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the in-plane direction and weak vdW 
bonding along the out-of-plane direc-
tion. Alternatively, from physical and 
quantum mechanical points of view, they 
can be described as materials thinner 
than a threshold thickness where different 
quantum mechanical pheno mena start to 
appear compared to bulk materials.

Graphene has been investigated the 
most as a 2D material due to its high 
mobility, tunable carrier concentration, 
and quantum Hall effect.[1–3] However, gra-
phene shows a serious drawback in that no 
bandgap is available toward future semi-
conductor device applications. To overcome 
this drawback, other 2D materials with siz-
able bandgaps have recently been investi-
gated very intensively, with some of them 
holding great promise as semiconducting 
materials for future nanoelectronics and 
nanophotonics. These 2D materials with a 
range of achievable bandgaps render high 
electrical carrier mobility and ultrathin 
body with efficient electrostatic control, 

enabling electrostatic modulation at very low voltages. These 
properties combined with mechanical flexi bility and tunability of 
electronic properties in strain and applied fields enable 2D mate-
rials to be very promising future materials that can meet major 
requirements for electronic and photonic devices operated in 
emerging mobile and flexible environment.[4,5] Ultrathinness and 
dangling-bond-free vdW surface make 2D materials very prom-
ising for scaled field-effect transistors (FETs) because of sup-
pressed short channel effects, absence of gap states when inter-
facing with adjacent films, and excellent electrostatic control.[6–9]

Although 2D materials have promising properties for elec-
tronic and optoelectronic applications, the fabrication of reliable 
2D-material-based electronic devices faces several challenges, 
including technical difficulties of large wafer scale device fab-
rication of 2D materials, unavailability of substitutional doping 
in the 2D materials, the presence of uncontrollable intrinsic 
and extrinsic defects generated from reactions of 2D surface 
with air and moisture, high contact resistance leading to lower 
device mobility, and so on.[10]

1.2. Metallic Contacts and Fermi Level Pinning (FLP) in  
2D Devices

According to usual expectation, 2D vdW materials should not 
induce covalent-bonding-based surface interaction. Therefore, 

Motivated by the high expectation for efficient electrostatic modulation of 
charge transport at very low voltages, atomically thin 2D materials with a 
range of bandgaps are investigated extensively for use in future semicon-
ductor devices. However, researchers face formidable challenges in 2D 
device processing mainly originated from the out-of-plane van der Waals 
(vdW) structure of ultrathin 2D materials. As major challenges, untunable 
Schottky barrier height and the corresponding strong Fermi level pinning 
(FLP) at metal interfaces are observed unexpectedly with 2D vdW materials, 
giving rise to unmodulated semiconductor polarity, high contact resistance, 
and lowered device mobility. Here, FLP observed from recently developed 2D 
semiconductor devices is addressed differently from those observed from 
conventional semiconductor devices. It is understood that the observed FLP 
is attributed to inefficient doping into 2D materials, vdW gap present at the 
metal interface, and hybridized compounds formed under contacting metals. 
To provide readers with practical guidelines for the design of 2D devices, the 
impact of FLP occurring in 2D semiconductor devices is further reviewed by 
exploring various origins responsible for the FLP, effects of FLP on 2D device 
performances, and methods for improving metallic contact to 2D materials.

1. Introduction

1.1. Introduction to 2D Materials and Their Electronic Devices

From electronic and chemical structural point of view, 2D van 
der Waals (vdW) materials or layered materials can be described 
as anisotropic materials with strong covalent bonding along 
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2D devices should obey the Schottky–Mott rule well when 
forming a metallic contact. However, charge transport in most 
2D-material-based devices is dominated by untunable Schottky 
barrier height (SBH) and strong FLP at metal–2D material 
interfaces, as illustrated in Figure  1, resulting in unmodu-
lated semiconductor polarity, high contact resistance, and low-
ered device mobility.[6,11] That is, the FLP occurring at diverse 
2D-material-based interfaces can result in uncontrollable high 
contact resistance (Rc), thus presenting great challenges for 
polarity control of 2D semiconductors and related charge trans-
port, which can lead to serious difficulties in developing reli-
able future 2D electronic devices.[11] This has not been an issue 
for conventional semiconductors such as silicon since contact 
regions in those devices are heavily doped. Therefore, Rc values 
are very low at contact regions compared to those at channel 
regions. However, it is extremely challenging to induce a heavy 
doping into the contact region of 2D devices undergoing con-
ventional thin film compatible processes because the ultrathi-
nness of 2D materials cannot accommodate substitutional 
dopants which can provide free charge carriers.[12]

In principle, the pristine surface of 2D materials should have 
only weak vdW bonding with adjacent materials, which can be 

an advantage as it allows the isolation of atomically thin layers 
and the creation of novel heterostructure devices.[13–16] How-
ever, this same weak bonding presents a challenge in creating 
low-resistance contacts. That is, the vdW gap generated in 2D 
material–metal contact interface can act as a tunneling bar-
rier and give rise to interfacial resistance in devices, resulting 
in charge transport in 2D devices largely dominated by contact 
resistance.[17–19] When a 2D material comes in contact with a 
metal, a Schottky barrier forms at the interface due to mis-
match in Fermi level of both materials, giving rise to additional 
contact resistance. Figure 1a–c shows different charge transport 
occurring at the semiconductor–metal interface between a 2D 
semiconductor and a conventional bulk semiconductor. Charge 
transport at the interface experiences small Rc due to heavy 
doping into the contact region in the bulk semiconductor (See 
Figure  1a). However, undoped 2D materials under the metal 
will face the vdW tunnel barrier and the Schottky barrier (see 
Figure 1b,c). Hybridization of the 2D material under the metal 
can also take place at the vdW interface.

The contact resistance also depends on the dimension of the 
barrier, i.e., its width and height, since the barrier sensitively 
affects carrier transport across it. For conventional semiconduc-
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Figure 1. Cross-sectional description of device structure and chemical bonding for a) metal–bulk semiconductor, b) metal–2D semiconductor with 
vdW gap, c) metal–2D semiconductor with hybridization. Reproduced with permission.[18] Copyright 2015, Springer Nature. d) Contact resistances 
as a function of carrier density for various conventional semiconductors and 2D materials. Reproduced with permission.[20] Copyright 2014, Springer 
Nature. e) Band diagram of various metals and monolayer MoS2 and f) the corresponding energy level of metal–MoS2/MoTe2 representing the FLP. 
Reproduced with permission.[11] Copyright 2017, American Chemical Society.
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tors including Si, their contact resistance approaches near the 
quantum mechanical limit (i.e., the minimum contact resistance 
RcW ∼ 0.026/√n2D kΩ µm, where W is the width of the channel 
and  n2D  is the carrier density), as shown in Figure  1d. How-
ever, 2D semiconducting materials with sizable bandgap in the 
range of 0.3–2 eV, e.g., transition metal dichalcogenides (TMDs), 
show contact resistance several orders of magnitude higher than 
conventional semiconductor materials. Hence, high operation 
voltage is required as a major stumbling block to achieve ultralow 
power device operation which is needed for future devices.[20] 
Furthermore, a strong FLP is observed in many 2D devices in 
which the Fermi level is pinned inside the energy bandgap 
regardless of contact metals, as described in Figure  1e,f. These 
high contact resistances and FLP dominate the electrical perfor-
mance of 2D-material-based semiconductor devices, requiring a 
clear understanding of contact nature and FLP in 2D devices.

In general, the untunable contact conditions and the associated 
high contact resistance originated from FLP are the roadblock to 
the development of 2D electronic device. As a critical emergent 
issue, FLP and its related device engineering have been attracting 
numerous attentions. Moreover, FLP has often been considered 
as a negative factor to the design of high-performance electronic 
devices.[21] Nevertheless, it has been demon strated experimentally 
that the strong FLP can benefit the 2D devices with the optimized 
contact conditions, in particular, the Ohmic contacts. Recently, 
a few review papers have been published which focused either 
on the mechanisms of FLP or on the contact engineering based 
on the Fermi level depinning.[21–23] However, a FLP-focused com-
prehensive review that covers underlying physics and up-to-date 
FLP-related contact engineering and addresses the different roles 
of FLP in various contact strategies is needed.

1.3. Organization of the Review

In this review, we present a comprehensive picture of FLP in 2D 
semiconductor devices combining both physical fundamentals of 
FLP and FLP-related device engineering unlike the previous review 
papers that primarily focus on contact engineering to achieve Ohmic 
contacts and minimization of the FLP. Thus, we introduced various 
physical models to explain potential origins of FLP, clarifying the 
differences from the conventional 3D model and ideal contact in 2D 
devices. We then discussed FLP in practical devices using the data 
obtained from both experimental and theoretical investigations. 
We further reviewed techniques commonly employed to charac-
terize FLP. Subsequently, we show how FLP can affect device per-
formances, particularly bringing about the difficulties in designing 
power efficient devices and controlling transport polarity of 2D sem-
iconductor devices. Finally, we provide updates on state-of-the-art 
technologies for optimizing the contact conditions in 2D electronic 
devices by both suppressing and utilizing FLP. The roles of FLP in 
the different contact strategies are also discussed.

