry. The in-plane and out-of-plane electron transport 

measurements were performed with MoS2 deposited on SiO2/Si and Au, respectively. 

 

3.1. Raman and photoluminescence spectroscopies of different MoS2 samples. 

Figure 1 shows the Raman spectra of MoS2 deposited on thermal SiO2-coated Si substrate at 

different steps. The Raman spectrum of MoS2 typically exhibits two main peaks, the E' and A1' 

modes, which correspond to in-plane and out-of-plane vibrations of the Mo-S bond, respectively. 

For pristine MoS2, the E’ and A1' peaks are located at 385.83 and 404.21 cm-1, respectively. The 

wavenumber difference of 18.38 cm-1 between the two is consistent with MoS2 monolayer.39,40 

After plasma treatment for 5 s, the E’ peak shifted towards lower wavenumbers (redshift) 

whereas the A1' peak shifted towards higher wavenumbers (blueshift). Alongside with these 

shifts, we observe the appearance of shoulders on the low (high) frequency side of the E’ (A1') 

peaks as already observed for defective MoS2.41,42 The Raman spectrum after plasma treatment 

is also characterized by the appearance of disorder-induced peaks in the low frequency region 

(120-260 cm-1). Among these, a prominent peak at ~227 cm-1 has been assigned to the 
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longitudinal acoustic phonons with momentum q≠0 at the M point labelled LA(M) that can be 

used to quantify the defect density (vide infra).41,43 

After grafting of ferrocene on defective MoS2, we observe a strong blueshift of the E’ peak 

with a frequency similar to that of the pristine sample, a redshift of the A1' peak, and the reduction 

of the defect-activated mode intensity. This intensity reduction is attributed to the “healing” of 

S-vacancy sites.15,33,44,45,46 To verify the influence of the presence of S-vacancy sites on the 

grafting efficiency, a control experiment was carried out for which the pristine MoS2-coated 

surface was immersed in the 6-(ferrocenyl)hexanethiol solution for 24 h. The similarity of Raman 

spectra before and after immersion in the grafting solution highlights the importance of defects 

for efficient grafting of MoS2. It is also indicative of the very low density of defect sites in as-

prepared pristine MoS2 and hence a low number of grafting sites (Figure S4).   

 

Figure 1. (Left) Raman spectra of pristine, plasma-treated and ferrocene-grafted MoS2 deposited 

on SiO2/Si. (Right) Zoom on the LA(M) peak. 
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The intensity of defect-activated Raman peaks is utilized to quantify the defect density (Figure 

S5). Indeed, it was demonstrated that the ratio between the intensities of the LA(M) and the A1' 

peaks is inversely proportional to the square of the mean inter-defect distance in the MoS2 sheet 

through the relationship 𝐼𝐼(LA)
𝐼𝐼(A′1)

= 𝛾𝛾
𝐿𝐿𝐷𝐷
2  where LD is the mean inter-defect distance and γ is a 

correlation constant.41,43 In the absence of a proper measurement of the number of defects created 

by the plasma treatment, the value of the correlation constant was based on the literature. Using 

the value of γ = 0.59 nm² determined by Mignuzzi et al.,41 a mean inter-defect distance of 3.1 nm 

was calculated. This value can be converted into a defect density 𝑛𝑛D of 3.3 × 1012 cm-2 using the 

following expression 𝑛𝑛D(cm−2) = 1014/(𝜋𝜋𝐿𝐿𝐷𝐷2 )47 (Table 1). After grafting, the 𝐼𝐼(LA)
𝐼𝐼(A′1)

 intensity 

ratio is strongly reduced which corresponds to an increased mean inter-defect distance of 11.9 

nm. This value is higher than that determined after plasma treatment and is consistent with a 

healing effect of the grafting solution. This interdefect distance corresponds to a defect density 

of 2.2 x 1011 cm-2. Assigning this reduction solely to the thiol grafting on defect sites would result 

in 3.1 x 1012 grafted molecules cm-2 (93% of the defect sites). Note that the inter-defect distance 

is strongly dependent on the correlation constant taken from the literature (an order of magnitude 

higher correlation constant was determined by Aryeetey et al.43) and we can not rule out a 

possible healing effect from the oxygen-containing solvent molecules, as previously reported by 

other groups.46,48,49 Nevertheless, the use of acetone as the thiol grafting solution instead of 

commonly employed ethanol is thought to restrict this parasitic reaction to a certain extent. 
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Table 1. Determination of the defect density of pristine, plasma-treated and ferrocene-grafted 

MoS2 deposited on SiO2/Si from Raman spectroscopy data. 

 

 

 

 

 

In addition to Raman spectroscopy, photoluminescence (PL) is a powerful tool to characterize 

the electronic properties of TMDs. The PL of MoS2 is extremely sensitive to strain50,51,52 or to 

the modification of the charge doping in the layer upon molecular adsorption33,46,53,54 or back 

gate voltage.55,56 The PL spectrum of pristine MoS2 can be decomposed into three main 

components which can be ascribed to neutral exciton A(X0), negatively charged exciton or trion 

(A(X-)) and B exciton.55 Pristine MoS2 is intrinsically n-doped with a PL spectrum dominated by 

the X- component. The evolution of the spectral weight of the trion is an indication of the charge 

density change upon grafting.46,53,54 Figure 2 displays the PL spectra of monolayer MoS2 

deposited on SiO2 for the pristine sample, after plasma treatment and further ferrocene grafting. 

Pristine MoS2 shows a PL spectrum dominated by the X- component, consistent with n-type 

doping. After plasma treatment, we observe a strong increase of the PL intensity as well as a shift 

of the overall spectrum towards higher photon energy. The intensity ratio between the trion and 

the neutral exciton associated peaks is strongly reduced. After ferrocene grafting, we observe a 

strong redshift of the PL spectrum, a decrease of the PL with an increased A(X-)/[A(X-) + A(X0)] 

intensity ratio indicating an excess of negative charges in the sheet compared to the plasma-

treated sample (Table 2). 

