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Abstract:

Current electrical contact models are occasionally insufficient at the nanoscale owing to the
wide variations in outcomes between two-dimensional (2D) mono to multi-layered and bulk
materials that result from their distinctive electrostatics and geometries. Contrarily, devices
based on 2D semiconductors present a significant challenge due to the requirement for electrical
contact with resistances close to the quantum limit. The next generation of low-power devices
has already been hindered by the lack of high-quality and low-contact-resistance contacts on

2D materials. The physics and materials science of electrical contact resistance in 2D materials-
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based nanoelectronics, interface configurations, charge injection mechanisms, and numerical
modeling of electrical contacts, as well as the most pressing issues that need to be resolved in

the field of research and development, will all be covered in this review.

1.  Introduction

Modern electronics perform incredibly well thanks to the precise control of electric charge flow,
which begins with charge injection into an active layer (semiconducting material) through
electrical contacts in semiconductor electronic devices. The importance of charge transport was
realized fairly early in the development of semiconductor technology, which led to extensive
engineering work to change the physical properties of metal electrodes and understand the
underlying physical science.[1] Previously, researchers have studied various novel
nanostructured materials with advanced properties that can replace conventional materials in
terms of electrical, optical, mechanical, and thermal functions. 2D materials-based
semiconductors have attracted a lot of attention in recent years.[2]

Nevertheless, a more in-depth understanding of the characteristics of electrical contacts is
required if 2D electronics want to transfer from laboratory to real-world application.[1b, 3]
Researchers have studied a range of electronic devices that rely on nanotechnology of varied
dimensionalities since the early 1990s.[3b] Thanks to advancements in the creation of electronic
devices focused on the single- and few-layer form of 2D materials, a group of materials have
regenerated with a variety of electronic characteristics.[la, 1b, 3b, 3h, 4]

Current electronic and optoelectronic devices are mainly based on metal-semiconductor
junctions. The Schottky barrier height (®sg) indicates the energy barrier for a charge carrier to
pass the interface (junction) and is among the most crucial characteristics of the metal-
semiconductor junction. It may significantly impact the effectiveness of charge transport and
have a consequence on device performance.[5] The Schottky-Mott rule, which was first

proposed in the 1930s and regulated by electrostatics throughout all types of issues involving
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energy level alignments, may accurately predict @sg in a perfect metal-semiconductor
junction.[5d, 6] For the properties of the separated material just before the junction formed, Xs
and Is stand for the semiconductor's electron affinity and ionization potential, respectively, and
@y stands for the metal's work function. The proposed Schottky barrier heights (for holes and
electrons) are @spp, and Psgn, respectively (Eq 1, 2). The Schottky-Mott model anticipates the
linear dependence of ®SB on the metal work function with a unified slope.

Yet, the Schottky-Mott model significantly over-predicts the Schottky barrier height. As first
observed by Bardeen in 1947, ®sp is commonly insensitive to @um. In the system, the Fermi
level is typically locked to a fixed position within the band gap of the semiconductor, varying
little concerning the metals utilized. The interface S variable may be used to determine the

strength of Fermi level pinning (FLP) for a specific semiconductor as shown in Eq. 3: [5d, 6]

$sgn = M — X Eq.1
Pspp = Is — du Eq.2
dosp
S S= .
B_p dq)M Eq 3

The Schottky-Mott limit is reached when S=1. Regrettably, S is generally far less than 1 for
typical semiconductors (0.27 for Si and 0.07 for GaAs). In traditional metal-semiconductor
junctions, the Schottky-Mott limit has not been experimentally achieved. The reason is that the
Schottky-Mott model is solely dependent on perfect physics and ignores various types of
chemical interaction, which are difficult to prevent at the materials’ interface. Firstly, surface
reconstructions or surface dangling bonds can cause surface states (Bardeen pinning effect or
Shockley-Tamm states) within the semiconductor bandgap and cause FLP as a result of
incomplete covalent bonds and crystal structure termination. The interface of the contact, where
chemical bonds modify their initial energy levels, is rarely an atomically sharp discontinuity
between the semiconductor and metal, which brings us to the second point. Large strain can
also be created in both crystal lattices by the chemical bonding and inter diffusion between the

semiconductor and metal, which changes the band structures and the barrier height. Thirdly,
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the standard procedures for device fabrication frequently result in extra chemical instabilities
and defect-induced gap states that act as a storage space for charge carriers. The crystal lattice
may be damaged by "high-energy" metal deposition processes, which typically include atom/
cluster bombardment and robust local heating to the contact area. In addition, the polymer
residue within the interface from the resist development process could cause the deviated barrier
height value. Fourth, due to the decaying metallic wave function penetrating the semiconductor,
metal-induced gap states are created in the semiconductor-metal junction.

One of the major constraints to the fabrication of functional 2D electrical and optoelectronic
devices is the unwanted high contact resistance across 2D semiconductors with three-
dimensional (3D) metallic electrodes.[7] In recent decades, improving electrical contacts has
emerged as an important research goal. Significant efforts have been made to increase interface
current flow and performance characteristics for 2D materials-based electrical devices.[8]
Current empirical advancements have shown that a van der Waals (vdW) contact between a
metallic electrode and a 2D semiconductor may enhance electrical contact efficiency.[9] This
breakthrough brings up new possibilities for investigating how to improve 2D/3D electrical
contacts.[10] This necessitates the development of a physical model that encompasses both the
material features of 2D semiconductors and the geometrical electrostatic effects in mixed-
dimensional nanostructures, while this issue has attracted little consideration in the literature
thus far. Generally, effective contact structures incorporate both the 2D material's edge and top
surface, owing to the contact's significant surface-to-edge area ratio. As a result, in addition to
boosting the edge contacts, overall contact performance could be increased by lowering the
tunnel barriers just at the top surface.[11] This might be accomplished through the hybridization
of interface metal atoms with 2D semiconducting surfaces. Specific metals can form covalent
bonds to 2D semiconducting surfaces, and hence eliminate the vdW gap. For example,
InSe/metal,[12] In-Au for WS,,[13] In for MoS; interface,[9a] Cr for WS./h-BN

heterostructure,[14] Ni for graphene,[15] Ti for MoS,,[16] Pd for WSe,[17] Mo/W for
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MoS,/WSe»,[18] Ti2C for MoS[19] and graphene/MoS».[20] Previous investigations offer a
clear explanation of the implementation of Ohmic contact for 2D semiconducting surfaces.[21]
In this review, we first discuss the interface configurational geometry between a metal electrical
contact and a 2D material. Then the charge-injection mechanisms behind various 2D
semiconductors and metal electrical contacts are presented. Moreover, we discuss the electrical
contacts resistance, numerical modeling of electrical contacts, and in the end electrical metal
contacts materials issues. Several review papers have already summarized the progress of the 2D
semiconductor following Ohmic contacts.[8b, 21a] In this review article, we highlight the
difficulties in designing high-performance 2D materials-based nanostructure interfaces and
discussed potential applications [22] that might make them more widely available, as shown in

