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1 Abstract 

Graphene, the wonder material, has captured the spotlight of electronics 

researchers since its discovery. Even though it has proven to be unfit for use in 

digital transistors, one of graphene’s lasting contributions is that it ushered in a 

whole new world of two-dimensional (2D) materials. One sub-family of such 2D 

materials are transition metal dichalcogenides (TMDs), which comprise ~40 

different materials with a range of electronic properties, including insulators, 

semiconductors, and conductors. Molybdenum disulfide (MoS2) is one of the 

most studied semiconducting TMDs in recent years because of its air stability, 

high effective mass and sizable bandgap ranging from 1.2 to 1.9 eV, which make 

it suitable for transistor applications. Challenges, however, still cloud the 

promise of unbounded applications for MoS2 and other 2D TMDs. One major 

difficulty is the formation of high-quality contacts as the performance of the 2D 

transistors heavily relies on carrier injection through the contact interfaces. 

Although some progress has been made in recent years, a robust, effective 

contact scheme is still lacking and keeps the materials from being a viable option 

for future nanoelectronics.  
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This dissertation presents systematic studies on the metal interface to 2D 

materials for both the typical top-contact geometry and a newly developed in-

situ edge-contact geometry. First, in the top-contact geometry, two kinds of ion 

beam sources (broad and convergent) are introduced to create defects in the 

otherwise dangling bond-free surface of MoS2. Below a certain threshold, these 

generated defects are shown to promote more efficient carrier transport between 

the contact metal and MoS2. This ion beam modification approach decreases the 

contact resistance by 50% and doubles the corresponding current in the device. 

Second, a pure edge contact scheme is introduced, where an Ar ion beam is used 

in situ (with the metal deposition system) to etch the MoS2, creating an abrupt 

edge profile that interfaces with the deposited contact metal (without overlap of 

the metal on the MoS2). Edge contacts are able to withstand ultimate scaling, 

down to sub-5 nm, and experimental results from edge contacts with a 20 nm 

contact length (Lc) yield nominally the same performance as Lc = 60 nm edge 

contacts. Hence, the in-situ edge contact approach shows great promise for 

aggressively scaled transistor technology.  

New observations on the contact scaling behavior of top contacts is also 

covered. The transfer length of a typical metal-2D contact is found to be much 
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smaller than previously estimated by studying scaled contacts on the same 2D 

crystal grain. Other progress in forming contacts to ultrasensitive 2D materials is 

also presented, where the in-situ ion beam can expose air sensitive materials for 

deposition of metal contacts without breaking vacuum. Based on these findings, 

future work is proposed that includes 3D integration of 1D edge-contacted 2D 

FETs, all-ALD transistors, and metallic CNT contacts to 2D materials. These 

future projects will push the boundary of our understanding of scaled contact 

interfaces as well as the development of emergent technologies for future 

nanoelectronic devices.  
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1. Introduction and Overview 

Our modern life is increasingly surrounded by digital technologies, such 

as smartphones, cloud computing, big data, artificial intelligence, and 

autonomous driving. At the heart of all these technologies and applications are 

transistors, which have been steadily scaled down in size and up in performance 

for more than fifty years. Since traditional metal-oxide-silicon field-effect-

transistor (MOSFET) scaling will run out of steam in the near future1, efforts have 

intensified to discover other materials or devices capable of realizing transistors 

with sub-5 nm features (channel and contact length).  

The daunting challenge of fabricating extremely scaled electronic devices 

stems from two key factors: the economics and the physics. Economically 

speaking, controllable fabrication of sub-5 nm features requires substantial 

investment in research and equipment overhaul. In the realm of physics, sub-5 

nm devices will need to fight short channel effects and direct tunneling. These 

effects will lead to increasing power dissipation and limited electrostatic control, 

both of which are already plaguing modern transistors. One promising remedy 

for these challenges is replacement of the tradition silicon transistor channel with 
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low-dimensional nanomaterials. Transistors from nanomaterials have the 

capability of being more scalable and better performing than silicon-based 

MOSFETs2, yet one of the main challenges is forming high performance 

nanoscale contacts to nanomaterials. It has been shown that nanoscale contacts 

will dominate the performance of extremely scaled transistors from any channel 

material. For a long time, the community has ignored this aspect as most papers 

focus exclusively on the impact of channel scaling and related effects.  

 The main goal of my research is to overcome the aforementioned 

challenges in nanoscale contacts to nanomaterials, thus enabling extremely 

scaled transistors with low contact resistance. Specifically, both defect-driven 

carrier injection in traditional top contacts and also pure edge contacts with 

ultimate scaling capability in 2D FETs have been explored. The results from these 

explorations pave the way for future ultra-small contact formation and 

engineering. In this dissertation, progress made in addressing the scaling 

challenge in both top and edge contacts will be presented as follows: 

• Introduction of the current challenges faced by future 

nanoelectronics (Chapter 2) 
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• Introduction and overview of the status quo of 2D material FETs 

and specifically the difficulty of contact engineering for 2D FETs 

(Chapter 3) 

• Use of a focused ion beam to improve the interface between MoS2 

and contact metals (Chapter 4) 

• Alteration of 2D materials with various thickness and the study of 

defects across layers and their impact on metal-2D contacts 

(Chapter 5) 

• Contact scaling using in-situ edge contacts created by a in-situ low-

energy ion beam (Chapter 6) 

• Contact formation for ultrasensitive 2D materials using Ar ion 

beam etching (Chapter 7) 

• New observation in scaling top contacts down to 20 nm using 

different metal contacts (Chapter 8) 

• Conclusions and future projects will be introduced (Chapter 9) 
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2. Challenges for Future Nanoelectronics 

Since Gordon Moore speculated that the number of transistors in an 

integrated circuit will double every 18 months, the trend of increasing device 

density has never looked back. For over 50 years of research and development, 

this trend has acted like a lighthouse for the community with a constantly 

updating goal. This seemingly never-ending increasing trend, however, has 

recently become surrounded by various challenges as transistors approach being 

scaled down to the sub-10 nm “nodes.” In the following sections, specific 

challenges faced by extending next-generation nanoelectronics will be 

introduced.  

 

2.1  Short channel effects 

From an engineering standpoint, it is important to understand the 

performance costs of decreasing a device’s key dimensions to the sub-10 nm 

regime. While historically, the channel length Lch was reduced to increase the 

operation speed and increase the number of transistor per chip, there are now 

short-channel effects that arise and lead to significant slowing in Lch scaling. 

Short-channel effects (SCEs) are deleterious effects on the performance of a 



 

 5 

transistor owing to the reduction in channel length. One of the most pronounced 

SCEs is drain-induced barrier lowering (DIBL). A simple explanation for DIBL is 

illustrated in Figure 1. As the gate length shortens, the barrier in the channel will 

be lowered by the applied drain voltage, essentially turning the transistor 

prematurely on even with no reverse bias applied to the channel. The subsequent 

effects include a decreased threshold voltage, increased leakage current and 

reduced operating frequency.  

                    

Figure 1: Diagram explaining drain-induced barrier lowering. Adopted from 
ref. 3. 

 

Using the latest data from FinFET technology, DIBL will be discussed. In 

2012, Intel launched the 22 nm node technology using fin structures for the 

channel, giving the hope of quelling DIBL while continuing to scale the channel 
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length. However, as the industry progresses toward the 7 nm technology node, 

DIBL has once again become an issue. The comparison between the first-

generation FinFET technology and the latest 7 nm node is given in Figure 2(a-b). 

It is worth noting that the metric that really matters for size scaling is CPP, which 

stands for the contacted poly (or gate) pitch and measures the total length of all 

critical features in the devices, including channel and contact lengths. One 

observation is as CPP decreases, the fin gets correspondingly taller, which 

increases the difficulty of manufacturing and achieving a reasonable yield. The 

relationship between gate length, fin width and the CPP is shown in Figure 2(c). 

As depicted in Figure 2(d), the DIBL increases dramatically as the gate length 

decreases down to 20 nm (7 nm node technology), constituting a roadblock for 

reliable electrostatic control. 

 

Figure 2: Scaling trends in the latest FinFET technology nodes. The first 
generation of FinFET technology in 2012 in (a) and the latest 7 nm node FinFET 
technology as of 2016 in (b). (c) The fin width and gate length decrease 

a	

b	

c	 d	
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correspondingly to the decrease of CPP. (d) The DIBL will worsen as the gate 
length reduced to sub-15 nm range. Adopted from Ref. 4. 

 

2.2  Nanoscale contacts 

The contact resistance in traditional MOSFET technology was small, but 

this has changed in the latest technology nodes. In FinFETs, the contact length, 

which determines the contact area, has shortened similarly to the fin pitch (see 

Figure 3(a)). As contact area decreases, contact resistance increases at a rate of 

that is more pronounced for smaller technology nodes. For shorter channel 

FinFETs, it requires 𝑅!"=200-400 Ω•µm and 𝑅! <
𝑅!"

10. For the current values 

of 𝜌! at 2×10!!, 𝑅! is already exceeding the required contact resistance limits for 

devices with a CPP of 48 nm as shown in Figure 3(c). Additionally, even if 𝜌! 

values are brought down to within quantum tunneling limits, a CPP of 37 nm 

will still not be viable. It is unclear what kind of advanced contact structure can 

help to reduce the contact resistance issues created by fin-pitch constraints via 

geometrical gains in contact area vs. CPP.  
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Figure 3: Contact scaling in FinFETs. (a) Schematics for the FinFET architecture 
and cross-sectional image of the same structure parallel to the fin showing the 
shrinking of contact area as CPP decreases. (b) The contact area shrunk 75% 
compared to the first generation FinFET technology. (c) Contact resistance for 
various resistivity: thermionic (𝟐×𝟏𝟎!𝟗), quantum tunneling (𝟖×𝟏𝟎!𝟏𝟎) and 
fully ohmic contact (𝟏×𝟏𝟎!𝟏𝟎) values at different CPP length. Adopted from 
Ref. 4. 

 

2.3  The price of scaling 

The community has gradually realized that, in the end, the biggest 

limitation to silicon chip technology might not come from the laws of physics but 

those of economics. Thus it is important to keep cost in mind when discussing 

new technology development because of the high capital requirement of 

commercializing new technologies. For example, in the Fin-based MOSFET 

technology, wherein the Si fins continue to scale to thinner and higher structure, 

it has become increasingly expensive to design, verify, fabricate, and test new 

processes. An example of these costs is summarized in Figure 4, which shows the 

a	 b	 c	



 

 9 

soaring cost of developing cutting-edge chips. Besides the construction cost, the 

cost of new equipment is also skyrocketing. The cost is one of the reasons why 

the number of IC fabs has decreased dramatically to a handful nowadays, 

compared to several dozens in the early years of the semiconducting industry5. 

The high capital expenditure pushed a few of the giant companies including 

IBM, GlobalFoundries, STMicroelectronics, Toshiba, NEC, Infineon and Samsung 

to form a coalition to develop next generation electronics. For example, in order 

to fabricate 7 nm node transistors (minimum feature ~20-30 nm), Intel, Samsung, 

and TSMC have poured billions of dollars to help ASML to develop extreme 

ultra violet (EUV) lithography technology.  
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Figure 4: The chip design cost increases as transistors scales. Source: 
International Business Strategies, Inc. 

Unfortunately, even with new equipment like the EUV, the numbers of 

process steps are climbing, as shown in Figure 5. As the number of process steps 

increases, yield and reliability will be increasingly expensive to uphold. The 

repeated delays in the debut of Intel’s next generation processor “Sky Lake” and 

“Cannon Lake” testify to this6-7.  
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Figure 5: The number of process steps increases dramatically with decreasing 
technology node starting at the 16/14 nm design node. Source: IC Knowledge 
Strategic Cost Model. 

 

Considering these challenges faced by traditional Si technology, it is 

crucial to explore new materials and devices capable of sustaining the 

exponential growth seen in the last five decades. Two-dimensional (2D) materials 

are a new family of materials that have the potential of being the ideal 

component for extremely scaled transistors. Specifically, some 2D 

semiconducting materials have intrinsic atomically-thin body and large effective 

mass. These properties can help 2D transistors quell SCEs, making them ideal 
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candidates for sub-10 nm transistor applications. Since the 2D FETs operate 

primarily based on carrier injection in the interface of metal contacts to the 2D 

channel, the performance of the 2D transistors is currently limited by the contact 

performance. The theme of this dissertation is to improve and understand the 

interface between metal and 2D materials using unique approaches developed 

using an in-situ Ar ion beam. The scientific insights developed from these unique 

approaches can impact the understanding and application of 2D materials 

beyond the transistor application. In the next chapter, novel 2D materials will be 

introduced to fight the scaling issue and the state of the art approaches to 

fabricate higher performance nanoscale contacts will also be covered.  
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3. Two-Dimensional (2D) Nanomaterial FETs 

Since the 2010 Nobel Prize in Physics was awarded for the isolation and 

study of graphene, the knowledge of 2D materials has expanded exponentially. 

The name “2D materials” was dubbed due to the planar arrangement of the 

atoms in the individual layers of the special class of materials. The intrinsic, 

atomically thin structure gives rise to unique photonic, electronic, and magnetic 

properties. While initial focus for 2D materials was on graphene, it has now 

shifted to 2D non-carbon materials with tunable band gaps and a range of other 

distinct properties, including MoS2 from the transition metal dichalcogenide 

(TMD) family. 

3.1  The Family of TMDs 

TMDs have the chemical formula MX2, where M is a transition metal of 

group 4-10 (typically Mo, Nb, W, Ni, V or Re) and X is a chalcogen (Se, Te or S) 

as shown in Figure 68. There are ~40 different combinations of TMDs with 

different chalcogen atoms. Based on the co-ordination and oxidation state of the 

metal atoms, TMDs comprise of insulators such as HfS2, semiconductors such as 

MoS2, semimetals such as TiSe2, and true metals such as NbSe2 which can even 

exhibit superconductivity at low temperature. While the bonds of TMDs within 
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one sheet are covalent, neighboring sheets are bonded only by van der Waals 

interactions. 

   

Figure 6: The family of TMDs. (a) ~40 different layered materials constitute the 
TMD family. The boxes with orange color are Chalcogen or X and Transition 
metal are in the shaded box from column 4-10. Partial highlights for Co, Rh, Ir 
and Ni suggest not all of the elements form layered structures. (b-c) Different 
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stacking schemes of MX2. (e-d) images of 1H and 1T phase monolayer MoS2 
using dark-field scanning transmission electron microscopy. Blue represents 
Mo atoms and yellow represents S atoms. (f) TEM image of single layer WS2. 
Orange indicate represent W atoms. Images in (d) and (e) are reproduced from 
Ref. 9. This image is adopted from ref. 8. 

 

Semiconducting TMDs have a tunable band gap and reasonable mobility. 

Most prominent of the various TMDs is MoS2 owing to its simple synthesis at a 

large scale. Changing the number of layers, the bandgap of layered MoS2 can be 

tuned from indirect at 1.2 eV to direct at 1.9 eV10. Compared with conventional 

Si, MoS2 has an ultrathin body 𝑑!"#$, which leads to a small natural length 

𝜆!"#$#%, which illustrate the extension of the electric field lines from the source 

and the drain into the channel region11,12. It is estimated that no SCEs will happen 

to a device with channel length at least six times of the natural length13. The 

comparison between MoS2 FETs and Si on insulator (SOI) MOSFETs is evaluated 

in Table 1. This comparison is adopted as both transistors use planer gate, which 

eliminate the effect of multigate structure. Note that the MoS2 only has one third 

of the natural length for Si, making MoS2 more tolerate to short channel effects. 

