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Abstract  

One of the main challenges to exploit molybdenum disulfide (MoS2) potentialities for the next generation 

complementary-metal-oxide-semiconductor (CMOS) technology is the realization of p-type or 

ambipolar field effect transistors (FETs). Hole transport in MoS2 FETs is typically hampered by the high 

Schottky barrier height (SBH) for holes at source/drain contacts, due to the Fermi level pinning close to 

the conduction band. In this work, we show that the SBH of multilayer MoS2 surface can be tailored at 

nanoscale using soft O2 plasma treatments. The morphological, chemical, and electrical modifications of 

MoS2 surface under different plasma conditions were investigated by several microscopic and 

spectroscopic characterization techniques, including X-ray Photoelectron Spectroscopy (XPS), Atomic 

Force Microscopy (AFM), Conductive AFM (CAFM), aberration-corrected Scanning Transmission 

Electron Microscopy (STEM) and Electron Energy Loss Spectroscopy (EELS). Nanoscale current-

voltage mapping by CAFM showed that the SBH maps can be conveniently tuned starting from a narrow 

SBH distribution (from 0.2 to 0.3 eV) in the case of pristine MoS2 to a broader distribution (from 0.2 to 

0.8 eV) after 600 s O2 plasma treatment, which allows both electron and hole injection. This lateral 



inhomogeneity in the electrical properties was associated to variations of the incorporated oxygen 

concentration in the MoS2 multilayer surface, as shown by STEM/EELS analyses and confirmed by ab-

initio density functional theory (DFT) calculations. Back-gated multilayer MoS2 FETs, fabricated by 

self-aligned deposition of source/drain contacts in the O2 plasma functionalized areas, exhibit ambipolar 

current transport with on/off current ratio Ion/Ioff 103 and field effect mobilities of 11.5 cm2V-1s-1 and 

7.2 cm2V-1s-1 for electrons and holes, respectively.  The electrical behavior of these novel ambipolar 

devices is discussed in terms of the peculiar current injection mechanisms in the O2 plasma functionalized 

MoS2 surface. 
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Introduction 

Semiconducting two-dimensional transition metal dichalchogenides (TMDs), including MoS2, WS2, 

MoSe2, WSe2, are currently subject of high scientific and technological interest, as they represent a viable 

solution for post-Si complementary metal oxide semiconductor (CMOS) technology. To date MoS2 has 

been the most widely investigated member of the TMDs’ family, due to its relatively low cost, abundance 

in nature as bulk mineral (Molybdenite), and chemical stability after exfoliation. Multilayers MoS2 

exhibit an indirect bandgap of 1.2 eV, whereas 1.8 eV direct bandgap is observed for monolayer 

samples. Field effect transistors (FETs) with very interesting performances in terms of on/off  current 

ratio (106-108) and low subthreshold swing (SS70 meV/decade) have been already demonstrated both 

with single layer 1 and with multilayers of MoS2 
2. Furthermore, ultra-scaled MoS2 FETs with 1 nm gate 

length 3 or with sub-10 nm channel lengths 4 have been recently reported, further supporting the 

expectations for MoS2 transistors beyond the technology road map 5.    

In spite of these great promises, several issues need to be addressed to develop a MoS2-based CMOS 

technology. MoS2 thin films, produced either by exfoliation from the bulk crystal or by chemical vapour 

deposition (CVD) methods, are typically unintentionally n-type doped. Furthermore, most of the 

elementary metals exhibit a Fermi level pinning close to MoS2 conduction band, resulting in relatively 

low values of the Schottky barrier height (SBH) for electrons injection in MoS2, typically ranging from 
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20-60 meV for low workfunction metals (Sc, Ti,...) to 150 - 250 meV for high workfunction ones (Ni, 

Pt,..) 6. The origin of this Fermi level pinning is still matter of debate, although some nanoscale electrical 

investigations (based on scanning tunnelling microscopy or conductive atomic force microscopy) 

highlighted the possible role of the defects present at the MoS2 surface 7,8. As a matter of fact, the low 

SBH for electrons translates into a high SBH for holes. Hence, n-type FETs with an electron 

accumulation channel can be easily obtained with unintentionally n-type doped MoS2, and low resistance 

contacts have been achieved either using low workfunction metals 6 or by selective area modification of 

2H-MoS2 to the 1T-MoS2 metallic phase in the source/drain contact regions 9,10. On the other hand, the 

fabrication of MoS2 FETs with the complementary p-type behaviour is challenging, due to the difficulty 

to inject holes in the inversion channel 11,12. 

Selective-area p-type doping of MoS2 under the source/drain electrodes and/or the use of 

unconventional contacts forming a low Schottky barrier for holes injection are required to develop a 

CMOS technology on MoS2. To date several approaches have been explored in the literature to reach 

this goal. As an example, substoichiometric MoOx (with 2<x<3) contacts were demonstrated to be 

effective for hole injection into pristine MoS2, due to the high MoOx work-function. Both p-type 

transistors and p-n diodes have been fabricated by selective-area deposition of MoOx layers 13. However, 

an accurate control of the deposition conditions (MoOx purity and stoichiometry) and of the interface 

chemistry are required for an efficient hole injection from MoOx ohmic contacts into MoS2 and other 

TMDs 14. Several doping strategies for MoS2 have been considered in the literature 15. As an example, 

incorporation of substitutional Nb atoms (replacing Mo cations) during CVD growth of MoS2 proved to 

be an effective way to achieve stable and high concentration p-type doping of this material 16, and p-type 

transistors with a hole accumulation channel have been recently demonstrated with Nb-doped MoS2 

multilayers 17. However, substitutional doping during the CVD growth lacks of area selectivity. Recently, 

low energy phosphorus plasma immersion ion implantation was used for selective area p-type doping of 

multilayer MoS2, with the doping effect explained by charge transfer originating from substitutional as 

well as physisorbed phosphorus in top few layers of MoS2 
18. p-type chemical doping of MoS2 by gold 

chloride (AuCl3) has been also recently demonstrated, and multilayer MoS2 back-gated FETs with hole 

conduction have been fabricated by spin coating of an AuCl3 solution on the channel region 19. This 

doping method can be, in principle, selectively applied to individual transistors on a wafer, and a proof 

of concept CMOS inverter was obtained by coupling a pristine MoS2 n-FET and an AuCl3 chemically 

doped p-FET 19. However, in the perspective of running MoS2 devices fabrication in a Si-CMOS 



production line, the adoption of such a solution would be hampered by the need to avoid Au 

contaminations issues.  