Figure 1. [2n, 21b, 23]

2.  Interface configurations

There are two important interface configurations (geometries), top contact and edge contact,
which undertake differently between bulk and 2D materials presented in Figure 2. Sheer top
contacts (Figure 2b) can be designed purely via suspending contact between the metal and the
2D material's edges.[24] Nevertheless, due to the atomically thin body of mono or multi-layer
2D material, being able to form a pure edge contact (Figure 2c¢) via classic lithographic
strategies is challenging; thus far, only perfect edge-contacted graphene monolayer has been
observed.[25] Electrical contacts of 2D semiconductor materials throughout many experiments
are a collection of these two configurations.

A basic understanding of the electronic band structure at electrical contacts could be obtained
from the band theories. The interpretation of charge-transport methodologies through this
potential field would then assist in understanding charge injection. Not all applications require

negligible contact resistance, for instance, spintronics is an exception.[26]
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2D material's clean surfaces wouldn't produce covalent bonds in contrast to bulk
semiconductors (Figure 3a). Mostly, the interfaces along metal contacts and any single or
multi-layered 2D materials could be shaped via a vdW gap inside the top-contacted
configuration (Figure 3b).[2h, 3c] The vdW gap in these kinds of top-contact interfaces, as
shown in Figure 3b, serves as an additional blocking layer for charge carriers before the
intrinsic ®@sg. The tunnel barrier on the other hand significantly lowers the charge injection from
metals, leading to larger contact resistance. Figure 3¢ presented the metal electrode and 2D
multi-layered MoS: interface contact along hybridization.

There are various injection mechanisms of metal and 2D semiconductor junctions which are
presented in Figure 4. The band diagram of conventional electrical metal contact and 2D
interface is shown in Figure 4a. Making use of edge contacts is one way to avoid the vdW gap.
Modeling has revealed that edge contacts to monolayer graphene perform better over top
contacts. The edge contacts result in a fairly short bonding distance with relatively strong
hybridization than top contacts as demonstrated by density functional theory (DFT). Previous
experiments showed that Cr edge contact resistance with graphene is about 150 Q pum, while
the expected value through simulation is 118 Q pm.[25] Because of the significant conductivity
anisotropy that exists in 2D materials between the in-plane and out-of-plane orientations, edge
contacts were extremely significant to multi-layered 2D semiconductors.[27] According to the
model of top/edge contacts to multilayer graphene,[27a] edge contacts considerably lower the
total contact resistance.[27b, 28] Metal contact and 2D multi-layered materials interface with
vdW gap and metal contact and 2D multi-layered materials interface with hybridization
presented in Figure 4b-c. A similar approach, based on a resistance circuit and back-gate
screening effect, has been employed to compare top and edge metal-based electrical contact for
layered graphene devices.[28] Graphene was patterned underneath the metal-based electrical
contact with various perimeter-to-area ratios to theoretically and physically explore the current

flow passing through the graphene sheets and edges.[28] According to this model, the edge
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contact resistance for each graphene layer is between 150 and 360 Q pm, which is a low value
compared to the tunneling resistances between layers.[29]

However, the majority of contact structures utilize both the 2D material’s top surface and edge,
with the upper part contributing more since the contact has a significant surface-to-edge-area
ratio.[30] Therefore, in addition to improving the edge contacts, the tunnel barrier at the upper
surface also needs to be reduced. According to DFT calculations, certain materials, such as
Mo/W for MoS2/WSe: [18], Ti for MoS; [16b, 31], and Ti>C for MoS,.[19] Ni for graphene,
[15] Pd for WSe»[32] can form covalent bonds to 2D semiconductor surfaces and thereby avoid
the vdW gap. Under the top contacts, significant hybridization could also alter the properties of
2D semiconductors, especially for a monolayer.[18b] This could change the sheet resistance
of semiconductors beneath the contacts (p2D contact), and hybridization can also alter the
amount of p2D contact in both directions. DFT simulations indicate that certain metals like Ti
and Mo will produce nonlocalized overlapping states in the initial bandgap of MoS»[18a] which
efficiently converts MoS; into a new metallic compound under contact, in this case, p2D contact
is decreased. However, when the monolayer is incompletely metalized, the localized states may
cause the p2D contact to rise.

It is important to note that the DFT calculations for significant hybridization instances are
predicated on the idea of flawless interfaces. In reality, near-perfect surfaces necessitate
annealing as well as the elimination or prevention of surface contaminants including resist
residues. For instance, after annealing, the carbon atoms in graphene might dissolve into the
contact metal e.g., Co or Ni, forming strong covalent bonds that help to reduce the contact
resistance.[33] According to DFT calculations, just the top layer of multilayered transition
metal dichalcogenides (TMDs) could be hybridized via top metal-based contacts, removing
entirely its vdW gap between the metal and top layer of TMDs.[18b] There is still a vdW gap
between the bottom layers. Edge contacts within all layers are therefore preferred to enhance

the carrier's injection into the bottom layers. Take MoS; for example, [16b, 31] this is true even
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though some chosen metals form strong hybridization at interfaces and thereby inhibit the
tunnel barrier. The FLP takes place because the binding energy of the metallic surface at
interfaces changes into that of the metal-MoS; alloy and gap states develop as a result of the
weak intralayer S-Mo bonding. The Schottky barrier height (SBH) may be considerably
impacted by such phenomena.

In addition to metals, it is also possible to contact 2D semiconductors with other (or identical)
low-dimensional elements. At these interactions, "native" chemical bonding is anticipated. For
instance, since the carbon family contains both semiconducting and metallic
allotropes/structures such as semiconducting carbon nanotube (CNT), and graphene nanoribbon
(GNR), scientists can make metallic or semiconducting carbon first, then adjust one side of it
to be metallic (or semiconducting). The interfaces between CNT and graphene, graphene and
GNR, and the interface between monolayer and multilayer graphene have been theoretically
studied.[34]

Such interfaces allow for "seamless" contact between the metallic and semiconducting sides
because the bonds there are native sp? carbon-carbon bonds. A "seamless” contact for all-
graphene circuit architecture was presented and numerically simulated in a recent study. The
observed smooth contacts significantly decreased the contact resistance and enhanced circuit
efficiency in terms of harmonic distortion, speed, and energy consumption. In these contacts,
all the interfaces or junctions between electrical contacts and 2D semiconductors are imagined
to begin from a single layer of graphene. Other 2D semiconductors may also benefit from the
idea of seamless contacts in certain all-graphene circuit designs (Figure 3c¢).

