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1. Impurities Detection 

1.1 Inductively-coupled plasma mass spectrometry (ICPMS) 

As recently noted,1 impurities below the detection limit of XPS might impact the 

electronic structure of MoS2. STM images indicate that the presence of donor and 

acceptor atoms in the vicinity of the topmost surface layer affects the surface 

topography (i.e., the electron distribution). Several impurities are detected in 

significant abundance using ICPMS: Al, Ca, Cu, Fe, Mg, Mn, P, Na, Ti, W, and Zn.1 

Table S1 and Table S2 show the impurities detected on another geological and 

synthetic chemical vapor transport (CVT) grown MoS2 (s-MoS2). We show also in the 

tables the normalized data for a Si host matrix, as such analysis is standard for the 

integrated circuit industry.2 We highlight in three different colors three different levels 

of concentrations. The equivalent impurity concentration levels shows that this can 

easily exceed 5×1010/cm2, which is a typical maximum impurity concentration 

Table S1. Impurity concentrations from ICPMS analysis of another geological MoS2 sample 
and equivalent concentration normalized for a Si host matrix. The abundance unit is parts-
per-billion by weight (pbbw). Elements highlighted by yellow are exceeding 5×1010/cm2, 
orange >1×1011/cm2, and red >1×1012/cm2. The gray-colored elements correspond to 
concentration below <0.1 ppbw. 
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specification by the Si-industry.3 

 

1.2 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

ToF-SIMS is a surface microanalysis of both organic and inorganic materials. 

Secondary ions collected by bombarding process yields information about the 

molecular and elemental species present on the surface. This method has excellent 

detection limits (ppm) for most elements, which is higher than ICPMS but lower than 

XPS, however ToF-SIMS is broadly speaking a non-quantitative technique that can 

be made quantitative with suitable standards. In this work, relative sensitivity factors 

(RSF) for MoS2 surface are not available in order to quantify the raw intensities of the 

secondary ions yields. For example, Na intensity is high but secondary ion yield is 

very high too. Table S3 shows the raw intensities detected in addition to the excepted 

Table S2. Impurity concentrations from ICPMS analysis of synthetic (by chemical vapor 
transport) MoS2 and equivalent concentration normalized for a Si host matrix. The 
abundance unit is parts-per-billion by weight. Elements highlighted by yellow are exceeding 
5×1010/cm2, orange >1×1011/cm2, and red >1×1012/cm2. The gray-colored elements correspond 
to concentration below <0.1 ppbw. 
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S and Mo elements. It is nevertheless seen that significant impurity concentrations can 

be detected. 

Table S3. Raw intensities of impurities detected using ToF-SIMS method. 

 Raw Secondary Ion Counts in geological MoS2 

Element Li B C O Na Mg 

Counts 3478 22 1358 1419 2012859 4126 

Element Al Si S K Ca V 

Counts 4771 794 117356 967400 508804 8 

Element Cr Mn Fe Ni Cu Mo 

Counts 69 79 1948 31 240 2514033 

 

1.3 X-Ray photoelectron spectroscopy (XPS) measurements. 

The XPS analysis, with an elemental-specific detection limit (>0.05 at. %, ~≥5×1012 

atoms/cm2) that is higher than ICPMS and ToF-SIMS, was used to search for the 

elements indicated in Table S1. Figure S1 shows that only C and O were detected, and 

those contaminants can be desorbed after annealing in UHV (not shown). The arrows 

on the spectra in Figure S1 indicate the expected binding energy position of the 

contaminants. 
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Figure S1. XPS core level measurements performed to search for impurities detected by 
ICPMS and ToF-SIMS.  All impurities are below the detection limit. 
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2. Work Function Variation 

In addition to the work function (WF) shown in the main text carried out on three 

different samples, the WF was measured on three other natural MoS2 samples 

immediately after exfoliation under the same ambient conditions. Table S4 shows the 

experimental values obtained by Kelvin probe. On separate sample (#4), the WF was 

measured on five different locations before (Figure S2(a)) and after exfoliation (Figure S2(b)) 

as indicated in Table S5. 

 

 

 

 

 Sample 1 Sample 2 Sample 3 

WF after exfoliation (eV) 5.15 ± 0.20 4.45± 0.20 5.1± 0.20 

Location WF before exfoliation (eV) WF after exfoliation (eV) 

1 4.79 5.23 

2 5.07 4.94 

3 4.75 5.03 

4 4.87 5.33 

5 4.85 5.32 

Average 4.87± 0.12 5.17± 0.18 

Table S4. Workfunction measurements measured on three different samples immediately 
after exfoliation.	  

Table S5. The work function measurements of five different spots on the same sample measured 
immediately after exfoliation. 
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3. Surface characterization of synthetic MoS2. 

We compared the surface characteristics of geological sample (g-MoS2) to the 

synthetic CVT grown sample (Figure S3a). We characterized the surface of the s-

MoS2 using room temperature scanning tunneling microscopy and spectroscopy 

(STM and STS). The low magnification STM image in Figure S3b shows a high 

density of dark defects, comparable to previous reports on geological samples1 and to 

that shown in Figure 7. The dark defects are more noticeable in the higher 

magnification STM image in Figure S3c. An example of the dimensions of the dark 

defect is presented in Figure S3d. A single dark defect is characterized by a width of 

~2-3 nm and depth of ~0.4 nm. Such defects can be explained in part by the presence 

of impurities at or underneath the topmost surface layer. Structural defects such as 

voids are also observed. The surface topography obtained by STM suggests the 

presence of the same imperfections on both synthetic and geological MoS2 and the 

defect density change even across the same surface. 

Figure S2. Large MoS2 sample before (a) and after (b) exfoliation.  
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     Analyzing the STS spectra measured on s-MoS2 surface shows a band gap of about 

1.28 eV (Figure S3e) in agreement with previously reported band bap1. As indicated 

in Figure S3e, the Femi level is not located at the conduction band minimum (CBM). 

We located the valence band maximum (VBM) at -0.8 V and the CBM at 0.48 V. 

This shift is expected due to the presence of imperfections causing spatial variations 

of the Fermi level position on MoS2 bulk crystal surfaces.1,4 

     The synthetic crystal, “s-MoS2” was also characterized using Kelvin probe and 

photoelectrons spectroscopy in air (PESA). The WF measured immediately after 

exfoliation is about 5.18±0.01 eV. As for geological MoS2, the WF decreases with 

time and stabilizes after ~20 min to reach ~5.12±0.01 eV (Figure S3). The ionization 

potential (i.e. the valence band maximum) is measured at 5.72±0.05 eV. Using 

Figure S3. (a) Dimensions (10 × 10 × 1) mm of synthetic MoS2 sample. (b) STM image (500 nm × 
500 nm) showing high defect density. (c) STM image (100 nm × 100 nm). The line profile across 
the white line is presented in panel (d). (e) STS curve recorded on s-MoS2 surface. 
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reported and measured bandgap (Eg ~1.3 eV), the electron affinity is estimated at ~4.4 

eV. Our measurements (VBM, WF, and EG) indicate that the s-MoS2 crystal is p-type. 
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Figure S4. Kelvin probe measurements of the work function of synthetic s-MoS2 in 
comparison to geological crystals (g-MoS2). 


