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Abstract

Contact engineering on monolayer layer (ML) semiconducting transition metal dichalcogenides 

(TMDs) is considered the most challenging problem towards using these materials as a transistor 
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2

channel in future advanced technology nodes. The typically observed strong Femi level pinning 

induced in part by the reaction of the source/drain contact metal and the ML TMD frequently results 

in a large Schottky barrier height, which limits the electrical performance of ML TMD field-effect 

transistors (FETs). However, at a microscopic level, little is known about how interface defects or 

reaction sites impact the electrical performance of ML TMD FETs. In this work, we have 

performed statistically meaningful electrical measurements on at least 120 FETs combined with 

careful surface analysis to unveil contact resistance dependencies on the interface chemistry. In 

particular, we achieved a low contact resistance for ML MoS2 FETs with ultra-high vacuum (UHV, 

3×10-11 mbar) deposited Ni contacts, ~500 ohm·µm, which is 5 times lower than the contact 

resistance achieved when deposited at high vacuum (HV, 3×10-6 mbar) conditions. These electrical 

results strongly correlate with our surface analysis observations. X-ray photoelectron spectroscopy 

(XPS) revealed significant bonding species between Ni and MoS2 under UHV conditions 

compared to HV. We also studied the Bi/MoS2 interface under UHV and HV deposition conditions. 

Different from the case of Ni, we do not observe a difference in contact resistance or interface 

chemistry between contacts deposited under UHV and HV. Finally, this article also explores the 

thermal stability and reliability of the two contact metals employed here.

Keywords: 

Contact interface engineering, low contact resistance, monolayer MoS2, field-effect transistors, 

CMOS-compatible, thermal stability, interface chemistry

Main Text
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3

Monolayer (ML) semiconducting transition metal dichalcogenides (TMDs), including ML MoS2, 

ML WSe2 and ML WS2, are considered by leading semiconductor companies1–3 as potential 

channel materials in field-effect transistors (FETs) for future advanced technology nodes. The 

atomically thin body of ML TMDs with ideally no dangling bonds allows for extreme channel 

length scaling without introduction of significant short channel effects4. In the past ten years, the 

main challenge for the development of high-performance ML TMD FETs has been a too high 

contact resistance between the source/drain metals and the semiconducting channel materials5. To 

overcome this challenge, different metals, such as Ni, Sc, Ti, Au, Sn4–7, were employed to lower 

the contact resistance. Strong Fermi-level pinning induced by metal-induced gap states (MIGS) is 

found to be the key reason causing the high contact resistance5. Recent advancements have 

highlighted that contact engineering is a critical approach to mitigating high contact resistances, 

particularly by employing Sb and Y contacts8,9. The optimization of the deposition process markedly 

influences the chemical reactions and the resulting compounds formed at the metal-TMD interface. 

interface. According to the Schottky-Mott rule, the Schottky barrier height (SBH) at the 

source/drain-to-channel interface should scale with the metal work function, resulting in smaller 

barriers for electron injection into the conduction band for low work function metals. However, 

experimentally, the SBH is rather insensitive to the work function of many metals used as 

contacts to MoS2. This is especially true for some evaporated metal contacts, such as Ti, Cu, 

Cr5,10,11. Several reports observed, e.g. by X-ray photoelectron spectroscopy (XPS)12–15, that the 

metal deposition can result in a chemical reaction at the metal-to-channel interface that can be 

expected to impact – in a positive or negative fashion – the contact quality and is referred to in 

the following as “covalent type” of metal contact. However, there is only circumstantial evidence 

about how the surface chemical reaction relates to the contact resistance6,16–18, and therefore a 

statistical assessment of the electrical performance that correlates the contact resistance with the 
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4

microscopic interface properties is missing at this point in time. In addition, there is another class 

of metals, such as Bi, Sb, In, Ag, Au8,12,19,20, that are believed to not react with the 2D channel 

upon deposition, which will be referred to in the following as “van der Waals (vdW) type” 

contacts. vdW type contacts are characterized by an atomically thin vdW gap between the metal 

and the TMD that acts as a tunneling barrier for carrier injection. It is believed that in particular 

semimetals such as Bi and Sb used as contacts to TMD channels benefit from a reduced Fermi-

level pinning, resulting in lower SBHs19 and better contacts.