                                                    
λplanar =

εbody
εox

toxdbody
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Table 1: Natural length of SOI MOSFETs and MoS2 FETs with an equivalent 
oxide thickness of 1 nm. For the SOI MOSFET, two body thickness of 2 nm 
and 0.9 nm are assumed14. The tbody of the MoS2 FETs (0.65 nm) corresponds to a 
monolayer MoS2 channel. Adopted from ref. 15.  

Transistor class tbody (nm) εbody λ (nm) 

Si SOI MOSFET I 2.0 11.9 2.47 

Si SOI MOSFET II 0.9 11.9 1.66 

MoS2 MOSFET 0.65 4 0.82 

 

 

3.2  MoS2 FETs 

The first MoS2 transistor was published in 2011, from which Figure 7 is 

adopted. The same ‘scotch tape’ method, known as mechanical exfoliation, used 

in initially isolating graphene was used to extract monolayer MoS2. Notice the 

diagram in Figure 7 shows there is an edge contact between the metal and the 

MoS2. However, this is not an accurate representation as they use a classic top 

contact scheme where the metal contacts sit on top of the MoS2.  
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Figure 7: The first demonstrated MoS2 FET. (a) schematics a backgated 
monolayer MoS2 FET and the characterization set-up. (b) Transfer 
characteristic for the FET with 10 mV applied bias voltage Vds with only back-
gate control. The characterization is under room-temperature. Inset: Ids–
Vds curve with Vbg = 0, 1 and 5 V. Adopted from ref. 16. 

 

This fist MoS2 transistor sparked interest among the community. The 

number of papers published on 2D materials has since increased exponentially, 

as depicted in Figure 8. The rise of MoS2 also promotes the exploration of other 
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2D materials like Mxene and black phosphorus. People in the community have 

realized that there is a zoo of 2D materials beyond the carbon world. 

 

Figure 8: Year-wise publication plots for 2D TMDs, including MoS2, MoSe2, 
black phosphorus, Mxenes, and total 2D TMDs in the period of 2005-2016 
(searched by SciFinder scholar (https://scifinder.cas.org), American Chemical 
Society database (https://www.acs.org/content/acs/en.html), August 10th 2016). 
Adopted from ref. 17. 

 

The application of 2D materials in transistors is only an appetizer as other 

applications are also emerging such as energy storage, photonic devices, and 

biosensors (see Figure 9). It should be pointed out that all of the possible 

applications displayed in Figure 9 depend on the metal-2D contacts. As long as 
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the devices operate based on charge transport, the inefficient nanoscale contacts 

will limit their possible applications. The status quo of contact engineering for 2D 

materials will be demonstrated in the next section. 

 

 

Figure 9: Various device applications since the first demonstration of MoS2 
transistors. Adopted from ref. 17. 

 

3.2 Contact engineering of MoS2 

The contact interface for 2D field-effect transistors (FETs) typically 

involves a three-dimensional (3D) contact on top of the 2D nanomaterial, as 
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illustrated in Figure 10(a) with molybdenum disulfide (MoS2) as an example. 

Although the physics of interfacial interactions and carrier injection mechanisms 

are not fully understood, it is generally believed that electrons first tunnel 

through the van der Waals gap between the metal contacts and the 2D 

nanomaterial, depicted as the red arrows in Figure 10(a-b)18. Then, the injected 

electrons from the source contact flow to the drain under an electric field from 

Vds. Transistors benefit most from output curves (Id- Vds) with features like those 

in Figure 10(c). According to the final (2015) ITRS roadmap19, a device for low-

power applications around 2030 has to sustain sufficient on-current (Ion = 1500 

µA/µm) and operate at a low supply voltage of Vdd ≤ 0.5 V with Ohmic contacts 

and a small contact resistance.  
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Figure 10: Overview of transport at the contacts at a typical metal-2D interface. 
(a) Simplified, cross-sectional diagram of carrier injection. (b) Band diagram of 
the interface assuming a weak bonding between the contact and the TMDs. (c) 
Example of the desired output curves and parameters for an N-type 2D FET in 
the 2030 era 19. (a-b) are reprinted from 20. 

 

While the community has intensively studied MoS2 FETs throughout the 

past 6 years, many challenges still remain. One of the foremost challenges is the 

high contact resistance at the MoS2-metal interface. Researchers have realized it is 
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essential to improve the contacts in order to realize the promising applications 

for MoS2 and other 2D nanomaterials. A few strategies that have been explored 

to mitigate this issue are introduced below.  

 

3.2.1  Using different metals 

One of the first ways that researchers attempted to decrease the contact 

resistance was through investigating a variety of contact metals with different 

work functions. Lower contact resistance was expected when a metal with a 

work function that would theoretically lower the Schottky barrier height was 

used. Even though no appropriate contact metal has been found to form perfect 

Ohmic contact with MoS2, some efforts in finding the right metal are still 

encouraging. For example, utilizing a low work function metal such as scandium 

for the contact has yielded a low contact resistance and high electron injection n-

type MoS2 based transistors21. Different contact metals (In, Ti and Mo, etc.) have 

also been compared in terms of contact performance22. In forms a large tunnel 

barrier whereas Ti and Pd lead to lower Schottky barriers for electron injection. 

Comparing with the contact resistance of Ti contacts (80 kΩ•µm 23) and Ni/Au 



 

 23 

contacts (4.5 kΩ•µm 24), the contact resistance of Mo contacted MoS2 FETs is 

much lower (2 kΩ•µm) 22.  

For most metal contacts, the Fermi level pins close to the conduction band 

of MoS2, which limits hole injection and makes it difficult to realize p-type MoS2 

FETs. Pd contacts, however, have been reported to induce p-type behavior 25. 

Using MoOx (x<=3) as contact metal can also lead to strong p-type behavior 26 as 

shown in Figure 10. As a high work function material (6.6 eV), MoOx is regarded 

as a promising candidate to induce hole injection. Although the possibility of 

fabricating p-type MoS2 FETs using high work function metals has been 

demonstrated, the current level and on-off ratio remains significantly low 

compared to its n-type counterparts. 
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Figure 11: P-type doping MoS2 using MoOx. (a) Cross-sectional diagram of the 
p-type MoS2 FET using MoOx as contacts, (b) Ids -Vgs, and (c) Ids -Vds curves for a 
MoS2 P-FET with MoOx contacts. (d) Band diagrams for the ON and OFF states 
of the P type MoS2 transistor. Adopted from ref. 26. 

 

3.2.2  Doping  

Though traditional doping (substitutional or interstitial) of MoS2 can be 

difficult considering its atomically thin body, there are a variety of reports of 

other doping approaches. It has been demonstrated that using polyethyleneimine 

(PEI) molecules on multilayer MoS2-based FETs can strongly affect the contact 

resistance 27. Cesium Carbonate (Cs2CO3) has also been employed to dope 
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monolayer MoS2 FET 28, yielding stable n-type doping. This approach enhances 

the electron concentration in monolayer MoS2 by about 10 times. Potassium has 

also been demonstrated to achieve degenerate n-doping of MoS2 FET in vacuum, 

showing the possibility of degenerate doping in high performance MoS2 FETs29. 

However, the instability of Potassium limits its practical application. Elements 

from the halogen family have also been reported as promising candidate to dope 

MoS2. Chlorine (Cl) molecules in the 1, 2 dichloroethane (DCE) have been 

utilized to dope MoS2 as shown in Figure 11(a)30. After immersing multilayer 

MoS2 in DCE for over 12 h, MoS2 FETs were fabricated using the processed MoS2 

flakes. The contact resistance of the fabricated device was reduced down to as 

low as 500 Ω•µm after Cl doping, illustrated in Figure 11(b). This reduced 

contact resistance resulted in a high drain current (460 µA/ µm). In addition, a 

WS2 FET was doped by the same method, indicating that the Cl doping approach 

is applicable to other 2D materials. These advances in doping strategies, 

however, still cannot justify doping as a controllable method of engineering 

better contacts to the ultrathin 2D materials, as most of the chemical processes 

are not reproducible and not reliable for scaled devices.  
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Figure 12: N-type doping MoS2 using Cl. (a) Illustration of the MoS2 transistors 
with Cl doping. (b) TLM extraction of contact resistance. Adopted from ref. 30. 

 

3.2.3  Using 2D material as contacts 

2D materials can also act as contact electrodes for MoS2 FETs. Using 

graphene as contacts is shown to effectively reduce the Schottky barrier at 

MoS2/graphene interface31. Though the current is relatively low when compared 

to devices using metal contacts, this shows the potential for an all 2D transistor, 

which utilizes 2D materials for each of the essential components32,33. Recently, 

Nb0.005W0.995 Se2 was used as the contacts for WSe2 FETs as shown in Figure 12(a-

b) 34. The contact resistance was extracted to be 500 Ω•µm and a mobility of 1300 

cm2/(V•s) was achieved. These approaches are promising but require more 

understanding behind the carrier transport between the 2D-2D interface and 

(a)$ (b)$
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better control in terms of the fabrication approach. The full potential of using 2D 

materials as contacts remains unclear.  

 

Figure 13: 2D materials as contacts. (a) Diagram of the TLM structure of the 
2D/2D WSe2 FETs with Nb0.005W0.995Se2  contacts. (b) Microscope image of the 
WSe2 FETs structure. Scale bar: 1 µm. (c) TLM plot of the tested devices (d) Ids -
Vds characteristics of the device with shortest channel (L ≈ 0.27 µm) in (a). A 
current level of 320 µA/µm can be achieved at Vdc = −1.5 V and Vbg = −130 V. 
Adopted from ref. 34. 

 

3.2.4  Phase engineering 

Since 2014, phase engineering has emerged as a new approach for 

contacting 2D material and the contacts. It has been demonstrated that the 

metallic 1T phase of MoS2 can be locally induced on a semiconducting 2H phase, 

thus decreasing contact resistances to 200-300 Ω•µm at zero gate bias 35. Figure 
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13 shows that MoS2 FETs with 1T phase electrodes exhibit a mobility of ~50 

cm2/(V•s), subthreshold swing below 100 mV per decade, on/off ratios of >107, 

drive currents approaching ~100 µA/µm, and excellent current saturation. Also, 

the deposition of different metals has only a limited influence on the transistor 

performance, suggesting that the 1T/2H interface dominates the carrier injection 

into the channel. This approach, however, requires high temperature to 

transform the phase of MoS2, which is not compatible with traditional 

semiconductor fabrication processes. 
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Figure 14: Phase engineered contacts. (a–d) TLM plots for 2H phase (a, b) and 
1T phase (c, d) using Au contacts. Contact resistances (Rc) can be extrapolated 
to be 1.1 kΩ•µm for 2H (b) and 0.2 kΩ•µm for 1T (d) contacts Vbg = 0. Scale 
bars in device photos are 5 µm. e,f, I-V curves of the 2H (e) and 1T (f) devices. 
Vds ranges from 0–1 V and Vbg ranges from −30 V to 30 V. Schottky behavior is 
shown in (e) whereas the linear behavior is observed the (f) for 1T phase 
contacts. Adopted from ref. 36. 
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Other techniques have been summarized in Table 2. Note that a few low 

contact resistances reported below such as ref. 35, 39, 40 and 42, are characterized 

at extremely low temperature, which is not valid for device applications that 

typically occur at room temperature. One fact missing from this table is that 

some of the progress in decreasing contact resistance has not delivered a 

corresponding improvement in on-current performance. With every paper using 

different oxide, contact metal, and layer number, it is unfair to directly compare 

on-current performance. Clearly, a comprehensive comparison for the transistor 

performance is needed for the community in the future.  

Table 2: MoS2 contact technique summary. Adopted from ref. 37. 

Layer 
number 

Contact strategy Contact 
resistance 

Carrier 
density 

Testing 
temperature 

Ref. 

1-2L Ti/Au+annealing ~30 kΩ•µm 1~2×10!" cm! 1.7-300 K 38 

4L Sc 2 probe 
100-500 
kΩ•µm 

N/A 100-300 K 21 

1L Al 1-10 MΩ•µm 4~6×10!" cm! 300 K 39 

1L 
CVD 

CVD graphene 2-probe 600-
2000 kΩ•µm 

4~6×10!" cm! 80-330 K 40 

1L Graphene ~10 kΩ•µm 1×10!" cm! 0.3 K 41 

3L Graphene ~5 kΩ•µm N/A 4 K 42 

6.8 nm Nb doped MoS2 P-contact 2-
probe 1.1 

N/A 5-300 K 34 
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kΩ•µm 

2-3L Ionic-liquid 
gating 

~50-100 
kΩ•µm 

Very high 230-300 K 43 

1-3L 1T phase 
engineering 

~0.3 kΩ•µm > 1×10!" cm! 300 K 35 

Few 
layer 

Selective etching 
+ Ti/Au 

0.5 kΩ•µm 8.8×10!" cm! 2 K 44 

9L Selective etching 
+ Ti/Au + 
annealing 12 h 

0.25 kΩ•µm N/A 2-300 K 45 

1L MgO + Co 2-probe ~ 190 
kΩ 

N/A 155-300 K 46 

10 nm TiO2 + Co 2-probe ~10 
kΩ 

N/A 200-300 K 47 

4-5L BN + Ni 1.8 kΩ•µm N/A 77-300 K 48 

1L BN + Co 3 kΩ•µm 5.3×10!" cm! 1.7 K 37 

 

3.3.5  Contact scaling 

The advantage of 2D crystals as a channel material is most obvious in sub-

10 nm dimensions as its ultrathinness allows for extremely scaled channel 

lengths (Lch ≤ 10 nm), at which silicon (Si) would not be able to achieve 

satisfactory performance 24,49,50. For a fully scaled device technology, both the 

channel and contact lengths must be scaled to sub-10 nm. Yet, contact scaling has 

been largely neglected for 2D FETs. Papers reporting the most promising 

performance for 2D FETs, even at small channel lengths, have contact lengths of 
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hundreds of nm to several µm51,52. Contact scaling based on top metal contacts 

(Fig. 5(a)) has shown severely degraded performance, especially when the 

contact length Lc (length over which the metal covers the 2D crystals in the 

direction of carrier transport) drops below the transfer length, LT (~30-40 nm for 

top-contacted MoS2 of exfoliated 2-3 layers) 51, as shown in the inset of Fig. 5(b)).  

 

 

Figure 15: Scaling contact length in MoS2 FETs. (a) Cross-sectional TEM image 
of scaled top contacts. (b) Performance degrades as the contact length 
decreases. (a-b) are adapted from ref.51.  

 

In order to address the challenges presented by the aforementioned 

reports, Chapter 4 will cover a new approach using a low-energy ion beam to 

modify the interface between metals and 2D materials in the top contact 
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geometry as shown in Figure 16(a). Chapter 5 will systematically demonstrate 

how ion beam with different energy can impact 2D crystals with different 

thicknesses as well as cross-sectional alteration of 2D-metal interfaces. 

Additionally, Chapter 6 will present the use of low-energy ion beam to etch the 

2D materials in order to fabricate effective edge contacts (Figure 16(b)) for 

ultimate contact scaling. Chapter 7 will show new observations in scaling top 

contacts whereas chapter 8 will demonstrate a novel approach for contacting air-

sensitive 2D materials. 

 

Figure 16: Two main metal-2D contact configurations. (a) Top-contact and (b) 
edge-contact. Adopted from Ref. 18. 
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4. Improving Ni-MoS2 Contacts Using an In-Situ Low-
Energy Ar Ion Beam 

For electronic devices from semiconducting 2D materials, such as MoS2, 

the operation is almost exclusively dependent on carrier injection from the 

source/drain contacts into the channel material, rather than the traditional 

dependence in MOSFETs on doping of the channel material. This pushes contact 

performance to the center stage for MoS2 FETs and makes it imperative for metal-

MoS2 interface to be as optimal and consistent as possible. As such, this chapter 

presents the improvement of the Ni-MoS2 contact interface by modifying the 

nanomaterial interface immediately prior to Ni contact metal deposition. The 

result is the contact resistance decreased by half and the corresponding on-

current doubles. Spectroscopic analysis of the ion beam modified MoS2 suggests 

that there are generated defects, which supply dangling bonds that improve 

carrier injection between the Ni metal contact and MoS2. This approach for 

modifying the Ni-MoS2 interface opens a promising new path for reducing the 

impact of contacts on MoS2 FET performance.  