2. Fundamentals of Fermi Level Pinning

2.1. Origins of FLP in Practice

It is found that the physical mechanism of FLP in 2D devices is 
very different from that of the metal–semiconductor interfaces 

in Si and III–V semiconductor devices, in that 1) efficient 
doping techniques are unavailable, 2) vdW gaps are formed 
at the 2D interface with metals, 3) new hybridized phases can 
be formed under contacting metals, and 4) nonuniform car-
rier density at the metal interface takes place due to current 
crowding. These differences are found to give rise to high con-
tact resistance in 2D devices. Most importantly, 2D materials 
consist mainly of surfaces due to their atomic level ultrathin-
ness, which are vulnerable to interface defects leading to the 
interface gap states responsible for FLP; we specify the inter-
face gap states further as metal-induced gap states (MIGS) and 
disorder-induced gap states (DIGS). Therefore, we discuss the 
origins of FLP from interface gap states.
Figure 2 shows an overview diagram of classified origins of 

FLP such as MIGS, interface dipoles, and DIGS with detailed 
physical mechanisms and specific contributors. For example, 
sulfur vacancies could cause FLP within the bandgap of 
MoS2.[24,25] Furthermore, processing conditions employed when 
forming metallic contacts on MoS2 have strong effects on the 
generation of defects.[26] Such defects caused by the metallic 
contact can induce FLP more strongly than other intrinsic 
defects such as chalcogen vacancies.[27,28] Thus, it is very cru-
cial to understand effects of structural and/or metallic imper-
fections and contact interface on electrical properties of 2D 
devices.[27] This chapter covers the fundamental understanding 
of FLP in 2D devices.

2.2. Intrinsic Contributors

For conventional semiconductors, when a metal is attached to 
the surface, the wave function of valence electrons in the semi-
conductor needs to be overlapped with that of valence electrons 
in the metal at the interface. Since Fermi levels of two mate-
rials must align with each other at the interface, there exist 
gap states that decay deeper into the semiconductor, known 

Adv. Mater. 2022, 2108425

Figure 2. Overview diagram for classified origins of FLP.
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as MIGS responsible for a pinning of the surface energy state 
regardless of the metal used, namely the FLP. The MIGS pre-
sent in 2D TMDs is also known as a main contributor to FLP. 
It is believed that d-orbitals of the contact metal and p-orbitals 
of chalcogens in TMD are strongly hybridized. The resulted 
orbital overlap states can distort properties of thin TMDs. 
Therefore, they are responsible for the FLP.[19] A metal with 
p-orbital valence electrons such as aluminum (Al) can lead to a 
subtle orbital overlap in TMD, which nearly results in an ordi-
nary Schottky contact to TMDs. However, interactions of MIGS 
in 2D TMDs with metals are more complicated than those in 
conventional semiconductors.

First principle calculations are often employed to study inter-
actions at contact interfaces. An unusual FLP in 2D TMDs with 
remarkable difference from the FLP in conventional 3D metal–
semiconductor junctions has been pointed out.[6,19,29] According 
to the strength of interfacial interactions, metal contacts to 
TMDs can be classified into three different categories with dis-
tinct contact interface models, as shown in Figure 3a–d.[19] In 
the first case, contact metals are weakly adhered to TMD with 
a vdW gap existing at the contact interface that behaves as a 
tunnel barrier to increase contact resistance. In the case of con-
tact metal with medium interaction to TMDs, such vdW gap is 
almost negligible due to the overlap state. In the last case, the 
contact metal strongly bonds to the underlying TMD. Chemical 
reaction then metalizes TMD and creates a new compound.[30,31] 
Under these circumstances, the metalized TMD will act as the 
contact to the channel. Subsequently, actual contact interface 
is no longer formed between the contact metal and the TMD, 
although it is formed between the metalized region under the 
contact metal and intrinsic TMD where the Schottky barrier 
forms, if any. However, it should be noted that these results 
cannot be inferred simply by the analytical Schottky barrier 
theory. Atomic level density functional theory (DFT) simu-
lation has to be carried out for each individual TMD–metal 
junction.[19,29]

In addition to MIGS, interface dipole is another intrinsic 
contributor responsible for the FLP. It is also known that the 
interface charge redistribution (both the charge depletion and 
accumulation at the interface) causes interface electric dipole.[6] 
Gong et  al. have performed a DFT calculation to unravel the 
nature of the contact between metal and MoS2. Unlike metal–
graphene interface,[32] metal–MoS2 interface showed the 
presence of a strong charge accumulation/depletion region 
(red/yellow zone in Figure 3e) in the plane-averaged charge dif-
ference (Δρ). Both the charge depletion and accumulation lead 
to electron wave function polarization, resulting in the forma-
tion of interface dipole. The presence of the interface dipole 
modifies the interface band alignment which is responsible 
for the FLP as Fermi level aligns near the conduction band 
edge of MoS2 even by assuming a perfect crystalline MoS2. 
Furthermore, the charge depletion is a direct evidence of sur-
face charge repulsion which causes metal d-orbital rehybridi-
zation. This induces a significant work function modification 
at the interface between metal and semiconductor evidenced 
by potential drop in KPFM measurements.[33] This noticeable 
interface dipole-formation-induced FLP is a unique feature of 
metal–2D semiconductor, which is differentiated from a con-
ventional metal–semiconductor.

2.3. Extrinsic Contributors

Figure 4a shows various defects present in 2D materials which 
can be classified to 0D, 1D, and 2D.[34,35] Vacancies, adatoms, 
antisites, and individual substituted atoms are classified into 
0D defects. Grain boundaries and agglomerated line vacan-
cies are considered as 1D defects attributed to the growth 
edge, reconstruction of crystal lattice, unintended strain, and 
hetero geneous interface. Electron beam irradiation usually 
induces the agglomeration of vacancies, while synthetic condi-
tion renders grain boundaries.[36] Ripples, folds, and wrinkles 
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Figure 3. a) Schematic diagram of metal–TMD interface with b–d) three classified band structures with distinct contact interface models based on the 
strength of metal–TMD interactions. Reproduced under the terms of the CC-BY 3.0 license (https://creativecommons.org/licenses/by/3.0/).[19] Copy-
right 2014, The Authors, Published by American Physical Society. e) Theoretical prediction of averaged charge difference along the Au–MoS2 interface 
demonstrating the formation of interface dipole. Reproduced with permission.[6] Copyright 2014, American Chemical Society.

https://creativecommons.org/licenses/by/3.0/
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are typical 2D defects. These 2D defects are often generated 
unintentionally by subsurface impurities, surface roughness 
of metal catalyst, and cooling temperature (Figure  4b).[37,38] 
Although different approaches have been used for a wafer-scale 
growth of single crystalline and homogeneous 2D materials, 
the transfer process is still at a premature stage, resulting in 
above-described external disorders.[39]

The FLP is further strengthened by DIGS, e.g., chalcogen or 
transition-metal vacancies and externally induced line defects 
and holes by plasma or electron beam exposure (Figure  4c,d). 
It can be deduced by analyzing SBH at defects and sur-
rounding regions. That is, DIGS give rise to extra pinning as 
FLP is stronger at defect positions than at pristine positions. 
As a result of DIGS, a reduction of ≈30–40% in the pinning 
factor is observed for defected regions compared to the pristine 
surface.[28] Defects can lead to formation of dangling bonds. 
Therefore, some empty states become occupied and form 
DIGS within the bandgap. More recently, Bussolotti et al. have 
indicated that the Fermi level can also be pinned at the deep 
sulfur-vacancy gap state in defective MoS2 controlled by argon 
sputtering, measured by using X-ray photoelectron spectros-
copy (XPS) and angle-resolved photoemission spectroscopy.[40] 
Figure  4d shows that the location of the FLP is tuned toward 
the valence band edge with an increased concertation of deep 
sulfur vacancies, therefore limiting electron injection to MoS2 

with a considerable barrier. Such limitations are mostly absent 
for hole injection as the shallow sulfur-vacancy gap states pin 
Fermi level close to the valence band minimum (VBM). Fabrica-
tion-induced distortion in crystal lattice of 2D materials is also 
responsible for the strong FLP due to DIGS.[11] The observed 
FLP in TMD devices is different from expectations based on the 
weak vdW bonding of TMDs with interfacing metals.[41]

2.4. Ideal Contact versus Realistic Contact in 2D Devices

According to recent results, most 2D devices show n-type 
behavior with a certain Schottky barrier even with high work 
function metals, indicating that the FLP is close to the conduc-
tion band edge.[11,26] Previously described intrinsic/extrinsic 
contributors at metal–TMD interface are presumably respon-
sible for the FLP. Figure  5 illustrates a comparison between 
ideal contact and realistic contact in 2D devices to clarify ori-
gins of FLP. In ideal 2D devices without interaction between 
metal and TMD, a vdW gap exists between the metal and TMD 
that can be a tunneling barrier for charge transport, as shown 
in Figure 5a. SBH is solely determined by the energy difference 
between the conduction band edge of a 2D semiconductor and 
the work function of a metal at contact interface. However, the 
vdW gap can further suppress the carrier injection from the 

Adv. Mater. 2022, 2108425

Figure 4. a,b) Various defects existing in 2D materials and their heterostructures. Reproduced under the terms of the CC-BY 3.0 license (https://
creativecommons.org/licenses/by/3.0/).[34] Copyright 2016, The Authors, Published by IOP Publishing. Reproduced with permission.[35] Copyright 
2019, Springer Nature. Generation of defects by c) electron irradiation and d) Ar+ plasma treatment. Reproduced with permission.[40] Copyright 2021, 
American Chemical Society. SV and DV in (c) stand for single line vacancy and double line vacancy, respectively.

https://creativecommons.org/licenses/by/3.0/
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contact, resulting in an additional resistance unlike 3D devices. 
By contrast, the generation of additional overlap/disorder gap 
states, the metallization due to strong hybridization, and work-
function modification at interface can occur in realistic contact 
of 2D devices by intrinsic defects (vacancies and substitutions), 
fabrication-induced extrinsic defects, and orbital overlap/inter-
face dipoles between metal and 2D material, as illustrated in 
Figure  5b. These unintended states, hybridization, and work-
function modification could give rise to strong FLP in 2D 
devices.