In the last few years, plasma treatments with different species (including O2, CHF3, CF4, SF6) have been 

also investigated by several research groups to achieve controlled modifications of MoS2 

electrical/optical properties 20,21,22,23,24,25, as these methods are fully compatible with current 

semiconductor technology. However, the detailed structural/chemical mechanisms of MoS2 electrical 

modification during the exposure to these different plasma species are still largely unclear. In particular, 

the role played by MoS2 chemical modifications and by defects introduced by energetic ions needs a 

deeper investigation. Among the various plasma treatments of MoS2 considered so far, O2 plasma 

received the largest attention. According to recent literature reports, very different results can be achieved 

depending on the plasma conditions (i.e., high power plasma or soft plasma treatments), and on the 

thickness of the MoS2 sample (i.e., single- or multi-layer). 

In the case of a single layer MoS2, it has been reported that the main effect of O2 plasma treatment is an 

increase of the sheet resistance by several orders of magnitude with the increase of the plasma exposure 

time, with a resulting transition from the semiconducting to the insulating transport regime 20. These 

changes in the electrical properties of the single layer MoS2 sheet were ascribed to the formation of 

insulating MoO3-rich disordered nanometric domains, surrounded by MoS2 regions with significant 

lattice distortion 20. A similar transition from semiconducting to insulating behaviour has been reported 

also in the case of few layers MoS2 films (from 1 up to 8 layers) 21. These results were explained assuming 

that the energetic oxygen from the plasma not only interacts with the surface atoms but also propagates 

deeply inside the layers to create MoO3 defects in the few layers MoS2. The transport properties of such 

defected systems were described as an effective medium semiconductor with a bandgap higher than 

MoS2. Oxygen plasma exposure was also used to strongly modify the optical properties of single-layer 

MoS2, giving rise either to a strong enhancement 22 or to the quenching 23 of the photoluminescence. 

These very different results were ascribed (according to DFT calculations 22) to different oxygen bonding 

configurations, resulting from different plasma conditions. In the case of multilayer MoS2 samples 

subjected to energetic O2 plasma treatments, a p-type doping of the exposed areas has been demonstrated 

by the fabrication of MoS2 lateral p-n diodes with good rectifying behaviour 24. However, the detailed 

mechanisms of the doping effect are still not clear. Furthermore, when performing energetic plasma 

treatments, the exposed multilayer MoS2 areas can undergo a significant etching 24, this being a drawback 

for the realization of MoS2 FETs with a thin channel region. Hence, soft plasma treatments are strongly 



required to achieve a controlled modification of MoS2 electrical properties, minimizing the etching 

effects. As an example, a recent study of multilayer MoS2 treatment with a remote O2 plasma 

demonstrated the possibility of selective chemical modification of the topmost MoS2 layer, without 

altering the composition of the underlying film 26. XPS analyses showed that the surface oxidation 

process during these soft plasma treatments proceeds through the formation of sub-stoichiometric MoOx 

up to the uniform coverage by a monolayer of amorphous MoO3 after long exposure to the plasma. 

Interestingly, a gradual shift of the Fermi level toward the valence band was observed with increasing 

the exposure time, indicating a p-type doping of underlying MoS2 
26.  

In this paper, we demonstrate the ambipolar behaviour in multilayer MoS2 transistors by nanoscale 

tailoring of the Schottky barrier with MoS2 surface in the source/drain areas using soft O2 plasma 

treatments. A detailed study, based on the combination of several microscopic and spectroscopic 

characterization techniques (including XPS, AFM, CAFM and aberration-corrected STEM/EELS), 

elucidated the morphological, chemical, and electrical modification of the MoS2 surface under different 

plasma conditions. In particular, nanoscale electrical analyses by CAFM showed how the SBH and 

doping can be tailored by increasing the plasma exposure time. Starting from a narrow distribution of 

low SBHs for electrons in the case of pristine MoS2, the SBH map was modified after 600 s O2 plasma 

treatment into a broader distribution formed by nanometric patches with low SBH for holes (due to local 

p-type doping) inside a background with low SBH for electrons. These lateral inhomogeneities of the 

electrical properties in O2 plasma treated samples are associated to lateral variations of the incorporated 

oxygen concentration in the MoS2 multilayer surface, as indicated by STEM/EELS analyses and ab-initio 

DFT calculations. Back-gated multilayer MoS2 field effect transistors were fabricated by self-aligned 

deposition of Ni/Au source/drain contacts in the O2 plasma functionalized areas.  

Differently than pristine MoS2 transistors (with n-type behaviour), these devices exhibit both electron 

transport (for VG>0) and hole transport (for VG<0), with on/off current ratio Ion/Ioff 103 and field effect 

mobilities of 11.5 cm2V-1s-1 and 7.2 cm2V-1s-1 for electrons and holes, respectively. 

 

Results and Discussion 

Multilayer MoS2 flakes exfoliated from bulk molybdenite were subjected to surface functionalization by 

a soft O2 plasma, which was generated by a source located far from the sample. No bias was applied to 

the sample during the treatment to avoid physical etching. The effect of different plasma exposure times 



on the surface chemistry, morphology and nanoscale electrical properties of MoS2 were preliminarily 

evaluated by X-ray Photoelectron Spectroscopy (XPS), atomic force microscopy (AFM) and conductive 

atomic force microscopy (CAFM). Fig.1 shows the surface morphology of pristine (i.e., as-exfoliated) 

MoS2 (a), and of MoS2 samples subjected to O2 plasma for 300 s (b), 600 s (c) and 1200 s (d). The root 

mean square (RMS) roughness values, calculated from the four topography maps, are also reported in 

the figures. Only a limited increase in the roughness (from 0.11 to 0.18 nm) is observed upon increasing 

the plasma exposure time from t=0 s to 600 s, whereas a more significant roughening (RMS=0.26 nm) 

is found after 1200 s O2 plasma treatment. Representative height line-scans extracted from the AFM 

images are shown in Fig.1 (e)-(h). It can be observed that for plasma exposure times up to 600 s the peak-

to-valley height excursion is less than the thickness of a MoS2 monolayer (0.7 nm).   