Phase engineering was used to fabricate contacts between metallic 1T-MoS: and
semiconducting 2H-MoS; in recent studies.[35] The resultant 0.2 k Q contact resistance is the
lowest ever recorded for this material. Additionally, it is feasible to successively grow metallic
and semiconducting TMDs using chemical vapor deposition. To investigate this electrical

contact strategy on 2D materials other than graphene, more experimental and theoretical
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research is required. Hu and colleagues[36] designed a graphene/h-BN/SnS, photodetector
which shows a high photoresponsivity. Wang and colleagues[37] demonstrated an ideal vdW
interface in coordination with the 2D MoS: and metal-based electrical contacts with no
interference of chemical interactions. They found that Pd and Pt form clean vdW contacts with
MoS,. They have investigated the interfaces between the evaporated metals (Pd and Pt) with
high work function and the 2D semiconductors by scanning transmission electron microscope
(STEM), electron energy loss spectroscopy (EELS), and X-ray photoelectron spectroscopy
(XPS) as shown in Figure 5. The spacing between the Pd and sulfur atoms at the interface was
found to be 2.3 + 0.1 A. XPS analysis of the Pd-MoS; interface showed that the interface is
clean with only pristine Pd 3ds2 and Pd 3ds2 peaks at ~340.3 eV and ~ 335 eV visible and no
proof of PdxSy or PdS, was found as shown in Figure Sb-c. The contact resistance of MoS;
with Pd contacts and WSe> with Pt contacts were extracted by the transfer length method (TLM)
and shown in Figure 5i, j. The hole contact resistance of multilayer MoS. with Pd is ~430
kQ-um owing to the large Schottky barrier, and the contact resistance of multilayer WSe> with
Pt is ~3.3 kQ-um. The high work function metal contacts present comparable performance to
dry transferred metal contacts and these results are much lower than the reported evaporated
contact resistances as presented in Figure 5k, 1. Moreover, p-type FETs with vdW interfaces
evidence low contact resistance, and their electronic transport performances bring out that the
Fermi level is unpinned. The devices exhibited high mobility (~190 cm? V! s7!) at ambient
temperature following > 10 A-um! saturation currents (with an on/off current ratio of 107).
They also presented an ultra-thin photovoltaic cell with an open-circuit voltage (Voc) of 0.6 V

and a power conversion efficiency (PCE) of 0.82% based on n- and p-type vdW contacts.

3. Charge injection
There are two main approaches for injecting charge into the semiconductor as shown in Figure

6a. The first mechanism is thermionic emission, and the other is tunneling (field emission)
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across the SB, as presented in Figure 6b-d. The thermionic emission demonstrates the
characteristics of metal vs. semiconductor material with SBH.[5a, 5b] When an inversion layer
is located at the interface, carrier combination could potentially be a current-limiting
mechanism. This is generally true for semiconductors that have reduced bandgaps which can
create an inversion layer very easily, for instance, black phosphorus (bandgap of 0.3 eV).[38]
At low doping levels, researchers primarily engage with thermionic emission, while thermionic
field emission begins to participate as doping grows as presented with a blue arrow in Figure
6. This is comparable to the case of emerging complementary metal-oxide-semiconductor
contacts with narrow geometry.[39]

In contrast to the bulk scenario, in which the diffusion area expands both laterally and vertically
into the 2D semiconductor, the role of the bands varies only laterally in the metal and 2D
semiconductor interface without hybridization. The charges start injecting far away from the
contact edge first and meet the flat-band area well before the diffusion region. In this instance,
predicting the relative influence of thermionic emission and tunneling gets challenging. Since
charge injection in 2D semiconductors is highly dependent on the SBH, understanding its
significance and knowing how to manipulate it really can enable the process to be improved.
The SBH q¢o along metal and a semiconductor are given in the ideal situation by the difference
q¢Bo = q(¢m - y), [5Sa] where g¢m is the metal's work function and gy is the semiconductor’s
electron affinity, g is the elementary electric charge, which is also known as the Schottky-Mott
rule.[5a] In practice, the Fermi level at the interface of 2D semiconductor and metal contacts is
frequently pinned. This can be calculated by looking at the SBH dependency on ¢m (which is
given by S = ddpo/ddm, [5a] with S = 1 corresponding to the ideal case or Schottky limit and S
=~ 0 corresponding to a pinned Fermi level. The presence of metal-induced gap states causes this
pinning at 2D semiconductor and metal contact interfaces.[40] As described in earlier

paragraphs, the existence of metal-MoS; alloy with a variable work function and the formation
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of gaps from the weaker intralayer S-Mo bonding assist in the pinning of metal contacts to 2D
semiconductors.

The lower tunability of SBH, therefore, reduces the effectiveness of creating ohmic contact
solely by choosing the contact metal. The activation energy in thermionic emission is
commonly used to extract the SBH. If we take the example of a FET device, there are two
Schottky diodes coupled back-to-back to serve as the source and drain in an SB FET design as
shown in Figure 6b. A reverse-biased contact is used on the source side of an n-type SB FET,
consuming the majority of the voltage drop and controlling the transistor behavior.

The injection current density through a reverse-biased SB is presented in Eq. 4:
| = AT [ -2 —M 20 | [ 1 - exp(2 ) | Eq.450.41]

A* is nominated as Richardson constant for 2D semiconductor and 3D metal electrodes, ®o
is nominated for SBH, alpha () is equivalent to 2 for bulk 2D semiconductor, V is applied bias,
T is for temperature, and kg is Boltzmann constant.[5a, 41] The value of qV >> kgT so when

we simplify Eq. 4 it has been changed into Eq. 5 which was given below
] = A"T2exp | — 3220 ] Eq. 5

Mott and colleagues[42] presented the FET device behavior for small gate voltage (Vg) in the
sub-threshold regime as mentioned in Figure 6¢-d and Eq. 6.
] = A*T?%xp [ —— Eq. 6

The total activation energy (Ea) in the above equation is = g¢po + Ec* — Ec® as presented in
Figure 6d. The Ea is the total activation energy that charge carriers should cross to get into the
channel, and Ec* — Ec? and the gap between both the conduction and valence band minimum
just at the contact boundary interface are presented in Figure 6d, due to the upward band
bending.