 

 35 

4.1  Overview 

In graphene, it has been demonstrated that intentionally damaging the 

crystal lattice in the contact region using O2 plasma can substantially reduce Rc 

and boost performance53–55,56. The mechanism is likely due to the defect sites 

created onto the contact region. As the dangling bond free interface not 

conducive to the charge injection, it is worthwhile to explore the effect of defects 

on carrier injection for MoS2. In this work, we systematically examine a related 

contact engineering approach for MoS2 FETs by using an in situ, broad-beam ion 

source to modify the MoS2 lattice immediately prior to contact metal deposition.  

The result is a substantial improvement in device performance.  

4.2  Methods 

The process flow for fabricating the back-gated MoS2 FETs used in this 

study, illustrated in Figure 17(a-d), involved first mechanically exfoliating MoS2 

(2D Semiconductors, Inc.) and transferring it to p++ Si wafers with 10 nm SiO2. 

The approximate thickness of all MoS2 flakes used in this study is 7~10 nm, as 

verified using atomic force microscope (AFM) imaging. After coating the 

substrate with poly (methyl methacrylate) (PMMA), electron-beam lithography 

(EBL) was used to pattern the source/drain contacts. For the baseline FETs 

without ion beam modification, 25 nm of Ni was then deposited in the contact 
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region, followed by lift-off in acetone. A second set of FETs was then fabricated 

on the same MoS2 flake using EBL to once again form the contact pattern in 

PMMA. Then, in a custom-designed ultra-high vacuum (UHV) chamber (LAB 

Line, Kurt J. Lesker Company), the chip was exposed to an Ar ion beam (eH400, 

KRi) to modify the MoS2 in the contact regions under a base pressure of 2x10-8 

torr. A schematic of the setup is shown in Figure 17(e), where the broad-beam 

ion source is installed at an angle, incident on the substrate and at a throw 

distance of 12”. The chamber includes an electron-beam evaporator that allowed 

for the deposition of 25 nm Ni contacts after ion beam exposure without 

subjecting the chip to the ambient. After lift-off of the second set of contacts, 

contact pads (2 nm Ti / 30 nm Pd / 30 nm Au) were formed. Devices were 

electrically characterized in air. 
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Figure 17: Process flow for MoS2 FET with contact interface modified using a 
broad-beam ion source. (a) Transfer of MoS2 onto doped Si chip with 10 nm 
SiO2 using mechanical exfoliation. (b) PMMA coating, EBL contact patterning, 
and selective exposure of MoS2 in the contact regions to the broad-beam ion 
source. (c) 25 nm Ni metal deposition immediately after ion beam exposure 
and without removing sample from UHV. (d) Lift-off in acetone to complete 
the MoS2 FET. (e) Schematic of the custom UHV system incorporating both the 
broad-beam ion source and an electron-beam evaporator for contact metal 
deposition. 

 

In order to achieve the most reliable information regarding the impact of 

the broad-beam ion source on the metal-MoS2 interface, two sets of FETs were 

fabricated on each MoS2 flake—one set without exposure to the ion beam and 

one with exposure. This reduces the large variability that is common for MoS2 

devices built on different flakes, due to variations in thickness and defect density. 

Dozens of chips were fabricated and studied having different exposure 

conditions (voltage and time) to the broad-beam ion source. Each chip contained 
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8-10 MoS2 flakes with targeted channel lengths for each set of devices of 200 nm, 

500 nm and 1 µm, with a width of ~2 µm. 
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4.3  Low-energy Ar ion beam 

The low energy ion beam was produced from a DC gridless ion beam 

source. In a typical gridded ion source (shown in Figure 18), the electron current 

flows the cathode-neutralizer, through a magnetic field, to the anode. This 

current ionizes the input working gas and generates ions. This current also 

interacts with the magnetic field to generate the electric field that accelerates the 

ions. Some of the electrons from the cathode-neutralizer serve to neutralize the 

ion beam, making the ion beam neutralized before hitting the target substrate. In 

operation, the ion beam energy can be controlled by the discharge voltage as well 

as the beam current. Note that the typical energy of the ion beam in the system is 

from 100 eV to 1200 eV, relatively small compare to other ion milling 

applications. This low energy makes it suitable for modifying low dimensional 

nanomaterial.  
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Figure 18: Low energy ion beam source. (a) Schematic diagram of a gridless DC 
discharge ion beam source. (b) Photograph of a gridless discharge ion beam 
source. Sources: Kaufman & Robinson, inc.  

It is important to distinguish this ion beam technology from other 

common ion beam-related technologies. The main difference is the energy level. 

For example, when fabricating MOSFET, high energy ion beam need to be used 

in ion beam implantation so that dopant atoms can be implanted into Si lattice. 

This high energy would be excessive for modifying atomic thin 2D crystals such 

as three atom thick MoS2; therefore low energy ion beam is preferred for altering 

the properties for nanomaterials. Table 3 compares their key attributes.  

a	 b	
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Table 3: Comparison between different ion beam technologies 

 

 

 

 

 

 

Ion-related 
technologies 

Creation Energy level Applications 

Low-energy ion 
beam 

DC or RF 
discharge 

50-1200 eV Surface 
modification and 
etching 

Focused Ion Beam 
(FIB) 

Liquid metal ion 
source 

5-50 keV Physical/chemical 
sputtering etch 
 

Reactive Ion 
Etching (RIE) 

ICP or RF 
(radicals for 
chemical reaction 
and ions for 
bombardment)  

600 W Dry etching 

Ion Implantation Filament based 
discharge 

10 keV-10 MeV Semiconductor 
doping 
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4.4  Defect generation using low-energy ion beam  

In order to explore how the ion beam is affecting the metal-MoS2 interface, 

Raman spectroscopy (633 nm HeNe Laser) and X-ray photoelectron spectroscopy 

(XPS) are used to characterize the MoS2 surface before and after ion beam 

exposure. The XPS was operated with a monochromatized Al Ka X-ray produced 

from an anode 15 kW X-ray gun, running with 160 eV pass energy and an 

emission current of 10 mA. As shown in Figure 19(a), the change in relative 

intensity between the E12g and A1g peaks of MoS2 after ion beam exposure of 2.5 s 

indicates the formation of defects in the lattice. Additionally, the observed right 

shift of the longitudinal acoustic mode (LAM) is representative of disruption in 

the MoS2 lattice after ion beam exposure57. This might be explained by the ion 

beam removing S or Mo in the lattice, where the modified lattice affects the LAM 

propagating along the MoS2 plane and hence results in LAM shifts in the 450 cm-1 

range 57,58. 
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Figure 19: Characterization of the impact of ion beam exposure on MoS2. (a) 
Raman spectroscopy of a MoS2 flake before and after 2.5 s ion beam exposure. 
XPS data showing (b) Mo and (c) S peaks from MoS2 before and after different 
ion beam exposure times. (d) XPS survey of Si wafers with transferred MoS2 
before and after different ion beam exposure times. 

 

Further evidence of defect formation is seen in the XPS spectra of Figure 

19(b-c), where the Mo and S signals are significantly dampened, and in some 

cases completely attenuated, after ion beam exposure. Note that while the Raman 

data was obtained from the same MoS2 flake, the XPS covers an ~1 mm2 range 

across an entire chip of approximately 2 cm x 2 cm, covered with transferred 
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MoS2 flakes of various thicknesses, ranging from 1 layer to about 50 layers. While 

currently it was not possible to deduce the precise nature of the defects, this 

spectroscopic evidence does support the hypothesis that the ion beam 

modification creates defects in the MoS2 lattice that then could promote covalent 

bonding with the Ni metal contacts. Further extensive characterization is needed 

to determine the exact bonding profile between Ni and S or Mo. We also note 

that the in situ nature of this ion beam modification process precludes the ability 

to directly characterize the type of defects formed as the surface must be exposed 

to air for spectroscopic characterization.  

For longer exposure times, the broad peak forming at binding energy ≈ 

235 eV in Figure 19(b) suggests Mo-O bonding is present for the 7.5 and 30 s ion 

beam exposures. These Mo-O bonds are attributed to the ion beam-generated 

defects reacting with O2 after exposure to air. Also, the Mo 3d3/2 and 3d5/2 peaks 

exhibited right shifting of 0.2 eV and 0.4 eV for 7.5 s and 30 s exposure, 

respectively. Note that the ratio of Mo 3d3/2 to 3d5/2 increases under increasing 

exposure time; such a ratio change is also present in the transition from MoO3 to 

MoS2 in 59, in which the ratio is decreasing. This is further evidence of how the 

bonding of Mo changes under different exposure times. Figure 19(c) 
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demonstrates the right shift of S of 0.5 eV and 0.7 eV after 7.5 s and 30 s ion beam 

exposure, respectively. Both the Mo and S shifting behavior are congruent with 

previous reports that use higher energy Ar+ ion beams to modify the basal plane 

of MoS2 60. Hence, the shift observed in both Mo and S peaks are attributed to the 

creation of localized defects by the ion beam.  

Another important consideration for why the longer ion beam exposure 

times led to degradation in MoS2 FET performance is seen in the XPS data of 

Figure 19(d). Since we used a broad-beam ion source, the beam spreads 

throughout the chamber (as illustrated in Figure 18(e)), leading to sputtering 

from the chamber sidewalls at longer exposure times. XPS spectra, given in 

Figure 19(d), show how a wafer that underwent various exposure times to the 

ion beam contains a variety of metals, easily identified as Ni, Ti, Pd and Au, 

which are the metals used in the evaporation system. Though metal peaks can 

also be seen in the 7.5 s exposure case, it is not as apparent as the chip after 30 s 

ion beam exposure. Further, sputtered metal from the chamber walls is less clean 

and leads to the deposition of metal layers that lack homogeneity and thus have 

uncontrolled and, clearly in this case, unfavorable interfacial behavior.  All of 
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these sputtering effects are added complications to the fact that prolonged 

exposure to the ion beam could cause excessive damage to the MoS2. 

4.5  Modification of Ni-MoS2 contacts 

Characteristics of a representative set of MoS2 devices are given in Figure 

18. The broad-beam ion source conditions for the modified devices included an 

exposure time of 1 s, discharge current of 0.5 A, and discharge voltage of 60 V, 

yielding a current density of ~0.04 mA/cm2. As can be seen in the subthreshold 

curves of Figure 20(a), the subthreshold swing remains essentially unchanged 

while there is a threshold voltage (Vth) shift of -2 V. While some Vth shift may be 

caused by the ion beam modification of the contacts, a variation in Vth of several 

volts was observed even in baseline devices on the same flake, making it not 

possible to deduce the precise cause of the shift beyond variation in trapped 

charge at the MoS2-SiO2 interface as discussed in other reports 61. For the on-state 

performance, output curves for 200 nm channel devices are shown in Figure 

20(b). The device with the modified metal-MoS2 interface exhibits twice the on-

current (Ion) as the comparable device without ion beam exposure (baseline 

device) from the same flake and at the same gate overdrive (Vgs - Vth). If all three 
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different channel length devices in a set worked, then contact resistance could be 

extracted using the transfer length method (TLM).  

 

 

Figure 20: Electrical characteristics showing impact of metal-MoS2 interface 
modification with a broad-beam ion source. (a) Subthreshold curves of devices 
with channel lengths of 200 nm on the same MoS2 flake. Ion beam exposure 
was at 60 V and 0.5 A for 1 s. (b) Output curves for the same devices as in (a), 
plotted at the same gate overdrive voltage (Vgs – Vth) to account for the Vth shift. 
(c) TLM plot of total resistance for the two sets of devices showing extraction 
of contact resistance. (d) SEM image of the two sets of devices on the same 
MoS2 flake. (e) Improvement of on-current versus exposure time, plotted as the 
ratio of Ion with ion beam modification (Ion (with)) and Ion from the baseline 
device (Ion (without)) from the same flake; each data point is the average from 
dozens of devices with error bars indicating standard deviation. 
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A plot of the total resistance (Rtot), which is the measured resistance 

multiplied by device width, at Vds = 1.2 V versus the channel length (Lch) is shown 

in Figure 20(c). The effect of threshold voltage shifts has been accounted for in 

the calculated Rtot. Importantly, the sheet resistance (slope of the linear fit to the 

TLM data, extracted to be 0.0723 kΩ•µm) of the MoS2 is consistent between the 

two device sets—a benefit of fabricating the devices on the same flake. Extracted 

from an extrapolation of the linear fit to the TLM plot, Rc ~ 12.5 kΩ•µm for the 

ion beam-modified metal-MoS2, which is a ~50 % reduction compared to the 

baseline devices. This Rc value is considerably lower than that reported for other 

Ni-MoS2 contacts, which ranged from 20-30 kΩ•µm 62. While there are other 

reports of Rc below 1 kΩ•µm for different metal-MoS2 contacts, this is a unique 

report of substantial reduction in Rc for devices built and compared on the same 

MoS2 flake. There is a trade-off between building single sets of MoS2 FETs on 

different flakes/chips where variability in MoS2 thickness and crystal quality can 

be high versus two sets of FETs on the same flake to reduce this variation but 

then, due to limited flake size, it is challenging to obtain two full sets of devices 

(≥ 3 in each set) for sufficient TLM data and thus Rc extraction. For this reason, Rc 
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extraction was not possible from most flakes. Also, as can be seen in the Figure 

20(b) output curves, there is evidence of a slight barrier to carrier injection 

(nonlinearity at low fields) that leads to an overestimation of Rc, which is 

extracted from the linear low field region. Another important reason for 

consideration of Ion in addition to Rc is that there are instances where a certain 

approach for modifying contacts to MoS2 can dramatically lower Rc but also have 

deleterious impact on the on-current. Hence, we focus on the change in Ion caused 

by modifying the contacts. In Figure 20(e), Ion change between devices on the 

same flake with and without ion beam exposure is plotted versus exposure time 

to determine the impact on FET performance statistically. This shows that the 

present approach achieves consistent and reproducible enhancement in Ion 

(standard deviation error bars are included in Figure 20(e)) under appropriate 

ion beam conditions for a large set of different MoS2 flakes across multiple chips. 

The impact of longer ion beam exposure time on the resultant 

performance of the MoS2 FETs is also shown in Figure 20(e). The Ion comparison 

for Lch = 200 nm in Figure 20(e) shows that for exposures longer than ~14 s, the 

transistor performance is jeopardized. As expected, there is an optimal exposure 

time at which the improvement in Ion is maximized and this occurs at ~7 s based 
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on our broad-beam ion source conditions. Note that this type of trade-off 

between improving carrier injection and causing too much damage to the MoS2, 

thus resulting in degradation (exposures of 15 s and above yielding 

Ion(with)/Ion(without) < 1), has been observed with other contact modification 

approaches including the etching of graphene 53 and the addition of an insulating 

layer at the metal-MoS2 interface 63.  