In order to investigate the changes in the surface chemistry occurring as a consequence of the different 

plasma treatments, XPS spectra of Mo 3d, S 2s and S 2p regions have been collected from each sample. 

Results are reported in Fig.2, whereas spectral features are summarized in Table S1 of the Supporting 

Information. The Binding Energy (BE) values are reported with respect to C 1s C–C/C–H peak 

(284.8 eV), taken as a reference (see Fig.S1 in the Supporting Information). The Mo 3d and S 2s spectra 

of the pristine sample demonstrate a nearly clean MoS2 surface and the S 2p spectral range shows that S 

is bound only to Mo. After the 300 s O2 plasma treatment, oxidation of the MoS2 surface is observed. In 

particular, the presence of two different Mo-oxide species, i.e., Mo6+ (~ 233 eV) and an intermediate 

oxidation state Mo(6-x)+ was deduced by deconvolution of the Mo 3d spectra, along with the appearance 

of the S–O bond from S 2p spectra. On the other hand, Mo4+ (228.7-229.5 eV) 27,28 and Mo5+ (231.0-

231.5 eV) 28,29,30 oxidation states are not observed. Interestingly, both S 2p and Mo 3d regions (including 

S 2s peak) are shifted by –0.4 eV with respect to the as-exfoliated sample, but the relative peak positions 

are maintained. A larger negative shift (0.7 eV) of the peaks is observed after 600 s O2 plasma treatment. 

Finally, no significant differences are observed between the spectra acquired after 600 and 1200 s plasma 

processes. Analogous rigid shifts have been previously reported 26 and ascribed to a Fermi level shift 

towards the valence band (i.e., to a p-type doping effect of MoS2) due to surface oxidation. Micro-Raman 

measurements on pristine multilayer MoS2 and after O2 plasma treatment  (1200 s) are also reported in 

the Supporting Information (Fig.S2). The E1
2g and A1g bands of MoS2 are almost overlapped for the two 

samples. Moreover, the bands at about 225 cm-1 or at 820 cm-1 attributable to MoS2 bulk oxidation or 

formation of MoO3 
23,31,32 were not detected. These findings are consistent with the fact that only the 



surface of multilayer MoS2 is chemically modified by the plasma process, whereas the underneath layers 

(which give the main contribution to the Raman signal) are not affected by the oxidative processes. 

In order to understand the effect of these surface chemical modifications on the electrical properties of 

MoS2, we first performed nanoscale current mapping by conductive atomic force microscopy (CAFM). 

Measurements were performed on multilayer MoS2 flakes (with typical thickness from 30 to 60 nm, as 

evaluated by AFM) exfoliated on SiO2 (380 nm)/Si substrates. Ad-hoc test patterns were lithographically 

defined on the flakes, consisting of open MoS2 circular regions surrounded by a large metal (Ni/Au) 

contact, as illustrated in the inset of Fig.3(a). Four different samples have been prepared with these test 

structures, and three of them have been subjected to the O2 plasma treatments for 300, 600 and 1200 s, 

respectively. A sharp metal (Pt)-coated AFM tip (with 10 nm contact radius) was scanned on MoS2 on a 

square array of positions. For each tip position, a bias ramp is applied to the macroscopic metal contact 

and the current flowing through the MoS2 film from the nanometric tip to the macroscopic contact is 

recorded by a current sensor connected to the tip. In this measurement configuration, the main resistance 

contributions to the measured current are the tip/MoS2 contact resistance and the spreading resistance in 

the nanometric MoS2 region around the tip 8. This ensures the possibility of locally probing both current 

injection into MoS2 (i.e., the SBH) and resistivity with nanoscale lateral resolution. Fig.3 reports 

representative current-voltage characteristics collected on arrays of 5×5 tip positions with 50 nm spacing 

for the pristine MoS2 sample (a) and for the samples subjected to O2 plasma for 300 s (e) and 600 s (i). 

Measurements on the sample subjected to 1200 s plasma treatment are shown in Fig.S3 of the Supporting 

Information. For the sake of simplicity, the applied bias is referred to the tip (Vtip). Using this convention, 

the tip in contact with n-type doped MoS2 is expected to form a forward biased nano-Schottky junction 

for Vtip>0  and a reverse biased junction for Vtip<0. On the other hand, in the presence of p-type doped 

MoS2 regions, the nano-Schottky will be forward biased for Vtip<0 and reverse biased for Vtip>0.  

The local I-Vtip characteristics collected on the pristine sample (Fig.3(a)) exhibit the typical behavior 

observed for low Schottky barrier height contacts on n-type MoS2, with a current onset at low forward 

bias (Vtip>0) and a high leakage current under reverse bias (Vtip<0) 8. In the upper left inset of Fig.3(a), 

a representative forward bias characteristic is also reported both on semilog scale (left axis) and linear 

scale (right axis). A linear increase of the current with the bias over more than two decades, followed by 

a saturation due to series resistance R, can be observed in the semilog plot. The SBH value (B,n=0.31 

eV) and the ideality index (n=1.05) were extracted by the fitting of the linear region of this curve with 

the thermionic emission equation  
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being Atip=rtip
2 the tip contact area, T=300 K, k the Boltzmann constant, q the electron charge and A* 

the Richardson constant of multilayer MoS2 
8. The series resistance contribution (R0.9 M was 

estimated by linear fitting of the linear scale I-Vtip characteristic (right axis) for Vtip above the onset 

voltage. This series resistance contribution is mainly associated to the local resistivity of MoS2 in the 

nanometric size volume under the tip. Fig.3(b) and (c) report two-dimensional (2D) maps of the SBH 

B,n and of series resistance R evaluated by fitting a square array of 10×10 I-Vtip curves acquired over 

0.5×0.5 m scan area. Furthermore, the histograms of the R and B values extracted from each I-Vtip 

curve is reported in Fig.3(d). For pristine MoS2 B,n values are found to be in the range from 0.23 to 0.35 

eV and the R values from 0.4 to 1.1 M. A schematic band-diagram for the Schottky contact on pristine 

MoS2 is also reported in the inset of Fig.3(d), higher panel.  