Here we present a comprehensive study that uses two metals – Ni as an example of a covalent 

type of contact and Bi as vdW type of contact – deposited under two different vacuum conditions 

to correlate the surface chemistry occurring at the metal-to-channel interface with a statistically 

relevant set of electrical data. Note in particular that there exists no study that evaluates the 

vacuum impact in case of vdW type contacts to the best of our knowledge. As discussed in detail 

below, we have achieved low contact resistance values of around 500 to 600 ohm·µm in ML 

MoS2 FETs by utilizing ultrahigh vacuum (UHV) metal deposition for Ni contact. This is a 

record low contact resistance for covalent type of Ni contacts. Moreover, we found characteristic 

features in the surface analyses we performed that corroborate that a more pronounced reaction 

between Ni and MoS2 in case of Ni deposited under UHV conditions correlates with this low 

contact resistance value, i.e. a stronger interaction between Ni and MoS2 under UHV. We also 

found that the contact resistance in case of Bi-contacted ML MoS2 does not show a clear 

correlation with the vacuum conditions during deposition. Our XPS analysis reveals that there is 

no detectable chemical reaction between Bi and ML MoS2 under UHV or HV deposition, 

consistent with the statement that Bi acts as a vdW type contact. 
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5

Furthermore, we have studied the thermal stability of our two different contact types. This is 

important, since back-end-of line compatible processes require a thermal budget that does not 

exceed 400°C and understanding the response of contacts to TMDs at elevated temperatures is 

critical to evaluate their usefulness for future transistor technologies. In case of Ni, we observe an 

increase in contact resistance after annealing at 100°C without a change of the XPS spectrum in 

this temperature range. We speculate that diffusion of Ni into the channel area and oxidation of 

this diffused Ni could be responsible for our observations, following the arguments presented in a 

previous publication21. For the encapsulated Bi contacts, the contact resistance is not impacted by 

the post annealing process. It is noteworthy that this observation is rather different from a 

previous report22. In our case, XPS reveals that Bi does not react with MoS2 up to 400°C, and 

since we prevented Bi evaporation through capping our contacts with Au, we did consequently 

not observe a degradation of contact resistance even for an annealing temperature above the 

melting point of Bi.

Results and Discussion
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6

Figure 1. Transfer characteristics of UHV/HV-Ni contacted ML MoS2 FETs and UHV/HV-

Bi contacted ML MoS2 FETs a. Transfer curves of UHV-Ni contacted ML MoS2 FETs with 

LCH ~ 85nm in logarithmic (left) and linear (right) scale. b. Transfer curves of HV-Ni contacted 

ML MoS2 FETs with LCH ~ 85nm. c. Contact resistance of UHV/HV-Ni contacted ML MoS2 

FETs versus carrier density. d. Transfer curves of UHV-Bi contacted ML MoS2 FETs with LCH ~ 

85nm. e. Transfer curves of HV-Bi contacted ML MoS2 FETs with LCH ~ 85nm. f. Contact 

resistance of UHV/HV-Bi contacted ML MoS2 FETs versus carrier density. g. Contact resistance 

comparison between HV-Ni and UHV-Ni contacted ML MoS2 FETs at a carrier density of 

1.5×1013 cm-2. h. Contact resistance comparison between HV-Bi and UHV-Bi contacted ML 

MoS2 FETs at a carrier density of 1.5×1013 cm-2. i. Benchmark plot of the contact resistance of a 

selected set of ML MoS2 FETs8,19,20,23–26
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7

To statistically evaluate the overall electrical performance, 60 UHV-Ni and 64 HV-Ni contacted 

ML MoS2 FETs were fabricated. UHV Ni is deposited at 3×10-11 mbar and HV-Ni is deposited at 

3×10-6 mbar. Transfer characteristics of UHV-Ni and HV-Ni contacted ML MoS2 FETs are 

shown in Figure 1a) and 1b). Good on-current levels and off-state behavior are observed for both 

UHV-Ni contacted and HV-Ni contacted MoS2 FETs. Note that the current level of UHV-Ni 

devices can achieve up to 470 µA/um for the best device at VDS=1V, VGS=2.5V. To extract the 

contact resistance, four different channel length FETs were fabricated (85nm, 185nm, 385nm and 

985nm). A clear channel length dependent behavior is observed for both UHV-Ni and HV-Ni 

contacted FETs, as shown in the Supplementary Figure. S1a) and b). The contact resistance is 

extracted employing the transfer length method (TLM). Figure 1c) shows the contact resistance 

versus carrier density for UHV-Ni contacted and HV-Ni contacted ML MoS2 FETs. At the same 

carrier density, the average contact resistance of UHV-Ni is substantially lower than the average 

contact resistance of HV-Ni contacted FET. Note that one may argue that the use of different 

HfO2 thicknesses for UHV and HV deposited devices will impact the Schottky barrier thickness λ 

at the source/drain to channel interfaces, and the higher contact resistance in case of HV-Ni 

devices is just a result of this.27 However, since the carrier density is extracted considering a 

combination of oxide capacitance and the air gap between ML MoS2 and the dielectric layer28, 

the capacitance equivalent thicknesses (CET) of HV-Ni FETs and UHV-Ni FETs are 2.2nm and 