 

4.6  Conclusion 

In conclusion, a new approach to modifying the contact interface between 

Ni and MoS2 was presented. Exposing MoS2 to a broad-beam Ar ion source in 

UHV introduced defects; in turn, depositing Ni directly onto these defects 

without breaking vacuum, significantly boosted FET performance. We show Rc 

reduction on the same MoS2 flake from 25 kΩ•µm to 12.5 kΩ•µm and a 

consistent, reproducible enhancement in Ion by more than 3x demonstrated in 

dozens of devices across several chips. These results show a simple and 

promising approach to engineering contacts to MoS2 for enhancing performance. 
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5. Convergent Ion Beam Alteration of 2D Materials and 
2D-Metal Interfaces 

The results of ion beam alteration of the metal-2D contact interface with a 

broad beam ion source proved that certain amount of defects in metal-2D crystal 

interface could improve carrier transport (Chapter 4).  However, the broad beam 

ion source had other spurious and undesirable effects, including sputtering 

various metal species from the chamber wall.  In this chapter, a convergent (or, 

focused) ion beam source is used in place of the broad beam source to alter the 

metal-MoS2 interface.  

5.1  Overview 

The use of energetic ion beams has been widely employed in controlled 

material processing and, in electronics, ion beams are used to sputter solid 

targets, selectively etch surfaces, implant ions and alter material properties. The 

interaction of charged ions with surfaces of bulk materials was studied 

extensively for decades and is well understood64. However, the effect of low-

energy ion beam bombardment on atomically-thin materials such as transition 

metal dichalcogenides (TMDs) remains largely unknown. The thinness of 2D 

materials and their large surface-to-volume ratio allow ion beams to influence 

the entire atomic structure, thus significantly affecting material properties. 
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Moreover, compared to other techniques, ion beams offer more degrees of 

control by changing the ion species, energy, flux and angle of incidence. 

In recent years, there have been demonstrations of the potential of ion 

beam technology to modify 2D materials65–67. One historically prevalent 

application for ion beam technology is ion implantation for doping and 

researchers naturally attempted a similar approach for 2D materials by 

implanting ions of different species in films of graphene to manipulate their 

electronic properties. Other works reported phase changes from semiconducting 

to quasi-metallic or insulating phases by changing the dose of a focused He+ ion 

beam68. Researchers have also used ion beams to engineer defects in different 

TMDs, allowing controlled alteration in electrical, mechanical and optical 

properties67. However, understanding of ion beam use for physically tailoring the 

properties of 2D materials and consequently tuning the carrier transport across 

the contact interface is still deficient. First, most of the reports modify monolayer 

2D crystals without considering multiple layers. Second, studies investigating 

the performance of 2D field-effect transistors (FETs) under ion irradiation 

generally show degradation after the ion beam modification69,70. More 
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importantly, no study has reported the use of convergent (i.e., focused) ion 

beams to modify the contact interface of 2D FETs.  

In Chapter 4, we investigated the effect of ion dosage on the contact 

resistance of metal-MoS2 interfaces using a broad ion beam source. In this work, 

we build upon our prior results by using a convergent ion beam source, which 

eliminates the chamber wall sputtering issue caused by the broad ion beam 

source. We also experimentally investigate the impact of different ion beam 

energies on modifying monolayer to multilayer MoS2 and their application in 

metal-2D contact interfaces. We first compare 2D materials before and after ion 

beam exposure using various characterization tools, such as atomic force 

microscopy (AFM), photoluminescence (PL) spectroscopy, Raman spectroscopy, 

and cross-sectional scanning transmission electron microscopy (STEM). Then, 

selectively modify the metal-2D contact interface using the convergent ion beam 

and study its impact on contact resistance. Subsequently, we present evidence of 

device performance improvement via controlled, ion-induced defects at the 

metal contact interface.  
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5.2  Methods 

Growth of MoS2 flakes by chemical vapor deposition 

The MoS2 flakes were grown using a chemical vapor deposition (CVD) 

process. Typically, 1 g sulfur powder (Sigma-Aldrich) and 15-30 mg MoO3 

(99.99%, Sigma-Aldrich) source materials were placed upstream and at the center 

of a tube furnace, respectively. The substrates (heavily doped Si substrate with 

300 nm SiO2) were placed downstream in the tube. Typical growth was 

performed at 750 °C for 10 minutes under a flow of argon gas at a rate of 100 

sccm at ambient pressure. 

Convergent ion beam 

In a custom-designed ultra-high vacuum (UHV) chamber (LAB Line, Kurt 

J. Lesker Company), the sample was exposed to an ion beam source (KDC40, 

KRI) under a pressure of 2 × 10−4 torr (base pressure: 2 × 10−8 torr) to modify the 

2D material (MoS2). KDC40 is a gridded ion source that uses a direct-current (dc) 

discharge to generate ions and comes with a 4-cm diameter, 3-grid defocused 

dished molybdenum ion optics. The ion beam profile at the substrate is on the 

order of a few centimeters diameter, which is more focused than the profile of a 

gridless (broad) ion source but much more divergent than a focused ion beam 
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(FIB). KDC40 generates 60-1200 eV, 2-100 mA ion beams at typical argon gas 

flow of 4-6 sccm.  

Raman and photoluminescence characterization 

Raman and PL mapping were carried out by Horiba Labram HR800 

system with a 532 nm laser. Unless otherwise specified, all experiments were 

performed at room temperature. The PL accumulation power and time is 1% of 1 

mW and 0.5 s. 

Scanning Tunneling Microscopy 

The scanning tunneling microscopy (STM) measurements were carried 

out in an ultra-high vacuum (UHV) STM system (Omicron RT-STM). The sample 

was annealed at 300 °C for 3 hours in the UHV chamber with a base pressure of 

4.0 × 10-10 torr. The STM used a chemically etched tungsten tip. All the STM 

images were obtained at room temperature.  

Cross-sectional scanning transmission electron microscopy 

An FEI (Thermo-Fisher) Quanta 3D dual beam was used to prepare cross-

sectional TEM samples. A 250 nm coating of electron beam deposited Pt was 

deposited over the device followed by a 2 µm ion beam Pt deposition. Initial lift-

out was performed with a 30 kV Ga beam while final thinning was performed at 

16 kV to reduce damage. The final polish of 48 pA at 5 kV was performed at +/- 4 
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degrees to limit further damage. The STEM images were collected using a probe 

corrected FEI Titan operated at 200 kV. The beam convergence angle was set to 

20 mrad, and collection angles > 50 mrad were used to obtain the Z-contrast 

high-angle annular dark-field (HAADF) images. 

Device fabrication 

After MoS2 growth, the substrate was coated with poly(methyl 

methacrylate) (PMMA) and electron-beam lithography (EBL) was used to pattern 

the source/drain contacts. For the baseline field-effect transistors (FETs) without 

ion beam modification, 40 nm of Ni was then deposited in the contact regions, 

followed by lift-off in acetone. The second set of FETs with ion beam 

modification in the contact region was then fabricated on the same MoS2 flake. 

EBL once again was used to form the contact pattern in PMMA. The convergent 

ion beam was used to bombard the contact region. Then, 40 nm of Ni was 

deposited in the contact regions in the same UHV chamber without breaking the 

vacuum. Devices were electrically characterized in ambient. 

 

5.3  AFM Analysis of ion beam-altered MoS2 

In order to explore the impact of the Ar+ ion beam on MoS2 with various 

thicknesses, we used chemical vapor deposition (CVD) for its ability to produce 
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large areas of thin films. Here, as shown in Figure 21(a), we selected regions of 

interest on one sample where monolayer (1L) to 4 layers (4L) MoS2 can be seen. 

After exposing the sample to a 60 eV ion beam (beam voltage, Vb= 60 V and beam 

current Ib = 3 mA) for 3 seconds, the thickness profile was mapped using AFM. 

Figure 21(c) shows the height profile of the line scan from Figure 21(b) and 

suggests a uniform ~0.7 nm step height between each layer increment, from 1L to 

2L to 3L. In contrast, a 200 eV ion beam (Vb = 200 V, Ib = 3 mA) was used to 

expose the MoS2 in Figure 21(d) for 3 seconds and a pronounced effect was 

observed. The height profiles in Figure 21(f) represent the line scans in Figure 

21(e). The 1L to 2L step height after 200 eV ion beam is larger (~1.3 nm) than the 

same step after 60 eV ion beam (~0.7 nm), whereas the 2L to 3L step height 

remains similar. This height difference in 1L to 2L is attributed to a stronger 

etching effect on the monolayer and the underlying SiO2 with the 200 eV ion 

beam. The capability of using the ion beam for etching is stronger at energies 

above 200 eV64.  
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Figure 21: Impact of ion beam voltage on exposed MoS2. (a) Optical image of 
MoS2 with layer thicknesses from 1L to 4L after 3 seconds of 60 eV, 3 mA ion 
beam exposure. (b) AFM image of the region of interest marked in (a). (c) 
Height information from (b) showing layer-to-layer steps. (d) Optical image of 
MoS2 with 1L to 7L after 3 seconds of 200 eV ion beam exposure. (e) AFM 
image of the region of interest in (d). (f) Thickness information from (e) 
showing layer-to-layer steps. 

 

5.4  PL and Raman mapping of ion beam-altered MoS2 

Both PL and Raman spectroscopy were used to map the altered flakes 

from Figure 21. The 1L region in Figure 22(a) has a bright PL signal before the 60 

eV ion beam exposure, as seen in Figure 22(b), whereas the 2L to 4L regions are 

dark, consistent with the indirect bandgap of multilayer MoS2. After 60 eV Ar+ 

ions are used, the 1L region turns dark (Figure 22(c)), which suggests that the ion 

beam disrupts the crystal structure of 1L MoS2. Other studies have used TEM to 
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show point defects, single line and double line defects after different energetic 

particle irradiation65,71. In Figure 22(f), we also compare the PL spectra for the 1L 

region inside the green box of Figure 22(a), showing disappearance of the PL 

peak after ion beam exposure, which is consistent with the dark PL mapping 

signal in Figure 22(c). The PL peak of MoS2 after 60 eV ion beam exposure can 

still be observed but with a significantly attenuated peak intensity (0.3% of the 

unaltered 1L MoS2). The remaining peak indicates that the crystal structure still 

remains but is significantly damaged.  

The comparison of Raman mapping before and after the 60 eV ion beam 

exposure is shown in Figure 22(d,e). Surprisingly, the 3L and 4L regions in 

Figure 22(e) are brighter than the same region in Figure 22(d). This unanticipated 

observation matches the Raman spectra in Figure 22(g), where the A1g peak 

intensity is 17.7% and 19% higher in the 4L and 3L regions, respectively. As 

visualized in Figure 22(h), for the 2L region, the peak intensity remains similar 

whereas the 1L region shows a 10% drop. Note that the spectra have the same 
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baseline as shown in the 390 to 400 cm-1 range.                      

 

Figure 22: Photoluminescence and Raman mapping of 60 eV Ar+ ion beam 
altered MoS2. (a) Optical image of the MoS2 with 1L to 4L in the same region. 
Scale bar, 5 µm. Photoluminescence mapping of the region (b) before and (c) 
after ion beam exposure. Raman mapping of the region (d) before and (e) after 
ion beam exposure. (f) Photoluminescence spectra of the monolayer comparing 
the before and after ion beam exposure at the same 1L spot (green box). (g) 
Raman spectra of the films in the same regions for layers 1L to 4L.  (h) 
Intensity change and (i) peak shift of A1g and E2g for different layers after ion 
beam exposure. The inset image shows an STM mapping of the altered 4L 
MoS2 (I = 0.36 nA, Vs = -1 V). Scale bar, 0.7 nm.  
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The lower Raman intensity of the 1L region correlates with the diminished 

PL peak in Figure 22(f), indicating defects created onto the 1L surface. 

Presumably, similar defect creation should happen to the 2L, 3L, and 4L surfaces. 

However, the increased thickness can distribute the bombardment among the 

different layers. We argue that ion beam bombardment adds fewer defects (e.g. 

missing Mo-S bonds) per layer on multilayer than in the fully 1L region. 

Scanning tunneling microscopy (STM) was used to probe the 4L surface (see 

inset of Figure 22(i)), showing that the MoS2 crystallinity still remains. This 

largely intact crystallinity of the 4L MoS2 surface is in contrast to the significantly 

diminished PL peak of 1L MoS2, supporting our previous argument that the 

defects spread throughout multiple layers rather than concentrating at the 

surface. The decrease of defects created among each individual layers facilitates 

the out-of-plane vibration mode, thus improving the A1g intensity for 

multilayers.  

Based on previous studies69,72,73, sulfur vacancies are expected to be created 

after the ion beam exposure. It has been well studied that SV can redshift the E2g 

peak and blueshift A1g on monolayer MoS2, as the crystal vibration is interrupted 

by the abundant defects74,75. For simplicity, the frequency of the vibrational mode 
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can be explained by a harmonic oscillator 𝜔 = !
!

, where 𝜔 is the frequency, 𝐾 is 

the restoring force constant, 𝑚 is the total mass. The Raman peak shift can be 

explained by the relative change of restoring force constant and total mass. 

Consistent with previous reports72,76, the 1L region in Figure 22(g) demonstrates 

slight redshift in E2g and blueshift in A1g. However, for the first time, we 

observed that for multilayers (2-4L), the ion beam exposure causes redshift in A1g 

as well as E2g peaks. This new observation is attributed to the interaction between 

the ion beam and the multilayer crystal. Specifically, the defects created between 

adjacent layers may dampen the interlayer coupling and decrease the restoring 

force constant while the total mass remains relatively unchanged, as proven by 

the STM image for altered 4L MoS2. This relative change of 𝐾 and 𝑚 eventually 

decreases the frequency (redshift). The increased peak shift versus increased 

thickness in Figure 22(i) indicates that as the MoS2 thickness increases, the 𝑚 

decreases less and 𝐾 increases more. This result reveals new information on how 

interlayer defects can impact the vibrational frequency. Since the creation of 

defects in multilayer crystals is more complex than in monolayers, a more 

extensive study is needed to quantify the sulfur vacancies for these multilayer 2D 

materials. 
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The details Raman and PL studies for the 200 eV ion beam alteration of 

MoS2 are provided in Figure 23. On one region of the sample, we can find 1L to 

7L MoS2, as shown in Figure 23(a). As expected, the PL signal of the 1L area 

disappeared in Figure 23(c,f) after the ion beam exposure because of the higher 

energy of 200 eV. The vanished PL indicates the etching effect of 200 eV ion beam 

and further corroborates the increased 2L-1L height difference in Figure 21(f). 

Raman mapping after ion beam exposure in Figure 23(e) shows obvious 

dimming in intensity compared to Figure 23(d). It can also be visualized in 

Figure 23(i) that the increased layer thickness better preserves the intensity of 

peaks. This drop in Raman intensity is expected as a higher ion beam energy can 

induce more defects across different layers. For 3L and 4L regions, the 200 eV ion 

beam results in a similar redshift of A1g and E2g peaks, as with the 60 eV exposure 

but with a larger magnitude, comparing Figure 22(i) and Figure 23(i). This 

increased magnitude stemming from the higher energy bombardment is based 

on an increase in defects and intralayer deformation across different layers. This 

intralayer and interlayer damage will disrupt the interlayer coupling and reduce 

the restoring force constant, thus redshifting both the in-plane (E2g) and vertical 

vibration (A1g). For 1L and 2L regions, the 200 eV ion beam is strong enough to 
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cause the peaks to be fully attenuated. The greatly reduced peak intensity across 

the 1L to 4L area confirms the increased number of defects created in the MoS2 

crystal. As the layer number increased to 7L, the loss in intensity and magnitude 

of the redshift drops (Figure 23(h,i)), consistent with our expectation that thicker 

MoS2 can bear more ion damage compared to 1L and 2L MoS2. The fact that the 

A1g signal of 4L MoS2 drops to a similar intensity of 1L before the ion beam 

exposure does not mean that the 4L region is thinned down to 1L. The reason 

behind this observation is that the E2g peak of 4L after ion beam exposure 

represents a sharp left shift compared to the 1L E2g peak prior to ion 

bombardment. The dark PL mapping in Figure 23(c) analysis confirms the 

absence of 1L MoS2.  
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Figure 23: Photoluminescence and Raman mapping of 200 eV Ar+ ion beam 
altered MoS2. (a) Optical image of the MoS2 with 1L to 7L in the same region. 
Scale bar, 5 µm. Photoluminescence mapping of the region (b) before and (c) 
after ion beam exposure. Raman mapping of the region (d) before and (e) after 
ion beam exposure. (f) Photoluminescence of the monolayer comparing the 
spectra before and after the ion beam exposure at the same 1L spot (green box). 
(g) Raman spectra of the films in the same regions for layers from 1L to 7L. (h) 
Intensity change and (i) peak shift of A1g and E2g for different layers after ion 
beam exposure. 