2.5. Mechanisms of FLP

The mechanism of FLP at metal–2D material interfaces is obvi-
ously dependent on interfacial gap states attributed to MIGS, 
DIGS, and metal–semiconductor interactions as discussed 
above. Here, we introduce main contributors of FLP in realistic 
2D devices predicted by theories and confirmed by experiments. 
According to theoretical studies on metal–MoS2 interfaces by 

Gong et  al., the Fermi level is partially pinned as a result of 
the following two contributors: 1) modification of metal work 
function by interface dipoles due to charge redistribution, and 
2) weakened interface interactions of the transition-metal/chal-
cogen bonding, which result in gap states.[6]

In initial studies on FLP in 2D devices, chalcogen vacancies 
such as S-vacancies are considered as the origin of a strong 
FLP due to their lower formation energy compared to that of 
Mo-vacancies and impurities.[24] However, recent papers have 
demonstrated that the presence of transition metal vacancies 
is more responsible for FLP. Bampoulis et  al. have systemati-
cally investigated FLP in TMDs using spatially resolved SBH 
maps with a conductive atomic force microscope (C-AFM) 
and revealed a substantial difference between pristine and 
defected surface of TMDs.[28,41] Although the overall trend of 
FLP in TMDs follows the MIGS model, ≈40% stronger FLP 
factors were noticed near defects due to DIGS as evidenced by 
a reduction in the line profile of SBH spatial map (Figure 6a). 
These pinning factors were extracted as 0.1 and 0.09 at defect 
sites and 0.3 and 0.28 on pristine surface for MoS2 and WSe2, 

Adv. Mater. 2022, 2108425

Figure 5. Schematic and band structure comparison of a) ideal contact and b) realistic contact in 2D devices.
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respectively, as shown in Figure 6b,c and Table 1.[28,41] It is noted 
that the linear relationship between optical dielectric constant 
and pinning factor in Figure 6c suggests that MIGS was found 
to have an empirical relation in semiconductors expressed by, 

1
1 0.1( 1)2S

ε
∝

+ −∞
,  where S is the pinning factor and ε∞ is 

the optical dielectric constant. That is, the author claimed that 
MIGS is mainly contributed to FLP in pristine TMDs.[42] More 
importantly, with the help of scanning tunneling microscopy 
(STM), subsurface metal-like defects with a relatively low den-
sity of ≈1011 cm−2 were confirmed to be primarily responsible 
for the FLP enhancement other than surface chalcogen vacan-
cies. Note that pristine regions with weaker FLP still contained 
considerable amount of chalcogen vacancies. Furthermore, 

Kerelsky et  al. found that bandgap of MoS2 started to reduce 
within a decay length of ≈1  nm when approaching the metal 
contact and eventually vanished at the interface between MoS2 
and metal, as shown in Figure 6d, indicating a strong interac-
tion between contact metal and MoS2.[43] Taken together, these 
results confirm that main mechanisms of FLP in 2D semicon-
ductors are: 1) the formation of interface dipole due to transi-
tion metal vacancies, metal like defects, and substitutional 
impurities; 2) metallization and overlap states due to interac-
tion between metal and 2D semiconductors; and 3) external 
damages and charge impurities induced by the fabrication and 
transfer process.

3. FLP-Related Device Characteristics

In the absence of FLP, SBH at the semiconductor–metal con-
tact interface is determined by the contact metal work function 
according to the Schottky–Mott rule, making it predictable for 
both electrons and holes using energy level alignments. Sub-
sequently, Ohmic contact, which is favorable for transistors, 
and transport polarity control are feasible by changing the con-
tact metal with a low (high) work function. However, in most 
cases, FLP is inevitable. In the early stage of development of 

Adv. Mater. 2022, 2108425

Figure 6. a) SBH of MoS2 near the defect obtained by C-AFM. Reproduced with permission under the terms of the CC-BY-NC-ND 4.0 license (https://
creativecommons.org/licenses/by-nc-nd/4.0/).[41] Copyright 2019, The Authors, Published by American Chemical Society. b) SBH for the pristine MoS2 
and defect. Reproduced with permission under the terms of the CC-BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/).[28] 
Copyright 2017, The Authors, Published by American Chemical Society. c) Pinning factor as a function of optical dielectric constant for various semi-
conductors. Lines indicate a MIGS trend. Reproduced with permission under the terms of the CC-BY-NC-ND 4.0 license (https://creativecommons.
org/licenses/by-nc-nd/4.0/).[41] Copyright 2019, The Authors, Published by American Chemical Society. d) dI/dV map measured by STM at Au–MoS2 
interface. Reproduced with permission.[43] Copyright 2017, American Chemical Society.

Table 1. Pinning factors of pristine and defected regions in TMDs.[41]

TMDs S (pristine) S (defect)

MoS2 0.3 0.11

MoSe2 0.19 0.11

MoTe2 0.11 0.04

WS2 0.21 0.08

WSe2 0.28 0.09

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
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2D transistors, a 3D metal is deposited on the top of 2D TMDs 
by a conventional thin-film process which creates large dis-
tortions and damages. Subsequently, for most 2D transistors, 
their transport polarity and contact condition are strongly 
determined by the location of the pinned Fermi level. They 
are hard to be optimized according to the Schottky theory by 
simply choosing the contact metal with an appropriate work 
function. Subsequently, 2D transistors suffer substantially 
from a poor contact, especially with deposited 3D metals and 
degraded device performances.[44] In this section, we will first 
introduce methodologies to evaluate contact conditions. Then, 
we will discuss main issues in 2D electronic devices associated 
with FLP.

3.1. Schottky Barrier Height and Pinning Factor

Figure 7a shows band alignments calculated using DFT for a 
variety of 2D materials in their multilayer (ML) form along with 
the work function of commonly used contact metals (ΦM).[45] 
Without FLP, SBH at the semiconductor–metal contact inter-
face could be determined by the work function of a contact 
metal and a semiconductor as mentioned above. Among all 
stable and elemental metals used for forming contacts, only 
Al possesses no d-orbital. Subsequently, weak orbital overlaps 
provide a beneficial effect on TMDs with a low FLP, making 
the SBH predictable by the Schottky–Mott rule. For transistor 
devices, Schottky barrier-free Ohmic contact with a low contact 
resistance is highly desired for low power operation. However, 
in the case of MoTe2, WSe2, and WS2, the work function of Al 
(4.2 eV) aligns with their midgap. Al is an inappropriate choice 
for both electron and hole transports due to its high SBH.[29] 
Since FLP is inevitable in most cases as a dominant mechanism 
controlling the charge transport at contacts of 2D devices, the 
SBH becomes unpredictable and different from the Schottky 
theory. Thus, an accurate extraction of experimental SBH is a 
prerequisite for quantification of FLP, e.g., determination of a 
pinning factor in 2D semiconducting devices. Electrical char-
acterization on FLP and related contact properties is therefore 
necessary to find a correlation with device performance. In 
this section, we will introduce the extraction of SBH that is a 
dominant contact property of 2D devices. We will also provide 
examples for local and macroscopic measurements to extract 
the parameter. Using the extracted SBH, we will also elaborate 
the extraction of the pinning factor.

The Arrhenius method is the most commonly used extrac-
tion method for SBH in 2D devices.[18] This method assumes 
that thermionic emission dominates carrier transport in 2D 
devices with negligible tunneling injection at the contact. 
The thermionic emission current can be expressed with the 
following
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where W is the channel width, A* is the modified Richardson 
constant, T is the temperature, q is the elementary charge, 
ΦB(VG) is the gate-voltage-dependent effective Schottky barrier 
height, k is the Boltzmann constant, and VD is the applied drain 

voltage. Arrhenius plots can be obtained by varying tempera-
tures and gate biases as follows
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The effective SBH (ΦSB) can be determined from the slope 
of Arrhenius plot, ln(ID/T3/2) versus 1/T, at the flat-band condi-
tion VG = VFB, as illustrated in Figure 7b,c. The VFB is typically 
obtained from the transition point from linearity to nonlin-
earity in ΦB curve as a function of VG, as shown in Figure 7d as 
tunneling becomes non-negligible beyond the VFB.

Although the Arrhenius analysis is a simple and powerful 
method to extract the SBH, a significant error can be incurred 
when the method is used for ambipolar devices since the Fermi 
level is pinned deep in the bandgap, resulting in an enhanced 
tunneling injection. The thermionic emission is also substan-
tially suppressed below the detection limit when the device is 
measured at low temperatures (<100 K).[11,17] As a result, the 
Arrhenius method is no longer valid as it simply treats tun-
neling as a thermionic component that can significantly under-
estimate the SBH. Appenzeller and co-workers have suggested 
an alternative extraction method based on the Landauer trans-
port model for p-branch current, including the tunneling com-
ponent given by the following equation[46,47]
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where T(E) is the net transmission, f(E) is the Fermi–Dirac 
distribution function, and Ev is the valence band edge. 

( ) / 2 ( ( ) )v v h v GM E g m E V E�π= −∗ , where Ev > E represents the 
number of hole modes in the valence band, gv is the valley 
degeneracy, ℏ is the reduced Planck constant, and hm∗  is the hole 
effective mass. By assuming a triangular-shaped barrier, the tun-
neling probability can be calculated by the Wentzel–Kramers–

Brillouin (WKB) approximation as ∫κ= −
λ

( ) exp( ( )d )WKB

0

T E E x , 

where ( ) 1/ 2 [ ( )]h vE m E E x�κ = −∗  and t t( / )ch ox ch oxλ ε ε=  is the 
characteristic length for a single-gated structure, εch(εox) is the 
dielectric constant of channel (oxide), and tch(tox) is the thick-
ness of channel (oxide). Using SBH as a fitting parameter to 
the model and other well-known input parameters such as λ, 

hm∗ , and the applied VD, measured transfer curves of devices 
can be fitted to the model, as shown in Figure  7e. The same 
calculation can be done for n-branch current. At the flat-band 
voltage, the above current equation can be simplified as

∫ ( )( ) ( )= − − 
−∞
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The flat-band voltage is identified by the point where the 
ID starts to deviate from its exponential relationship on VG. 
The SBH using the model gives rise to much self-consistent 
values at any bias conditions revealing proper bandgap values 
EG SB

p
SB
n≈ Φ + Φ , especially for ambipolar devices such as black 

phosphorus and MoTe2 (Figure  7f).[46] Although the current-
based SBH extraction method from the model gives much 
closer value to the ideal SBH than the Arrhenius method, 
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Nipane et al. have found that long-channel (>1 µm) devices can 
underestimate the SBH due to significant channel contribu-
tion in the carrier transport (Figure 7g).[48] Thus, short-channel 
(<100 nm) devices are preferred for both the methods to extract 
an accurate SBH.