After 300 s plasma treatment (Fig.3(e)), the I-Vtip characteristics still maintain the typical shape for 

Schottky contacts on n-type MoS2, but a larger spread between the locally measured curves can be 

observed, both in the forward (Vtip>0 V ) and reverse bias (Vtip<0 V) polarization. This is the result of  a 

broader distribution of the Schottky barrier height (B,n ranging from 0.21 to 0.58 eV) and of the series 

resistance values (R ranging from 0.6 to 1.7 M ) after the soft plasma treatment, as shown by the B,n 

and R maps (Fig.3(f) and (g)), as well as by the histograms of the B,n and R values in Fig.3(h). As a 

matter of fact, since the metal contact used for the measurements is unchanged with respect to the case 

of pristine MoS2, the higher values of the local SBH can be only ascribed to a shift of the Fermi level 

from the conduction towards the valence band of MoS2. Noteworthy the results of this nanoscale 

electrical characterization are consistent with the average results deduced from macroscopic XPS 

analyses. A schematic representation of the band-diagram for the Schottky contact on O2 functionalized 

MoS2 is also reported in the inset of Fig.3(h), higher panel.   

The 600 s long O2 plasma treatment introduces further modifications in the local I-Vtip characteristics. 

As shown in Fig.3(i), in addition to n-type Schottky diode curves, some curves (drawn in red) with the 

typical behavior for Schottky contacts on a p-type semiconductor can be observed (i.e., the onset of a 

negative current at Vtip<0 and negligible current for Vtip>0). The Schottky barrier height for holes B,p 

can be extracted by fitting |I|-Vtip on semilog-scale (for Vtip<0) with the thermionic emission law, as 

illustrated in the image in the lower-right inset of Fig.3(i). For this representative |I|-V curve, a SBH for 



holes B,p=0.49 eV was obtained, which corresponds to a SBH for electrons of B,n0.71 eV, according 

to the relation: 

B,n=Eg-B,p                                                                                                                                         (2) 

where Eg is the bandgap of multilayer MoS2. Clearly, values of B,n>Eg/2 correspond to a p-type doped 

MoS2, as schematically illustrated in the inset of  Fig.3(n), higher panel. The map of the B,n values 

reported in Fig.3(l), along with the histogram in Fig.3(n), higher panel, indicate the occurrence of p-type 

doping on 16% of the MoS2 area exposed to O2 plasma. Only a limited increase of R is observed after 

the 600 s plasma treatment with respect to the 300 s long process, as deduced from the 2D map of the R 

values in Fig.3(m) and from the histogram in Fig3(n), lower panel. 

On the other hand, the sample subjected to 1200 s long O2 plasma exposure showed a very large spread 

of local I-Vtip curves (both with n- and p-type Schottky behavior), accompanied by a strong increase of 

the series resistance (up to 7 M), as  shown in Fig.S3 of the Supporting Information. The significant 

increase of the surface roughness (shown by AFM in Fig.1(d)) and this strong increase of the series 

resistance indicate a degradation of the surface structural properties. Hence, the 600 s long O2 plasma 

treatment was chosen as the optimal condition to achieve both electrons and holes current injection under 

the contacts.   

It should be noted that the correlation of low ΦB,p values with a local p-type doping of MoS2 is peculiar 

for MoS2 subjected to the O2 plasma functionalization process. Generally speaking, doping of a 

semiconductor and change in its SBH are two different phenomena, that are not necessarily correlated, 

and it can be possible to have a combination of p-type doped material and ΦB,n<ΦB,p or vice-versa.        

Fig.4(a) and (b) shows two atomic resolution STEM analyses at different magnifications performed close 

to the edge of a multilayer MoS2 flake subjected to this optimal O2 plasma condition. It is worth noting 

that oxygen atoms are incorporated only in the topmost layer of this multilayer. Due to this reason and 

to the low atomic number of oxygen, the contrast in atomic resolution STEM images is associated to the 

stacking of columns of Mo and S atoms in the multilayer, whereas substitutional O atoms in the surface 

cannot be visible. On the other hand, these measurements confirm how the structural properties of the 

MoS2 lattice are preserved by the soft plasma process. In order to get local chemical analyses with sub-

nanometric resolution, EELS measurements were also carried out on the MoS2 flakes using a 60 keV 

primary electron beam. Fig.4(c) shows representative EELS spectra collected on pristine MoS2 samples 

(reference) and on MoS2 flakes subjected to 600 s O2 plasma treatment (performed directly on the flakes 



attached to the TEM grid). Here, subtraction of the background signal and plural scattering deconvolution 

have been performed by applying the power-law background fitting and Fourier-ratio method, 

respectively. As a reference, a DFT simulated EELS spectrum for pristine MoS2 has been also included 

(details on the EELS spectra simulations are reported in the Materials and Methods section). In the energy 

region between 385 and 565 eV, three characteristics ionization edges for Mo (i.e., M1,2 and M3) can be 

identified both on the pristine and on the O2 plasma treated sample. Noteworthy, the positions of the most 

prominent Mo-M2,3 ionization edges in the experimental EELS spectra of pristine MoS2 are coincident 

with those on the simulated one, indicating a right calibration of the energy scale. An energy shift of the 

M2,3 peaks toward higher energies, accompanied by the appearance of the oxygen-related O-K edge, can 

be observed in the sample subjected to 600 s O2 plasma treatment, indicating the formation of oxidized 