2.09nm, respectively, which are very similar values. This implies that λ is almost the same for 

both cases, and that the impact of a change of λ is not likely responsible for the experimental 

observation.29 At the same time, as expected, the sheet resistance does not depend on the vacuum 

pressure for deposition, as shown in Supplementary Figure S2b). All devices show the expected 

d(log(RC))/d(log(n)) slope of about -1 that is reflecting the response of the source/drain Schottky 

barriers to the applied gate field underneath the metal contact areas in our back-gated devices30. 
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8

Figure 1g) summarizes the difference in contact resistance values of UHV-Ni and HV-Ni 

contacted ML MoS2 at a carrier density of 1.5×1013 cm-2. The lowest experimentally determined 

contact resistance in case of UHV-Ni FETs is ~500 ohm·µm. The average contact resistance of 

UHV-Ni FETs is about 5 times lower than for HV-Ni FETs due to the reaction of Ni with MoS2, 

as discussed in greater detail below. The contact resistance of UHV-Ni contacted ML MoS2 FETs 

is benchmarked against other published results8,19,20,23–26,31,32 in Figure 1i). Except for the Ni 

contacts employed in this work that were deposited under UHV conditions, all other metal 

contacts shown in the graph fall into the vdW type contact category, highlighting that competitive 

contacts can be achieved with covalent type metals if deposited under the right conditions 

through interface engineering. Output characteristics are shown for all four metal contact cases in 

Supplementary Figure S3c) and d). All output characteristics show good current saturation of our 

“well-tempered” devices. The lower current level in case of HV-Ni is apparent in figure S3c). 

The off-state behavior is shown in Supplementary Figure S4, S5. Both UHV-Ni and HV-Ni 

contacted FETs present good inverse subthreshold slopes, 60~80 mV/dec for UHV-Ni and 70~90 

mV/dec for HV-Ni, respectively. 

Different from the case of Ni, the contact resistance for MoS2 FETs contacted with Bi was found 

to be independent of the vacuum deposition conditions. Bismuth contacts have been demonstrated 

with very low contact resistance on ML MoS2 FET before, and the results have been interpreted 

as a consequence of metal induced gap states (MIGS) resulting in a favorable line-up of the 

semimetal Fermi level to the conduction band of the TMD8,19. The results presented here expand 

on the existing literature in presenting a statistically relevant number of devices, i.e. in total more 

than 150 Bi-contacted FETs, while exploring the impact of the vacuum conditions on the contact 

quality. UHV-Bi and HV-Bi contacts are deposited under vacuum at 3×10-11 mbar (UHV) and 
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9

3×10-6 mbar (HV) respectively. 40 UHV-Bi contacted and 112 HV-Bi contacted MoS2 FETs 

were fabricated with four different channel lengths, showing very reproducible behavior as 

evident from Figure 1d) and 1e), 1f) and 1h. High on-current levels (around 400 µA/µm) are 

achieved for the shortest devices (85nm) explored here, and good on/off current ratios (~108) are 

apparent from the figures. A clear channel length dependence is observed for both UHV-Bi and 

HV-Bi contacted FETs, as shown in the Supplementary Figures S1c) and d). The extracted 

contact resistance versus carrier density for UHV-Bi and HV-Bi is shown in Figure 1f). The fact 

that in this case the UHV-Bi and HV-Bi devices exhibit an extremely similar behavior further 

supports our statement from above about CET being comparable for the two different HfO2 

thicknesses employed. Different from the case of Ni-contacted devices, Bi-contacted FETs show 

a change of slope from d(log(RC))/d(log(n))=-1 to -0.5 for the highest carrier concentrations. 

While a slope of -0.5 may hint at having reached the quantum limited contact resistance, Rc,min = 

h/(2q2) sqrt(π/2n2D),8 the actual resistance value above 1013 cm-2 is not consistent with the 

expected value of 20 ohm·µm, likely because of the existence of a vdW gap between Bi and the 

TMD, as mentioned in a previous publication19. This gap will add another carrier concentration 

independent resistance in series to the predicted quantum limit, but would not mask the -0.5 

slope. Figure 1h) illustrates all contact resistance values extracted for UHV-Bi and HV-Bi 

contacts at a carrier density of 1.5×1013 cm-2. Noteworthily, the average contact resistance of 

UHV-Bi devices is slightly higher than the average contact resistance for HV-Bi, which may be 

related to a somewhat different vdW tunneling barrier for these two cases19. Exemplary output 

characteristics are shown in Supplementary Figure S3a) and S3b), which show a similar behavior 

as UHV-Ni with good current saturation at higher drain voltages. Supplementary Figure S4a) and 