When Vy = Ve (VrB is the flat band voltage) or Vg is always lesser than Vs, the flat-band

condition Ec* — Ec® = 0 is achieved. Moreover, the activation energy Ea is proportional to Vg:

11
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E, = qdpo — (1 + %)_1 (V,—Vps) Eq.7

where Cox represents gate oxide capacitance and Cj represents interface trap capacitance.[43]
Additional doping shifts the mechanism from a flat band to a tunneling-contributing phase
region as presented in Figure 6. The increase in the temperature would vary from the preceding
equations in this region, and Ea would no longer rely linearly on V. To investigate the SBH,
we can find the voltage where Ea stops varying linearly with Vg, which is given by Ea = g¢go.
Das and colleagues[43] used this approach for the extraction of SBH when they used MoS:
semiconductors with various metal-based electrical contacts. Metal junctions and phase
engineering of metal electrical contacts in Figure 7a presented that subsurface of MoS> forms
covalent connections with the Mo contacts, which lowers the SBH.[44]. Figure 7b evaluates
the Ti contacts which establish a covalent connection with MoS,, however, the surrounding
layers are disrupted, enhancing contact resistance.[45]. MoSz and Au contacts interact in a vdW
manner, with no change to the carrier mobility there under contact (Figure 7¢).[45] The strong
interaction of Ag with the MoS; layers during the annealing of Ag lowers the contact
resistance[46] and the monolayer MoS: is changed from the 2H semiconducting phase to the
1T metallic phase by processing with n-butyl lithium in the patterned contact areas before metal
deposition, which significantly lowers the contact resistance as presented in Figure 7d, e.[47]
Liu and colleagues[5d] designed a vdW metal-semiconductor interface. The atomically smooth
metal electrodes have been fabricated as well as physically attached to the 2D semiconductors
without direct chemical bonding to eliminate bonding disorder as well as defect-induced gap
states. Figure 8a depicts the fabrication process. To summarize, on a silicon substrate, metal
electrodes with varying work functions were initially created.

They could be mechanically separated from the substrate and had an atomically smooth surface.
Following that, a mechanical exfoliation approach was used to exfoliate 4 to 20 nm MoS,.
PMMA in this work is a dielectric and critical for maintaining intrinsic electrical characteristics

of MoS;, unlike a traditional MoS2/SiO2 contact with several dangling bond states. Following

12
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that, the metal electrodes were transferred over the layers of MoS», subsequently resulting in an
atomically sharp and clean interface of 2D semiconductor/metal electrode. The benefits of this
vdW integration of 2D semiconductors and metal thin-film electrodes might assist in
overcoming the limitations of traditional FLP and produce an interface that is close to the ideal
physical model.

In aspects of the surface of the semiconductor, Tamm and Shockley state that predominate a
covalent semiconductor surface with surface reconstructions or rich surface dangling bonds
could be eliminated by the dangling-bond-free surface of the 2D semiconductors. Furthermore,
a dangling-bond-free 2D semiconductor surface can avoid developing residues, defects, strains,
and the associated defect-induced gap states by physically transferring pre-fabricated metal
electrodes instead of using traditional lithography or deposition fabrication techniques. This is
evident in cross-sectional transmission electron microscopy (TEM) images, where the
deposited metal/MoS; interfaces exhibit significant defects, strain, disorder, and metal diffusion
(Figure 8f-h) in contrast to the transferred metal/MoS: junctions (Figure 8b-d), which have an
atomically clean and sharp interface. The interface dipoles and metal-induced gap states can be
significantly suppressed by physical contact rather than by direct chemical bonding.
Researchers physically removed the transferred electrode materials from MoS; and did
electrical measurements to reveal the weak van der walls coupling just at the interface. The core
semiconductor is unchanged and maintains its original appearance (Figure 8e). In comparison,
the metallic electrical contacts with underpinning MoS, commonly form a solid chemical bond
with the Au-S bondings which was leading to a glassy layer where inter-diffusion and strain
predominate. The underlying MoS; is destroyed simultaneously with the mechanical peeling of
the deposited metal electrodes (Figure 8i). Compelling evidence of perfect interfaces also
includes retainable integration and separation of metal and 2D semiconductor junctions,

whereby two layers nearby maintain their separated states despite specific chemical connections.
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Saidi and colleagues[48] investigated the Pd/MoS: and Pt/MoS:; interfaces. They employed
semi-local DFT following semi-empirical dispersion modifications. Their results revealed that
the metals’ adhesion property toward a MoS; decreases as metal thickness increases. The effect
of electrical contact strain on device characteristics is explained by the d-band model. Even
though the d-band model predicts that the interface stability will decrease as more metal layers
are deposited, the Pt/MoS; contacts exhibit significant anomalous stability on the deposition of
two metal monolayers for all examined strains. In contrast, Pd/MoS: displays the anticipated
results based on the d-band model for unstrained and tensile strained lattices. The results are
explained by taking into account the charge decomposition-validated second-nearest-neighbor
effect that links MoS, with the subsurface metal layers. Furthermore, the significantly high
dipole moment and cohesive energy of Pt in comparison to Pd, which also ultimately resulted
in a larger charge reaction in the subsurface layers, are attributed as the basis for the differences
between Pd and Pt. The electrocatalytic activity of Pt/MoS: toward the hydrogen evolution
reaction is much higher than that of Pt catalysts with the same Pt loading, as previously
demonstrated. Based on the latest findings, it is anticipated either that strain or metal with

varying thicknesses may be used to tailor the catalytic performance of MoS..

4. Electrical contact resistance

One of the main challenges in the fabrication of 2D electrical and optical devices is the high
contact resistance inside the interfaces of 2D semiconductors and metal-based electrodes.[49]
Improving electrical contacts through engineering has emerged as a major research goal. In 2D
material-based electronics, significant steps have been taken to improve the flow of current via
contacts.

According to Banerjee and colleagues[49a], the physics of electron emission differs
significantly from that of ordinary 3D materials due to lower dimensionality as well as the

unique electronic features of 2D materials. The thermionic emission of charge carriers across
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metal/2D semiconductor Schottky contact (Figure 9a) is found to be generally governed by a
current-temperature (J-T) scaling law,[50] In (J /T?) = A-B/T, where A and B are
material/device dependent parameters, and 3 = 1 or 3/2 for a vertical or lateral Schottky contact,
respectively. For 2D semiconductors, such as atomically thin MoS, the thermionic emission is

governed by Eq. 8. [50]

ZeGJBOkBT

_ kpT _ OBo—¢F
Jth(V,T) = nth2h2Vi (1 + G)Bg) exp( kgT ) Eq.8 [50]

Intrinsic SBH is denoted as ®By. VF is Fermi velocity and its value is 1.1 x 106 m/s for 2D
monolayered MoS:.€F is associated with the Fermi level, the time of carrier injection is T = 0.1
to 10 ps.[51] In the case of 3D materials, Eq. 8 significantly deviates from the conventional RD
thermionic law: In(J3p/T2) o< 1/T.[5a]

Sze and colleagues[5b] presented the Shockley diode equation which would be improved in

Eq. 9 based on the detailed-balance principle.