Mo on the flake surface 33. These characteristic spectra can be found all over on the sample surface but 

with a variable intensity of the O-K peak, indicating a laterally inhomogeneous incorporation of oxygen 

on the MoS2 surface. Fig.4(d) shows a Z-contrast image collected at low magnification on a multilayer 

MoS2 flake. The dark grey patches in this image are due to sub-monolayer etched areas on MoS2 surface 

produced by the soft O2 plasma, which are also responsible of the roughness in the AFM image of 

Fig.1(c). The size and the density of these patches are similar to those of the high SBH (i.e. p-type doped) 

areas in the electrical map of Fig.3(l). In order to obtain maps of the oxygen distribution with sub-

nanometric resolution, spectrum images (dataset containing both Z contrast and EELS data) have been 

also acquired on several positions of the flakes. The oxygen map was extracted from these data by 

integration of the EELS signal around the O-K edge. As an example, Fig.4(e) shows a representative 

image collected at the edge of a patch area, where the oxygen map (red contrast) is overlapped to the Z-

contrast map (light blue), related to the surface morphology. Intensity line-scans of oxygen concentration 

and Z-contrast are also reported in Fig.4(f), showing that the oxygen incorporation can be partially related 

to the morphology. By statistics on several spectrum images, oxygen accumulation at the edges of the 

patches was detected. 

High resolution chemical mapping by STEM/EELS indicate a laterally inhomogeneous oxygen 

incorporation in the MoS2 surface. To understand if such surface compositional inhomogeneity can be 

the origin of the lateral inhomogeneous distribution in the SBH observed by CAFM nanoscale electrical 

analyses, ab-initio DFT calculations of the energy bandstructure were performed (see the details in the 

Materials and Methods section). In order to reproduce a system similar to the experimental one, a few 

layers MoS2 system was considered in the simulations and oxygen atoms were assumed to be bound only 

to the topmost layer. The effect of different oxygen bonding configurations on the electronic 



bandstructure of the whole system was considered. First, the effect of oxygen adatoms lying on top of S 

atoms was simulated and it could not account for the experimentally observed local p-type doping of 

MoS2, as discussed in the Supporting Information (Fig. S4). On the other hand, replacement of S with O 

atoms in substitutional configurations inside the topmost layer was found to justify a p-type doping effect 

of underlying MoS2 layers, as illustrated in the following. Fig.5 shows the structural configuration and 

electronic structure calculations for a trilayer of MoS2 with four different atomic percentage of 

substitutional oxygen included in the topmost layer: 0%, i.e. pristine MoS2 (a), 11.1% (b), 22.2% (c), 

33.3% (d). Here, substitution of oxygen to sulfur atoms produces only local lattice distortions in the 

topmost layer, without changing the overall lattice structure. Hence, this topmost layer can be described 

as a MoOxS2-x alloy with variable oxygen fraction x from 0 to 0.33. In the case of 0% substitutional 

oxygen, an indirect bandgap of 1.1 eV and a charge neutral system (with the Fermi level lying at midgap) 

is predicted by DFT calculations in Fig.5(a), right panel. For substitutional oxygen percentages from 11.1 

to 33.3%, the electronic bandstructure of the topmost MoOxS2-x layer and of the underlying MoS2 bilayer 

are depicted in red and green, respectively, as illustrated in the right panels of Fig.5(b), (c) and (d). It 

should be noted that, with increasing the oxygen content, the bandgap of the MoOxS2-x layer decreases 

(down to 0.2 eV for 33.3% oxygen), its valence band stays aligned with that of underlying MoS2, and 

the Fermi level of the whole systems stays pinned at MoOxS2-x midgap. This trend is illustrated in 

Fig.5(e). As a result, a gradual shift of the Fermi level towards the valence band, i.e., an increasing p-

type doping of the system, is predicted by increasing the substitutional oxygen incorporation in the 

topmost layer. The results of these DFT calculations allows to account for a laterally inhomogeneous p-

type doping due to lateral variations of incorporated oxygen in the MoS2 surface, as indicated by 

nanoscale resolutions chemical maps obtained by EELS. The scenario considered in the simulations, i.e., 

the formation of a MoOxS2-x alloy on the surface of multilayer MoS2 subjected to a soft O2 plasma is the 

most realistic one, considering that the crystalline structure of MoS2 appears to be preserved, according 

to atomic resolution STEM analyses in Fig.4(a) and (b). Another possible scenario, i.e., the 

transformation of the MoS2 topmost layer into a MoO3 (with a different lattice structure than MoS2) has 

been also considered, by performing the DFT electronic structure calculation of the MoO3/MoS2 

heterojunction (see Supporting Information, Fig.S5 and S6). Also in this case a p-type doping effect of 

MoS2 is predicted by simulations, but the origin is very different and resides in the very high work-

function of the MoO3 insulator. Although MoS2 p-type doping could be accounted also by this scenario, 

the presence of a thin insulator on MoS2 would introduce a high tunnel resistance contribution for current 



injection in MoS2. This is not consistent with the CAFM results obtained for samples subjected to the 

optimized soft plasma treatment.            