For the PL of pristine MoS2, the large spectral weight (0.77) of the trion peak is an indication 

of an excess of electrons in the conduction band and therefore of n-type doping of the pristine 

MoS2 sample I(LA)/I(A’1) Ld (nm) Defect density (cm-2) 

Pristine 0.040 18.9 8.8 × 1010 

Plasma 0.247 3.1 3.3 × 1012 

Ferrocene 0.092 11.9 2.2 × 1011 
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material.55 After plasma treatment, the PL intensity increases and the blueshift of the overall 

spectrum has been interpreted as a p-type doping induced by the adsorption of molecules (such 

as O2 and H2O) from the ambient environment that preferentially adsorb on S-vacancy sites.57,58 

After ferrocene grafting, the shift of the PL peaks towards lower energy and the decrease of the 

PL intensity are consistent with both a healing effect and a n-type doping induced by the attached 

ferrocene molecule. At this stage, the trion spectral weight increases to 0.87, which is even higher 

than that determined for the pristine sample demonstrating a pronounced n-type doping after the 

grafting step. 

 

Figure 2. Photoluminescence spectra of pristine, plasma-treated and ferrocene-grafted MoS2 

deposited on SiO2/Si. 
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Table 2. Integrated intensities of the X- and X0 PL peaks and spectral weight of the X- peak for 

the different MoS2 samples deposited on SiO2/Si. 

 
MoS2 sample I (A(X-)) I (A(X0)) I (A(X-))/[I (A(X-)) + I (A(X0))] 

Pristine 158 46 0.77 

Plasma 588 722 0.44 

Ferrocene 470 67 0.87 

 

 

3.2. XPS and AFM. 

The grafting of the ferrocene-terminated chains onto plasma treated MoS2 was confirmed by X-

ray photoelectron spectroscopy (XPS). The high-resolution Mo 3d spectra of the three MoS2-

coated surfaces show the main Mo 3d5/2 and Mo 3d3/2 components attributed to the lattice 

Mo(IV)-S at 229.5 ± 0.1 eV and 232.6 ± 0.1 eV, respectively (Figure 3 a-c).59,60,61,62 For all 

samples, MoS2 was partially oxidized to MoO3, as supported by the presence of the components 

observed at higher binding energies, i.e. 232.6 ± 0.1 eV (Mo 3d5/2) and 235.7 ± 0.1 eV (Mo 

3d3/2)61,62. From the area of the Mo 3d3/2 peak, the atomic ratio Mo(VI)/Mo(IV) was estimated to 

be less than 13%. Moreover, the atomic concentrations of Mo(VI) of 4.0, 3.8 and 3.4 % 

determined for the pristine, plasma-treated and ferrocene-grafted samples, respectively, indicate 

that the oxidation level of the material was not significantly changed after the plasma treatment 

and the molecular grafting steps. The S 2s signal appears at 226.7 ± 0.1 eV for the three samples, 

in good agreement with sulfur in MoS2.61,62 The S 2p spectra display the characteristic spin-split 

doublets, 2p3/2 and 2p1/2, with an energy splitting of 1.2 eV and an intensity ratio of 1:2, as 

theoretically expected (Figure 3 d-f).59,61 For all samples, the peaks at 162.4 eV and 163.6 eV are 

assigned to S 2p3/2 and S 2p1/2, respectively. The experimental ratio between the areas under the 

S 2s and Mo 3d peaks decreases by about 3% after the plasma treatment and increases by 1.4% 
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to a value closer to that measured for the pristine MoS2 after ferrocene grafting. This trend is 

consistent with a first step leading to the loss of sulfur atoms followed by their replacement by 

the thiol-terminated chains. As expected, the two-spin orbit split components p3/2 and p1/2 of Fe 

2p are detected only for the ferrocene functionalized MoS2 sample. Both Fe(II)- and Fe(III) 

components are observed, with a Fe(III)/Fe(II) ratio of 4.9, at 707.8 and 720.5 eV as well as 

710.2 and 723.6 eV, respectively (Figure 3 g-i). The ferrocenium Fe(III) species63 which are 

detected at higher binding energies, may result from the internal charge transfer between the 

ferrocenyl groups and the highly reactive, plasma-treated MoS2, as previously observed for 

ferrocene intercalated MoS2.36 As demonstrated in the next section, these ferrocenium units can 

be reversibly converted to their corresponding reduced ferrocene species by electrochemistry. 

Two other components located at 714.7 (Fe 2p3/2) and 728.4 eV (Fe 2p1/2) have been used to fit 

the Fe 2p spectrum and correspond to shake-up satellite peaks.64,65 
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 Figure 3. High-resolution XPS spectra for the Mo 3d (a-c), S 2p (d-f) and Fe 2p (g-i) peaks of 

pristine (a, d, g), plasma-treated (b, e, h) and ferrocene-grafted (c, f, i) MoS2 deposited on SiO2/ 

Si. Experimental data and fitting envelopes are represented by black dotted and solid lines, 

respectively. The colored lines are fitted curves using Gaussian−Lorentzian mixed peaks 

corresponding to different components. 

 

The surface morphology of MoS2 deposited on SiO2/Si at each step was assessed by AFM. 

The AFM images of the pristine and plasma treated MoS2-modified surfaces show a 

homogeneous and smooth surface without apparent features (Figures 4 and S6). The measured 

root-mean-square (rms) roughness slightly increased from 1.9 to 2.6 Å after plasma treatment, as 

a result of increased strain caused by the creation of the sulfur vacancy sites. For the thickness 

measurements, we have focused on the step edges of the MoS2 flakes, measuring the height 

profiles with respect to the underlying SiO2 substrate (Figure 4). The thickness of the MoS2 layer 
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is estimated to be 1.3 ± 0.2 nm and 0.9 ± 0.1 nm for the pristine and plasma-treated MoS2 samples, 

respectively, in close agreement with the expected value for one MoS2 monolayer.60,66,67 After 

the ferrocene grafting, the surface is also globally compact but numerous homogeneously 

distributed cracks are visible (Figure 4c). The origin of these cracks is unclear at the moment but 

we believe that they could originate from strong strain and steric constraints caused by the 

anchoring of ferrocene-terminated chains. The rms roughness in the cracks-free areas is 

comparable to that of the plasma treated MoS2. Upon the ferrocene grafting, a ca. 1.4 nm height 

increase is observed which is perfectly consistent with the theoretical length of the ferrocene-

terminated alkyl chain considering the length of the hexyl bridge (7.8 Å)68 and the diameter of 

the ferrocene molecule (6.6 Å).69 
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Figure 4. AFM images of pristine (a), plasma-treated (b) and ferrocene-grafted (c) MoS2 

deposited on SiO2/Si. (Right) Corresponding cross-section profiles taken along the lines in the 

left images. 