Jap(V,T) = Jth(V, T) [exp (55) - 1] Eq.9 [5b, 52]

kpT
The comprehensive 2D Shockley diode equation Eq. 9 signifies 2D electronic systems.[50]

In perspective, for the 3D Shockley diode equation, which is significantly founded on the
standard 3D RD thermionic law: J3p(V, T) = Jro(V, T) [exp(eV/ksT) -1], where Jrp(V, T) =

(4nm” k?g%/h3)T? exp[- (®po — €r)/ksT] and m" = 0.54me, m. is the mass of an electron. [53]

dl; (x) oV (x) —1; (®)Rsn1

0. - —w]c (%), o — W Eq. 10
dl; (%) Vv, (%) —L,(®)Rgn >

PR e p VA Eq. 11

One of the primary obstacles in the creation of high-performance 2D material-based electronic
and optoelectronic devices is the design of efficient electrical contacts with 2D materials. A
computational investigation of the electrical contact interface resistance and distribution of the
current flow at the interface of the 2D semiconductors and 3D electrical metal contacts has been

presented, in addition to various 2D semiconductor materials. Various electrical contact
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resistance models have been designed for numerous types of contact interfaces, e.g., 2D/2D
metal/semiconductor and 2D/3D metal/semiconductor on behalf of a self-assisted transmission
line principle which was linked with a thermionic charge injection and first principles
simulation by DFT for 2D semiconductors. It is discovered that the roughness of the contact
interface, shown as varying Schottky barrier heights can dramatically reduce the contact
resistance in the contact region of MoS>/metal Schottky electrical contacts (2D/3D). Therefore,
roughness management can be utilized to lower contact resistance in 2D materials-based
electrical interfaces.

According to experimental findings, the electrical resistance is mainly influenced by the metal
contact, the number of layers, and the 2D contact. It is hard to compare the contact resistance
values reported in the literature since the available data sets frequently differ by more than one
parameter. Despite the availability of results obtained using various metals, it is challenging to
determine from this meta-analysis which metal provides the best contact with a given material.
The comprehensive literature review concluded that minimal Rc values could be got for MoS»
as a function of the number of layers as compared to other members of 2D materials.[18b, 35a,
54] There is a clear trend that Rc drops sharply as thickness rises. This should not be unexpected
because larger SBs are predicted to result from the wider bandgap in thinner flakes. We can
evaluate contact resistances at comparable sheet resistances to make for a better correlation.
The electrical contact resistance at the point of weak-coupling limit is the interface resistivity
rc between the 2D semiconductor and 3D electrical contact have units of ohms per square meter
(©Q m2). On the other hand, the sheet resistance of a 2D semiconductor (p?) has units of ohms
per square (QO).[55] In the case of diffusive contact, charge carrier ions are diffused in a
different direction inside the semiconductor and metal interface before being kicked in/or out,
and this type of junction (interface) would be described as a ‘resistor network’ as presented in
Figure 10. This is referred to as the ‘transmission line model’.[55-56] It would provide the

following expression (Eq. 12) for contact resistance Rc (in Q m):
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D
R¢ = p?Pr¢ coth(1 /%) Eq. 12

Due to the current saturation, the reliance of Rc on / is nonlinear wherein / is denoted for contact
length. If the contact lengths are significantly more than the transfer length denoted as Lt =
\/m, where Lt indicates the average distance traveled by an electron or hole in the 2D
semiconductor beneath the electrical contact before entering the electrical contact. The contact
resistance representation gets Rc = \/m (in units of Q m), which is not linked or dependent
on contact length. In certain studies, the 'as-measured' resistivity is referenced to as the
'electrical contact resistance' and represented in Q m™ units. Sometimes for the characterization
of electrical contacts, the significant quantity ‘resistance x contact area’ is used, particularly
whenever contacts have a considerable contact length dependence / when / and Lt both have
identical magnitudes.[56b] Longer electron means free path became the cause of failure of the
diffusive approach in graphene, which requires a ballistic approach of contact resistance.

Transition metal dichalcogenides have decreased mean free path which signifies that these
materials obey the transmission line model. Hence it is proved that some part of 2D
semiconductors resistance under the contact (p?° contact) is utilized in the place of p?P in Eq. 12
instead of resistance of the semiconductor channel (p*Pchamnel). However, because of the
increased influence of edge contacts, this approach cannot adequately describe metal contacts
toward multilayers. Researchers have explored the transfer length in mono and multi-layers of
2D semiconductors (MoSz) and the number of layers is 2L to 6L.[54a, 54c] Lt value of MoS>
is about 600 nm[54a] in the monolayer and it is assumed that p?Pcontact = p*Pchannel. Both p?Peontac
and rc can be correctly determined using a more intricate method that is similar to the four-
terminal Kelvin resistor scheme.[54c¢, 55] Lt was approximately 20 to 70 nm for bilayered MoS»
containing Ti-based electrical contacts and as much as 200 nm for 6-layered MoS,.[54c]
Because of the significant influence of the metal contacts, the hypothesis  p?Pcontact = p*Pchannel

collapses in the case of nanostructure channels.

17



WILEY-VCH

S. Numerical modeling of electrical contacts

Modeling and numerical simulation analysis of contact resistance, with a focus on wear issues,
which are coupled with electrical, thermal, and mechanical force, have been carried out.[57] A
comprehensive theory of the electrical conductance at the contact surface is established by
projecting the continuum model onto the surface and accounting for micromechanical factors.
A new model for calculating mechanical and electrical wear is proposed because the wear effect
that results from electrical contacts is also a significant feature. In addition, a new friction rule
is devised that takes into account surface wear damage.
5.1 Electrical conductance modeling
Various parameters, such as pressure, temperature, and wear, have a considerable impact on the
use of electrical contacts. As a result, it is essential to create contact principles that are capable
of predicting the resistance of the electrical contacts and wear.[57] Weibenfels and
colleagues[57] studied electrical contact resistive models and numerical analysis of linked
electrical, thermal, and mechanical fields. They concluded that a pressure-dependent current
density at the electrical contact surface must be formulated to reflect these effects. The current
density proposed is as follows,

Jn = ho(ItnD (@21 Eq. 13
As h,, express the current transfer function which is dependent on contact pressure denoted as
|ty | and contact voltage denoted as (@2 ¢1). Flux tubes are employed to model the points where
contact occurs. These were all equally dispersed and of identical size over the contact surface,
as shown in Figure 11a. The idea of flux tubes was also used for the thermal interactions which
are numerically elaborated as a{,oule = @.Jy (Joule heating). An initial method of modeling
current transfer is conducted by using flux tubes. The impacts of pressure and microscale
geometry are taken into account. A unique approach is suggested in which the current density
is planned onto the contact surface from the continuum. then the form of the current density

occurs at the contact interface.
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Jn = o(@Zeh)/d Eq. 14
Wherever the ¢ denoted for mean electrical conductivity has been calculated by the discrete
conductivities of the two bodies, first body B!, ¢! and second body B?, ¢* correspondingly as

shown in Eq. 15.