S4b) summarize the off-state behavior for all Bi-contacted devices. Interestingly, significantly 

higher SS-values are observed for both UHV-Bi and HV-Bi contacts at Lch=85nm if compared to 
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10

the Ni-contacted devices. This is accompanied by a more negative threshold voltage, as shown in 

Supplementary Figure S4b). At this stage, we speculate that charge transfer doping from the Bi 

contacts may have impacted the device off-state.19 

Figure 2. Interface study of Bi-MoS2 and Ni-MoS2 for different contact metal deposition 

conditions. XPS spectra for a. Mo 3d, b. Bi 4f and S 2p, c. O 1s, and d. C 1s core levels of MoS2 

samples before and after Bi deposition under UHV and HV conditions. XPS spectra for e. Mo 3d, 

f. S 2p, g. O 1s and h. C 1s core levels of MoS2 samples before and after Ni deposition under 

UHV and HV conditions.
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Multiple publications have explored the impact of the ambient conditions during metal deposition 

as well as the impact of various fabrication process steps.6,13,33,34 Correlating the metal deposition 

conditions with the contact resistance has also been reported6. However, there exists no statistical 

electrical measurement and corresponding surface analysis that explains the contact resistance in 

the context of the microscopic details at the source/drain metal contact to TMD interface. 

ML MoS2 is grown by CVD on SiO2 substrates, and samples were loaded into an ultrahigh 

vacuum (UHV) cluster system to investigate the properties of the various metal-to-MoS2 

interfaces.35 High-resolution XPS is employed before metal deposition to characterize the pristine 

MoS2. Next, the sample is transferred through a transfer tube (<3×10-11 mbar) to the e-beam UHV 

evaporation chamber (<3×10-11 mbar) for Bi and Ni deposition and XPS is used again to 

characterize the interface. For the HV-deposited metals, the sample was removed after initial 

inspection of the MoS2 from the UHV cluster and transferred to the HV e-beam deposition 

system (<1×10-6 mbar), minimizing the ex-situ transfer time to about 5 minutes in every run. 

Another XPS inspection is performed in the UHV cluster system after HV deposition.

Figure 2 shows the surface and interface characteristics of XPS spectra before and after metal 

deposition under HV or UHV ambient with no capping layer. In case of Bi deposited on MoS2, 

no significant reaction products with the MoS2 are visible for UHV-Bi and HV-Bi as reported in 

literature using other metals.12,13,15,17,18 In particular, the O 1s and C 1s spectra display no 

detectable reaction features at the contact interface, as evident from Figure 2c) and d). However, 

the detection of Bi-oxide, likely Bi2O3, for the HV Bi deposition is evident, as noted in Figures 2 

b) and c). In contrast, the detection of Bi-oxide for the UHV deposition process is below the 

detection limit. This result indicates that oxygen sources in the HV chamber, such as water or -
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12

OH residual, as well as subsequent air-exposure due to the ex-situ transferring process, participate 

in the reaction during the Bi deposition process and can result in Bi-oxide formation.

To further evaluate the surface and interface characteristics, curve fitting for Mo 3d, S 2p, and Bi 

4f spectra was performed using AAnalyzer36 to extract the information details provided in Table 

1. The peak labeled MoS2 in Figure 2(a) shows a consistent full width at half-maximum (FWHM) 

of 0.68 eV before and after UHV-Bi deposition, indicating no detectable interfacial reaction 

occurred in this case. These results are consistent with the thermodynamic prediction of 

unfavorable interfacial reaction products, that ΔG°𝑓,𝑀𝑜𝑆2 (-112.95 kJ/mol) is lower than 

ΔG°𝑓,𝐵𝑖2𝑆3 (-46.87 kJ/mol). However, in the HV-Bi sample, Mo 3d clearly shows two features of 

MoS2 at 229.46 eV (MoS2), and another feature appeared at 229.72 eV (MoOxSy). It is plausible 

that the feature observed at higher binding energy is MoOxSy, which is a result of the ex-situ 

transferring process and oxygen sources in the HV chamber, such as water or -OH residuals. 

To complement these findings, atomic force microscopy (AFM) was also performed, with the 

results displayed in Figure 4c). From the before annealing sample (Figure 4c)), we conclude that 

Bi follows the Volmer-Weber growth model, causing islands formation on MoS2. The exposed 

MoS2 surfaces between islands could result in oxidation. However, the oxidation products 

detected for thin (photoelectron transparent) Bi layers (thickness < 2nm) do not impact the device 

performance, since more than 20 nm of Bi is deposited for all devices to be clustered together, 

followed by the deposition of an Au capping layer in the same HV e-beam evaporator. 