 

5.5  Cross-sectional STEM analysis of ion beam altered MoS2 

In order to analyze the atomic deformations caused by convergent ion 

beam, cross-sectional STEM was used. A 10 nm (15L) flake was mechanically 
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exfoliated onto a 300 nm SiO2 /P++ Si substrate, as shown in Figure 24(a). Using 

poly(methyl methacrylate) (PMMA) as an etching mask, different regions of the 

same flake were irradiated with a 600 eV ion beam (Vb = 600 V, Ib = 36 mA). To 

make the effect of the ion beam more pronounced across different layers, the 

beam voltage and current were increased to 600 eV and 36 mA with a prolonged 

exposure time of 25 s and 50 s. Cross-sectional STEM images after 25 s and 50 s 

ion beam exposure are presented in Figure 24(b-c). Comparing the unexposed 

region (Figure 24(a)) to the one exposed for 25s (Figure 24(b)), defects and 

deformations can be seen across different layers. The thickness decreased from 

10 nm (15L) to 4 nm (5L-6L) after ion beam exposure—an etch rate of 

approximately 1L per 2.5 s. However, this etch rate is not consistent with time, as 

is evident from comparing the results of 25 s and 50 s exposure. After the 50 s 

exposure, the 2-3L region still partially remains. Surprisingly, some interlayer 

delamination in the MoS2 crystals is also observed, as shown in Figure 24(c). In 

addition, small and large gaps appear horizontally between different regions and 

vertically between different layers. These new effects could have profound 

implications for metal-2D material interfaces and other applications such as 

intercalation and sensing devices. In order to atomically compare the unexposed 
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and exposed layers, the higher magnification STEM images in Figure 24(a,b) 

were studied. An ordered and uniform atomic structure is present across 

different layers of the unaltered MoS2 (Figure 24(d)), whereas the 25 s exposed 

region shows apparent disorder and defects, indicated as arrows in Figure 24(e). 

The gaps highlighted in Figure 24(e) are likely caused by S atom vacancies, while 

distinguishing missing Mo atoms is more difficult, especially in bottom layers. 

Examining the remnants of the topmost layers in Figure 24(e) reveals structural 

disorder, leaving no distinguishable MoS2 crystal lattice. Also of note is the 

different direction of S atoms (compared to the uniform line up in Figure 24(d)) 

imposed on the atomic diagram as a representation of the possible structural 

transformation (crystal plane shifting). To obtain higher resolution images and 

also minimize the impact of the electron beam, a further study using, for 

instance, 80 keV STEM is needed to characterize the interlayer atomic defects and 
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achieve a better understanding of the possible atomic/structural transformation.

 

Figure 24: Cross-sectional STEM analysis of 600 eV ion beam modified MoS2 
film. (a) Mechanically exfoliated, unaltered 15L MoS2 flake. Scale bar, 4 nm. 
The same flake after (b) 25 seconds and (c) 50 seconds of 600 eV ion beam 
exposure. Scale bars in (b-c) are 5 nm. (d-e) High magnification image of (a-b) 
comparing the atomic defects and disorder. Scale bars in (d-e) are 2 nm. 

 

Phase or structural transformation has been demonstrated by electron 

beam irradiation77, laser beam35 and electrostatic78 methods. First principle 

calculations have also shown that the combination of strain, vacancies, and 
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electronic excitations created by an electron beam can lead to a phase transition72. 

The structure transformation induced by an Ar+ ion beam merits further 

investigation into its mechanism and implications on physical, chemical and 

electrical properties. For example, the interlayer defects can be used for new 

photonic79 and memristor80 applications that rely on the out-of-plane interlayer 

transport. 

5.6  Modification of metal-2D materials interface  

After characterizing the ion beam modification of MoS2 using different 

beam energies, the Ar+ ion beam was used to modify the contact interface 

between MoS2 and Ni contacts. Contact resistance is a frequently studied subject, 

especially for transistors based on 2D materials. Based on the Raman and PL 

mapping data in Figure 22 and Figure 23, it was decided to use relatively thick 

flakes in order to avoid disrupting the crystal structure in 1L and 2L MoS2. We 

exfoliated and transferred a 5 nm (7L) MoS2 flake onto a 10 nm SiO2/p++ Si 

substrate and used the device fabrication technique described in the Methods 

section. Of special note is that we only exposed the contact region, keeping the 

channel region intact, by using PMMA as a mask. Moreover, in order to avoid 

variation for the purpose of comparing device performance, we fabricated the 
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devices with and without ion beam modified contacts on the same MoS2 flake. 

The same ion source is used as in the previous experiments. It is worth stressing 

that immediately after ion beam modification, the in situ e-beam evaporator was 

used to deposit the contact metal (Figure 25(a)), protecting the modified region 

from other reactive species. Figure 25(b,d) are schematics of the two contact 

interfaces. 40 nm of Ni was used as the contact metal. After characterizing the 

devices in N2 at room temperature, we found that the devices with 60 eV ion 

beam modification outperform the unaltered devices, as shown in Figure 25(e). 

From the output curves in Figure 25(f), the modified devices also show 

improvement in the low VDS region, where carrier injection at the contact 

dominates the current output. At VDS < 0.5 V, The I-V curves of the device with 

ion beam have a larger slope than the unmodified device, indicating a smaller 

contact resistance. As VDS increases, the current output depends more on the 

channel properties, thus limiting the improvement of ID at VDS = 3 V. We 

calculated the total resistance of these devices at VDS = 0.5 V and plotted Rtot in 

Figure 25(g). Using the transfer length method (TLM), we detected an RC 

improvement from 17.5 kΩ�µm to 6 kΩ�µm at a carrier density of n2D = 5.4×1012 
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cm-2. This improvement of contact performance is attributed to the defects 

facilitating greater carrier injection.  

 

Figure 25: Alteration of metal-MoS2 contact interface using Ar+ ion beam. (a) 
Diagram of the in-situ Ni evaporation process carried out immediately after 
ion beam exposure. Schematics of (b) the metal contact region of a non-
modified device (prior to lift-off) and (d) a modified device (prior to lift-off). 
(c) AFM image of a set of devices fabricated on a single MoS2 crystal region. 
Scale bar, 2 µm. (e-f) Comparison of I-V characteristics for 60 eV altered versus 
unaltered contact 2D FETs. (g) Extraction of Rc using the transfer length 
method (TLM). (h) Comparison of the effect of different ion beam energies on 
device performance. The ion beam exposure conditions are as follows (60 eV, 3 
mA, 3 s), (200 eV, 3 mA, 3 s) and (600 eV, 36 mA, 3 s). 
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The impact of different ion beam energies on the contact interface was also 

investigated. We plot ID-VGS curves of devices built on exfoliated flakes of ~7 nm 

but with different exposure conditions in Figure 25(h). Compared to the 60 eV 

ion beam, 200 eV ion beam exposure tends to degrade the contact performance. 

As the ion beam energy increases to 600 eV, the device performance degrades 

even further. These results are consistent with the amount of damage and 

disorder created by the higher energy ions, as detailed in Figure 24. Clearly, 

there is a tradeoff between damaging the MoS2 to increase carrier injection and 

the resultant degradation in lateral carrier transport from contact to channel. 

Though higher energy ion beams show little promise for improving the metal-

MoS2 interface, we can utilize their etching capability to create edge contacts to 

thin layers (1-2L) of 2D materials. Other applications such as sensing, 

intercalation and physical modification of 2D materials can also benefit from 

these findings. 

 

5.7  Conclusions 

We have uncovered the effects of different ion beam energies on MoS2 

using a variety of characterization techniques. The 200 eV ion beam is shown to 
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degrade the optical properties, while 60 eV ion beams can improve carrier 

transport across the contact interface. The impact of Ar+ ion beam bombardment 

across different layers of MoS2 is particularly interesting, as visualized in Raman 

mapping and STEM images. The 60 eV ion beam shows promise for improving 

carrier injection in metal-2D material interfaces, whereas 200 eV and 600 eV ion 

beams degrade the contact performance. 
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6. Immunity to Contact Scaling of MoS2 Transistors 
Using in situ Edge Contacts 

As the usefulness of MoS2 transistors is tied to their ability to operate at 

aggressively scaled dimensions, attention must be given to contact scaling. It has 

been shown that the contact resistance in MoS2 devices increases severely as 

the contact length Lc is decreased below the transfer length (30-40 nm for MoS2) 

in the top contact scheme where the contact metal is on top of the MoS2. Ideally, 

contacts would be bonded directly to the side of the 2D channel as “edge 

contacts,” enhancing carrier injection over the top contacts and providing 

ultimate scalability. In this chapter, we demonstrate pure edge contacts to MoS2 

by employing a low energy Ar ion beam process. Resulting devices yield contact 

resistance that is independent of the contact length--evidence of pure edge 

contacts.  

 

6.1  Overview 

While the scalability of channel length in 2D FETs has been well 

studied24,50,81–84, the contact length and its related scaling challenges have been 

largely neglected. However, contact engineering in general for 2D FETs has been 
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a topic of considerable interest18, including using different metals21,85, 

transforming phases86, and interface engineering51,87. While these approaches 

deepen our understanding of the metal-2D interface and have achieved contact 

resistance as low as 200 Ω•µm, they all use a contact length of at least hundreds 

of nanometers, which is orders of magnitude larger than needed for actual 

technologies. A fully scaled device technology for the 2030 era will require both 

the channel and contact lengths to scale below 12 nm (equivalent to a contacted 

gate pitch of 24 nm)88. Note that contact scaling is also a pressing challenge for 

traditional Si technology. In a Si FinFET, the contact length (36 nm) occupies two-

thirds of the gate pitch (54 nm for Intel’s 10 nm node technology)89. Since future 

scaled transistors (including traditional Si-based devices) would have a shorter 

gate pitch, the shrinking gate pitch also leads to shrinking contact length, thus 

decreasing on-state performance4 and highlighting the importance of contact 

scaling. In a simplified top-contacted and back-gated MoS2 transistor, as shown 

in Figure 26(a), as the contact length (Lc) decreases, the area available for carrier 

injection is also reduced. The shrinking contact length leads to severely degraded 

performance, especially when Lc drops below the transfer length (LT = 30 ~ 40 nm 
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for MoS251, as depicted in Figure 26(b), which is the length over which the 

majority of  carriers are injected.            

                               

Figure 26: Top versus edge contacts to 2D MoS2. (a) Schematic of a bilayer 2D 
FET with traditional top contacts. (b) On-current diminishes as the top contact 
length decreases (data from ref.51), presenting a major roadblock for 
aggressively scaled transistors. Transfer length is indicated in inset schematic. 
(c) Schematic of a bilayer 2D FET with edge contacts and an effective Lc  ≈ 1 
nm, leading to the possibility of (d) on-current that is independent of contact 
length. The on-current values in (d) are hypothetical. 

 

        Ideally, for scaling, contacts would be bonded directly to the side of 

the 2D channel as pure “edge contacts,” as illustrated in Figure 26(c), where 

charge is injected from the metal directly into the 2D crystal via covalent bonds. 

Since the area of injection at the edge is independent of the physical contact 

length, we hypothesize that edge contacts could provide ultimate scalability, as 
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shown hypothetically in Figure 26(d), where the on-current (Id) would be 

independent of the Lc. Several studies on edge contacts to 2D materials have been 

reported, beginning with Cr edge contacts to graphene that exhibited a low 

contact resistance of 150 Ω•µm90, though graphene is not a semiconductor. A 

decade before MoS2 was considered as a transistor channel material, MoS2 edges 

were explored, with results indicating that one-dimensional metallic states can be 

identified due to the band structure changes significantly at the edge91. In a 

separate study92, an edge-like contact interface between graphene and MoS2 was 

demonstrated; however, the MoS2-graphene junction spans ~20 nm and the 

scalability of this approach is uncertain. Moreover, growing the graphene-MoS2 

edge added additional complexity and variability to the fabrication process, 

reducing the reliability of this approach. Hybrid top and edge contacts have been 

proposed93,94, but the current crowding effect caused by the application of Vds at 

the contact promotes carrier injection through the top contact interface instead of 

the edge interface, casting doubt on whether the edge contact interfaces are 

providing any real benefit. Finally, demonstration of edge contacts between 

metal and MoS2 has been limited to the use of an ex situ and isotropic plasma 

etching approach95. The performance metrics such as on-current and on-off ratio 
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were unfavorable, possibly due to the uncleanliness of the interface with the 

dangling bonds in the exposed MoS2 edge reacting with species in the ambient 

owing to the use of an ex situ plasma etching. Considering the ultra-sensitive 

nature of the dangling bonds at the edge, it is thus crucial to have the interface 

preserved in a clean in situ environment in order to properly determine the 

potential of metal-MoS2 edge contacts.  

Here, we demonstrate edge-contacted MoS2 FETs by using an in situ Ar 

ion beam. We show the ultimate scalability of pure edge contacts to CVD-grown 

MoS2 of various layer thicknesses and metal types, providing evidence for the 

immunity of edge-contacted 2D FETs to aggressive contact scaling. In order to 

understand carrier transport at the edge interface, we use cross-sectional 

scanning transmission electron microscopy (STEM) and low-temperature 

electrical measurement to characterize the edge contacts. Our study elucidates 

the intriguing metal-2D edge interface and the potential of edge contacts for 

future scaled transistors. 

 

6.2  Methods 

CVD growth of the MoS2 
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The MoS2 flakes were grown using a chemical vapor deposition (CVD) 

process reported previously96–98. Typically, 1 g sulfur powder (Sigma-Aldrich) 

and 15-30 mg MoO3 (99.99%, Sigma-Aldrich) source material were placed 

upstream and at the center of a tube furnace, respectively. The substrates 

(heavily-doped Si substrate with 300 nm SiO2) were placed downstream in the 

furnace tube. Typical growth was performed at 750 °C for 10 minutes under a 

flow of Ar gas in rate of 100 sccm and ambient pressure. 

Fabrication of in situ edge-contacted devices 

For devices using exfoliated flakes, multilayer MoS2 flakes were 

mechanically exfoliated onto a heavily-doped Si substrate with 300 nm SiO2. For 

devices using CVD-grown MoS2 films, the MoS2 crystal was grown using the 

above process. For as-grown CVD MoS2, the SiO2 and the MoS2 assembly coming 

out of the CVD furnace will be used for the subsequent device patterning. For 

transferred CVD MoS2, an additional transfer process is needed99. EBL with 

PMMA was used to define the contact regions, leads, and pads. The substrate 

was then developed in a solution of IPA:MIBK= 3:1. After developing, the 

substrate was transferred to the UHV chamber (base pressure ~10-8 torr) having 

an ion beam source (KDC 40, KRI) in situ with an e-beam evaporator. The chip 

was exposed with a 600 eV directional Ar ion beam, followed by metal 
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deposition. A top Au layer (30 nm) is also in situ deposited on top of the in situ 

Ni and Cr metal (normally 15 nm) to prevent oxidation of the contacts when 

exposed to ambient. This in situ ion beam process with metal deposition is crucial 

for protecting the exposed edges from other molecules in the ambient 

environment. Finally, the fabricated devices were characterized in dry N2 after 

lift-off in acetone at a temperature of 80 °C. 