010,

= Eqg.15
o, + o, q

The projection is offered by parameter d, which must be simulated. To use the flux tube theory,
the resistivity of a specific location, also known as spreading resistance Ri, is calculated in Eq.

16.

1.05
R j—

i

= Eq.16
4'O_ai q

As aresult, the spreading resistance is proportional to the radius of the efflux tube's contact spot

nominated as a;. The increased contact resistance R. could be calculated by connecting the

resistivities in parallel

Nsp Nsp
L D /R = to > Eq.17
R~ LR =105 LA 4
i=1 i=1
Superscript Nsp signifies the total number of spots. Ohms law is used for Eq. 18. Moreover, in
Eq. 19 A4, is the evident contact area, and the inverse of the diameter is obtained by inserting

the above result.

Jv - d
Ap=R-I=R-Jy - Ay = S Eq.18

Nsp
1 N1 4 o
d_((pz—(p‘l)_oRAal.OSAaZ lai 4
<

Because the asperities diameters are limited, and consequently the pressure is extremely high
also for small loads, deformation of the asperities could be supposed, and the following Eq. 20

and 21 holds.

Yafm  |ty]
= — Eq.20
Aa H, 4
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. 4'0_ ItNI
1.05,/A,m | Hy

In (¢* — oY) Eq.21

If current flows, as shown in the following equation for the continuum, additional heat is
produced, which is known as Joule heating. This influence can also be seen at the interface of
electrical contacts. The heat generated just at the contact interface could be patterned by

expressing the continuum's Joule heating onto the contact surface as shown in Eq. 22 and 23.

D5, = In(@* — @) Eq. 22

A L T
1.05,/A,m+ Hy '

Joule heating inside the continuum and on the contact interface must always be positive because

of the entropy inequality, which would be acceptable because @2, |ty|are always greater than
Zero.

5.2 Modeling of the wear in electrical contacts

_ kFy gT
=

Eq. 24

At this point, the normal force is denoted by Fy and sliding distance is denoted by g;. On the
other hand, H,, is nominated for Vickers hardness. The k Archard wear factor is nominated for
the probability when a particle has been worn away from the surface. It might also be defined
as the number of external surfaces that have been worn away per atomic spacing. The

progression of wear inside the particular instance of arcing is provided by HOLM.[57]

v'v=$v1 Eq. 25

where V' denotes voltage, / denotes current, the proportionality factor is determined by the latent
heat of evaporation, and the factor £ implies how many bonds of a molecule are lost, which can
vary from 0 to 1 and is determined by the materials used as well as the temperature. Smaller
amounts must be employed if every interaction participant acquires a variety of materials. The
factor decreases if there is a significant modification in the heat of evaporation within the two

materials. When the temperature is extremely high, as it is during an arcing event, the value is
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close to one and is typically around 0.2 even when both members are made of similar material.
The dissipation, friction, and Joule heating are clear across both mathematical formulas.

Consequently, a new method for determining the wear quantity is established.

W=$DS- Eq. 26

The total amount of dissipation resulting from friction coefficient sliding and Joule heating is

iven by the formula D = DZ,... + D$ . . The wear rate in a continuum configuration is shown
g y fric Joule g

below for the case of frictional sliding in electrical contacts.

W = éu(qb)FN -g>+ gw Eq. 27

In which the wear-related surface damage is visible. The magnitude of the relationship agrees
well with the data discovered in the literature when the variables of Archard and Holm's wear

model are compared to the model that has been proposed.

k B
ﬁ—;“(@) Eq. 28

The proposed model accounts for the difference with both moderate and severe wear besides
changing the coefficient of friction. The damage parameter, which also varies based on
dissipation and thus on the quantity of wear, keeps changing the coefficient of friction. Because
of the significant heat generated by arcing and the significant portion of worn-off particles that

result, a mass transfer feature must be considered.

6. Materials issues

2D materials have been the focus of scientific and engineering research and development for
the past decades. Strain engineering in 2D materials has now seen a spike of attention, due to
the increasing demand to develop semiconductors at ever-decreasing sizes. Experiments on
strain engineering of 2D materials have demonstrated exciting challenges for classical physics
as well as intriguing implementations, together with future problems, owing to the atomic

nature of 2D materials. Strain engineering has been extensively researched for conventional
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semiconductor materials and is currently consistently used during the fabrication process. In
some materials, wrinkles and buckle delamination bubbles can co-exist and co-evolve by
carefully controlling the degree of induced compressive strain. The localized strain exactly at
the peaks of such buckles and creases, where the bending is greatest, is especially important.
Recent research has shown that targeted strain can change the optical and electrical properties
of 2D materials, such as decreasing the direct band gap in multilayered semiconductors and
shifting the absorbance peak by 0.7 eV for black phosphorus.[58] Certain implementations,
particularly in strain management, unavoidably rely on mechanical characteristics of both
structural response and cognitive functioning. The advantages of the vdW combination of 2D
semiconductors and metal thin-film electrodes should help to overcome the constraints of
conventional FLP and produce an interface that approaches the perfect physical model. The
Tamm and Shockley state typically dominates on a 3D covalent surface of the semiconductor
with so many surface representations or dangling bonds that might first be removed by the
dangling-bond-free interface of a 2D semiconductor. Instead of using conventional combative
fabrication techniques like photolithography or deposition, the physical transference of pre-
fabricated working electrodes provides a moderate "limited energy" approach to material
incorporation. By doing this, defects, stresses, strain, and the accompanying defect-induced gap
states are prevented. The structure of the metal-semiconductor interface must be precisely
controlled to produce repeatable and stable electrical properties.