Following the characterization approach, we employed for Bi, the Ni-to-MoS2 contact interface 

was carefully characterized before and after metal deposition under HV and UHV conditions. 

Previously, some of us reported by employing Raman and XPS, a reaction between Ni and MoS2 
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13

(bulk and bilayer).15 Here we are reporting data on monolayer MoS2. Figure 2e) shows that Mo 

3d exhibits a shoulder at lower binding energies (BEs), which indicates the presence of MoSx 

reaction products after Ni deposition, irrespective of the vacuum conditions. Using careful curve 

fitting, we identified the BE of Ni/MoSx to be 228.66 eV for HV and 228.40 eV for UHV 

deposition conditions, respectively. The BE difference could occur due to the metallic properties 

of the Ni/MoSx bonding species, where it is noted that the Ni/MoSx feature in the UHV-Ni 

sample has more metallic properties. The HV-Ni sample has a lower Ni/MoSx relative intensity 

(INi/MoSx/IMo3d_total) than the UHV-Ni sample, i.e. the intensity is 17% of the Mo 3d core level peak 

for the HV-Ni sample and 20% for the UHV-Ni sample, respectively. Oxidation of MoS2 under 

high vacuum deposition conditions of Ni, i.e. a MoO3 feature, can be observed at 232.18 eV. This 

result indicates that oxygen in the HV chamber, such as water or -OH residuals, participate in the 

reaction during the deposition process. Because MoO3 (ΔG°𝑓,𝑀𝑜𝑂3=-266.67 kJ/mol) is 

thermodynamically more stable than MoS2 (ΔG°𝑓,𝑀𝑜𝑆2 = -112.95 kJ/mol), NiS (ΔG°𝑓,𝑁𝑖𝑆= -79.5 

kJ/mol) and Ni2O3 (ΔG°𝑓,𝑁𝑖2𝑂3= -163.17 kJ/mol), it is plausible that MoO3 is the remaining 

reaction product. Figure 2g) shows that Ni-oxide formation is detected in the HV-Ni sample due 

to the ex-situ transferring process and the existence of oxygen sources, such as water and -OH 

residuals. As a result of the existence of oxygen sources, the HV deposition condition forms 

fewer bonding species with the MoS2, as observed by a lower Ni/MoSx intensity in Figure 2e).  

The lower Ni/MoSx intensity shown in Figure 2e) in case of HV-Ni if compared to UHV-Ni, 

results from the forming bonding of MoS2 with oxygen, making it unavailable for the bonding 

species with Ni. Consistent with this observation, a stronger Ni/MoSx feature is visible in the S 2p 

spectra for UHV-Ni in Figure 2f) if compared to HV-Ni. We also conclude that the noticeably 

wider FWHM of 0.82 eV (0.78 eV) at a binding energy of 162.12 eV (162.13 eV) in the UHV 

(HV) sample compared to the reference sample before Ni deposition, is a consequence of Nickel 
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reacting with Sulfur, forming NiSx. NiSx formation is likely due to out-diffused Sulfur, consistent 

with the increase in the S 2s peak intensity (Figure 2e). 

For the devices, the Ni contact layer was 50 nm thick. With minimal spurious oxidation detected 

for deposition under UHV conditions (Figure 2g)), the significant Ni-oxidation detected for HV 

samples may be responsible for the higher contact resistance extracted from the electrical 

characterization of the 64 HV-Ni FETs relative to the 60 UHV-Ni FETs (Figure 1g)). It is 

noteworthy that the Ni and Ni-silicide electrical properties have been reported as sensitive to 

impurities such as oxygen.37,38 In 2-dimensional semiconductor transistors, The device 

measurements, and the interface characterizations prove that the quality of the contact interface 

and electrical properties are significantly affected by the metallization ambient, that is, the Ni-

MoS2 contact interface reported to have a stronger bonding, i.e., covalent-like contact.

Table 1 FWHM and the binding energy corresponding to the MoS2 feature of the Mo 3d5/2 and S 

2p3/2 spectra before and after Bi(Ni) deposition under UHV and HV conditions and subsequent air 

exposure of the ex-situ transferring process

BE (FWHM)

Metals Substrates Core 
Level Before (eV) UHV (eV) HV (eV)

Mo 3d5/2
MoS2: 

229.45 (0.70) MoS2: 229.41 (0.69) MoS2: 229.46 (0.81)
MoOxSy: 229.72 (0.91)Bi

(van der 
Waals)

MoS2

S 2p3/2
MoS2:

162.29 (0.69) MoS2: 162.27 (0.68) MoS2: 162.51 (0.84)
MoOxSy: 54.41 (0.85)

Mo 3d5/2
MoS2: 