3.3. Electrochemistry. 

Typical cyclic voltammograms of the ferrocene-grafted MoS2 monolayer in CH3CN + 0.1 M 

Bu4NClO4 are shown in Figure 5 as a function of the potential scan rate v. The reversible one-

electron wave of the ferrocene/ferrocenium couple is clearly visible at E°' = 0.08 ± 0.01 V vs   

10-2 M Ag+/Ag (i.e. 0.37 V vs SCE), in good agreement with the E°’ of dissolved ferrocene 

measured at a platinum electrode (0.09 V vs 10-2 M Ag+/Ag, Figure S7). In addition, good 

stability of the electrochemical response was observed over the course of 10 successive cycles 

(Figure S8) and, as expected for surface-confined reversible redox species, the ratio of anodic to 

cathodic peak current densities (jpa/jpc) is close to unity and the peak currents are proportional to 

the potential scan rate (Figure 5b).70 It is however noteworthy that the peak-to-peak separation 

ΔEp close to 50 mV is higher than the theoretically expected value of 0 mV, which can be 

reasonably explained by electron transfer kinetic limitations due to the insulating SiOx layer 

between the heavily doped Si and MoS2, and possibly to the semiconducting character of the 

MoS2 layer (Figure S7b,c). Moreover, to ensure that the observed reversible redox system is 

solely attributed to ferrocene grafted on MoS2, the washing procedure was monitored by 1H-
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NMR spectroscopy and, after three washing cycles, no traces of the grafting molecule could be 

detected (Figure S3) indicating the removal of the majority of the physisorbed species. 

Furthermore, a control experiment was conducted consisting of immersing the surface without 

MoS2 into the thiol grafting solution. As expected, no redox response is observed which confirms 

the selective attachment of ferrocenyl units to defective MoS2 (Figure S9).  

 

 

Figure 5. a) Cyclic voltammograms at different scan rates between 10 and 100 mV s-1 of 

ferrocene-functionalized MoS2 deposited on SiOx/Si in CH3CN + 0.1 M Bu4NClO4. b) 

Corresponding plot of the anodic peak current density jpa versus the potential scan rate v.  
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3.4. Electronic transport measurements. 

3.4.1. In-plane transport. 

The in-plane electronic transport (ET) was measured in a field-effect transistor (FET) 

configuration (the FET fabrication is detailed in the Experimental Section). The MoS2 flake was 

connected between a lithographed Au electrode (the drain on which the voltage was applied) and 

the Au C-AFM tip (the source, grounded) placed on the flake at a distance L (channel length) 

from the drain electrode. The underlying substrate was 300 nm thick SiO2/p++-Si(100), the doped 

Si being used as the gate electrode. Figure 6a shows two typical transfer characteristics (drain 

current vs. gate voltage, ID - VG) in the linear regime (low drain voltage |VD| < |VG|) for the pristine 

MoS2 and ferrocene-grafted MoS2 (the current is the mean current calculated from 100 individual 

I - V traces). A decrease of the effective electron mobility, µeff, by a factor of about 10 was 

observed from 2.8 - 22.8 cm2 V-1 s-1 (pristine) to 0.35 - 2.6 cm2 V-1 s-1 (ferrocene-grafted) on 

several samples (Fig. 6b, Table S1, µeff is calculated from the transconductance ∂ID/∂VG, 

considering an effective width W for the MoS2 transistor channel, see Section 7 in Supporting 

Information). Albeit the ill-defined source-drain geometry (C-AFM contact) and the lack of 

performance optimization through device/technology engineering (e.g. high-k dielectric, double 

gate, etc…),71,72 this effective room-temperature mobility (likely overestimated, see discussion 

in section 7 of the SI) is consistent with the reported values (0.1-10 cm2 V-1 s-1)72,73 for transistor 

with exfoliated single MoS2 layer on SiO2.  
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Figure 6. (a) Normalized drain current, ID  L/W versus gate voltage VG for pristine and ferrocene-

grafted MoS2 samples. We plot a normalized drain current for the purpose of comparison since 

the exact values of L and W depend on (i) the C-AFM tip position on the MoS2 flake (not strictly 

constant from sample-to-sample), (ii) the size of the MoS2 flakes and (iii) their contact with the 

Au lithographed electrode (see details in the Sections 8 and 9 of the Supporting Information). 

The mobility is calculated from the slope of the linear part (solid lines), the intercept with the x-

axis gives the threshold voltage (≈ 5-5.5 V). (b) Summary of the calculated effective mobility for 

the different devices (dataset in Table S1). 

 

Figure 7 shows the in-plane current versus VD at a fixed VG. The I - V curves are strongly 

asymmetric because of the strong geometrical asymmetry between the lithographed Au electrode 

(hundreds of µm) and the tiny C-AFM tip (typically tens of nm). We used a double Schottky 

barrier model to analyze these I - V curves and to estimate the Schottky barrier height (SBH) at 

both interfaces.74,75,76 This model considers two back-to-back Schottky diodes (Figure 7a), one 

for the Au electrode/MoS2 interface (SB1) and one for the MoS2/C-AFM tip interface (SB2). The 

measured current is always limited by the saturation current of the reverse-biased diode, the other 

diode being in the forward regime (inset in Fig. 7b). Thus, the Au electrode/MoS2 diode SB1 
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(with a SBH φB1) is measured at V < 0 while the MoS2/Au C-AFM tip diode SB2 (with a SBH 

φB2) is measured at V > 0.  