As discussed above, electrical properties of 2D devices are 
very dependent on Schottky junctions at metal–2D semicon-
ductor interfaces, where SBHs can affect the FLP and further 
current transport at the metal–semiconductor interface which 
control the polarity, magnitude, and switching characteristics 
of injected charge carriers. Figure 8a,b show conceptual band 
diagrams on current transport and SBH at a metal–2D semi-
conductor interface.

For an ideal metal–2D semiconductor junction, the SBHs for 
n-type (ΦBn) and p-type (ΦBp) semiconductors are given by:

For n type : Bn mΦ Φ χ− = −  (5)

For p type : Bp g mEΦ χ Φ− = + −  (6)

where Φm is the work function of a metal, χ is the electron 
affinity, and Eg is the 2D semiconductor bandgap. For such 
ideal systems, the SBH for electrons increases linearly with the 
metal work function, thus satisfying the Schottky–Mott rule. 
However, nonideal states such as interface and gap states at the 
metal–semiconductor interface can cause severe deviation from 

Adv. Mater. 2022, 2108425

Figure 7. a) Band alignment of various 2D materials and contact metals. Reproduced with permission.[45] Copyright 2018, Royal Society of Chemistry. 
b) Schematic diagram of metal–2D semiconductor interface with band structures at different applied gate voltages, c) Arrhenius plot, and d) the cor-
responding effective barrier height as a function of gate voltages. Reproduced under the terms of the CC-BY 4.0 license (https://creativecommons.
org/licenses/by/4.0/).[17] Copyright 2021, The Authors, Published by IOP Publishing, Ltd. e) Calculated transfer characteristics of a SB-MOSFET with 
different current components (thermionic and tunneling). f) Band structure at each labeled condition in (e). Reproduced under the terms of the CC-BY 
4.0 license (https://creativecommons.org/licenses/by/4.0/).[46] Copyright 2015, The Authors, Published by Springer Nature. g) SBH as a function of 
channel length to compare with an ideal SBH from two different extraction methods. Reproduced with permission.[48] Copyright 2021, The Japan Society 
of Applied Physics.
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the Schottky–Mott rule, making it difficult to control electron/
hole SBH by varying the metal work functions. Quantitatively, 
we can interpret this deviation by introducing a pinning factor 
(S) and charge neutrality level (CNL, ΦCNL)

n type : Bn m CNL CNL mS S bΦ Φ Φ Φ χ Φ( )( )− = − + − = +  (7)

p type : Bp CNL m g CNLS EΦ Φ Φ χ Φ( )( )− = − + + −  (8)

Here, S is defined as the slope S  = ∂ΦBn/∂Φm that can be 
calculated from the linear fit of ΦBn versus Φm plot. S  = 1 
represents an ideal metal–semiconductor interface, whereas 
S = 0 represents almost no variation in SBH with a change in 
the metal work function, indicating a completely pinned inter-
face at the charge neutrality level. The CNL for n-type can be 
estimated by the following relation

/ 1CNL b SΦ χ( ) ( )= + −  (9)

For S  <  1, the semiconductor Fermi level is fixed near the 
CNL, which results in similar SBHs for different metal con-
tacts, that is, “Fermi level pinning.”[49]

3.2. Impacts of FLP on Device Performance

3.2.1. Unipolarity of 2D Transistors

A main concern with FLP is that it can result in unadjust-
able polarity characteristics of transistors, with which the 
CNL is independent of contact metal work function. As illus-
trated in Figure 9a, back-gated transistors with top source and 
drain contacts made of metals with different work functions 
are frequently employed to investigate FLP and its related 

characteristics.[50] Initially, a lot of experimental efforts have 
been made for the most representative 2D TMDs, i.e., MoS2. 
Das et  al. have fabricated multilayered MoS2 transistors with 
contact metals varying from Sc, Ti, and Ni to Pt with their work 
functions spanning from 3.5 to 5.9  eV,[51] where work func-
tion of Sc (Pt) is inside the conduction (valence) band of MoS2. 
N-type characteristics were always observed regardless of con-
tact metals, manifesting a strong FLP (Figure  9b). Figure  9c 
plots locations for Fermi levels of different contact metals 
pinned between 50 and 250 meV below the conductance band 
minimum of MoS2 with a low pinning factor of ≈0.1. Low pin-
ning factors in the range from 0.01 to 0.1 have been frequently 
reported for multilayered MoS2.[18,52–54] This unadjustable uni-
polar characteristic is not favorable for a low power consump-
tion of 2D complementary logic devices or circuits known to 
require both n-type and p-type transistors.

FLP has been observed commonly in other 2D TMDs such 
as MoTe2 and WSe2. As suggested by DFT calculations, FLP 
is expected to locate near the midgap for WSe2 and MoTe2 
without defects or with only chalcogen vacancies, as plotted in 
Figure 9d.[24,55] This makes the ambipolar transfer characteris-
tics observed in WSe2 and MoTe2 devices more feasible than 
MoS2. For instance, Figure  9e shows the ambipolar behavior 
with the strongly dominant hole branch obtained in mono-
layer MoTe2, although a strong FLP with low pinning factor of 
0.07 was extracted, as plotted in Figure 9f.[11] Weaker FLP was 
experimentally observed in WSe2 with a relatively high pinning 
factor of 0.38.[56] This can be ascribed to weaker interactions 
with contact metals that would normally lead to the n-type or 
electron-dominated ambipolar behavior.[19,29,57] A high pinning 
factor of 0.3–0.5 has been suggested for monolayer WS2 based 
on DFT calculations.[58] P-type and n-type transistors in WSe2 
having Fermi level pinned ≈0.27  eV below and 0.08  eV above 
the midgap with Pd and Ni contacts having the same work 

Adv. Mater. 2022, 2108425

Figure 8. a,b) Schematics on current transport and SBH at a metal–TMD interface. Reproduced with permission.[45] Copyright 2018, Royal Society of 
Chemistry.
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function of 5.2  eV have been demonstrated, suggesting that 
the interaction between metals and 2D semiconductors is a key 
contributor to FLP.[59]

3.2.2. High Contact Resistance and Its Associated Issues

High contact resistance is another crucial problem associated 
with the low controllability of transport polarity induced by 
strong FLP as high Rc significantly restricts electron injection 
into the channel. A low Rc below ≈0.1 kΩ  µm is required to 
reach ultimate performance of 2D transistors.[60] However, due 
to FLP and the lack of an efficient doping method, the reali-
zation of Ohmic contact and low contact resistance is highly 
challenging for the TMD devices. For MoS2, the Fermi level 
is pinned inside the gap below conduction band minimum 
(CBM). Even Sc with an extremely low work function of 3.5 eV 
cannot produce Ohmic contact for electron transport. Instead, 
a low Schottky barrier of 30 meV which is a little higher than 
the thermionic energy at room temperature is measured.[51] For 
these TMDs with high electron affinity, such as MoS2 (4.2 eV), 
a SBH twofold lower than that of Sc contact has been achieved 
with Al which possesses no d-orbital, leading to suppressed 
FLP.[61] Nevertheless, high Rc of ≈10 kΩ µm is inevitable prob-
ably owing to the tunnel barrier of the vdW gap.[61,62] Schottky 
contact with high Rc in the range of 10–104 kΩ  µm has been 

frequently measured for TMDs contacted by other 3D metals.[63] 
Kim et  al. have revealed a 10 times higher contact resistance 
than that of the channel in a 3D-metal-contacted MoS2 tran-
sistor, as plotted in Figure 10a.[11] Under this circumstance, the 
voltage drop at the contact interface is comparable to the dc 
bias across the whole device, resulting in serval technological 
problems. First, the effective field-effect mobility of the device 
is much reduced attributed to the significant contribution of 
metallic contacts to the total resistance of 2D devices. In other 
words, the usual extraction of mobility in a two-terminal field-
effect transistor is no longer valid and complicate equations are 
required to extract an accurate mobility.[64] More importantly, 
device switching and on-state characteristics are determined 
by the Schottky barrier instead of the semiconducting channel, 
resembling a Schottky barrier transistor with a high power con-
sumption. The gate tunability of SBH is less efficient for the 
transistor with an extremely downscaled channel. To gain an 
acceptable on-state current, a large dc bias should be effectively 
utilized to reduce the SBH by introducing a drain-induced bar-
rier lowing (DIBL) effect, as illustrated in Figure 10b.[65] How-
ever, the low off-current cannot be well maintained at such high 
bias regime. In general, 2D transistors have high SBH and con-
tact resistance that hinder their applications due to high power 
consumption and low on-state current. Reducing FLP-induced 
high SBH and contact resistance to realize Ohmic contact is 
one of the major research challenges.