229.42 (0.67)
MoS2: 229.23 (0.76)

Ni/MoSx: 228.40 (1.02)

MoS2: 229.28 (0.78)
Ni/MoSx: 228.66 (1.10)

MoO3: 232.18 (0.92)Ni
(Covalent) MoS2

S 2p3/2
MoS2:

162.24 (0.67)
NiS,MoS2: 162.12 (0.82)
Ni/MoSx: 163.07 (1.09)

NiS,MoS2: 162.13 (0.78)
Ni/MoSx: 162.56 (1.05))
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Figure 3. Thermal reliability study of UHV-Ni contacted and HV-Bi contacted ML MoS2 

FETs. a). Transfer curves of HV-Bi contacted ML MoS2 FETs with LCH ~ 85nm before and after 

various annealing process steps. b). Ion of HV-Bi contacted ML MoS2 FETs at VGS = 1.5V before 

and after annealing at different temperatures. c). Contact resistance of HV-Bi contacted MoS2 

FETs n ~ 1.1×1013 cm-2 before and after annealing at different temperatures. d). Transfer curves 

of UHV-Ni contacted ML MoS2 FETs with LCH ~ 85nm before and after various annealing 

process steps. e). Ion of UHV-Ni contacted ML MoS2 FETs at VGS = 1.5V before and after 

annealing at different temperatures. f). Contact resistance of UHV-Ni contacted MoS2 FETs at n 

~ 0.9×1013 cm-2 before and after annealing at different temperatures.

When identifying the desired metal contact to TMD channels, thermal stability considerations are 

of utmost relevance as well, since the metal-to-channel interface will likely be exposed to various 

annealing conditions during the back-end of line (BEOL) chip processing. To evaluate the 

thermal reliability of Bi and Ni metal contacts, we compared the electrical characteristics of Bi 
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and Ni contacted ML MoS2 FETs after annealing at different temperatures. Moreover, we also 

performed XPS and TEM experiments to analyze the interface properties before and after UHV 

annealing. 

Annealing is performed in a high vacuum chamber at 10-8 Torr. Annealing involves 1-hour 

exposure of a given sample to an elevated temperature, followed by electrical characterization. 

The same sample is then exposed to an even higher temperature and then measured again etc. For 

Bi-contacted devices, annealing at temperatures from 100°C to 400°C in increments of 100°C has 

been carried out. Figure 3a) presents the transfer curves of HV-Bi contacted ML MoS2 FETs 

before and after 400oC annealing. Interestingly, and different from prior publications22, no 

degradation of both, the on-state and off-state performance is observed. The distribution of Ion- 

and Rc-values are shown in Figure 3b) and c). Very similar current and contact resistance values 

after different annealing conditions indicate a good thermal reliability of our Bi contacts to MoS2. 

Our experimental results are significantly different from previously reported outcomes, which 

observed a significant contact resistance degradation after annealing at only 200°C22. The 

explanation lies in the capping layer of Au that was subsequently deposited on top of Bi during 

the same deposition, as well as the fact that our annealing was performed in a high vacuum 

chamber, which prevents oxidation of Bi during the annealing process.

Other performance metrics of Bi contacted devices after annealing at different temperatures are 

shown in Supplementary Figure S6. The transconductance and mobility remain almost 

unchanged, which is indication of good thermal reliability of the channel material and metal-to-

TMD contact interfaces up to 400°C. The inverse subthreshold slope shows a degraded behavior 

after annealing at 200°C, which occurs simultaneously with a negative threshold voltage shift. As 

will be discussed in greater detail below in the context of Figure 4e), annealing at elevated 
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temperatures results in diffusion of Bi and a reduced source-to-drain channel length, which is 

likely the cause of the observed changes in SS and Vth, consistent with a stronger electrostatic 

control of the channel potential by the source/drain metal contacts as discussed by us previously.4 

The thermal reliability of Ni contacted ML MoS2 is shown in Figure 3d). After 100oC annealing, 

the on-current is substantially degraded compared with pristine devices. The average Ion current 

degrades from 200 µA/µm to 125 µA/µm as shown in Figure 3e), while the average contact 

resistance increases from 2000 ohm·µm to 3000 ohm·µm. Figure S7 shows key performance 

metrics of Ni contacted devices before and after annealing, including transconductance, mobility, 

inverse subthreshold slope and threshold voltage. After 100°C annealing, the average 

transconductance is slightly reduced if compared to pristine devices, consistent with the observed 

trend in on- current Ion and contact resistance. The mobility remains unchanged, similar to the Bi-

contacted devices, indicating that the channel quality has not been affected by the annealing 

procedure. As apparent from Supplementary Figure S7, we do not observe a change in the inverse 

threshold slope or threshold voltage up to the rather moderate annealing condition of 100°C, 

which could not be increased due to dielectric breakdown that occurred at 200°C annealing. 
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Figure 4. Interface study of Ni/MoS2 and Bi/MoS2 after annealing process. XPS spectra for a) 