 

Figure 7. (a) Equivalent electrical circuit for the in-plane ET of the Au electrode/MoS2/C-AFM 

tip device. (b) Typical in-plane current vs. drain voltage for the pristine MoS2 sample (black 

curve) and fits with eq. 1 (red line). The inset shows the V > 0 part. The extracted SBHs ϕB1 and 

ϕB2 are marked in the panel. In the equivalent electrical scheme, the diode in the forward regime 

at V < 0 and V > 0, respectively, is shaded. (c) SBHs measured for pristine (sample #1, black 

disks; sample #2, blue disks); plasma-treated (green diamonds) and ferrocene-grafted (red 

squares) MoS2 samples. The values for some samples were not obtained at all VG since in several 

cases, the current was either below the sensitivity limit of the C-AFM preamplifier or very noisy. 
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The Schottky diode current in saturation is voltage dependent due to interface defects or 

contaminants and image-force lowering that induce a SBH dependent on the applied voltage. It 

is expressed by:77,78  

        (1) 

 

with q the electron charge (1.602 ×10-19 C), V the applied bias, k the Boltzmann constant (1.38 × 

10-23 J K-1), T the temperature (295 K), n1,2 the ideality factors, S1,2 the contact areas of the 

junctions, A* the Richardson constant (A* ≈ 5 x 105 A m-2 K² for a MoS2 monolayer considering 

an electron effective mass of 0.35 - 0.41 m0 for a MoS2 monolayer)79,80,81, φB1 and φB2 the SBHs 

at zero bias. S1 corresponds to the contact area of the MoS2 flake with the lithographed electrode 

(estimated between 3 x 103 and 2 x 104 µm2 from optical images, see section 8 and Figure S10 

in the Supporting Information) and S2 is the contact surface of the C-AFM tip on the flake, 

estimated at around 10 nm² (Section 9, Supporting Information). The values of φB1 and φB2 are 

given by the fit of eq. (1) on the V < 0 and V > 0 parts of the I - V curves, respectively, and an 

example is shown in Figure 7b for the pristine MoS2 sample (and in Figure S11 for the plasma-

treated and ferrocene-grafted MoS2 samples). The SBHs measured versus the applied gate 

voltage are given for the different samples in Figure 7c. Finally, in all the cases, the ideality 

factors are ≈ 1.10 ± 0.05 without any significant trend dependent on the nature of the samples. 

Globally, our results can be rationalized as follows. The decrease of the mobility after the 

ferrocene grafting is in agreement with the report from Zhao et al.33 The large dispersion of the 

mobility may be due to the flake-to-flake variability and/or variability of the contact resistance 

at both the lithographed Au electrode and the C-AFM tip. The SBHs at the Au electrode/MoS2 

interface (φB1) and the gate voltage induced SBH lowering (Figure 7c, mainly for φB1) are in 

agreement with the literature for transistor measurements.82,83 The SBHs at the MoS2/Au C-AFM 
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tip are systematically lower (φB2 < φB1) by about 0.3 eV. This feature is reasonably explained by 

considering that the work function of a nanoscale metal-coated C-AFM tip (ca. 4.8 eV) is smaller 

than the one of the "bulk" material (ca. 5.1-5.4 eV),84,85,86 giving a lower energy barrier. Finally, 

regarding the dispersion of the SBHs (≈0.1 eV between the data for the two pristine MoS2 

samples, Fig. 7c), we do not see any significant differences in the SBHs after the ferrocene 

grafting in our transistor configuration with a C-AFM tip as a movable electrode on the top of 

MoS2 and a lithographed bottom drain electrode. 

 

3.4.2. Out-of-plane transport. 

The out-of-plane electron transport characteristics measured by C-AFM through the MoS2 

samples deposited on Au substrate are displayed in Figure 8. The 2D histograms of the absolute 

value of the current (in a log scale) versus the applied voltage (heat map) were constructed from 

200 individual I - V traces (no data selection). For the pristine MoS2, we clearly observe two 

groups of I - V traces (Figure 8a), as also evidenced by the double log-normal distribution of the 

current (at -1 V) in Figure 8d. The group with a very low current (≈ 34% of the dataset, mainly 

at the sensitivity limit of the C-AFM amplifier, i.e. < 10-10 A) is likely due to a poor electrical 

contact at the C-AFM tip/sample interface resulting from the variability of the loading force, 

changes in the tip geometry, the contact area and the tip/sample interactions. The mean current - 

voltage curve (Ī - V, black line in Figure 8a) was calculated for the second group (log |Ī| = -7.83 

± 0.46 at -1 V, Figure 8d). After the plasma treatment (Figure 8b), the current significantly 

increases, especially at low voltages (between -1 and +1 V). The distribution of the current at -1 

V is fitted by a log-normal function with a larger standard deviation (log|Ī| = -7.3 ± 1.0, Figure 

8e), albeit a less dispersed subgroup (≈ 35% of the dataset) can be distinguished on the 2D 

histogram (Figure 8b) and the current distribution (marked by a star in Figure 8e). This large 

distribution of the I - V traces can be induced by some inhomogeneities of the plasma treatment, 
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i.e. inhomogeneous density of S-vacancy defects. After the ferrocene grafting (Figure 8c), the 

current strongly decreases (73% of the dataset with log |Ī| = -9.36 ± 0.77 at -1 V, Figure 8f) as 

expected since the thickness of the junction has increased by ≈ 1.4 nm (as estimated by AFM, 

vide supra). However, we also observe another group (27% of the dataset) with almost the same 

level of current (log|Ī| = -7.00 ± 0.36 at -1 V) as that measured for the plasma-treated MoS2 

sample. This feature is rationalized by assuming that some local zones of the defective MoS2 

surface are not functionalized with the ferrocenyl molecules, probably due to some 

inhomogeneity of the S-vacancies density after the plasma treatment (vide supra). 

 

Figure 8. 2D histograms (log(|I|) - V, 200 I - V traces) for (a) the Au/pristine MoS2/Au C-AFM, 

(b) the Au/plasma-treated MoS2/Au C-AFM and (c) the Au/ferrocene-grafted MoS2/Au C-AFM 

tip junctions. The three panels share the same y-axis scale and the count scale. The horizontal 

(red or white) lines at low (< 10-10 A) and high currents (at 5 x 10-7 A) correspond to I - Vs in the 

dataset that reached the sensitivity limit of the C-AFM equipment (almost flat and noisy I - V 
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traces with random staircase behavior) or that reached the saturating current compliance of the 

C-AFM preamplifier during the voltage scan. The panels (d-f) show the corresponding statistical 

distribution of the current at -1 V and the log-normal fits (solid lines) enabling the log|mean 

current| (log|Ī|) and standard deviation to be determined. 