The majority of well-known 2D phase-change substances come from chalcogenides, which
have multi-layered bulk structures. The growth-processing-service processes ultimately depend
on the phase behavior of 2D materials. It's significant to note that some phase-change 2D
materials might be entropically settled down at extreme temps due to high conformational
entropy (compositional complexity) or stretching vibrations entropy caused by the presence of
soft phonons or powerful lattice anharmonicity, and they might also be steady or

thermodynamically stable at ambient temperature.[59] These methods typically do not take into
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account the entropy input to phase stabilization, and these materials could not be available in
conventional structure forecasting models or from the mining of current crystallography
databases. In integrated memory devices, progress toward high-density integration has still been
significantly hampered by the lack of large-scale, suitable 2D memory materials.[60]
Mechanical exfoliation has been utilized in numerous prior research to create prototype arrays;
however, this method is inappropriate for dense integration.[61] The sole alternative is high-
temperature chemical or physical vapor deposition. Preliminary efforts using chemical vapor
deposition yielded wafer-scale BN and MoS: films, but with material quality trade-offs. There
are voids, impurities, grain boundaries, and atomic misalignments scattered throughout the
films.

Intense research and development have been conducted on improving contact metalization for
bulk silicon, germanium, and compound semiconductor devices, and it is still being done.
Moreover, due to their high specific surface area ratio (high surface-to-volume ratio and small
volume cross-sectional area), the techniques and procedures created for bulk devices should be
re-evaluated for nanostructure-based devices. This would be crucial when incorporating
nanostructures into high-performance electronics. When other aspects of the device are
optimized, the electrode (source and drain) series resistances become a limiting issue. Planar-
geometry NiSi has recently been investigated for contact with (111)-oriented Si nanowires, and
NiSi-based contacts have been established with a specific resistance of 10® Q cm?.[38]
According to this research, Ni reactions with Si nanowires behave differently than they do with
bulk Si. Particularly, the crystallographic orientation of nanowires and their capacity to better
accommodate strain can result in the stabilization of silicide phases that are typically not seen
in thin-film or bulk processes under similar heating conditions.

NiSi is the ideal phase for the aforementioned reasons. Due to the higher Schottky barriers and
sheet resistivity, the unique silicide phases may affect the performance of a device and may

result in catastrophic device failure if significant internal stress causes extended defect
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formation. The orthorhombic Ni»Si phase, which has the greatest inter-diffusion coefficient,
occurs first when a Ni film is placed over a Si substrate and then annealed. The hexagonal 6-
NizSi phase occurs at roughly 300°C when Ni-silicide contacts are made with Si nanowires,
even though this phase is not visible in the bulk until 800°C. This phase lasts up to at least
600°C despite having a difference in the in-plane bond lengths of over 5% along one direction
perpendicular to the metal/nanowire interface; but even so, at 700°C, the silicide forms upwards
and whiskers (which might shorten neighboring devices) and a significant number of twins
because of the high compressive stress. Epitaxial NiSi, forms first and is stable up to 700°C, at
which point NiSi with low-resistivity forms. However, NiSi is probable to revert to NiSiz at
higher temperatures, possibly leaving a very small process window for the favored phase
structure at elevated temperatures. The necessity to probably replace Si with higher mobility
semiconductors for elevated performance devices has sparked an active area of research and
development in improved contact technology for Ge and group III-V compounds.

The inclusion and activation of dopants is a significant material problem that has already been
mentioned in creating metallic contact with nano-materials with controlled electrical properties.
The nano-scale depth and spatial resolution required for uniformly doping nanowires are not
present in bulk devices doping techniques like a surface modification or solid source in-
diffusion, and especially in the case of ion implantation, they also cause severe lattice damage.
The self-limiting feature of particular Si surface reactions is used in a recent method to create
homogeneous, dopant-containing molecular monolayers on the surface of the nanowire.[38]
After being annealed, the dopant diffuses into the main body of the nanowire, and it has been
shown that this can result in a dopant concentration of up to 10! cm™ at a depth of 20 nm. The
packing density of the dopant precursor (1-propylphosphonate) determines the dopant
concentration and results in around 10 times more doping than trioctylphosphine oxide. By
annealing carbon nanotubes on titanium at high temperatures, end-bonded contacts, and metal-

carbon nanotube interactions have been established, however, these contacts have a significant
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Schottky barrier that is roughly equal to half of the bandgap of the nanotubes. It was recently
shown that annealing carbon nanotubes in a vacuum at temperatures exceeding 900K with Pt
electrodes in contact caused a significant decrease in contact resistivity. Thin graphitic layers
on the surface or graphene nanodomains were generated to boost the electronic overlap between
the carbon nanotube and metal, thereby increasing the area of the contact.

Even though there have been several studies on the intercalation of 2D materials for versatile
applications, there are still some problems that necessitate further fundamental investigation in
this quickly developing field.[62] Additionally, choosing the host and guest combination for
intercalation chemistry is not sufficiently apparent to achieve intentional structural alteration.
Therefore, a more thorough investigation of the in-situ mechanism is required to determine the
actual structural modifications that occur during the intercalation. Comparative trials employing
various intercalation schemes can help to achieve this.[63] 2D TMD's three crystalline phases
are presented in Figure 12a. [64] The STS images of 2H, 1T and 1T 'phase measurements of
MoS:; can be seen in Figure 12b-d.[65]

By using the chemical vapor deposition approach, Lukowski and colleagues [66] reported the
creation of a flower-like MoS; nanostructure with a high density of exposed edges directly on
a graphite substrate. After that, 2H-MoS: nanosheets are doped in n-BuLi solution (6 to 48
hours at 60 °C) to transform into the 1T-MoS, phase. This finding opens up intriguing
possibilities for research into nanomaterials used to inject charges into other nanostructures.
One of the major hurdles is the creation of high-efficiency, cost-friendly, and widespread
intercalation technologies. Furthermore, most of the intercalated 2D materials lack stability in
the air. Therefore, stability is a major concern, particularly whenever sensitive intercalants such

as alkali and alkali-earth metals are utilized.