Adv. Mater. 2022, 2108425

Figure 9. a) Schematic of the back-gated TMD transistor contacted by various metals. Reproduced with permission.[50] Copyright 2021, American 
Chemical Society. b) Transfer characteristics of MoS2 transistor with different metal contacts. Inset: Energy alignments extracted from experimental 
data. c) SBHs versus metal work functions. Reproduced with permission.[51] Copyright 2013, American Chemical Society. d) Calculated p-type SBHs and 
pinning factors for monolayer MoS2, MoSe2, MoTe2, and WS2. Reproduced with permission.[55] Copyright 2015, American Chemical Society. e) Ambi-
polar transfer characteristics of monolayer MoTe2 transistor with Au contact. f) SBH in MoTe2 with various metal work functions. Reproduced with 
permission.[11] Copyright 2017, American Chemical Society.
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3.3. Fabrication-Processing-Induced Performance Variations

There are large discrepancies between DFT predictions and 
experimental observations for TMD transistors with 3D metal 
contacts. Guo et  al. have calculated pinning factors for defect-
free monolayer MoS2 by only considering orbital overlap as the 
contributor to FLP.[55] They suggested a larger pinning factor 
of 0.3 than the experimentally measured value of 0.1, namely a 
weaker FLP. Such discrepancy was ascribed to the presence of 
DIGS in fabricated devices. Distortions and damages intention-
ally or unintentionally created at the contact interface during 
fabrication have been revealed by cross-sectional transmission 
electron microscopy (TEM), Raman spectroscopy, XPS, and 
so on.[11,44,66] As discussed before, C-AFM measurements have 
revealed that DIGS are mainly responsible for enhancing FLP 
beyond the orbital overlap limit as they cannot be fully excluded 
from deposited 3D metal contacts. In general, defects should be 
avoided as much as possible during fabrication. Thus, new con-
tacting methodologies need to be developed to optimize contact 
conditions for 2D transistors.

3.4. Thickness Dependence

The FLP and SBH observed in 2D TMD devices are found to 
be strongly dependent on the thickness of 2D materials.[61] As 

discussed in the earlier section, a main contributor to FLP is 
the hybridization of orbitals between contact metal and TMD.[19] 
Orbital overlap states can form in TMD within the energy-
dependent decay length, resulting in the thickness-dependent 
FLP. As illustrated in Figure  10c, for a multilayer TMD, the 
strongest pinning occurs right at the metal–TMD interface, 
while depinning occurs between TMD layers.[67,68] In addition, 
in most TMDs with strong interlayer interactions, the bandgap 
increases when trimming down the thickness from multilayer 
to bilayer or monolayer. Figure  10d shows SBH values calcu-
lated for MoS2 with different numbers of layers. Both electron 
and hole SBHs are lower in the bulk than those in the mono-
layer. FLP has also been experimentally found to be signifi-
cantly reduced with increasing the pinning factor from 0.11 to 
0.15 when changing from monolayer to bulk MoS2.[11] Further-
more, no pronounced device performance variation has been 
noted in MoS2 thicker than three layers.[18,67]

4. FLP-Related Contact Strategies for 2D  
TMD Devices
Conventional contact techniques developed for thin films are 
not compatible with 2D TMDs. The surface contact intrinsically 
produces FLP due to interactions with underlying TMDs, while 
unavoidable disorders caused by metal deposition contribute 
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Figure 10. a) Comparison between channel resistance and contact resistance in a MoS2 transistor. Reproduced with permission.[11] Copyright 2017, 
American Chemical Society. b) Transfer characteristics of a ReSe2 transistor under varied drain biases and the corresponding band diagrams indicating 
DIBL effect. Reproduced with permission.[65] Copyright 2020, American Physical Society. c) Schematic showing the depinning effect in a 7-layer MoS2. 
d) Calculated SBH in Pt-contacted MoS2 with different numbers of layers. Reproduced with permission.[68] Copyright 2020, Royal Society of Chemistry.



www.advmat.dewww.advancedsciencenews.com

2108425 (13 of 25) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

to FLP through the generation of DIGS. Consequently, strong 
FLP results in a persistent energy level alignment and uncon-
trollable SBH at the contact interface. Choosing a contact 
metal with an appropriate work function is insufficient when 
designing high quality electrical contacts for 2D TMDs. Var-
ious efforts have been made to tune the location of Fermi level 
and reduce contact resistance in 2D transistors for high-per-
formance devices. FLP is commonly considered as a negative 
factor in optimizing the contact conditions. Suppressing FLP 
either by weakening the metal–TMD interaction and mini-
mizing fabrication-processing-induced disorders or by reducing 
the contact dimensionality is the main stream for improving 
contact conditions and device performances. It is worthwhile 
to note here that it is also feasible to optimize contact condi-
tions for 2D TMDs by utilizing the much enhanced FLP. For 
instance, strong FLP which pins the Fermi level inside the con-
duction band has also been proposed to achieve Ohmic contact. 
In this section, we will discuss state-of-the-art contact strategies 
applied to 2D TMDs by both the suppressing and utilizing FLP 
using various materials and structures.

4.1. Metal Contacts

4.1.1. Surface-Charge-Transfer-Doped TMDs

In a silicon-based complementary metal–oxide–semiconductor 
(CMOS) technology, Ohmic contacts are achieved for both n-type 
and p-type devices by degenerately doping (metalizing) silicon 
under metal electrodes. This suggests that doping could be an 
effective way to improve contact conditions for TMDs. However, 
conventional substitutional doping techniques, i.e., thermal dif-
fusion and ion implantation, are not compatible with 2D mate-
rials as their ultrathin crystal lattice structures make difficult to 
sustain highly energetic impinging ions and also to accommo-
date substitutional dopants. Surface charge transfer doping is 
commonly employed for 2D materials as a nondestructive and 
efficient doping technique.[69–71] Fang et al. have reported p-type 
and n-type doping to TMDs at contact regions using NO2 and 
potassium as surface dopants, respectively.[72,73] Degenerate 
doping concentrations of 1.0 × 1013 and 2.5 × 1012 cm−2 were 
obtained for potassium-doped MoS2 and WSe2, respectively. A 
high hole density of 2.2 × 1012 cm−2 was extracted for NO2-doped 
monolayer WSe2, where Fermi level lied at 16 meV above the 
valence band edge. Such heavy doping effectively lowered the 
Schottky barrier, therefore dramatically reducing the contact 
resistance. Unfortunately, these surface dopants deteriorated 
rapidly in air, leading to a low ambient stability. Later, air-stable 
chemical dopant, i.e., benzyl viologen (BV) has been developed, 
which can degenerately dope MoS2 to 1.2 × 1013 cm−2 by a simple 
solution process.[74] Ohmic contact with much reduced contact 
resistance was therefore realized with contact doping. Yue et al. 
have significantly improved device performances for MoS2, 
WS2, MoTe2, and black phosphorus transistors with BV-doped 
contact in comparison with those with regular contacts.[75]

Much lower contact resistance has also been reported for 
transistors with their channels doped using dopants such 
as chloride molecules,[76] gold chlorides,[77] and polyvinyl 
alcohols.[56] For instance, Yang et al. have reported low contact 

resistances of 0.7 and 0.5 kΩ µm measured for chloride mole-
cular-doped WS2 and MoS2 with nickel contact, respectively.[76] 
Here, an additional mechanism is responsible for the reduced 
contact resistance. Figure 11a illustrates that the Schottky bar-
rier is thinned down to allow an additional tunnel process via 
the Schottky barrier without lowering SBH as the Fermi level 
is shifted toward the edge of conduction band or valence band. 
Nevertheless, a chemically doped channel is not favorable as it 
may lead to reduced carrier mobility as chemical dopants can 
behave as charge impurities.

Air-stable substoichiometric oxides, MoOx and WOx (x ≤ 3), 
possess high work functions of 6.6 and 6.3 eV, respectively.[78,79] 
They are reported to be promising p-dopants into their related 
molybdenum and tungsten chalcogenides. For example, a 
robust degenerate doping of 5 × 1013 cm−2 could be reached in 
WSe2 using a deposited surface MoO3.[80] Chuang et  al. have 
demonstrated p-type MoS2 transistors using a MoOx-film-doped 
contact.[81] Most importantly, MoOx and WOx can be formed 
on the surface of their related molybdenum and tungsten chal-
cogenides by controlled oxygen plasma and ozone treatment 
based on a self-limited layer-by-layer process.[82–86] As shown 
in Figure  11b, hole concentration of MoTe2 treated by oxygen 
plasma reached the degenerate limit of 2 × 1013 cm−2, where 
doping is stable upon a long-term air exposure.[82] It is also 
resistant to regular chemical solvent treatments. Ohmic con-
tact with low contact resistance of 0.6 kΩ µm on a degenerately 
doped MoTe2 has also been demonstrated. Using hexagonal 
boron nitride (h-BN) mask to limit oxidation (i.e., degenerate 
p-doping) at channel regions, a p–n–p junction with a high 
quality Ohmic contact resembling p-MOSFET can be obtained, 
as shown in Figure  11c.[57,86] The resulted device can exhibit a 
hole mobility as high as 191 cm2 V−1 s−1 with negligible hyster-
esis (Figure 11d).[57]

4.1.2. Deposited Metal Contacts with Strong/Weak  
Metal–Semiconductor Interactions

In the previous section, we have discussed three categories of 
contacts for TMD classified by the metal–TMD interaction. 
Among them, a type-III contact can strongly metallize TMD 
underneath the metal by severe orbital hybridization and inter-
face dipole, making it to behave as the actual electrical contact 
to the channel. Thus, a type-III contact can offer high-quality 
Ohmic contact. Kim et  al. have demonstrated a low tempera-
ture evaporation of indium with liquid-nitrogen-cooled sub-
strate at a low thermal energy on MoS2.[87] MoS2 is metalized 
by the strong orbital hybridization at the In/MoS2 interface. 
The type-III contact is formed without deposition-induced lat-
tice disorders or associated DIGS, which results in an n-type 
Ohmic-like contact with a negligible SBH of 7 meV at room 
temperature. Wang et  al. have reported an ultraclean vdW 
interface between indium and monolayer MoS2 by annealing, 
which benefits the device with a low contact resistance of 
0.8 kΩ µm.[88] Very recently, Shen et al. have reported an n-type 
Ohmic contact for monolayer MoS2, WS2, and WSe2 with bis-
muth (Bi) using a CMOS-compatible evaporation process.[63] As 
a semimetal, Bi has a near-zero density of state at Fermi level 
where its gap states can be greatly reduced, as illustrated in 
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Figure  11e. However, it is worth to emphasize that FLP is not 
suppressed. By contrast, a strong FLP is anticipated as a strong 
interface dipole is formed between Bi and MoS2. Nevertheless, 
the formation of dipole results in degenerately doped MoS2 of 
a high density of 1.5 × 1013 cm−2, which pins the Fermi level 
inside the conduction band, leading to vanished electron SBH. 
Thus, an ultralow contact resistance of 0.123 kΩ µm was high-
lighted for the Bi-contacted monolayer MoS2 (Figure 11f). This 
contact strategy gives an example of utilizing strong FLP for 
improving contact condition. So far, type-III contacts have only 
been proposed and experimentally realized for n-type devices.