To understand the implications on devices electrical characteristics of the nanoscale modification of 

MoS2 surface properties induced by the O2 plasma, we fabricated back-gated field effect transistors with 

source and drain contacts deposited on pristine MoS2 (see schematic illustration in Fig.6(a)) or on areas 

selectively exposed to O2 plasma functionalization (see schematic in Fig.6(b)). The 600 s long plasma 

treatment was adopted, as it results in the occurrence of both n and p type doped areas without a strong 

degradation of MoS2 resistance. Fig.6(c) shows the output characteristics ID-VDS for different gate bias 

values (VG from -60 to 20 V) measured on a FET with channel length L=10 m fabricated with a 40 

nm thick pristine MoS2 flake (see optical microscopy in the inset). In the plot, the current value is 

normalized to the channel width W, to have a direct comparison between devices with different W. All 

the ID-VDS curves exhibit a linear behavior for small VDS values, with the slope monotonically increasing 

with VG. The saturation of ID at higher VDS is observed only for low VG values (as indicated in Fig.6(c)), 

for which the pinch off the channel occurs. The transfer characteristiscs ID-VG for different drain bias 

values (VDS=1, 2 and 5 V) are reported on a semilog-scale in Fig.6(d). The n-type transistor behavior 

typically reported for MoS2 FETs can be observed, with a monotonic increase of the ID over more than 

5 decades in the considered gate bias range. The exponential increase of ID with VG at high negative bias 

values (i.e. VG<VFB, with VFB the flatband voltage) is due to thermionic emission of electrons above the 

Schottky barrier at Ni/MoS2 interface, whereas thermionic field emission and tunneling through the 

barrier occurs at for VG>VFB. Hence, the effective SBH can be determined from temperature dependent 

measurements of the ID-VG characteristics, separating the contribution of thermionic emission and 

tunneling currents 6. We recently performed this kind of analysis on Ni/Au contacts deposited on pristine 

MoS2, and the obtained effective SBH value was 0.18 eV 34, slightly lower than the values extracted by 

fitting of the local I-V curves measured by CAFM with the thermionic emission law. 

A linear scale plot of the transfer characteristic (measured with VDS=5 V) is also reported in Fig.6(e). By 

fitting of the linear region in the ID-VG curve, the threshold voltage for electron accumulation in the 

channel (Vth,n=-35 V) was obtained as the intercept with the horizontal axis, and the field effect mobility 

(e30 cm2V-1s-1) was evaluated as: 
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being gm/W the slope of the ID-VG curve and Cox the SiO2 gate oxide capacitance.  

Fig.6(f) and (g) show the output characteristics of a MoS2 transistor with the same channel length (L=10 

m) and thickness (40 nm) of the pristine one, but with the source and drain contacts deposited on 

plasma O2 functionalized regions. While the set of ID-VDS curves measured for VG>0 (see Fig.6(f)) 

exhibit an increase of the current with increasing VG (as typically observed for n-type transistors), a 

decrease of ID with increasing VG is observed for the set of ID-VDS characteristics measured for VG<0 

(see Fig.6(g)), indicating a p-type behavior. Differently than in the case of the pristine MoS2 FET, the n-

type output characteristics (Fig.6(f)) exhibit an onset voltage at VDS2V and negligible current below 

this voltage. The suppressed electron current for low VDS can be explained by the space charge region 

around the nanoscale p-type doped patches below source and drain, resulting in a pinch-off of the 

conduction paths for electrons from the contacts to the n-type channel. The extension of this space charge 

volume is progressively reduced with increasing VDS up to the current onset at VDS=2V. The p-type ID-

VDS characteristics measured for VG<0 (Fig.6(g)) exhibit a much lower onset voltage, and a linear 

increase of ID vs VDS up to VDS0.7V (where a kink in the ID-VDS curves is observed), followed by a 

nearly saturating behavior for VDS>0.7V. Accurate device simulations will be carried out to 

quantitatively describe the output characteristics behavior both for VG>0 and for VG<0. Such a behavior 

is reflected in the device transfer characteristics ID-VG, reported in Fig.6(h) on semilog scale for VDS=1, 

2 and 5 V and in Fig.6(i) on a linear scale for VDS=5V. In particular, for VDS=1V and 2V, the transfer 

characteristics exhibit a pronounced p-type behavior, with the hole current branch (for VG<0) 

significantly higher than the electron current branch (for VG>0), whereas for VDS=5V an ambipolar 

behavior is observed, with Ion/Ioff current ratio 103 for both the electrons and holes branches. The lower 

Ion/Ioff current ratio with respect to pristine MoS2 FETs is mostly due the higher off-state current and, in 

part, to a reduced current drive in the on-state. Clearly, the off-state current level depends on the peculiar 

current transport mechanisms in the subthreshold regime, and specifically on the current injection 

through the nanoscale engineered Schottky barrier by O2 plasma treatments. An accurate modelling of 

the electrical characteristics by device simulations will be necessary to quantitatively describe these 

effects. The linear scale ID-VG characteristic in Fig.6(i) exhibits two threshold voltages, one for electrons 

accumulation (Vth,n8V) and the other for the holes inversion channel formation (Vth,p-39 V). 

Furthermore, from the slope of the ID-VG characteristics in the two branches, the field effect mobilities 

for electrons (e=11.5 cm2V-1s-1) and holes (h=7.2 cm2V-1s-1) have been evaluated.     



Based on the above results, the key to achieve this ambipolar behavior in O2 functionalized FETs is 

represented by the coexistence of n-type doped regions (with low SBH for electrons) and p-type doped 

regions (with low SBH for holes) within the same source and drain contact areas. In particular, for a 

positively biased drain contact (VDS>0), the injection of electrons from the source to the accumulation 

channel (for VG>0) occurs through regions with lower SBH for electrons, whereas the injection of holes 

from the drain to the inversion channel (for VG<0) is allowed by the regions with low SBH for holes. 

The possibility to have both n- and p- type current transport in a single device structure can be interesting 

for some digital electronics applications. On the other hand, as the effective area available for electrons 

(holes) injection is only a fraction of the contact area, this results in reduced current drive (by almost a 

factor of 10) with respect to pristine MoS2 devices with the same geometry. The adopted self-aligned 

fabrication process is fully compatible with CMOS technology and does not suffer of the resolution 

constrains typically imposed by the overlay of two different lithographic steps imply, allowing (in 

principle) the scaling of the device to very short channel length. However, lateral permeation of O2 

plasma inter the gap between resist and MoS2 (starting from the edges of resist covered areas) cannot be 

excluded, and this could ultimately limit the minimum channel length that can be reached by this self-

aligned process.      