 

The first derivative ∂I/∂V of the I – V curves has been plotted for the three samples to deduce 

the energy diagram of the junctions (Figure 9). For the pristine MoS2 sample (Figure 9a), we can 

determine two onset voltages at the intercept between the linear extrapolations of the two 

branches of the ∂I/∂V – V spectrum and the background (dashed red lines): VO+ ≈ 0.7 V and VO- 

≈ -1.2 V. Due to the Fermi level pinning at the metal/MoS2 interface,82,87,88 the energy positions 

of the MoS2 conduction band (CB) and valence band (VB) with respect to the Au substrate Fermi 

energy are not shifted by the applied voltage (energy diagram in Figure 9a). The voltage drop is 

mainly located at the MoS2/C-AFM tip interface. Thus, we can conclude that VO+ ≈ 0.7 V 

corresponds to the situation when the bottom of the CB enters in the energy window defined by 

the difference of the Fermi levels of the two electrodes and that electrons can be transferred 

though the MoS2 CB (while only tunneling is possible below VO+). We estimate that the energy 

barrier with the CB is ≈ 0.7 eV. For the same reasons, at the negative voltage, from VO-, the 

energy barrier for the VB is ≈ 1.2 eV, leading to a MoS2 band gap of ≈ 1.9 eV. All these values 

are in good agreement with previously reported results for a monolayer of MoS2 on Au electrodes 

from electrical measurements, DFT calculations,89,90,91,92 and recently published angle-resolved 

UV photoelectron spectroscopy (UPS)/inverse photoelectron spectroscopy (IPES) 

measurements.93 Our UPS measurements point to an energy position of the MoS2 VB at 1.34 eV 

below the Fermi energy for the pristine MoS2 (Figure S13) and 1.13 eV for the plasma-treated 

MoS2, in reasonable agreement with the above determined values from the electrical 

measurements. After the plasma treatment, the main feature is a reduction of VO+ (Figure 9b) due 
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to the creation of S-vacancy states in an energy range of ≈ 0.45 eV below the MoS2 CB, in 

agreement with a similar result measured by scanning tunneling spectroscopy (STS) on a single 

S-vacancy defect.91 Energy levels related to S-vacancies have also been observed in the same 

energy range below CB by deep level transient spectroscopy.94 
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Figure 9. First derivative ∂I/∂V-V of I-V spectra and proposed energy diagrams at zero bias of 

(a) pristine MoS2, (b) plasma-treated MoS2 and (c) ferrocene-grafted MoS2 samples. In the panel 

(b), the thin line is the ∂I/∂V-V of the pristine MoS2 shown in the panel (a) and redrawn for 

comparison. In panels (a) and (b), the ∂I/∂V-V curves were numerically calculated from the mean 

Ī-V curves shown in Figure 8a and 8b (see the Experimental Section). In the panel (c), the ∂I/∂V-



31 
 

V curves were directly measured by a lock-in technique. The bottom gray-line frames ((i) to (iv)) 

schematically depict the proposed electron transfer mechanisms at several voltages (see text). 

 

The results for the ferrocene-grafted MoS2 junctions are more delicate to interpret. From the 

∂I/∂V-V spectrum which was numerically calculated from the mean Ī-V curve shown in Figure 

8c, we recover the same onset voltages as for the pristine MoS2 (VO+ ≈ 0.7 V and VO- ≈ -1.2 V, 

Figure S12). This feature indicates a good healing of the S-vacancy defects by the thiol-

terminated molecules, in agreement with our Raman spectroscopy and PL measurements (vide 

supra), and as also indirectly concluded from the reported characteristic modification of the 

molecularly functionalized MoS2 transistor parameters.28,46 However, no conclusions can be 

drawn about the energy position of the molecular orbitals of the ferrocenyl moiety. From data 

reported in the literature on metal/alkyl-ferrocene/metal molecular junctions, the highest 

occupied molecular orbital (HOMO) of ferrocene is expected to be at ≈ 0.3-0.4 eV below the Au 

Fermi energy (HOMO of ferrocene at -5.1 eV from the vacuum level and the Au work function 

at -4.7/-4.8 eV).95,96 For a ferrocene chemically grafted to MoS2 (via a short alkyl chain (CH2)2), 

DFT calculations predict the HOMO at ∼0.6 eV above the VB of MoS2.34 Thus, we can expect 

to detect a contribution of the HOMO of ferrocene to the electron transfer properties if it is 

energetically located in the band gap of MoS2. The lowest unoccupied molecular orbital (LUMO) 

of ferrocene is higher (≈-0.5 V vs. vacuum) and does not contribute to the electron transport. To 

have a better sensitivity and energy resolution, we have also directly measured ∂I/∂V by a lock-

in technique (see the Experimental Section). Out of 158 ∂I/∂V-V curves measured on the 

ferrocene-grafted MoS2 junctions, two typical cases can be distinguished as shown in Figure 9c. 

A majority of curves gives the same behavior as the pristine MoS2, depicted as white circles in 

Figure 9c, with almost similar onset voltages: VO+ ≈ 0.7 V and VO- ≈ -1.1 V. For about 12% of the 

dataset, the ∂I/∂V-V curves show a marked difference exhibiting two bumps at lower onset 
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voltages of ≈ 0.4 V and ≈ -0.6 V. These bumps are attributed to electron transport through the 

HOMO of ferrocene as depicted by the light gray framed energy diagrams in Figure 9c. Now, we 

still assume an energy pinning at the Au electrode/MoS2 and that the applied voltage mainly 

drops through the alkyl chains linking MoS2 to ferrocene. Additionally, a slight voltage-induced 

shift of the HOMO of ferrocene with respect to the Fermi energy of C-AFM Au can be also 

foreseen. At V ≈ 0.4 V (frame (iii) in Figure 9c), the HOMO of ferrocene is entering the energy 

windows and the electrons are transported resonantly through the HOMO and then by tunneling 

through the band gap of MoS2. At higher voltages, the electrons are also transported via the MoS2 

CB and the HOMO of ferrocene (frame (iv)). The same behavior holds at negative voltages for 

the HOMO and VB of MoS2 (frames (i) and (ii)). Thus, we assume that, for this small fraction 

of the dataset, we have detected the HOMO of the neutral Fc lying at ca. 0.4-0.6 eV below the 

electrode Fermi energy, in agreement with our DFT calculations (vide infra). For the majority of 

the dataset, we do not detect any molecular orbital in the MoS2 band gap, consistent with the 

observation that a majority of the ferrocene moieties are in their oxidized state (as also inferred 

from the XPS data, Fig. 3i), for which the level is deeper in energy and masked by the MoS2 VB. 

At a macroscopic scale, for ferrocene-grafted MoS2, the features of the MoS2 valence band 

determined by UPS are not distinguishable due to the presence of ferrocene molecules on the 

MoS2 surface and we cannot precisely position the VBM. Nevertheless, the absence of the 

HOMO peak below the Fermi energy can be rationalized by the fact that, at this macroscopic 

scale, the dominant ferrocenium moieties (mixed with MoS2 VB) contribute mainly to the UPS 

spectrum, in agreement with the above discussion of the ∂I/∂V-V curves. 