In contrast to the above-described contact engineering based 
on strong metal–semiconductor interaction, there has been a 
report that predicted that the atomic passivation could weaken 
the interaction. The DFT calculation predicted a distance 
between Au and MoS2 is greatly increased by the presence 

of passivating atoms.[89] The increased distance weakens the 
metal–semiconductor interaction resulting in the reduced FLP. 
The extracted pinning factor with atom-passivated Au showed 
≈0.5 which is lower than the bare Au contact (S = 0.3). Notably, 
partial density of states of adsorbed MoS2 on F-passivated Au 
revealed a possibility of the formation of a p-type Ohmic con-
tact with negligible SBH due to its large work function and 
reduced FLP. Despite its potential for the realization of p-type 
Ohmic contacts, there is no empirical demonstration of fluori-
nated gold contacts on MoS2 so far. Nevertheless, this study 
suggests that the reduced FLP can be a key contact engineering 
method to achieve Ohmic contacts in 2D FETs. Taken together, 
both the strong FLP and reduced FLP can be beneficial for 
achieving good contacts, and therefore a systematical study of 
the impact of metal contacts with various metal–semiconductor 
interactions is required.

Adv. Mater. 2022, 2108425

Figure 11. a) Schematic band diagram of metal–TMD contacts with and without contact doping. b) Hole-sheet densities extracted in MoTe2 after 
oxygen plasma treatment and different storage conditions. Reproduced with permission.[82] Copyright 2020, American Chemical Society. c) Optical 
image and schematics of WSe2 p-MOSFET consisting of a p–n–p junction architecture. d) Transfer curves of WSe2 p-MOSFET in forward and reverse 
gate voltage scans. Reproduced with permission.[57] Copyright 2021, AIP Publishing. e) Band structure of bismuth–semiconductor contact with Fermi 
level of bismuth aligning with the conduction band of the semiconductor. f) Contact resistance extraction for Bi-contacted MoS2 FET. Reproduced with 
permission.[63] Copyright 2021, Springer Nature.
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4.1.3. Edge Contacts

1D contact formed at the edge of 2D materials was first devel-
oped by Wang et  al. for graphene.[90] A remarkably low con-
tact resistance of 0.1 kΩ  µm and an ultrahigh mobility up to 
140  000 cm2 V−1 s−1, approaching the theoretical phonon-scat-
tering limit, were extracted for h-BN-encapsulated graphene 
with the edge contact.[90] Later, it has been adopted to make 
contact to TMDs. Figure  12a sketches the fabrication process 
of the edge contact to a monolayer MoS2.[91] Metal forms elec-
trical contact to the edges of h-BN-encapsulated MoS2, which 
is exposed by optimized plasma etching. Edge contact has also 
been realized using photoresist as a capping layer to simplify 
the fabrication. The h-BN layer serves as not only the etching 
mask for defining the edges but also protecting layer of 2D 

materials from the lithography-induced defects and impurities. 
By contrast, photoresist can induce surface contamination and 
impurity scattering as it contains organic molecular solvent. 
Therefore, a relatively reduced device performance is a cost of 
the simplified fabrication when the photoresist is used.[92,93] 
Dangling bonds are abundant with bonding orbitals at etched 
edges of 2D materials. Therefore, a strong orbital overlap is ena-
bled to facilitate an efficient carrier injection, which is advanta-
geous for device miniaturization. Yang et al. have demonstrated 
edge-contacted MoS2 transistors (Figure  12b).[94] Although the 
strong interaction and formation of valence bonds are expected 
across the contact interface, the low dimensionality of a 1D 
interface does not cause a significant FLP.[95,96] Fermi level was 
experimentally verified to be located at either below the conduc-
tion band edge or above the valence band edge depending on 
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Figure 12. a) Schematic illustration showing the fabrication process of the edge contacts to a monolayer MoS2. Reproduced with permission.[91] Copy-
right 2019, American Chemical Society. b) Cross-sectional TEM image showing a Pd–MoS2 1D edge contact interface. c) Comparison of Fermi energy 
alignments at metal–MoS2 contact between surface metal contacts and 1D edge contacts. Reproduced with permission.[94] Copyright 2019, John Wiley 
and Sons. d) Cross-sectional TEM images of MoS2 with transferred gold contact and evaporated gold contact. e) Extracted SBHs for different transferred 
metals and evaporated metals. Reproduced with permission.[44] Copyright 2018, Springer Nature.



www.advmat.dewww.advancedsciencenews.com

2108425 (16 of 25) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

the work function of the contact metal, as plotted in Figure 12c. 
Consequently, FLP is almost suppressed. Polarity control is fea-
sible by selecting an appropriate contact metal. However, large 
value of contact resistances of 10–100 kΩ µm is often extracted 
for edge-contacted TMD devices.[91,97] This is probably attrib-
uted to contamination and damages introduced to the edges by 
suboptimal plasma etching. A postdeposition annealing might 
be required to improve the contact interface.

4.1.4. Transferred Metal Contacts

Conventional lithography and deposition-processing-induced 
crystalline lattice damages can cause an enhanced FLP attrib-
uted to extrinsic DIGSs, which limit contact conditions and 
device performance. Various approaches have been developed to 
solve this issue such as ultrahigh vacuum metal deposition[98,99] 
and scanning probe nanolithography[100] as alternatives to elec-
trically contact 2D materials with less disorders. Nevertheless, 
they require sophisticated instruments, presenting great tech-
nical challenges.

Dry transfer technique has been developed to mechanically 
stack 3D metal layers onto 2D materials as electrical contacts, 
without introducing disorders. Telford et al. reported the first 
vdW-integrated metal contact embedded within h-BN for 
graphene and NbSe2 in 2018.[101] Without a lithographic pat-
terning, the integrated metal layer can be dry transferred onto 
clean surfaces of 2D materials while simultaneously forming 
electrical contact and encapsulation. Low contact resistance 
approaching 0.1 kΩ µm has been demonstrated for NbSe2 at 
room temperature.[101] Thanks to h-BN encapsulation, a high 
hole mobility of 195 cm2 V−1 s−1 and an excellent air stability 
over 2 months have also been demonstrated for WSe2 transis-
tors using the same contact geometry as a follow-up study.[102] 
Liu et  al. have demonstrated a direct transfer of stand-alone 
metal patterns onto TMDs using a poly(methyl methacrylate)/
polydimethylsiloxane (PDMS/PMMA) stamp.[44] Hexamethyl-
disilazane is applied to assist the peeling of PDMS/PMMA 
stamp from the surface of substrate. Figure 12d is a cross-sec-
tional TEM image showing an atomically flat and clean vdW 
interface observed between TMD and transferred metals. By 
contrast, severe damages are seen at the evaporated contact 
interface. Weakened FLP without DIGS is anticipated. A sur-
prisingly high pinning factor approaching 1.0 was extracted 
from transferred contacts, as plotted in Figure 12e, indicating 
a fully suppressed DIGS-induced FLP. Instead of transferring 
metal, Ngo et al. have reported a simplified vdW bottom con-
tact by transferring TMD onto prepatterned metal contact.[103] 
The clean contact interface was also highlighted for the vdW 
bottom contact with a high pinning factor measured to be 0.93. 
The polarity of transistors is simply adjustable by selecting 
appropriate metals with low or high work functions. Comple-
mentary logic functions such as NAND and NOR, high-quality 
Schottky junction with ideality factor close to 1.0, and sub-1 
nm vertical transistors have been demonstrated for doping-
free TMDs using transferred 3D metal contacts.[44,103–106] 
However, the physics behind vanished orbital overlap and 
interface dipoles for suppressing FLP requires further  
investigations.

4.2. 2D Contacts

4.2.1. Transferred 2D Contacts

vdW contacts can be formed by using 2D-metal-like materials 
such as graphene, TMDs, and MXenes. Weak interlayer interac-
tion leads to mild orbital overlap and interface dipole between 
two neighbored 2D materials, which can further suppress 
FLP.[107] Le Quang et al. have observed a rigid shift of 120 meV 
between the scanning tunneling spectra of TMD at contact 
interfaces to monolayer and bilayer graphene. The shift equals 
to their work function difference, indicating that Fermi level at 
the contact is mostly depinned.[108] This FLP-free nature facili-
tates the simple contact design by selecting 2D materials with 
appropriate work functions.[109–111] Figure  13a summarizes the 
proposed 2D metallic materials showing suitable work func-
tions for electrical contact to TMDs. In contrast to the trans-
ferred 3D metal contact, work function and Fermi level of the 
2D metallic contact can be further modulated by electrostatic 
gating,[112] surface functionalization,[113] and substitutional 
doping during synthesis,[114,115] leading to outstanding perfor-
mance of 2D devices. For instance, metal–insulator transition 
has been observed in the MoS2 transistor due to barrier-free 
graphene vdW contacts.[116] One order of magnitude higher 
mobility of 50 cm2 V−1 s−1 has been measured in monolayer 
WS2 with graphene vdW contact compared to the one with 
3D metal contact.[112] The 2D-vdW-contacted device is easily 
embedded within h-BN encapsulation to prevent surface con-
taminations, offering an ideal device platform to investigate 
intrinsic properties for 2D semiconductors.[117] Mass produc-
tion of 2D vdW contact may be feasible with a large-scale syn-
thesis and transfer technique developed for 2D metallic films. 
Figure  13b shows microscope images of a wafer-scale produc-
tion of patterned WTe2 and MoTe2 layers as high-quality electric 
contacts to MoS2 to produce predictable SBH largely following 
the Schottky–Mott rule when contacting MoS2 (Figure 13c).[118] 
A remarkably low contact resistance < 0.1 kΩ cm was achieved 
for large-scale array of a MoS2 transistor contacted by chemical 
vapor deposition (CVD)-synthesized NbS2.[119] More recently, a 
chemical method to directly synthesize metallic PdTe2 on the 
surface of MoTe2 has been demonstrated by tellurizing a pre-
deposited Pd film at a low temperature.[120] A fine p-type vdW 
contact to MoTe2 was achieved, showing a low SBH of 50 meV. 
Although it is not as good as a transferred vdW contact, the 
chemical approach is advantageous due to its simple process 
and great potential for large-scale integration.