Mo 3d, and b) Bi 4f and S 2p core levels of MoS2 samples before and after annealing at 100oC, 

200oC and 300oC. c) and d) AFM image of Bi/MoS2 sample before and after 300oC annealing. e) 

Cross-section STEM and f) Bi elemental mapping image of Bi/Au contacted ML MoS2 FETs 

with Lch = 45nm after 400oC annealing. i) Cross-section STEM and j) Bi element mapping image 

of a second Bi/Au contact bar after 400oC annealing process. XPS spectra for (g) Mo 3d and (h) S 

2p core levels of Ni/MoS2 interface before and after annealing at 200oC and 400oC. k) Cross-

section STEM and j) Si/Ni/Hf/Au elemental mapping image of Ni contacted ML MoS2 FETs with 

Lch = 45nm after 200oC annealing.

After metal deposition under UHV conditions, the samples were annealed following the approach 

described above, where XPS measurements were taken after annealing the sample for one hour 

e.g. at 100 °C and then subsequently increasing the temperature in increments of 100 °C. An 

Page 19 of 30

ACS Paragon Plus Environment

ACS Nano

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



19

apparent metallic feature in Bi 4f is observed up to 200 °C, but the intensity significantly 

decreases after 300 °C annealing as shown in Figure 4b). This is because the vapor pressure of Bi 

becomes larger than ~6×10-9 mbar at 300 °C, which is sufficient to evaporate Bi in a few 

minutes.39,40 However, Bi clusters are still visible on the MoS2 surface after an hour of annealing 

at 300 °C as shown in Figure 4d). All possible interfacial reaction products, such as Bi2S3, 

MoBixSy, MoSx, and BiC, are below the detection limit of XPS before and after the annealing 

process, as shown in Figure 4a) and 4b). AFM results in Figure 4d) show no visible damage or 

reaction product on the MoS2 surface while the annealing process is up to 300°C. Figure 4e) and 

f) present cross-section TEM images and Bi element mapping after annealing at 400°C of an 

exemplary UHV-Bi contacted ML MoS2 FET. Bi is clearly visible after this high temperature 

process steps at the source/drain metal corners. Figure 4i) and j) show yet another Bi/Au contact 

bar post anneal. As in the first example, the Bi only concentrates on two corners of the contact 

bar. According to the results observed in XPS, AFM, and TEM, it was confirmed by the TEM 

results that Bi remained at the contact interface without detectable chemical reaction with MoS2 

after the annealing process. In particular, in the Bi/Au contact, it was directly confirmed that Au 

capping reduced the evaporation of Bi, and Bi was intensively diffused into the surface and the 

corners of metal contact and MoS2 thereby playing a significant role in the electric contact 

behavior. 

Similar to the Bi-case studied in Figure 4a) and b), we also studied the impact of temperature on 

the UHV-Ni contacts. Figure 4k) and l) present cross-section TEM images and Si/Ni/Hf/Au 

elements mapping after annealing at 200°C of an exemplary UHV-Ni contacted ML MoS2 FET. 

The observation from Figure 4g) is that the FWHM of the MoS2 feature in Mo 3d does not 

notably change up to 400 °C. However, after the 400 °C annealing process, it was detected that 
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the Ni/MoSx feature was significantly decreased, as shown in Figure 4g). The Ni/MoSx feature 

change after 200 °C annealing was close to the detection limit of XPS that decreased in the 

relative Ni/MoSx intensity by about 0.1% (20.2% → 20.1%), while the contact resistance in the 

actual electrical device was more sensitive because of the device performance degradation. Ni is 

known to form a covalent-like bonding on MoS2,15 and it was reported that Ni diffuses into MoS2, 

degrading contact properties.21 After annealing, the Ni atoms clustered to be islands, as shown in 

the AFM image of Figure S8, and an island located above defects because of the locally higher 

surface energy. In turn, the XPS intensity of the Ni/MoSx feature can be reduced by being 

covered by Ni. An concomitant increase in the S 2s intensity is also consistent with further 

thermally activated S out diffusion, similar to the discussion above for Figure 2. 