Conclusion  

We demonstrated that the nanoscale Schottky barrier distribution at the surface of multilayer MoS2 can 

be tailored by O2 plasma functionalization, starting  from a narrow SBH distribution (0.2 - 0.3 eV) in the 

case of pristine MoS2 to a broader distribution (from 0.2 to 0.8 eV) after 600  s plasma treatment. The 

lateral inhomogeneity in the electrical properties was associated to lateral variations of the incorporated 

oxygen concentration in the topmost MoS2 layer. Back-gated multilayer MoS2 field effect transistors, 

fabricated by self-aligned deposition of the source/drain contacts in the O2 plasma functionalized areas, 

exhibit ambipolar current transport with on/off current ratio Ion/Ioff 103 and field effect mobilities of 

11.5 cm2V-1s-1 and 7.2 cm2V-1s-1 for electrons and holes, respectively. The electrical behavior of these 

novel ambipolar devices has been discussed in terms of the peculiar current injection mechanisms in the 

O2 plasma functionalized MoS2 surface.  

This work sheds light on the possibility of fine tuning metal/MoS2 electronic properties through a surface 

pre-functionalization process, which can find many applications for next generation 

electronic/optoelectronic devices based on this material. Furthermore, the adopted fabrication approach 



for the proof-of-concept ambipolar FET is scalable and fully compatible with CMOS technology, making 

it suitable for ultra-scaled MoS2 transistors fabrication.  

 

Supporting Information 

XPS analyses; Micro-Raman characterization of pristine and O2 plasma treated MoS2 for 1200s; 

Conductive Atomic Force Microscopy characterization of O2 plasma treated MoS2 for 1200s; DFT 

calculations. 
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Materials and Methods 

Samples preparation. MoS2 samples used in this study were obtained by exfoliation from bulk 

molybdenite (purchased from SPI). Samples for XPS analyses were obtained exfoliating large area and 

thick MoS2 flakes on a metallic substrate (used to avoid charging during measurements). MoS2 flakes 

used for the fabrication of back-gated field effect transistors and for nanoscale electrical measurement 

using CAFM were exfoliated by using a thermal release tape and transferred by thermo-compression 

printing 35 onto highly doped Si covered with 380 nm SiO2 film. Multilayer flakes with thickness ranging 

from 30 to 50 nm (basing on AFM analyses) have been used in these experiments.  

Soft O2 plasma treatments of MoS2 surface were carried out with a commercial ICP system (Roth & Rau 

Microsys 400). The plasma was generated with 100 W power and an Ar(20%)/O2(80%) gas mixture. The 

Ar percentage in this gas mixture is the lowest allowing to generate a stable plasma with our equipment. 

The plasma source is located at approx. 20 cm above the sample and no bias is applied to the sample 

during the process. Under these conditions, physical etching effects by energetic ions are avoided, and 



only a chemical action by the plasma is obtained. The base pressure in the chamber before starting the 

process was 2×10-6 mbar, whereas the pressure during the plasma process was 3×10-3 mbar. 

Test device structures for CAFM analyses consisted of metal films with circular holes open on MoS2 

flakes to allow scanning with the CAFM tip. These structures were fabricated by photolithography and 

lift-off of a Ni(20nm)/Au(80 nm) bilayer.  

Back-gated FETs on pristine MoS2 were fabricated by conventional lift-off of Ni(20nm)/Au(80 nm) to 

obtain the source/drain contacts. FETs with O2 plasma functionalized source/drain contact areas were 

fabricated using a self-aligned process consisting of the following steps: (i) spin coating of 1 m positive 

photoresist film (AR5350 from Allresist GmbH) onto MoS2; (ii) photolithography to open the resist in 

the source/drain contacts areas; (iii) soft O2 plasma treatment; (iv) deposition of a Ni(20nm)/Au(80 nm) 

bilayer; (v) lift-off of the resist in acetone. Hence, the only difference with respect to the conventional 

lift-off process is the introduction of the soft O2 plasma treatment. It is worth noting that such soft plasma 

process, does not degrade significantly the 1 m thick resist film. This allows using it both as a “hard-

mask” for plasma and for the subsequent lift-off process, after contacts deposition. 

 

AFM and CAFM measurements. AFM and CAFM measurements were carried out with a DI3100 

System with Nanoscope V controller. Pt coated ultra-sharp tips (curvature radius 10 nm) were used for 

CAFM analyses. 

XPS. X-ray Photoelectron Spectroscopy (XPS) spectra were recorded with a PHI 5000 VersaProbe II 

scanning XPS Microprobe™ (ULVAC-PHI, Inc.) using monochromatic Al-Kα radiation 

(hν = 1486.6 eV) from an X-ray source operating at 100 μm spot size, 25 W power and 15 kV 

acceleration voltage. A surface XPS survey was collected with the hemispherical analyzer (128 channels) 

at the pass energy of 23.500 eV, energy step size of 0.050 eV; the photoelectron take off angles with 

respect to the surface were 45°; Data analysis was performed with Multipak software version 9.7 

(ULVAC-PHI). Binding energy values are obtained using adventitious hydrocarbon as reference 

(248.8 eV). 

Atomic resolution STEM and EELS. STEM and atomic EELS measurements were performed using a 

sub-Angstrom aberration-corrected JEOL ARM200F microscope, which consists of a probe corrected 

STEM microscope equipped with a C-FEG and a fully loaded GIF Quantum ER as EELS spectrometer. 

A 60-keV primary beam energy with a probe size of 0.12 nm was used for the analyses. EELS spectra 



were recorded in dual-EELS mode, i.e, by simultaneous acquisition of core-loss and low-loss spectra for 

precise energy scale calibration, and with a dispersion of 0.325 eV/pixel. 

Transistors characterization. Electrical characterization of the back-gated FETs was carried out at 

room temperature (300 K) in dark conditions and under nitrogen flux using a Cascade Microtech probe 

station with an Agilent 4156b parameter analyzer. 