The combination of different contact strategies has emerged 
to achieve high-performance 2D devices. Moreover, the modula-
tion of the Fermi energy of the 2D contacts is feasible by electro-
static gating or doping. Thus, tunable SBH and Ohmic contacts 
are anticipated for the gated or doped 2D contacts, e.g., B-doped 
graphene/SnSe shows Ohmic contact with almost vanished 
FLP.[121] LaGasse et al. have reported a WSe2 device by combining 
2D vdW contact with edge contact and split bottom gates at con-
tact sides, as illustrated in Figure 13d.[122] The WSe2 channel is 
contacted by graphene, which is contacted by metal at edges. 
Split gates are buried under the graphene isolated by h-BN 
and SiO2 insulators. With such a device structure, gate control 
shows a remarkable efficiency due to additional controllability of 
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graphene by buried split gates. Excellent control over the SBH 
limited by the Schottky–Mott rule is realized, as depicted in 
Figure 13e. As the 2D contacts suppress the FLP by weakened 
interlayer interaction, the realization of Ohmic contacts was 
proposed by utilizing 2D contacts under applied strain or pres-
sure. Theoretical prediction suggested that the SBH and carrier 
types of graphene-contacted MoTe2 could be effectively tuned by 
biaxial strain, realizing both p-type and n-type Ohmic contacts 
with >7% tensile strain and 10% compressive strain, respec-
tively.[123] In a similar way, NbSe2 contact was also reported to 
show tunable SBH via vertical compressive pressure for MoSe2 
and WSe2 devices.[124] As the pressure increases, the distance 
between NbSe2 and TMDs gradually decreases, resulting in the 
reconstruction of band structure. P-type Ohmic contacts can be 
realized when the distance reaches ≈2 Å under the pressure. 
These modulation of SBH and FLP by pressure and strain can 

be universally extended to other 2D materials such as MoS2/
MXene and graphene/WSSe to achieve Ohmic contact by sup-
pressing interlayer interaction.[125,126] John et  al. have recently 
reported that the SBH can be reduced with strain.[127] Neverthe-
less, systematic studies on the impact of pressure and strain to 
FLP in practical 2D devices are highly required.

4.2.2. 2D Contacts by Phase Transition

Some TMDs possess different crystalline phases based on the 
arrangement of atoms. For instance, MoS2 and MoTe2 are semi-
conducting in the trigonal prismatic (2H) phase, while they 
are metallic in the octahedral (1T) phase. Phase transition has 
been reported for MoS2, MoTe2, and WSe2 subjected to various 
external factors, such as surface doping, electrostatic doping, 

Figure 13. a) DFT predictions of work function with respect to various 2D metals reconstructed by referring to refs. [110,111]. Dotted lines indicate energies 
of CBM and VBM in WS2 and MoS2. b) Optical images of the as-grown large-scale WTe2 patterns on a 4 in. scale SiO2/Si substrate. c) Comparisons of 
the extracted SBH between monolayer MoS2 and transferred 2D material contacts. Reproduced with permission.[118] Copyright 2020, Springer Nature. 
d) Schematic of WSe2 device with mixed transferred 2D contact and edge contact with the corresponding energy band diagram. e) SBH versus gate 
voltage indicating that the gate has Schottky–Mott limited control over the SBH. Reproduced with permission.[122] Copyright 2019, John Wiley and Sons.
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plasma treatment, and pressure.[128–132] Recently, controlled 
phase engineering has been utilized to convert a part of semi-
conducting TMDs into a metallic phase.[133] Such transition 
requires a mild distortion of chalcogen atoms without breaking 
chemical bonds, which can potentially create defect-free and 
sharp phase boundary. Under such circumstances, metallic 
TMD can form a seamless electrical contact to the semicon-
ducting part. The first experimental demonstration of a metallic 
phase contact was reported for MoS2 transistors via chemically 
assisted phase engineering by immersing monolayer MoS2 in 
n-butyl lithium in a glove box, which transited 70% 2H phase 
into 1T phase.[134] Figure  14a presents an electrostatic force 
microscopic phase image exhibiting different regions with 
1T and 2H phases. Atomically sharp boundary between 2H 
and 1T phases was confirmed under a high-resolution TEM 
(Figure 14b). The very low contact resistance of 0.24 kΩ µm for 
the 2H MoS2 transistor with 1T phase contacts was obtained, 
which was 5 times lower than that with direct metal contacts 
formed on 2H MoS2. Weak FLP is anticipated with a metallic 
phase contact, although theoretical calculations suggest a for-
mation of valence bonds due to a strong interaction of electron 
wave functions across the contact interface.[135] Similar to 1D 
edge contact, however, the low dimensionality of overlap states 
is insufficient to cause a strong FLP.[95,96] Nevertheless, a high 
SBH is anticipated since work functions of metallic phases 
normally reside inside the bandgap of 2H semiconductors.[136] 
Cho et  al. have demonstrated a spatially selective irreversible 
phase transition from 2H to 1T′ phase in MoTe2 by laser irradia-
tion, as illustrated in Figure  14c,d.[137] Interestingly, significant 

reduction of SBH from ≈200 to ≈10 meV was achieved with 1T′ 
contact (Figure  14e). The experimentally measured low SBH 
was confirmed by ab initio quantum transport simulations.[135] 
Owing to the extremely thin body, an external electric field is 
very effective in thinning Schottky barrier. With an appropriate 
gate voltage applied, the effective SBH can be dramatically low-
ered resulting in efficient tunneling through the ultrathin bar-
rier between phases. An equivalent Ohmic contact is therefore 
achievable with gate modulation.

4.3. Metal–Insulator Junction Contacts

In previous sections, contact strategies by directly contacting 3D 
metals or 2D metallic materials to TMDs were introduced. An 
“indirect” contact technique using metal–insulator junction has 
also been developed for TMDs, where a thin insulating tunnel 
layer is inserted between metal and TMD. The first metal–
insulator junction contact was demonstrated for Co-contacted 
monolayer MoS2 with a thin MgO film evaporated at ultrahigh 
vacuum of 10−10 Torr.[138] The contact condition was improved by 
increasing the thickness of MgO from 0.9 to 2 nm as SBH was 
significantly reduced from 60 to 9.7 meV. This work is probably 
inspired by spintronic devices, where the metal–insulator junc-
tion contact has been frequently applied to overcome a huge 
conductance mismatch between metal and semiconductor that 
limits spin injection efficiency.[139,140]

Theoretically, an increased distance between TMD and con-
tact metal weakens their interaction. Therefore, inserting a thin 

Figure 14. a) Electrostatic force microscopy phase image of a monolayer MoS2 showing the difference between locally patterned 2H and 1T phases. 
b) TEM image of the atomically thin phase boundary (indicated by the arrows) between 1T and 2H phases. Reproduced with permission.[134] Copyright 
2014, Springer Nature. c) Schematic showing laser-irradiation-induced phase transition from 2H to 1T′ phase in MoTe2. d) Optical microscope images 
of a 2H-MoTe2 flake before and after laser irradiation. e) SBH extractions from Arrhenius plots of the conductance of MoTe2 with 1T′ and 2H contacts. 
Reproduced with permission.[137] Copyright 2015, American Association for the Advancement of Science.
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insulating buffer layer between metal and TMD is an efficient 
approach to suppress interface interaction and interface dipole 
formation. Moreover, a buffer insulator layer can effectively 
moderate defect-and-damage-associated DIGS in TMDs during 
fabrication. When a metal with a well-chosen buffer layer is 
employed, Ohmic contact of 2D semiconductor devices is plau-
sible.[141] The remarkably suppressed FLP with an order of mag-
nitude enhanced pinning factor has also been demonstrated 
using an oxide buffer layer thinner than 2  nm, such as ZnO 
and TiO2.[53,142] As the interlayer causes additional tunneling 
and results in a considerable electrical resistance, the contact 
condition is strongly correlated to the thickness of the buffer 
layer.[142] Lee et al. have systematically measured contact resist-
ances of MoS2 devices with various Ta2O5 layer thicknesses, as 
plotted in Figure 15a.[52] They pointed out that thin tunnel layer 
<2  nm could allow efficient tunneling. Transport is predomi-
nately limited by the SBH. Thickening oxide layer weakens FLP 
and lowers SBH, therefore reducing contact resistance expo-
nentially. By contrast, tunneling via thick oxide layer >2 nm is 
difficult to occur, indicating that the increase in contact resist-
ance is due to a large tunneling resistance. Although metal–
insulator junction contacts are promising contact methods, 
growing such ultrathin oxide films uniformly on the dangling 
free surface of TMDs is extremely challenging.[143]