Low-temperature measurement 

The sample was loaded into Lakeshore probe station (CRX-6.5 K) and was 

cooled to base temperature (7 K) using a helium compressor (HC-4E1). The 

temperature was then increased gradually to 30 K, 50 K, 80 K, 140 K, 200 K, 250 

K, and 300 K. The measurement was conducted at each temperature. 

Characterization of the edge contact interface 

The AFM images were taken from a Digital Instruments Dimension 3100. 

The SEM images are obtained using an FEI XL30 SEM-FEG. The EDS images in 

Figure 27 are obtained from a Bruker XFlash 4010 EDS. The cross-sectional STEM 

images in Fig. 3 and 4 were prepared by using an FEI (Thermo-Fisher) Quanta 

3D dual beam. A 250 nm coating of electron beam deposited Pt was deposited 

over the device followed by a 2 µm ion beam Pt deposition. Initial lift-out was 

performed with a 30 kV Ga beam while final thinning was performed at 16 kV to 
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reduce damage. The final polish of 48 pA at 5 kV was performed at +/- 4 degrees 

to limit further damage. The STEM images were obtained using FEI Titan 80-300 

probe aberration corrected STEM operated at 200 kV. The beam convergence 

angle was set to 20 mrad, and collection angles > 50 mrad were used to obtain the 

Z-contrast high-angle annular dark-field (HAADF) images. The EDS images 

were acquired from the SuperX system with the four Bruker Silicon Drift 

Detectors (SDD).  

 

6.3  Etching capability of low-energy Ar ion beam 

The use of an in situ ion beam to etch the MoS2 immediately prior to 

contact metallization is crucial to avoid reactivity between the created edge states 

and molecular species other than the contact metal. The in situ ion beam source is 

incorporated with an electron beam evaporator in the same ultra-high vacuum 

(UHV) chamber, as shown in Figure 27(a). The etching effect of the ion beam on 

MoS2 is studied using the process shown in Figure 27(b). Selective bombardment 

of the exposed (contact) regions by the directional Ar ion beam is achieved using 

patterned PMMA (which shields the channel regions). Our previous study100 

shows that low-energy (~100 eV) Ar ion bombardment can create vacancies in 
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the 2D crystal. Here, a higher energy (~600 eV) ion beam is shown to controllably 

etch the MoS2, as shown in the atomic force microscopy (AFM) image in Figure 

27(c). We also use energy dispersive spectroscopy (EDS) to map the etched flake 

in Figure 27(c). The sulfur signal in Figure 27(c) and molybdenum signal in 

Figure 27(e) further prove the etching capability of the Ar ion beam. The AFM 

profiles and line scans from different regions show how both the MoS2 and SiO2 

are etched by the ion bombardment, as plotted in Figure 27(f). Note that the edge 

of MoS2 in the etched region attracts more reacted species/residue (as high as 100 

nm in Figure 27(g)) compared to the SiO2 etched edge, evidential of the higher 

reactivity of the MoS2 edge when exposed to solvent/air (ex situ) and the 

importance of forming edge contacts with an in situ process. Meanwhile, the 

flake edge that has not been exposed to the ion beam is relatively clean, as shown 

in Figure 27(g). This further exemplifies the highly reactive etched edge, which 

could be useful in other applications such as sensing. The edge sites could act as 

a preferable binding site for antibodies compared to either the basal surface that 

has limited dangling bonds or the natural edges that are less reactive. In Figure 

27(g), we also label the SiO2 and MoS2 etched depth shown in Figure 27(f). The 
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linear relationship between the etch-depth and the ion beam exposure time 

shows an etching rate of 1.83 Å/s for MoS2 and 1.2 Å/s for SiO2.   

 

Figure 27: In-situ etching of MoS2. (a) Ion beam source and e-beam evaporator 
incorporated within the same UHV chamber. (b) Schematic of the etch process with 
only contact regions selectively bombarded by Ar ion beam. (c) AFM image of MoS2 
flake after etching and PMMA removal. EDS mapping of flake in (c) gives the sulfur 
signal in d and molybdenum signal in (e). (f) Line scan height profiles 1 and 2 from 
the AFM image in (c). (g) 3D AFM image of (c) highlighting the reactive etched 
MoS2 edges and the relatively clean MoS2 flake edges. 
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6.4  Edge contacts to exfoliated multilayer MoS2 

Upon exposing the MoS2 edge in the contact regions under UHV, contact 

metal is then deposited using an electron beam evaporator in the same chamber. 

The newly generated edge states are able to react with the depositing metal, 

forming a bonded edge interface. To study this interface, we use cross-sectional 

scanning tunneling electron microscopy (STEM) to characterize the etched edge. 

Fifteen layers of MoS2 were exfoliated onto a silicon wafer with 300 nm SiO2. 

After using the etching process illustrated in the last section, the metal contact 

was in situ deposited on the etched region (Figure 28(a)). The cross-sectional 

STEM image of the finished contact is shown in Figure 28(b). The etching process 

creates the unique splitting and tapering effects (Figure 28(c)), which is 

particularly surprising as these effects are different from the common undercut101 

and microtrench102 profile seen in some isotropic ex situ plasma processes. The 

splitting effect could be attributed to the interaction between the directional Ar 

ion beam and the weak van der Waals interlayer binding of the 2D materials. The 

splitting effect could profoundly change electronic properties of the MoS2 at the 

edge. Meanwhile, the tapering effect is common for directional dry etching103, as 

the center region receives more directional ion bombardment. These effects open 

a new window of opportunities to study the intricate interface between metal 
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and 2D materials and to use in other applications such as sensing and material 

intercalation104–106.  

Figure 28: Metal-MoS2 edge interface. (a) Diagram of the in situ metal 
deposition process forming an edge contact for 15L MoS2 flake with 2 nm Ti / 
20 nm Au. (b) Cross-sectional STEM image of Lc = 200 nm contact. (c) 
Magnification of left edge of the contact showing tapering and splitting 
effects. (d) EDS image of right side of the contact mapping the presence of 
different elements. 

 

To further understand the metal-MoS2 edge interface, EDS was used to 

characterize the elements present in the right-side edge of the contact. As shown 

in (d), the MoS2 is topped with 2 nm of Ti (green) and 20 nm of Au (red). The 

thickness of Ti is more uniform in the area where there is more MoS2 edge in the 

splitting and tapering region, indicative of more consistent bonding because of 
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the reactive edge states. The combined elemental map shown in (d) may suggest 

that sulfur is concentrated at the splitting interface, but the individual sulfur map 

in Figure 29 shows that the distribution of sulfur within the metal region after 

etching is actually quite even. Also, the oxygen was mapped in Figure 29 and no 

higher concentration appears in the interface between Ti and MoS2, which 

suggests that the in situ environment is relatively pristine.  
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Figure 29: EDS mapping oxygen and sulfur at the etched MoS2-metal interface. 
(a) A magnified view of the etched MoS2-metal interface. (b) Mapping the 
oxygen signal at the interface. No excess of O element shows up at the MoS2 
edge-metal interface. (c) Map of the sulfur element at the interface showing an 
even distribution of sulfur element. 

 

In addition to the interface highlighted in Figure 28 and Figure 29, where 

the full multilayer MoS2 is etched by the Ar ion beam in the center of the contact 

regions (quasi-edge contacts), we also used shorter etching time (25 and 50 s) to 

produce partially etched MoS2 in the center of the contact region (partial-edge 

contacts), as given in Figure 30. Since the exfoliated flake is about 10 nm thick 

(15L), the tapering and splitting effects in Figure 28 also show up in the partial-

edge contacts. We then fabricated devices on multilayer flakes with different 

thickness (35 and 8 nm) in order to compare performance of the quasi-edge and 

partial-edge contacts. Compared to the partial-edge contacts (9 µA/µm at Vds  =1 

V), quasi-edge contacts yield smaller current (5 µA/µm at Vds =1 V) but have a 

distinct forming or “burn-in” effect when large Vds (over 3 V) is applied. This 

forming behavior suggests that a large electric field from source to drain can 

strengthen the bond between the metal and MoS2 edge states. Considering that 

the defects created on the tapering region add additional complications to the 

analysis, further investigation is needed to resolve the carrier injection through 
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the splitting MoS2 edge and the tapering layers. In the following section, in order 

to demonstrate pure edge contacts and their scaling behavior, we focus on CVD-

grown MoS2 films since they offer a large area of thin crystals (1-4 layers with 

size of over 100 µm2). 

 

Figure 30: Effect of etching time using directional Ar ion beam. Etching time of 
(a), (b), and (c) is 25 s, 50 s, and 110 s, respectively. Due to the tapering effect, 
the center region of the contact was etched faster than the edge region. A 
similar splitting effect can be seen on the zoom-in view of the left edges. The 
scale bar on the bottom right of (a-c) is 50 nm. 

 

The transistors in Figure 31 were built on one ~35 nm thick exfoliated 

MoS2 flake, based on the AFM measurement included in Figure 31(a). These 
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devices were etched for 150 s (etch-depth of ~28 nm), resulting in partial edge 

exposure of the MoS2 in the contact area depicted in Figure 31(b). The remaining 

layers (underneath the metal) have more defects and are less crystalline as a 

result of deeper impact ions. The Id-Vgs curves of the partial edge-contacted 

devices Figure 31(c-d) show an on-current level of 9 µA/µm at Vds=1 V, which is 

on par with other top contacted devices in the literature 107.  
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Figure 31: Partial-edge contacts to exfoliated multilayer MoS2. (a) AFM image 
of the exfoliated flake with a thickness of 35 nm. (b) SEM image and (c) 
schematic of a partial edge-contacted device in the dashed box in (b). The 
scaled bar in both (a) and (b) is 1 µm. Id-Vgs (d) subthreshold and (e) transfer 
curves of the device tested in dry N2. (f) Id-Vds curves of the device showing 
rectifying behavior when Vds is below 1 V. 

 

Transistors in Figure 32 were built on the same flake as the devices in 

Figure 31. In Figure 32, the flake was etched for 260 s (etch-depth of ~48 nm), 

producing pure edge contacts to MoS2, as depicted in Figure 32(b). Due to the 

thickness of the MoS2 flake and substrate-gated device structure, the majority of 

the current is injected into the MoS2 near the bottom of the flake, and thus 

injection at the contacts was likely to dominate near the bottom of the contact 

region. Performance of the full edge-contacted devices on the same flake is 

shown in Figure 32(c-d).  Two Id-Vgs sweeps are shown from the same Vds= 1 V, 

where the 1st sweep is the initial measurement and the 2nd is taken after a sweep 

at Vds= 3 V was performed. The 6.5x jump from 0.79 µA/µm to 5.17 µA/µm 

between these two sweeps suggests a “burn-in” effect at the full edge contacts, 

creating more favorable bonds between the MoS2 edge states and the metal. 

Another interesting observations is the threshold voltage shift from Vth=-15 V in 

the partial to Vth=-35 V in the full case. It is also observable that the current 
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remains approximately constant for Vgs=40 V to -20 V in the first sweep (blue 

curve), which is not the case the devices in the partial contacts scheme. These 

differences suggest a distinction in the carrier injection behavior and gating effect 

in the partial versus full edge contacts for multilayer MoS2.  

 

Figure 32: Quasi-edge contacts to exfoliated multilayer MoS2 (35 nm thick). (a) 
SEM image and (b) schematic of a quasi-edge contacted device. Id-Vgs (c) 
subthreshold and (d) transfer curves of the device tested under ambient.  

 

6.5  Edge contacts to CVD-grown MoS2 (as grown on SiO2) 

In order to demonstrate the ultimate scalability of edge contacts, in situ 

edge contacts were fabricated on CVD-grown MoS2. These MoS2 films have a 

large area with uniform thickness, making them suitable for device fabrication 

and performance comparison. Trilayer and monolayer CVD films were used to 
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fabricate in situ edge contacts as shown in Figure 33. These films were grown 

directly onto SiO2 without the need of a transfer process, which could introduce 

contaminants such as water molecules and resist residue. In Figure 33(a), a small 

rectangular box of MoS2 was used, as the materials outside of the rectangular box 

are etched away using CF4 plasma. After an e-beam lithography process, the 

same Ar ion beam etching process to Figure 27(b) with an etching time of 30 s 

was used and the contact metal (Ni) was deposited in situ inside the same UHV 

chamber. A diagram of scaled edge contacts to MoS2 is given in Figure 33(b), 

where two long contacts (Lc = 60 nm) and two short contacts (Lc = 20 nm) were 

fabricated onto the same film. The cross-sectional STEM image of the right-side 

of the Lc = 60 nm edge contacts is shown in Figure 33(c). The metal entrenches 

into the oxide and contacts the edge of the trilayer film without the splitting 

effect, producing pure edge contacts. The side-view of the 3-layer MoS2 film with 

atomic resolution is given in Figure 33(d), showing the crystal structure of the 2D 

material. Characterization of the devices with different contact lengths (Figure 

33(e,f)) revealed that the Lc = 20 nm and Lc = 60 nm FETs have the essentially 

same Id, independent of the contact length. One of the most encouraging aspects 

of this result is the sheer density of carriers being injected into the edge contact 
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area (effective Lc = 1 nm), which is over an order of magnitude smaller than the 

top contact Lc using the same film and two orders of magnitude smaller than the 

top contact Lc used in other studies.  

Edge contacts to monolayer MoS2 from CVD-grown crystals were also 

explored. A device structure similar to the one illustrated in Figure 33(a) was 

used, with monolayer MoS2 as the channel material (Figure 33(g)). A triangular 

monolayer film was chosen and the same process of in situ etching and metal 

evaporation was used to make the edge contacts with different contact lengths. 

The cross-sectional STEM images show the metal entrenching into the oxide, 

representative of complete MoS2 removal in the contact region. EDS images of 

the contact (Figure 33(i)) provide further evidence of the isolation of the MoS2 to 

the channel and the abrupt contact interface. The corresponding Id - Vgs curves for 

the monolayer MoS2 devices are given in Figure 33(k,l). Possible explanations for 

the low performance observed in the edge-contacted 1L MoS2 will be discussed 

in coming sections. 
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Figure 33: Trilayer and monolayer MoS2 FETs with Ni edge contacts. (a) 
Schematic of edge-contacted devices on 3L MoS2. (b) Optical image of CVD-
grown flakes with inset SEM image of trilayer MoS2 FETs; scale bar in SEM 
image is 1 µm. Cross-sectional STEM images of: (c) right edge of Lc = 60 nm 
contact and (d) atomic side-view of the trilayer MoS2. (e) Subthreshold and (f) 
transfer characteristics of the edge-contacted devices, showing performance 
that is independent of contact length. (g) Schematic of edge-contacted devices 
on monolayer MoS2. (h) SEM image of the devices with a scale bar of 1 µm. 
STEM images of: (i) Lc = 20 nm contact and (j) Lc = 60 nm contact.  Arrows point 
to corresponding EDS scans of sulfur, silicon, and oxygen in (i). (k) 
Subthreshold and (l) transfer characteristics of the monolayer edge-contacted 
devices, also showing the performance that is independent of contact length.  

 

Theoretically, Cr has been proposed to be an ideal metal to contact MoS2 

in the top contact scheme, with its shorter bond length to S, larger binding 
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energy, and larger density of state at EF108. As the bonding length could be shorter 

in the edge contact scheme, density-functional theory (DFT) calculations on Cr 

edge contacts to MoS2 remain to be conducted in order to confirm the orbital 

overlapping profile. To further understand the in situ edge contact, we 

characterized Cr edge contacts under low-temperatures. As given in Figure 34, a 

relatively small Schottky barrier height of 11.7 meV is extracted. Note that the 

exact barrier profile may be different from traditional top contacts due to the 

different nature of carrier injection. A more focused and detailed analysis in 

subsequent studies is warranted to investigate the impact of edge interfaces on 

the band structure of metal-2D edge contacts.  