DFT calculations. Band structure calculations were performed within the density functional theory using 

the SIESTA code 36. We used the Perdew-Burke-Ernzerhof implementation 37 of the generalized gradient 

approximation for the description of the electronic correlations along with standard norm-conserving 

pseudopotentials 38 and a double-ζ plus polarization basis set for all elements. For the modeling of oxygen 

inclusions and defects (substitutional and interstitial) within a MoS2 crystal we considered (3×3) bilayer 

and trilayer 2H-MoS2 supercells with a variable concentration of O atoms (see figure 5 of the main text 

and S3 of the supplementary information). A (4×4×1) Monkhorst-Pack grid was used for the Brillouin 

zone sampling. For the modeling of the MoO3/MoS2 system and in order to obtain a quasi-commensurate 

interface, we considered a junction between a (2×4) rectangular monolayer MoS2 supercell and a (3×3) 

monolayer MoO3 supercell (see figure S5). In this way the remaining uniaxial stress components of the 

MoO3 crystal were 1.6% along the x-axis and -3.9% along the y-axis with respect to the unstrained values. 

A (2×2×1) Monkhorst-Pack grid was used here for the Brillouin zone sampling. In all cases, real space 

integrals were evaluated on a mesh with a cut-off energy of 210 Ry, while atomic relaxation was imposed 

until forces were less than 0.04 eV/Å. By completion of the self-consistent calculations, the band 

structures were unfolded to the respective first Brillouin zones following the methodology of ref. 39. 

Simulations of the core-loss EELS spectra of bulk MoS2 were performed with the all-electron WIEN2K 

code 40, considering the same exchange-correlation functional as before. Electronic convergence was 

achieved using a plane-wave cut-off parameter RMTKmax=7 and a sampling of the Brillouin zone with 

384 irreducible k-points. The EELS spectra were computed with the TELNES3 post-processing program 

using a Gaussian broadening of 0.5 eV. 
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Figure 3 

 

 

 

 

 

 



 

 

 

 

 

Figure 4 

 



 

 

 



Figure 5 

 

 

 

 

 

 

  

 

Figure 6 

 

 

 

 

 

 

 



 

Figure Captions: 

Fig.1 AFM morphology of as-exfoliated MoS2 (a) and of MoS2 samples subjected to O2 plasma for 300 

s (b), 600 s (c) and 1200 s (d). The root mean square (RMS) roughness values calculated from the four 

topography maps are also reported. Representative height line-scans are reported in (e)-(h). 

Fig.2 XPS spectra of Mo 3d, S 2s (left panel) and S 2p core levels (right panel) collected on as-exfoliated 

MoS2 samples and after O2 plasma treatments for 300 s, 600 s and 1200 s.  

Fig.3 Arrays of local current-voltage (I-Vtip) characteristics measured by CAFM on pristine MoS2 (a) 

and on the samples subjected to O2 plasma for 300 s (e) and 600 s (i). The setup for local I-V 

measurements is illustrated in the lower left insert of panel (a). The upper-right insert of panel (a) shows 

the fit of a representative I-Vtip curve for pristine MoS2, both on linear and semilog-scale, to extract the 

local Schottky barrier height (B,n), ideality factor (n) and the series resistance (R). Similar fitting has 

been carried out also for the samples subjected 300 s and 600 s O2 plasma (inserts of panel (e) and (i)). 

Two dimensional (2D) maps of the local B,n  (b) and R (c) values and hystograms of  B,n  and R (d) 

on pristine MoS2. 2D maps of the local B,n  (f) and R (g) values and hystograms of  B,n  and R (h) after 

300 s O2 plasma. 2D maps of the local B,n  (l) and R (m) values and hystograms of  B,n  and R (n) after 

600 s O2 plasma. 

Fig.4  Atomic resolution STEM analyses at different magnifications (a) and (b) performed close to the 

edge of few layers MoS2 flakes subjected to this O2 plasma functionalization for 600s. (c) Representative 

EELS spectra collected on pristine MoS2 samples and on MoS2 flakes subjected to 600 s O2 plasma 

treatment. Signal background subtraction and plural-scattering deconvolution have been performed by 

applying the power-law background fitting and Fourier-ratio method respectively. A calculated EELS 

spectrum for MoS2 is included. (d) Z-contrast image collected at low magnification on a multilayer MoS2 

flake, where the dark grey patches are sub-monolayer etched areas on MoS2 surface produced by the soft 

O2 plasma. (e) Representative spectrum image at the border of a patch: the oxygen map (obtained by 

integration of the O K edge signal) is overlapped to the Z-contrast map. (f) Intensity linescans of oxygen 

concentration and Z contrast extracted from the spectrum image in (e) 

Fig.5 Structural configuration and electronic structure calculations for a trilayer of MoS2 with four 

different atomic percentage of substitutional oxygen included in the topmost layer: 0%, i.e. pristine MoS2 



(a), 11.1% (b), 22.2% (c), 33.3% (d). Dependence of EF-EV on the oxygen percentage in the topmost 

MoOxS2-x layer (e). 

Fig.6 Schematic illustrations of back-gated field effect transistors (FETs) with source and drain contacts 

deposited on pristine MoS2 (a) or on areas selectively exposed to O2 plasma for an optimal time of 600 s  

(b). (c) ID-VDS characteristics (for VG from -60 to 20 V) measured on a FET with channel length L=10 

m fabricated with a pristine multilayer MoS2 flake (40 nm thick). An optical microscopy of the device 

is shown in the insert. Semilog-scale (d) and linear scale (e) plots of the ID-VG characteristics for the 

pristine MoS2 FET. The threshold voltage and the field  effect mobility were extracted by fitting of the 

linear scale ID-VG. ID-VDS characteristics for VG from 0 to 28 V (f) and for VG from -60 to 0 V (g) 

measured on a FET with channel length L=10 m fabricated with a multilayer MoS2 flake (40 nm thick) 

subjected to O2 plasma functionalization for 600 s. An optical microscopy of the device is also shown in 

the insert. Semilog-scale (h) and linear scale (i) plots of the ID-VG characteristics for the FET with O2 

functionalized contact areas. The threshold voltages for n-type and p-type current transport and the field 

effect mobilities for electrons and holes were extracted by fitting the electrons and current branches of 

the ambipolar ID-VG characteristic on linear scale. 
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