 

3.5. Density Functional Theory (DFT) calculations. 

In order to shed further light on the electronic structure of the MoS2/Au systems, first-principles 

periodic calculations based on DFT were also carried out. For the sake of simplicity in our 

models, we assume that the pristine and ferrocene-grafted MoS2 systems do not exhibit any sulfur 
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defect while the defective MoS2 system exhibits one sulfur vacancy per supercell. To create the 

MoS2-Au interface, the Au (111) surface was modeled by a slab of 5 layers strained by only 

0.18% to match the lattice constant of MoS2 (see Figure 10a). The grafted MoS2 is created by 

grafting the 6-(ferrocenyl)hexanethiol molecule on the defective MoS2 so that the sulfur of the 

hexanethiol chain replaces the removed MoS2 sulfur atom. Once the three MoS2 models are 

created, periodic DFT calculations are performed by using the QuantumATK/2022.03 

package.97,98  

 

Figure 10. (a) Top view of the simulated supercell of the MoS2/Au interface with the Au (111) 

surface strained by 0.18%. A side view of the optimized (b) pristine MoS2/Au, (c) defective 

MoS2/Au created by removing one sulfur atom from pristine MoS2/Au, and (d) functionalized 

MoS2/Au created by grafting 6-(ferrocenyl)hexanethiol on defective MoS2/Au. 

 

First, the atomic positions of the three MoS2 structures (pristine MoS2/Au, defective MoS2/Au 

and ferrocene-grafted MoS2/Au) were fully optimized until the final forces acting on the atoms 

are less than 0.02 eV/Å. A vacuum region (∼22 Å) normal to the surface is added to minimize 

the interaction between adjacent slabs. We use the Perdew-Burke-Ernzerhof (PBE) functional 

within the generalized gradient approximation (GGA)99 for geometric optimization whereas the 
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hybrid functional HSE06100,101 is used to calculate the electronic structure. This hybrid 

functional, with a screening parameter ω = 0.11 bohr−1 and an exact exchange parameter a = 0.25, 

represents a reasonable compromise between computational cost and quality of the results.102 

The valence electrons are described within the LCAO approximation with single zeta plus 

polarization (double-zeta plus polarization basis set) for gold atoms (other atoms) whilst the core 

electrons are described by the norm-conserving Troullier-Martins pseudopotentials.103 We used 

a density mesh cutoff of 100 Ha and a (3×3×1) Monkhorst-Pack k-point sampling for atomic 

optimization and (12×12×1) for electronic structure. Note that spin-orbit coupling (SOC) effect 

has not been included for these DFT calculations due to the large size of the simulated MoS2/Au 

interface.104,105,106 

Within this framework, we compute a work function of 4.04 eV for pristine MoS2/Au, a lower 

value compared to experimental values from literature (4.54 eV-4.9 eV).107,108,109 This result is 

fully expected due to the use of short-range localized atomic orbitals that induces an artificial 

push-back effect at the interface and thus reduces the metal work function. To solve this 

numerical problem, we added a layer of ghost atoms in the vacuum next to the MoS2 surface to 

better describe the tail of the electron density, an approach already implemented in 

QuantumATK/2022.03 package.97 The obtained results indicate that the use of three layers of 

gold ghost atoms at a distance of 3 Å from the bottom sulfur layer of MoS2 (Figure S14) provides 

a work function of 4.75 eV, which is in good agreement with the reported experimental values. 

After ferrocene grafting on defective MoS2, the work function is decreased by 0.53 eV, which is 

consistent with n-type doping by the grafting molecule. 

For detailed analysis of the electronic structures of the MoS2/Au systems, we examine the 

partial density of states (PDOS) as shown in Figure 11. The results reveal that the conduction 

band minimum (CBM) and valence band maximum (VBM) of pristine MoS2 are respectively 

located at 1.14 eV and -1.33 eV with respect to the Fermi level. The calculated value of VBM is 
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in excellent agreement with the experimental value of 1.34 eV measured by UPS (Fig. S13) and 

ca. 1.2 eV by C-AFM (Fig. 9). Although the calculated band gap of pristine MoS2 by using 

HSE06 functional is larger than the experimental value (2.47 eV vs 1.9 eV), the experimental 

energy alignment of the three investigated systems is well described. The difference can be 

attributed to the gold surface polarization (image charge effects), which is not captured by 

approximated exchange-correlation functionals.110 In fact, we clearly notice the creation of S-

vacancy states in the energy range of 0.35 eV above the Fermi level for defective MoS2 (Figure 

11b), which is in good agreement with C-AFM experimental measurements revealing the 

reduction of VO+ due to the creation of S-vacancy defect state at 0.25 eV above the Fermi level 

(Fig. 9b). Moreover, the PDOS analysis shows that this S-vacancy defect state disappears after 

ferrocene grafting on defective MoS2, which indicates a good healing of the S-vacancy defects 

(Figure 11c). Noticeably, a new molecular state appears in the band gap of MoS2, at 0.45 eV 

below the Femi level that is attributed to the HOMO level of ferrocene molecule (Fe d-orbitals 

and C p-orbitals, Figure 11c). This feature agrees with the experimental ∂I/∂V-V curves datasets 

suggesting electron transport through HOMO of ferrocene due to the existence of two bumps at 

lower onset voltage of 0.4 and 0.6 V (Fig. 9c). 



36 
 

 

Figure 11. PDOS for (a) pristine MoS2/Au, (b) defective MoS2/Au and (c) ferrocene-grafted 

MoS2/Au. Black dashed line refers to the Fermi level and green dashed lines indicate valence 

band maximum (VBM) and conduction band minimum (CBM) of MoS2. 