Conclusions

In this study, the impact of interface reaction/chemistry on the electrical performance of ML 

MoS2 FETs is investigated. Ultrahigh vacuum deposited Ni contacts significantly reduce the 

contact resistance to ML MoS2 FETs compared with Ni contacts deposited under high vacuum 

conditions. XPS results reveal that the Ni/MoSx feature in the UHV-Ni sample is noticeably 

observed in the intensity and the binding energy compared to HV Ni sample. This is likely due to 

the reduction of competitive reactions with residual gas species (e.g. OH, H2O) during UHV 

deposition which otherwise result in oxidation reactions under HV.  The thermal stability study of 

Ni contact shows the contact resistance degradation as well as a decrease in the bonding species 

of Ni/MoSx in the in-situ XPS investigation during the annealing process. Different from Ni 

contacts, the contact resistance of Bi contacted ML MoS2 FETs shows no dependence on the 

deposition environment, since it is mainly a result of the vdW gap present in the contact region. 

Regardless of the vacuum conditions, we did not detect a chemical reaction between Bi and 

Page 21 of 30

ACS Paragon Plus Environment

ACS Nano

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



21

MoS2. The thermal stability study of the Bi/Au contact shows no significant contact resistance 

degradation after the annealing process, while the Bi-MoS2 chemical reaction products remain 

below the detection limit of XPS.
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Methods

CVD ML MoS2 FETs fabrication and measurement 

CVD ML MoS2 triangles on SiO2/Si substrate are purchased from 2D Semiconductors. ML MoS2 

single crystals are wet transferred on to the local bottom gate substrates. The local bottom gate 

substrates consist of a stack of Cr/Au(2/13nm) as gate metal, 2.8nm and 5.5nm HfO2 as dielectric 

layer grown by ALD. After the wet transfer process, the sample is annealed at a pressure of 

~5×10−8 torr at 200°C for 2 hours. Optical microscopy is used to identify flakes located on local 

bottom gates and the sample is spin coated with photoresist PMMA and baked at 180ºC for 

5mins. Next, source/drain contacts are patterned by a JEOL JBX-8100FS E-Beam Writer system 

and developed in a IPA/DI solution followed by e-beam evaporation of 20nm Bi and 50nm Au as 

contact metal under HV or UHV vacuum conditions. Alternatively, 70nm Ni is deposited under 

HV or UHV conditions as described in the main text. Next, the sample undergoes a lift-off 

process. After the device fabrication, the electrical characterization is performed in a Lake Shore 

CPX-VF probe station using an Agilent 4155C Semiconductor Parameter Analyzer at room 

temperature in high vacuum (10-6 Torr). Standard DC sweeps are used in the electrical 

measurements for all devices. All devices are measured as fabricated.

Monochromatic XPS characterization of CVD ML MoS2 and sample preparation 

CVD ML MoS2 on SiO2/Si substrate were purchased from 2Dlayer. For XPS characterization, a 

monochromatic Al Kα X-ray source emitting at 1486.7 eV energy and an Omicron EA125 

hemispherical analyzer were utilized.27 To ensure precise calibration of the EA125 energy analyzer, 

standard ASTM procedures were followed.41 This calibration process involved affixing sputter-

cleaned Au, Ag, and Cu foils to the manipulator for convenient calibration. XPS core level scans 
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were conducted pre- and post-deposition of metal contacts (Ni and Bi), employing a take-off angle 

of 45° and a resolution of 0.05 eV. The AAnalyzer peak fitting software facilitated the analysis of 

all acquired features, ensuring meticulous spectral fitting.29,40 Throughout this process, uniformity 

was meticulously maintained across all spectra parameters for each feature. This encompassed the 

background function, peak shape, and peak width, thereby enhancing the accuracy of the analysis. 

Thermal annealing of ML MoS2 FETs and electrical characterization 

After the electrical characterization of MoS2 FETs, the same sample is annealed at a pressure of 

~5×10−8 torr at each temperature for 1 hour, 100/200/300/400 °C. After every annealing step, the 

same sample is electrically characterized in a high vacuum probe station. 

Transmission Electron Microscopy characterization of ML MoS2 FETs 

High-resolution scanning transmission electron microscope (STEM) were conducted on a Thermo 

Fisher Scientific TALOS 200X operated at 200 kV. For the TEM samples, fabrication was done 

using a Thermo Fisher Helios 4G Dual Beam SEM/FIB To protect the sample from ion beam 

damage, a thin Pt protection layer was deposited on the top surface. The lamella was then carefully 

thinned to ∼100 nm using ion milling under low voltage (2 keV). Chemical composition analysis 

was carried out using energy-dispersive X-ray spectroscopy (EDS) mode in the STEM. 
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Supporting Information

Additional details on total resistance versus channel length for contact resistance extraction, sheet 

resistance versus carrier density, output characteristics, inverse subthreshold slope and threshold 

voltage, performance metrics of Bi/Ni contacted devices at different annealing temperatures, XPS 

spectra for Ni element after different annealing temperatures. 
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