Atomically thin h-BN can be stacked on TMD with atomi-
cally flat uniformity, which is a promising insulating material 
for metal–insulator junction contacts. Inserting a h-BN mon-
olayer can effectively prevent chemical reactions from occur-
ring at the metal–MoTe2 contact interface, resulting in a clean 
vdW interface, as presented in Figure 15b.[30] By contrast, metal 
can react with MoTe2 and form a new compound at the con-
tact interface without h-BN. DFT simulations have suggested 
that a monolayer h-BN is sufficient to destroy overlap states 
between metal and MoS2, therefore suppressing the FLP. It 
can also decrease the effective work function of Co and Ni by 
2  eV.[141,144] These combined effects yield zero SBH at the Co/
Ni–h-BN–MoS2 interface. A reduced SBH from 38 to 16 meV 
and a low contact resistance of 3 kΩ  µm at 1.7 K have been 
experimentally verified for a Co-1L h-BN-contacted MoS2 device 
(Figure  15c).[145] Thickness-dependent contact condition was 
also noticed with a h-BN inserting layer. Mono- and bilayer 
h-BN layers could improve contact conditions for Ni–h-BN-
contacted MoS2 transistors with a low SBH of 31 meV and a 
contact resistance of 1.8 kΩ µm, whereas they are degraded into 
38 meV and 3.2 kΩ µm with thicker h-BN of 3 to 4 layers.[146] 
Improved contacts by inserting buffer layers have benefited var-
ious 2D devices with outstanding performances.[147–149] It should 
be noted that an optimized metal–semiconductor interface 

Figure 15. a) Contact resistance as a function of the buffer layer thickness in MoS2 transistor with Ta2O5-buffered metal contact. Inset: Schematic of 
a MoS2 transistor with Ta2O5-buffered metal contacts. Reproduced with permission.[52] Copyright 2016, American Chemical Society. b) Cross-sectional 
TEM images of a Sc–MoTe2 contact interface with a monolayer h-BN buffer layer and a Ag/MoTe2 contact interface. Reproduced with permission.[30] 
Copyright 2019, American Chemical Society. c) Schematic of MoS2 transistor with monolayer h-BN buffer layer and SBH extraction for the device without 
and with a buffer layer. Reproduced with permission.[145] Copyright 2017, American Chemical Society.
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Table 2. Summary of FLP and contact properties of 2D devices.

Contact strategies TMDs Metals/contacts Polarity Pinning factor Contact resistance [kΩ µm] SBH [meV]

Evaporated metals MoS2 Ti, Cr, Au, Pd[11] N-type 0.15 (ML)
0.11 (1L)

≈70 (Cr) 230, 130, 320, 300

Ag, Cu, Au, Pt[44] 0.09

Sc, Ti, Ni, Pt[51] 0.1 30, 50, 150, 230

Bi (low-temp)[63] 0.123 0 (Ohmic)

In[87] 1.5/0.6 (ML 300/2.4 K)
0.9 (1L, 250 K)

7 (1L)

MoTe2 Ag, Ti, Cr, Au, Ni, Pt[30] N-type 0.06 1.2 (Ag, 80 K)
2 (Ag, 300 K)

290, 430, 470, 360, 505, 430

Ti, Cr, Au, Pd[11] N-type 0.07 (1L) 104 (Cr) 150 (Cr)

WSe2 In, Pd[56] N-type 0.38 130, 1442 28.5, 330

Ni[59] Bipolar n-type 80

Pd[59] Bipolar p-type 270

Conductive-AFM[41] MoS2 PtSi (4.9 eV)
n-Si (4.15 eV)
Pt (5.64 eV)

N-type 0.19

MoTe2 0.11

WSe2 0.28

Transferred metals MoS2
[44] Ag, Cu N-type 0.96

Au, Pt P-type

WSe2
[103] In, Ti (bottom) N-type 0.93 23, 64

Au, Pd, Pt (bottom) P-type 120, 15, 45

Transferred 2D contacts MoS2 ML graphene[116] N-type 0 (Ohmic)

NbS2
[119] 0.08 45

WS2 ML graphene N-type 300 (FB)

Metal–insulator  
junction contacts

MoS2 TiO2–Ti, Cu, Au, Pt[53] N-type 0.24 107 (Ti)

ZnO–Ti, Cu, Au, Pd[142] N-type 0.43 (w/ ZnO)

Ti–Ta2O5 (1L)[52] N-type 95 (w/o Ta2O5)
30 (1.5–5 nm)

Co–1L h-BN[145] N-type 4 (300 K)
3 (1.7 K)

38 (w/o h-BN)
16

Ni–h-BN[146] N-type 5.1 (w/o h-BN)
1.8/3.2 (1L/3L h- BN)

158 (w/o h-BN)
31/38 (1L/3L h-BN)

Metal edge contacts MoS2 Mo, Ti[94] N-type 0.975 70, 140

Au, Pd[94] P-type 16, 10

Ti (1L)[91] 50–70

Metal on doped TMDs MoS2 Ti:benzyl-viologen-doped[75] N-type 1.2

Ni:Cl-doped[76] N-type 0.5
5–6 (undoped)

WSe2 In, Pd:PVA-doped[56] N-type 0.38 (undoped)
0.89 (doped)

Ni:Cl-doped[76] N-type 0.7
100 (undoped)

Pd:surface-WoOx-doped[57] P-type 3.6 0 (Ohmic)

MoTe2 Cr:surface-MoOx-doped[82] P-type 0.6 0 (Ohmic)

Phase transition MoS2
[134] 1T′ MoS2 (1L) N-type 0.24

MoTe2
[137] 1T′ MoTe2 N-type <100 10
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should host an edge transport with a short transfer length. On 
the contrary, a tunneling transport at the buffered contact inter-
face was theoretically found to favor an area-dependent process 
with a long transfer length.[149] Hence, metal–insulator junction 
contacts might not be suitable for highly scaled 2D devices.

In terms of the effects of FLP on the device performance, we 
compiled the most important performance parameters such as 
polarity, pinning factor, contact resistance, and SBH for those 
FET devices fabricated with various 2D semiconductors and 
contact strategies, as shown in Table  2. It is reasonable that 
different contact strategies should be applied to different 2D 
TMD semiconductors and metals for optimizing the device per-
formance, as FLP is dependent on their Fermi levels and elec-
tronic configuration.

5. Outlook and Conclusion

From the early research stage of 2D materials till now, FLP 
has been overlooked by most scientists in the 2D community. 
Most scientists were fascinated by new discovery of quantum 
mechanical properties of 2D materials rather than technology 
development of 2D-material-based functional devices. FLP, 
however, was proven to be a very important issue, particularly 
in 2D semiconducting devices requiring high mobility, efficient 
control of carrier polarity, and low power consumption. It has 
been found that FLP is strongly related to contact resistance of 
2D devices which needs to be substantially reduced from the 
current level to <20% of total resistance from source to drain to 
meet the requirements for future semiconductor devices.

Here, we need to understand fundamental differences 
responsible for the unusual FLP behavior in 2D semicon-
ductor devices compared to conventional bulk semiconductor 
devices. Such differences could be due to the unavailability of 
efficient doping techniques for 2D devices, the presence of vdW 
gap formed at the 2D interface with metals, the new hybrid-
ized phase formed under contacting metals, and the nonu-
niform carrier transport at the metal interface due to current 
crowding and interlayer resistance in multilayer 2D materials. 
This indicates that thorough understanding of FLP observed 
in 2D devices requires a very extensive study on diverse device 
processing issues, while FLP in 3D bulk semiconductors could 
be interpreted rather straightforwardly since no such issues are 
involved.

Although various attempts have been made to depin the 
Fermi level for the purpose of facile controlling of polarity of 
charge carriers and to develop high-performance 2D devices, 
other attempts to use FLP in a positive way have rarely been 
made. For example, strong FLP can be advantageous to give rise 
to a consistently small Schottky barrier, resulting in an Ohmic 
metallic contact. In fact, it is well-known that FLP is strong in 
Si CMOS devices. It gives rise to a substantial advantage in ena-
bling reliable device operation. Therefore, it is worthwhile to 
perform research to explore a method that can provide a strong 
FLP with a small Schottky barrier to result in a highly reliable 
metallic contact.

This review was mostly conducted on the FLP occurring 
from top-contacted 2D devices, since most 2D devices have 
been fabricated using the top metallic contacts until now. 

However, the edge contact technology is more widely used 
these days, due to its unique advantages over the top contact 
technology. For example, the edge contact technology enables 
1) the direct carrier transport without experiencing vdW gap, 
2) the full passivation of the transport channel which sup-
presses unwanted interface scattering and thereby enhances 
mobility, 3) the uniform carrier transport through the edge of 
multilayered 2D channels, and 4) the double gating from top 
and bottom of the 2D channel while carrier transport through 
channel is realized by metallic contact at the edges of 2D mate-
rials. Although serious challenge is expected in utilizing the 
edge contact technology to future 2D functional devices due 
to the limitation to have a sufficient area for metallic contact 
to realize high current, the FLP occurring in edge-contacted 
devices appears to be easier to manage compared to that of top-
contacted devices, due to the absence of the vdW gap and weak 
interaction.[90] Recently, there have been extensive studies on 
twisted bilayer graphene devices realized by using the edge con-
tact technology.[150–152] However, the twisted bilayer graphene as 
the channel material is expected to be relatively free from FLP 
because graphene is a gapless and semimetallic material. The 
mechanism responsible for FLP occurring in 2D TMD devices 
with the edge contact interfaces needs to be further explored.

We understand that FLP observed from 2D devices is related 
to interface energy states, whether MIGS or DIGS, which 
include interface traps and defects. It may be important to 
explore the relationship between the strength of FLP and the 
density of interface states, for the purpose of controlling FLP in 
2D devices. The effect of the interface defect states on the elec-
trical performance of 2D devices has not been studied intensively 
yet. To the best of our knowledge, the effect of post-treatments 
on FLP in 2D devices, e.g., annealing, has also not been studied, 
despite the strong relationship between curable defects and FLP.

Last but not the least, FLP occurring in 2D-material-based 
devices must be understood at the early development stage 
because large-scale 2D materials are expected to be used in 
future 2D electronic and photonic devices. The large-scale 2D 
materials are likely to be prepared by chemical methods such 
as CVD which tend to contain higher densities of defects than 
currently used small-sized exfoliated 2D materials. It is obvious 
that FLP will be a more complex issue when more defective 
large-scale 2D materials are used.
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