 

4. Conclusions 

In this work, the reaction of thiol-substituted ferrocenyl derivative on defective monolayered 

MoS2 resulted in the grafting of 3.1 × 1012 molecules per cm2 (i.e. >90% of the defect sites) which 

is consistent with the formation of a densely packed redox-active monolayer. Furthermore, the 

redox-active properties of the grafted ferrocene were not altered after this immobilization step, 

as supported by cyclic voltammetry. A fine and in-depth understanding of the electronic 

properties of electroactive ferrocene-functionalized MoS2 has been gained through the 

combination of multiple experimental techniques and theoretical modeling. The out-of-plane 

electron transport measurements by conductive AFM has enabled the energy diagram of different 

MoS2/Au junctions at each step (pristine, defective and molecularly functionalized MoS2) to be 

built. As an effect of molecular functionalization, two characteristic bumps were observed in the 

∂I/∂V – V traces of the ferrocene-functionalized MoS2/Au junction which were attributed to the 

electron transport through the ferrocene HOMO located in the MoS2 band gap. Importantly, the 

electronic structures of the different MoS2/Au systems determined from conductive AFM 
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measurements were in good agreement with the partial density of states (PDOS) extracted from 

DFT theoretical calculations. 

The knowledge acquired for ferrocenyl functionalized MoS2 represents an essential step 

towards the implementation of novel electrochemically switchable devices. Toward this goal, it 

is anticipated that changing the redox state of the grafted molecule by the applied voltage will 

influence both spin-orbit coupling and the spin diffusion length of functionalized MoS2 and thus 

the measurable tunnel magnetoresistance output. 
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1. Preparation and characterization of the MoS2 samples 
 

 

 

 

Figure S1. Preparation of MoS2 monolayer-coated SiO2/Si surfaces. 

 

 

 

Figure S2. Preparation of MoS2 monolayer-coated Au surfaces. 
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2. Monitoring of each washing cycle by 1H-NMR spectroscopy 

 

Figure S3. 1H-NMR spectra of the residues after each washing cycle of the 6-

(ferrocenyl)hexanethiol-grafted defective MoS2 surface with acetone-d6. Traces of thiol could 

only be observed after the first cycle. The following washing cycles showed that the majority 

of the physisorbed species has been removed. 

In order to remove physisorbed species after ferrocene grafting, the sample was washed by 

immersing it into multiple acetone baths. For each washing cycle, the solvent was collected and 

subsequently removed under high vacuum. The residues were dissolved again in acetone-d6 and 

analyzed by 1H-NMR spectroscopy. The 6-(ferrocenyl)hexanethiol molecule could be observed 

after the first washing cycle, specifically around 4.1 ppm, as depicted in Erreur ! Source du 

renvoi introuvable.. After two additional washing cycles, no traces of the thiol could be 

detected indicating that the majority of the physisorbed species was removed. Therefore, we 

can conclude that the electrochemical response observed by cyclic voltammetry was attributed 

to mainly covalently bonded molecules to the surface.  



Supporting Information 
__________________________________________________________________________________ 

 

S5 
 

3. Influence of the absence of plasma treatment 
 

 

Figure S4. Raman spectra of pristine MoS2 (without plasma treatment) before and after 24 h in 

the 6-(ferrocenyl)hexanethiol grafting solution. 

 

Figure S4 shows the Raman spectra of a pristine MoS2 sample before and after immersion for 

24 h in the grafting solution. For both samples, we observe the E’ and A’1 peaks with a similar 

lineshape. A small blueshift of 0.43 cm-1 of the E’ peak is observed which is indicative of a 

slight strain probably caused by the presence of adsorbed molecules and solvent residues. The 

A’ peak on the other side remains at the same position. 
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4. Fitting of Raman spectra 
 

 

 

Figure S5. Fitting results of Raman spectra after background subtraction for pristine, plasma-

treated and ferrocene-grafted MoS2 monolayer in the LA(M) (left) and the E’ and A’1 (right) 

regions. 
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5. AFM measurements 
 

 

 

Figure S6. AFM images (5 x 5 µm2) of pristine (a), plasma-treated (b) and ferrocene-grafted 

(c) MoS2 deposited on SiO2/Si. (Bottom right) Root-mean-square roughness and step height 

determined by AFM (see Fig. 4 in the main text). 

 

 

 

 

 

 

a Measured in cracks-free areas. 

 

 

MoS2 sample Rms roughness / Å Step height / nm 

Pristine 

Plasma 

Ferrocene 

1.9 ± 0.2 

2.6 ± 0.3 

2.7 ± 0.3a 

1.3 ± 0.2 

0.9 ± 0.1 

2.3 ± 0.2 

a 

c 



Supporting Information 
__________________________________________________________________________________ 

 

S8 
 

6. Cyclic voltammetry measurements 
 

 

 

 

Figure S7. Cyclic voltammograms of ferrocene (1 mM) at a 1 mm-diameter platinum electrode 

at 80 mV s-1 (a), SiOx/ p++Si(100) (b) and MoS2-coated SiOx/ p++Si(100) (c) at 20 and 40 mV  
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s-1, respectively. Electrolyte: CH3CN + 0.1M Bu4NClO4. The peak-to-peak separation ΔEp is 

70 mV (a), increasing to 980 mV (b) and 930 mV (c) which reflects the decrease in the electron 

transfer kinetics caused by the insulating SiOx layer. 

 

 

Figure S8. Cyclic voltammograms at 100 mV s-1 of defective MoS2-coated SiOx /p++Si(100) 

surface after immersion for 24 h into an acetone solution containing (ferrocenyl)hexanethiol at 

1 mM over the course of 10 successive scans. Electrolyte: CH3CN + 0.1M Bu4NClO4. 

 

As depicted in Figure S8, cyclic voltammograms were recorded at 100 mV s-1 in CH3CN 

medium over the course of 10 successive scans. Since no significant changes, e.g. loss of 

electrochemical signal, were observed, a strong interaction between the grafted electroactive 

molecules and surface was concluded. 
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Figure S9. Cyclic voltammograms at 0.02 V s-1 in CH3CN + 0.1 M Bu4NClO4 of bare 

SiOx/p++Si(100) (dotted line) and defective MoS2-coated SiOx /p++Si(100) (solid line) surfaces 

after immersion for 24 h into an acetone solution containing 6-(ferrocenyl)hexanethiol at 1 mM. 
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7. Effective electron mobility measurements 

The mobility in linear regime (VD < VG) is calculated as usual by: 

          (S1) 

with ∂ID/∂VG the slope of the linear part of the curve, Cox the SiO2 capacitance (11.5 nF/cm2 for 

a 300 nm-thick thermal SiO2), VD the drain voltage (in absolute value), L and W the channel 

length and width, respectively, for a rectangular channel between the two source and drain 

electrodes. The length L is given by the position of the C-AFM with respect to the edge of the 

lithographed electrode. The width W is more difficult to estimate since the channel has a 

trapezoidal shape defined, at one end, by the size of the MoS2 flake at the contact with the 

lithographed electrode and, at the other end, the size of the C-AFM contact. Typical optical 

images are shown in Figure S10. For simplicity, we consider that W is restricted to the more 

direct electronic pathway between the C-AFM tip and the electrode (i.e. marked by the 

rectangular red dot line in Figure S10d). We assume that W is of the same order of magnitude 

as the nominal radius of the tip, W ≈ 20 nm. This hypothesis clearly overestimates the calculated 

mobility, which is used here only for the purpose of comparison between the samples measured 

under the same conditions and must be used with caution for comparison with data reported in 

the literature. A more precise estimation of the mobility for this strongly asymmetric electrode 

configuration would require 2D device simulations (which is out of the scope of this work). 