 

 96 

       

Figure 34: Low-temperature characterization of in situ edge contacted MoS2 
transistor. (a) I-V characteristics of the multilayer Cr edge contacted devices 
across different temperature.  (b) Output curves of the device in room 
temperature. (c) Arrhenius plot of the device. Note that the Vth in (a) has been 
adjusted in order to obtain the Arrhenius plot. (d) Extracting Schottky barrier 
height of the device. 

 

The performance of the edge contacts discussed above is lower than that 

previously reported for top contacts using the same contact metals100,109. From the 

data presented thus far, one might conclude that edge contacts inherently lead to 
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lower performance due to the decreased area for carrier injection at the edge 

interface compared to a top contact interface. Alternatively, the quality of the 

CVD as-grown MoS2 could be relatively poor considering the likely high density 

of interface traps formed between SiO2 and MoS2 during the high-temperature 

CVD growth process. To investigate which factor plays a major role, we 

fabricated both top- and edge-contacted devices on the same as-grown 1L MoS2. 

The device performance (plotted in Figure 35) shows that the top- and edge-

contacted devices demonstrate similar performance, indicating that the quality of 

the as-grown MoS2 film could be the major factor limiting the performance of the 

devices presented above. Hence, in the following section, we use transferred 

MoS2 rather than as-grown MoS2 for the channel material.  
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Figure 35: Comparison of top and edge contacts using Ni to monolayer MoS2. 
(a) Subthreshold curves and (b) transfer curves of the edge contacts after 
shitting the Vth in (a). (c) Various Ni edge contacted devices (green) comparing 
with Ni top contacted devices showing similar current level with different Vth. 
The small Id for both the top- and edge-contacted devices indicates that the 
quality of the CVD films (grown on SiO2) dominates the performance of the 
devices. 

 

6.6  Scaling edge contacts to CVD-grown MoS2 (transferred onto 
SiO2)  

Devices fabricated on as-grown MoS2 suffer from low performance and 

high variability110. As mentioned previously, the reason behind the inferior 

devices could be the higher density of interface traps between the MoS2 and the 

SiO2 substrate. These interface traps can be induced by the high-temperature 

CVD process110. To address this issue, we transferred SiO2-grown MoS2 onto a 

fresh SiO2 surface using a water-assisted transfer technique99. Top-contacted 

devices were fabricated both on the as-grown MoS2 and the transferred MoS2 for 

comparison. Devices with transferred MoS2 yield higher performance and 

smaller variability (Figure 36), consistent with ref. 110.  



 

 99 

                      

Figure 36: Comparison of Id-Vgs curves for transistors using as-grown MoS2 
versus transferred MoS2. The thickness of the CVD films ranges from 1 to 2 
layers. The channel length of all transistors is from 1 to 3 µm. The transistors 
built on transferred MoS2 have a larger Id and on/off ratio, and smaller 
hysteresis. The transfer process leads to fewer traps between the MoS2 and the 
substrate, improving the overall device performance.  

 

The contact length for edge contacts was varied to determine the 

scalability of the edge contact scheme. On a transferred CVD-grown 1L MoS2 

film, in situ Ni edge contacts were fabricated with different contact lengths while 

the channel length remained constant (Figure 37(a)). The Id-Vgs curves of the Ni 

edge contacts with different Lc are plotted in Figure 37(b). The devices with 

different Lc have a similar Id-Vgs profile, indicative of the true edge profile and 
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pure edge injection of carriers since there is invariance with contact length 

change. Of note is that the performance achieved is 70 times higher than the 

device built on as-grown MoS2. The Id-Vds curves in Figure 37(c) shows a slight 

non-linearity in the low Vds regime, suggesting a slight barrier for carrier 

injection in the edge contact interface.  

 

Figure 37: Scaling of contact length for in situ edge contacts. (a) Device 
schematics of the scaled Ni edge contacts to MoS2 2D FETs. (b) SEM image of 
the devices in a. Scale bar, 1 µm. (c) Example transfer and (d) output curves of 
edge-contacted devices. (e) Relationship between Id and Lc for in situ edge 
contacts, showing potential for sustaining performance while scaling contact 
length.  

 

Directly comparing these in situ edge-contacted 2D FETs with the other 

reported ex situ edge contacts can be difficult considering that parameters such as 

the carrier density, channel length, and film quality all need to be taken into 

account111. However, based on devices with similar carrier density and channel 
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length, the in situ Ni edge contacts outperform the best-reported ex situ metal-

MoS2 edge contacts by an order of magnitude. This improvement could be 

associated with the different metal types, the directional ion beam etching and in 

situ metal deposition. Combined with the scaling result plotted in Figure 37(b,d) 

the in situ Ni edge contacts demonstrate significant advances for better edge 

contacts to semiconducting 2D materials and show the ability for edge contacts 

to provide immunity to scaling in future scaled 2D FETs. Further work is needed 

to study contact lengths smaller than 20 nm, where the yield of metal contacts is 

low depending on the e-beam lithography tools and processes. As metal lines are 

scaled down to the width of single grains, other effects appear to the metal lines 

such as ridges, valleys and grain boundaries that will greatly affect the contact 

performance and resistance112.  

One additional consideration is the resistance of scaled contact leads and 

their impact on device performance; the smaller the metal contact is (in terms of 

Lc), the larger the resistance. We used two pads to connect each of the metal 

contacts in order to obtain the resistance of the contact leads, from the pads to the 

thin metal line (see Figure 38 for details). As Lc decreases from 80 nm to 20 nm, 

the resistance increases ~30%, from 950 Ω to 1230 Ω. However, this resistance is 
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far smaller than the total resistance of the device, thus its impact is negligible for 

the overall device performance. For future ultra-scaled devices, where the 

contact resistance and the channel resistance have been reduced to a few 

hundred ohms, the resistance of the contact metal leads should be taken into 

account and studied explicitly. 

 

 

Figure 38: Resistance of metal contacts with small Lc. (a) Photo image of the 
pads connecting to the metal contact leads shown in the SEM image. Each 
metal line connects to two pads, which enables us to use two-terminal 
measurement and extract the resistance of the metal contacts (R=VTwo-Terminals/I). 
The scale bar in the photo image is 100 µm, and in the SEM image is 1 µm. (b) 
Plots of current through two terminal (pads) test versus the voltages across two 
terminals (pads). (c) Extraction of the resistance of metal contact, which halves 
the total resistance between the two pads. 
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Overall, while the top contacts can outperform in situ edge contacts at 

long contact lengths of Lc > 20 nm, attention should be given to the short contact 

length where the 2D materials would most likely be utilized in future scaled 

transistors. Furthermore, now that edge contacts to a 2D semiconductor have 

been demonstrated, continued study and optimization will improve their quality 

and resulting device performance. Further investigations may include: 1) 

improving the film quality of the 2D materials to have fewer defects and higher 

mobility; 2) doping the contact region before fabricating the edge contacts to 

further increase the number of carriers injected to the flake through the edge and 

thus decrease the contact resistance113; and 3) exploring more metal types to find 

a preferable edge interface.  

 

6.7  Conclusion 

In situ edge contacts to MoS2 FETs were demonstrated to provide 

immunity to contact length scaling for future generation devices. The challenge 

of preserving and utilizing the exposed, reactive edge of the MoS2 was overcome 

by using in situ ion beam etching with contact metal deposition. The performance 

of the transistors remained consistent even as Lc ranged from 20 nm to 60 nm 
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across a set of devices, experimentally demonstrating that edge contacts are 

advantageous for ultimate 2D contact scaling. Moreover, the comparison of edge 

contacts versus top contacts was demonstrated and the impact of different metals 

(Ni, Cr, and Au) was explored using the same edge contact scheme. Further 

theoretical and experimental investigations are warranted to better understand 

the edge contact interface and decrease the contact resistance. Our work sheds 

light on the potential of edge contacts for ultimate contact scaling in MoS2 

transistors and could be applied to other 2D materials and nanoelectronic 

devices, paving the road for future aggressively scaled devices.  
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7. New Observations in Scaling Top Contacts to 2D 
Materials 

Although most of the state-of-the-art studies on contact engineering are 

focused on top contacts just like the ones introduced in Chapter 4-6, a systematic 

contact scaling study for top contacts is still lacking. Therefore, in this chapter, 

the contact scaling structure and techniques presented in Chapter 6 are being 

applied to study top contacts and explore how small the top contact can be 

scaled without degrading contact performance.  

7.1  Overview 

For devices at the scaled regime, both channel and contact length must be 

scaled. However, contacting 2D materials at scaled contact lengths (Lc < 30 nm) 

has rarely been pursued or studied in-depth1. An example of a top-contacted FET 

is shown in Figure 39 with Lc and transfer length (LT) labeled and a summary of 

state-of-the-art studies listed in Table 4. In this work, we experimentally scaled 

the contact length for MoS2 2D FETs with varying channel thicknesses and found 

that, contrary to previous reports, top contacts can be scaled down to 20 nm 

without noticeable degradation in transistor performance. 
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Figure 39: Diagram of top contacts. Contact length (Lc) is the length where 
metal contacts overlap the MoS2. Transfer length (LT) is the length where 
carrier injection happens. 

 

Table 4: Comparison of contact scaling studies. 

Ref. Exp./Sim. LT (nm) Depend on Carrier 
density? 

Metal 2D(MoS2) 

51 Exp. ~40 NO Au 6L exf. 

114 Exp. ~80 No Au 1L CVD 

115 Exp. 20~200 Yes Ti, Au 2,6L CVD 

116 Exp. 114~128 Yes Ag 2L CVD 

117 Exp. 630 Yes Ti/Au 2L exf. 

118 Sim. 1~2 Yes Au 1,2L 

This 
work 

Exp. <20 No at Lc>20 nm Ni, Cr 1.3L CVD 
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7.2  Methods 

The process flow of fabricating top-contacted devices is given in Figure 40. 

MoS2 was grown using CVD at 750 °C for 10 minutes under a flow of argon gas 

at a rate of 100 sccm at ambient pressure. The MoS2 film was then transferred 

onto SiO2/P++ Si substrate. Poly(methyl methacrylate) (PMMA)/Hydrogen 

silsesquioxane (HSQ) stack was used to define an MoS2 bar used for device 

fabrication (Figure 40(d)). Electron beam lithography (EBL) with PMMA was 

used to define the contacts, leads, and pads with electron beam evaporation used 

to deposit the metals. An SEM image of the fabricated devices with TLM 

structure and various scaled contacts on the same MoS2 bar is given in Figure 

40(f). 5 nm Cr/15 nm Au or 20 nm Ni was evaporated for the contacts, whereas 5 

nm Cr/50 nm Au was used for the leads and pads. 

 

 

Figure 40: Device fabrication process. (a) CVD growth of MoS2 on sapphire. 
(b,c) Photo image of the transferred MoS2 on substrate. (d) HSQ bar on top of 
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selected region. (e) Devices built on the MoS2 bar. (f) SEM image of the devices 
built with contacts for TLM and contact scaling studies.  

 

7.3  Ni top-contact scaling 

Ni contacts with decreasing contact length from 100 nm to 20 nm were 

fabricated on the same monolayer MoS2 crystal (Figure 41). Note that the channel 

length is identical from Device A to G. We characterized each device twice, once 

with the longer contact length as the source and once with the shorter contact 

length as the source. For example, device A was tested once with the left contact 

(Lc = 100 nm) as the source and again with the right contact (Lc = 80 nm) as the 

source. The ID from the first test would be labeled “A-100 nm” and the second 

“A-80 nm” in Figure 41(b). We plotted the device performance in Figure 41(b) 

without shifting threshold voltage (VTH). The variation in VTH is induced from the 

variation in trapped charge in the different channel regions. After considering 

VTH shift, the devices in Figure 41(a) with different Lc as source contacts have 

surprisingly similar performance. We also plotted the ID-VDS curves in Figure 

41(c-d) for Device B and G as examples, showing identical performance with 

different contact lengths as the source and at various carrier densities. Devices 

using non-adjacent contacts with different channel length were also 
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characterized, yielding the TLM plot in Figure 41(e). If LT is extracted from the 

TLM, then it appears to be around 300 nm, which contradicts the data given in 

Figure 41(b-d) based on the fact that such an extraction assumes that transport in 

the metal-covered MoS2 is the same as in the MoS2 channel, which is not likely 

the case. Using the dashed lines as a guide to the eye, the different predictions of 

contact scaling based on the LT value are visualized in Figure 41(f) showing an 

overestimation of LT by both TLM and previous studies. 

 

 

Figure 41: Contact scaling with Ni contacts. (a) Device schematics with Ni 
contacts on 1L MoS2. (b) Transfer curves of devices with different contact 
length but the same channel length (pre-shifting Vth). (c,d) Output curves of 
devices with different contact length as source. (e) TLM analysis of the transfer 
length. (f) Comparison of contact scaling trends. 
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7.4  Cr top contact scaling 

Cr contacts with decreasing contact length from 100 nm to 20 nm were 

fabricated on the same trilayer MoS2 (Figure 42(a)). In Device A, the two contacts 

have identical contact length (Lc = 100 nm). In Devices B and C, non-adjacent 

contacts were used to characterize the transistors. In Figure 42(b-c), use of 

different Lc as the source contact produces the same performance, consistent with 

the result in Ni contact scaling.  

 

 

Figure 42: Contact scaling with Cr contacts. (a) Device schematics with Cr 
contacts on 3L MoS2. (b,c,) I-V curves showing devices with different contact 
length have the same performance. (d) Resistance of contact leads with various 
Lc. Scale bar, 1 µm. 

  

Theoretical studies have been published to simulate the carrier injection behavior 

at the metal-2D crystal interface118,119. One simulation study predicted that the 
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transfer length is about 1~2 nm for monolayer and bilayer 2D crystals118. This 

prediction is far smaller than other experimental results listed in Table 4. 

However, to prove whether the transfer length is indeed 1~2 nm can be 

challenging. Limited by the e-beam lithography and the metal lift-off process, 

reliably producing sub-15 nm in a university lab remains difficult. Our 

experimental results, however, indicate that carriers might only use the terminal 

part of the top contacts for carrier injection. Further work is needed to fully 

understand the transfer length for metal-2D crystals contacts. 

7.5  Conclusions 

We experimentally demonstrated contact length scaling in 2D FETs down 

to 20 nm with, surprisingly, no degradation of performance. This suggests that 

there are conditions under which top contacts to MoS2 can be used for ultra-

scaled devices and that significantly smaller LT is possible compared to what has 

been previously reported. Further studies are under way to explain the newly 

observed scaling behavior. 
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8. Intimately Contacting Air Sensitive 2D materials 
Using Ion Beam Etching 

Many 2D materials are ultrasensitive to O2 and H2O molecules in the 

ambient environment, leading to fast degradation of important properties 120,121,122. 

A few examples of 2D materials with high sensitivity include HfSe2, black 

phosphorous (BP) and silicene. In order to preserve unstable 2D materials, a 

passivation layer is commonly deployed to isolate molecules in the ambient from 

the 2D materials surface. The passivation layer, however, becomes a barrier for 

carrier injection, leading to low performing devices. In this chapter, an etching 

approach using an Ar ion beam is adopted to controllably etch the passivation 

layer, forming a more intimate and, higher performing contact between metal 

and 2D materials. Our preliminary results show that on-currents double after 

this unique etching strategy is used. The implication of this project could be 

applied to other applications of ultrasensitive nanomaterials where contact 

formation is difficult and undependable. 