Table S1 summarizes the data for all the measured samples. 
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Table S1. Calculated effective mobility (µeff), slope of the transfer characteristic (∂ID/∂VG), 

applied drain voltage VD and estimated channel length (L) for the different MoS2 samples. 

Sample ∂ID/∂VG (A/V) VD (V) L (µm) µeff (cm2 V-1 s-1) 

Pristine MoS2      

#1 9.6 x 10-11 -3 20 2.8 

#2 1.7 x 10-9 -3 8 22.8 

#3 2.8 x 10-10 -5 20 4.5 

#4 2 x 10-9 -5 12 20.9 

#5 6.4 x 10-10 -5 16 8.9 

Ferrocene MoS2     

#1 8 x 10-11 -4 4 0.35 

#2 2.2 x 10-10 -5 6 1.1 

#3 4.4 x 10-10 -3 4 2.6 
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8. Optical images of the samples for the in-plane electron transfer (ET) measurements 

We present several optical images (taken from the camera of the C-AFM equipment) used to 

estimate the channel length (L), the width (W) -vide supra- and the contact area between the 

MoS2 flake and the lithographed electrode. L was in the range 4 to 20 µm. The contact area 

between the lithographed Au electrode and the MoS2 flake (S1 in eq. 1, main text) was typically 

3 x 103 – 2 x 104 µm2. 

 

Figure S10. Optical images of several MoS2 flakes connected to lithographed electrodes. The 

red crosses indicate the position of the C-AFM tip. The measured flakes are delineated by the 

full thin white lines. The contact area between the lithographed Au electrode and the MoS2 

flake (S1 in eq. 1, main text) is estimated from the area of a "close" simple geometrical shape 

(e.g. a trapeze, yellow dashed line in the case shown in the panel (a)). The transistor channel 

length L and width W used to calculate the effective mobility are estimated as indicated in the 

panel (d) by the red dashed line. L is the distance between the C-AFM tip and the edge of the 
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Au electrode, the effective width W is given by the diameter of the tip (red spot, not on scale), 

while the real shape of the transistor channel is indicated by the yellow dashed line in the panel 

(d). 
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9. Estimation of the contact area for the electronic transport measurements 

 As usually reported in literature1,2,3,4 for C-AFM measurements, the contact radius, rc, between 

the C-AFM tip and the surface, and the film elastic deformation, δ, are estimated from a 

Hertzian model:5  

           (S1) 

             (S2) 

with F the tip loading force (15 nN), R the tip radius (20 nm) and E* the reduced effective 

Young modulus defined as: 

       (S3) 

 

In this equation, Es/tip and νs/tip are the Young modulus and the Poisson ratio of the sample (MoS2 

monolayer) and C-AFM tip, respectively. For the Au tip, we have Etip = 78 GPa. For a MoS2 

monolayer, we used Es=270 GPa.6,7 The Poisson ratio is 𝜐tip=0.44, 𝜐s=0.125.8 Using these 

parameters, we estimate a contact area of ≈ 7 nm2 (rc ≈ 1.8 nm) and δ ≈ 0.1 nm. For a ferrocenyl 

monolayer, which is softer than MoS2, the parameters are not known and, in general, they are 

not easily determined in such a monolayer material. Thus, we consider the value of an effective 

Young modulus of the monolayer E*SAM = 38 Gpa, as determined for the "model system" 

alkylthiol self-assembled monolayers (SAMs) from a combined mechanic and electron 

transport study.3 We get a contact area of  ≈ 13 nm2 (rc ≈ 2 nm and δ ≈ 0.2 nm). For simplicity, 

we analyzed all the data with a mean contact area of ≈ 10 nm2. 

 



Supporting Information 
__________________________________________________________________________________ 

 

S16 
 

10. Complementary electronic transport data 

 

 

Figure S11. In-plane current vs. the drain voltage curves (black dots) and fits with eq. 1 (red 

lines) for (a) the plasma-treated MoS2 and (b) the ferrocene-grafted MoS2 samples. The insets 

show the V > 0 region. The extracted SBHs ϕB1 and ϕB2 are marked in the panels. 

 

 

 

Figure S12. First derivative ∂I/∂V - V (numerical derivation from the mean Ī – V curve) of the 

ferrocene-grafted MoS2 sample. 
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11. UPS 
 

Figure S13 shows the valence band edge measured by UPS on the pristine and plasma-treated 

MoS2. The valence band edges are determined by the intercept of the background and the tail 

of DoS (dotted lines) at 1.34 and 1.13 eV, respectively. For the ferrocene-grafted MoS2 (Fig. 

S13c), we do not detect the HOMO peak of neutral Fc in the MoS2 band gap (as observed for 

SAM of alkylthiol-Fc directly grafted on Au),9 which is consistent with a majority of the Fc 

moieties in the oxidized Fc+ states, the HOMO of Fc+, at larger binding energy, being mixed 

with the MoS2 VB signal.  

 

 

Figure S13. UPS of the (a) pristine, (b) plasma-treated and (c) ferrocene-grafted MoS2 samples 

near the Fermi level. The intercepts of the dashed lines are used to define the valence band edge 

of MoS2. 
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12. MoS2/Au structures with ghost atoms (DFT calculations) 
 

 

Figure S14. A side view of the MoS2/Au structures when adding three layers of gold ghost 

atoms for (a) pristine MoS2/Au and (b) ferrocene-grafted MoS2/Au. The ghost atoms were 

created by copying the three layers of MoS2 at a distance of 3 Å from the bottom sulfur layer 

of MoS2 and then converting the sulfur and molybdenum atoms to gold ghost atoms. 
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