8.1  Overview 

The extreme environmental sensitivity of some 2D materials has limited 

the measurement of transistors based on these materials, thus preventing it from 

further studies and future applications. It has been demonstrated that un-
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encapsulated BP field effect transistors degrade with large increase in threshold 

voltage after 6 hours and on/off ratio decrease by 10! after 48 hours 122. Hence, 

using various passivation strategies to isolate the interaction between sensitive 

2D materials and the molecules in ambient environment is especially anticipated. 

One example is demonstrated in Figure 43(a), where the HfSe2 was encapsulated 

by a layer of AlOx before the contacts are deposited on the oxide. One 

shortcoming to this strategy, however, is the need for tunneling through the 

oxide barrier in order to inject carriers into the HfSe2. Growing ultrathin oxide 

with small variation is also a challenge for this strategy.  

 

 

Figure 43: HfSe2 FETs with AlOx metal-insulator-semiconductor contacts and 
encapsulation layer. (a) Schematics of a HfSe2 FET with AlOx metal-insulator-
semiconductor contacts and encapsulation layer. (b) Cross-sectional TEM of a 
contact to an device with 8-layers of HfSe2, (c-d) ID−VGS current profiles on 
back-gated 8 layer and 3 layer devices with comparable channel length at 
different VDS ; insets are ID−VGS  measurements for shorter-channel devices 
demonstrating current density at VDS =2.5 V . Adopted from 121. 
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In order to addresses these challenges, we propose using Ar ion beam 

etching to controllably etch the passivation layer, thus providing a more efficient 

carrier injection pathways. Figure 44(a) is shown as the original encapsulating 

strategy, whereas Figure 44(b) represents the modified approach using inert Ar 

ion beam to open a window in the passivation layer and facilitate contact 

formation. More variations of different passivation materials are depicted in 

Figure 44(c-d). The experiment process of using ion beam etching to facilitate the 

contact formation to sensitive 2D materials will be introduced in the next section.  

 

            

Figure 44: Diagram for Ion beam etched contacts for HfSe2. (a) The original 
device schematics presented in ref. 121. (b) Using ion beam to controllably etch 
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the AlOx and decrease the barrier for the contact to the sensitive HfSe2. (c-d) 
Using hBN/hBN+AlOx as the cap layer and use the same ion beam etching 
procedure as in (b). 

 

8.2  Methods 

The Ar ion beam condition remains the same as used in chapter 6, with 

the energy of 600 eV and ion beam current of 36 mA. The fabrication process of 

an ion beam etched encapsulated 2D FETs is listed in Figure 45(a). Of note is that 

the sample preparation was carried out inside a glove box to ensure the pristine 

surface of the ultrasensitive 2D materials. A finished, encapsulated device set is 

demonstrated in Figure 45(b), where a multilayer HfSe2 flake was encapsulated 

by a 10 nm hBN flake.  

 

 

Figure 45: Process flow of device fabrication. (a) The process of fabricating the 
devices. (b) The fabricated devices before testing. The light blue strip is the 
HfSe2 and the deep blue stands for hBN. 
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8.3  Etching dielectrics using Ar ion beam 

In order to controllably etch the passivation layer, the etch rate of the 

common materials using Ar ion beam was obtained (see Figure 46). The etch rate 

was calculated for AlOx, SiO2, and hBN to be 0.5 A/s, 1.25 A/s and 0.5 A/s, 

respectively. The etch rate for AlOx is used to conduct the preliminary 

experiment shown in Figure 47, where the 10 nm AlOx was etched to form a 

thinner tunnel barrier between the metal and HfSe2. The ON/OFF ratio in Figure 

47(b) is small due to a thicker flake compared to the result in Figure 43. Compare 

to the original set up in Ref. 121, the current in the Id-Vgs curve is 10x larger, and 2x 

larger in the Id-Vds curve. Note that the Lch in the Ref. 121 is 475 nm, whereas the Lch 

in the device in Figure 47 is 130 nm. Considering the ON/OFF ratio mainly 

depends on the thickness of the flake, this result still shows promise for this 

contact formation strategy.  
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Figure 46: Etching of dielectrics using 600 eV Ar ion beam. (a-c) Etching profile 
for AlOx, SiO2 and hBN using 600 eV, 36 mA Ar ion beam, respectively. 

 

 

Figure 47: Preliminary data of an ion beam-etched AlOx-encapsulated HfSe2 
FET. (a) The device structure after the ion beam etch of the AlOx in the contact 
region. The Ar ion beam used has the condition of 600 eV, 36 mA, and 
exposure time of 180s.  (b-c) Preliminary I-V characterization of the etched 
contact for AlOx capped HfSe2 FETs. 
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8.4  Conclusions 

In summary, a selective in situ etching process was developed to form 

clean and effective contacts to ultrasensitive 2D materials. The preliminary 

outperformed the original device structure without selective etching in the 

passivation layer above the contact region. More devices built on passivation of 

hBN or hBN+AlOx will be characterized and compared to fully demonstrate the 

potential of this approach. Together, this approach will pave the way to 

preserving ultrasensitive 2D materials while forming efficient contacts.    
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9. Conclusions, Outlook and Proposed Projects 

In this chapter, the key findings from previous chapters are summarized. 

Also, a general outlook for contact engineering of 2D materials is illustrated. 

Then, according to the outlook and building on the achievement and capabilities 

established in previous chapters, future projects are proposed to further push the 

boundary of our understanding of the metal-2D materials interface.  

9.1  Conclusions and outlook 

Through developing various processes in modifying 2D materials and 2D-

metal interface using Ar ion beam, the major findings of my research include:  

• Low energy Ar ion beam (60~600 eV) is able to modify 2D crystal 

and metal-2D contacts on different level according to the ion beam 

energy. 

• To a threshold, low energy ion beam (mostly in the range of 60 and 

100 eV) can decrease the contact resistance of metal-2D contacts by 

2 to 3 folds.  

• For thicker 2D crystals, directional ion beam etching can lead to 

intriguing splitting and tapering effect on the atomic scale. 
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• Directional ion beam can create defects across layers and may 

trigger deformation in crystal structure. 

• In-situ edge contacts for 2D crystals can provide immunity to 

contact scaling.  

• Top contact may have a much smaller transfer length (<20 nm) than 

previously estimated.  

Looking forward, the field of contact engineering will remain active as all 

applications based on 2D crystal desire better contacts. Aside from improving 

contact performance, which has been the focal point of this community for years, 

attention should also be given to these following directions: 

1 New device integration scheme. Device integration for 2D devices is rarely 

investigated. Considering 2D crystals differ greatly from other 3D bulk 

semiconductors, different and suitable integration scheme can be developed 

and optimized. For example, the unique structure of edge contacts can 

benefit device integration in the third dimension (see Chapter 9.2.1 for 

details).  

2 Novel scalable fabrication method to fabricate both top and edge contact 

devices. Although hundreds of approaches have been reported in fabricating 
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contacts, few of them can be applied to fabricating scaled contacts, both in 

the top and edge contact geometry. Hence, new scalable contact fabrication 

methods are needed. For example, atomic layer deposition may provide new 

opportunity in atomically building scalable metal contacts because of its self-

limiting process (see Chapter 9.2.2 for details).  

3 Contact scaling to sub-15 nm contact length. As mentioned in Chapter 7.4, 

limited by the capability of e-beam lithography and the metal lift-off process, 

the yield of sub-15 nm metal contacts is low. Different paradigm for 

obtaining scaled contact merit further exploration. For example, the smallest 

metal lines available in nature are metallic CNTs. The use of metallic CNTs 

for contacting 2D materials will essentially yield record small contacts (~ 1 

nm contact length, see Chapter 9.2.3 for details). 

9.2  Proposed projects 

With the various ion beam and contact engineering processes developed 

during my PhD, more opportunities are open for future exploration. To address 

the grand challenges laid out in the outlook, three future projects are proposed 

for consideration so that more insight can be discovered and the boundary of our 
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understanding of metal-2D crystals and scaled contact interfaces can be pushed 

further. 

9.2.1  Incorporating 1D edge-contacted 2D FETs into the third 
dimension 

Even though this dissertation mainly covers common TMDs, such as 

MoS2, HfSe2, and hBN, it should be stressed that 2D materials encompass a large 

library of materials with a wide selection of composition including almost all the 

elements of the periodic table. The diversity of 2D materials is represented in a 

2D library in Figure 48.  

              

Figure 48: Current 2D library. Boxes shaded blue stands for stable monolayers 
materials under ambient conditions, whereas those shaded green are probably 
stable in air; and those unstable in ambient but that could be stable in inert 
gas are shaded pink. Grey shading represents 3D compounds being able to be 
exfoliated down to monolayers 123. ‘Other’ suggests that many other 2D 
crystals—encompassing borides, carbides, nitrides and so on—have already 
been or can be exfoliated to atomically thin materials. Adopted from ref. 124. 
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To round out my groundbreaking work on the use of an in situ ion beam 

for contact modification to 2D materials, the same setup will be used to modify 

the “X-ene” family of materials. For example, black phosphorous (BP or 

phosphorene) has attracted tremendous interest due to its direct and appreciable 

bandgap along with high mobility values. Recently, it has been reported that 

electron beam irradiation can improve the on/off ratio and decrease the 

subthreshold swing (SS) of BP transistors125. Also, the e-beam modified BP shows 

more stable material property with better channel mobility 125. This indicates that 

the effect of Ar ion beam on other 2D materials is unique and promising, having 

impacts that yield benefits far beyond contact interface modification.  

Specifically, the impact of the in situ Ar ion beam on other 2D materials 

will be studied using the process flow in Figure 49. Taking BP as an example, ion 

beam energies of 100 eV, 300 eV and 600 eV will be used to modify the 

monolayer BP flakes. Then, these modified monolayer BP flakes will be imaged 

using TEM to investigate the defects created by the ion beam. The relationship 

between the defect density and the exposure conditions will be analyzed. The 

devices fabricated from ion beam modified channels and contacts will then be 

characterized and compared. The same approach will be deployed for other “X-
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ene” family materials. In the end, a complete understanding of the interaction 

between an Ar ion beam and the “X-ene” family of 2D materials can be 

developed.  

          

Figure 49: Schematic process steps for fabricating metal-2D edge contacts 
using different metals and 2D materials.  (a) 2D material transfer to Si 
substrate. (b) Pattern PMMA using e-beam lithography after coating with 
PMMA resist. (c) Directional ion beam etching. (d) In situ metal e-beam evap 
immediately after the ion beam etching. (e) The finished metal-2D edge 
contacts after lift-off the PMMA. The electrical testing of the fabricated device 
will be carried out in ambient. 
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Increasing the number of devices in the 3rd dimension is critical for next-

generation device technology as the real estate at the planar dimension continues 

to shrink. There are two process integration approaches to add additional layers 

of devices: parallel and sequential. In a typical parallel scheme, through silicon 

vias (TSVs) are used to connect stacked wafers, which could be processed in 

parallel before integration. The challenge for the TSV technology is the small size, 

pitch and alignment tolerance, which restricts the device density126. The other 

option is 3D sequentially integrated devices in the BOEL, which is promising for 

high device density. A key obstacle for realizing sequentially, 3D-integrated 

devices is the increasing number of masks needed to pattern each device layer, 

yielding skyrocketing cost. Edge contacts could overcome this challenge by using 

only one mask to achieve contacts to multiple device layers and establish contact 

vias. Essentially, we aim to demonstrate a functional 3D inverter using a Si-

PMOS and a stacked 2D FET with via-formed edge contacts, using the steps 

shown in Figure 50. One challenge to this task is to etch a steep well through the 

isolation oxide. We will combine focused ion beam etching and reactive ion beam 

etching (RIE) to improve the etching depth. In order to ensure the 2D materials 

are located near the Si-PMOS, we will transfer large area of CVD grown 2D 
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materials (MoS2 or MoSe2) to the substrate and etch away the area of 2D crystals 

that are not near the Si-PMOS located at the lower level. Another consideration 

of the fabrication process is the isolation oxide layer should be at least 20 nm SiO2 

to eliminate the leakage current between the two devices on different layers. The 

device width of both the Si-PMOS and 2D FET will be designed according to the 

ratio of their on-current. After 3D-integrated devices are fabricated, speed and 

gain of the inverter will be tested to demonstrate the viability of 3D-stacked 

devices using via formed edge-contacts.  
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Figure 50: Process flow of fabricating 3D inverter with Si-PMOS and 2D 
NMOS with via-formed edge contacts. The via is acting as both the via and 
also the contacts for 2D FETs. The “fo” stands for field oxide. 
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9.2.2  All atomic layer deposition (ALD) transistors 

Contacts to nanomaterials are usually composed of elemental metal and 

limited other metallic materials have been explored. Titanium nitride (TiN), a 

compound material typically grown by plasma enhanced ALD (PEALD), has 

high conductivity, with a low resistivity of 0.4 Ω•cm2 at room temperature. Not 

only can the contacts be grown by ALD, the TMD channel material can also be 

grown by ALD. Rather than grow large-scale 2D materials by using traditional 

CVD methods, ALD has already been utilized to yield functional 2D materials 

127,128.  Hence, it is intriguing to fabricate the first transistor with both contacts and 

channel grown by ALD procedures. The steps of fabricating the “all ALD” 

transistors are shown in Figure 51.  

 

Figure 51: Initial fabrication process for realizing all-ALD transistors. 
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Upon successful realization of devices using the process flow of Figure 51, 

the next step will involve incorporation of ALD-grown MoS2 for the channel 

material. This will be accomplished either using the same process flow as in 

Figure 51, or (more likely) by first ALD growth of MoS2 followed by the growth 

of TiN contacts by using ALD. The use of the in situ Ar ion beam (which is 

connected to the ALD system via a load lock) to modify the MoS2 surface (as in 

Chapter 4 and 5) prior to TiN ALD growth will be critical as the nanomaterial 

surface itself is inert, free from dangling bonds that are essential for nucleating 

the growth of an ALD film. 

This all-ALD transistor study will provide insight into how significantly 

the fabrication process reflects performance at key interface within a 2D FET. For 

instance, while the physical vapor deposition formation of metal contacts on top 

of MoS2 has been extensively studied, there is no data on ALD-formed contacts to 

MoS2. The different growth mechanism will lead to significantly different metal 

grain structure and size as well as physical spacing between the materials. 

Additionally, the all-ALD FET will allow for the study of devices that are 

completely built by the controlled stacking of atoms. This level of ultimate 

uniformity of atoms, both in the contact and channel, has rarely been 
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investigated. This study will pave the way for a new scheme of fabricating 

transistors with implication well beyond transistor applications.  

 

9.2.3  2D Material FETs Using Metallic Carbon Nanotube as Record 
Small Contacts  

To achieve the ultimate scaled contact length would require a metal line 

with sub-5 nm width, which would contribute substantial serial resistance. 

Metallic carbon nanotubes (m-CNTs), on the other hand, are the ideal conducting 

material with a width of ~1 nm and near-ballistic electron transport. For this 

project, the use of m-CNTs as the contact to 2D materials can illuminate the 

carrier transport behavior from a 1-D metallic material to a 2D atomically-thin 

semiconductor. Previously, m-CNTs have been applied as 1 nm metal gates for 

MoS2 transistors and achieved descent electrostatic control50; however, the use of 

m-CNTs as contacts to MoS2 has not been investigated. The processes flow for 

fabricating the 2D transistors with the smallest contacts is shown in Figure 52. 

This project can illuminate how carriers transport across ultra-thin contacts (Lc = 

1 nm) as well as the effect of 1D-2D material interaction. 
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Figure 52: Top down view of the fabrication process of the smallest contacts (Lc 
= 1 nm) for MoS2 transistors. 
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