For the development of successful contact engineering strategies, a basic understanding of 2D
interface contact physics, comprising interfacial energy level alignments, transfer length, and

FLP is required. Firstly, the easiest technique is to adjust the energy levels of interfaces to cut
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down the Schottky barriers by carefully choosing 2D materials and metals with matched energy
bands. Moreover, due to interfacial FLP and orbital hybridization in particular 2D/metal
systems, this approach invariably fails. Secondly, new doping approaches which are motivated
through degenerated Si-based devices are also suited to 2D materials-based devices. The dope
2D electrical contacts used these approaches to narrow Schottky barriers and remove FLP.
TMDs, especially those with high polymorphism phase engineering from 2H to 1T can metalize
the metal electrical contact. It is crucial to achieving air-stable metallic 2D contacts for both
phase engineering and contact doping. Thirdly, another effective way for producing atomically
flat surfaces at the contact and altering the interfacial energy level alignments is to insert several
buffering layers in the middle of 2D materials and electrical metal contacts. Fourth, the FLP-
free electrical contacts are designed via 2D materials-based active layers and metallic electrical
contacts having vdWs bonding. The FLP-free contact can also be created without bringing
defects, interfacial stresses, or residues during the manufacture of the device. Fifth, the edge
contact also enhances robust orbital hybridization and narrowing the Schottky barrier and
facilitates the carrier injection characteristic in 2D materials and metal electrical contacts. There
is no lateral overlapping in the 2D semiconductors and metal electrical contacts in this contact

geometry. Moreover, the scaling down of 2D electronic devices can be made easier.[67]

The influence of a substrate on electrical contact conductance is especially interesting for
electronic systems[68] and electrical contacts.[69] 2D materials have already been intensively
researched due to their exceptional physical and chemical characteristics.[70] The features of
2D materials based electrical contacts, on the other hand, are directly connected to the substrate
and extrinsic strain. As a result, the strain may be affected by the type and shape of the substrates,
hence influencing the properties of 2D materials.[71] The substrate's lattice structure and
orientation could be modified to control the optical, electrical, electromagnetic, and chemical
stability.[72] Several substrates including rough, flexible and elastic substrates, have been used.

In the research fields of magnetic detectors, optoelectronic devices and electrochemical
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hydrogen absorption, etc. methods for creating strain and manipulating the materials’ properties
have been introduced. Furthermore, in addition to strain and substrate, a variety of other factors
may influence material qualities. As a result, there still exist difficulties in accurately analyzing
and designing substrate shapes for managing the properties of materials. Moreover, because of
the variety of substrate materials, understanding the influence of substrate materials and
substrate strain on the attributes of 2D electrical contacts is an important issue that must be
solved. As a result, a precise understanding of the link between structure and efficiency is
required. In principle, substrates strain management provides an effective way of managing
material properties while also diversifying its prospective applications. MoS; FETs with
perched substrates, graphene magnetic detectors with terrace substrates, and quantum light
sources with patterned substrates have been investigated. In addition, high-performance
photodetectors[73] and wearable devices based on flexible substrates have been developed.[74]
These devices can help with the application and development of 2D materials in

microelectromechanical systems.

Flexible or soft electronics,[75] that offer the advantages of lightweight, low cost, large area,
and durability, have indeed been created for a variety of purposes, including paper-like
electronics sensors, rollable solar cells, electronics skins, and so on. During manufacturing and
usage, the systems may experience one-time or recurring large deformation. Hu and colleagues
[68] chose three systems to study the substrate effect, from no substrate and elastic substrate to
rigid substrate. The goal of this research was to determine the impact of the substrate on the
graphene contact conductance as determined via an atomic force microscope. At the constant
applied force, the current rises as follows: rigid substrate < elastic substrate <no substrate. They
showed that the substrate support affects graphene/tip contact conductance via substrate
elasticity, which dictates variability of interatomic distances in the contact and contact size, that

adds to interface resistivity. Until now, most flexible electrical devices are organic/inorganic
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hybrids with various materials and designs.[76] There is still a long way to create fully flexible

systems based on 2D electrical contacts.

7. Prospects

Natural curiosity and scientific passion have been the main forces behind 2D electronics
research. Therefore, it may not be proper to evaluate their technical competence. At this
moment, it seems inappropriate to predict on whether and when these 2D materials will rule the
semiconductor market. Fundamentally speaking, these 2D semiconductors can replace
transitional semiconductor materials because of their atomically thin structure, which allows
for rapid scaling and has a specific benefit for energy efficiency. However, a long way still
needs to be travelled before 2D semiconductors can be produced on a wafer scale at
temperatures suitable for back-end processing without sacrificing their excellent quality and
meanwhile ensuring low defect densities.

Significant advancements have been made in producing highly scaled FETs with sub-10 nm
gate lengths and reducing the contact resistance of 2D FETs in response to these unsolved issues.
Diverse contact methods need to be used and tested on large-scale fabrication. Contact length
scaling issues can be resolved by increasing the inter facial resistance and sheet resistance
beneath the contacts. Another vital matter that must be considered is the parasitic capacitance
that the structure and geometry cause. How to make low-resistance contacts for top-gated 2D
FETs is a significant topic that has not yet been investigated a lot in the literature. The lowest
contact resistance is attained in the ON state of a back-gated FET because the global back gate
controls the carrier concentration beneath the contact. However, degenerate doping of the 2D
material beneath the contacts appears to be required since there is no contact gating in top-gated
FETs. Additionally, high-performance p and n-type FETs are required for complementary
circuit implementation, which needs the seamless injection of both holes and electrons into the

appropriate bands of the 2D semiconductor. Due to its ambipolar conduction, WSe: is presently
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one of the most promising materials demonstrating p and n-type performance. Nevertheless,
WSe: devices are still constrained by high contact resistances. It is technically feasible to have
multiple TMDs for n-type and p-type, but doing so will be very complex and undesired.

The true capacity of 2D semiconductors can only be achieved with strong electrical contacts.
The atomic thickness and pristine surfaces make it 2D materials difficult to reduce the contact
resistance. Novel experimental approaches and theoretical models which are suited for 2D
material must be developed. Only with strong electric contacts could 2D semiconductors be
used to their full potential. It is challenging to lower the contact resistance of 2D materials to
their atomic-scale thickness and flawless surfaces. It is essential to develop fresh theoretical
frameworks and empirical evidence that are tailored specifically to the 2D semiconducting
material. This problem's solution has come a long way in recent years. There are a few methods
to make high-quality electrical contacts, but achieving seamless electrical contacts where
natural chemical bonds allow for significantly simpler charge transport and subsequently lower
contact resistances might be most practical. Examples include the preservation of sp?
hybridization at graphene-graphene nanorod junctions or the use of metallic TMDs as covalent
contacts for semiconducting TMDs. Moreover, specific traits of semiconducting materials like
atomic flaws and constituent elements can have an important impact on the device's electrical
properties. Spintronics, a separate study field that focuses entirely on managing contact
resistance would become progressively crucial for TMDs.

In summary, we have discussed the physics and materials science of electrical contact resistance
in 2D materials-based nanoelectronics, interface configurations, charge injection mechanisms,
and numerical modeling of electrical contacts, as well as the most pressing issues that need to

be resolved in the field of research and development in this article.
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Figure 1. Schematic diagram presents the application of typical electrical contacts and various injection

mechanisms in various devices.
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Figure 2. Interface configurations of 2D materials-based electrical contacts. (a) The injection and transport of

electrons and holes inside 2D materials and their electrical contacts. (b) Top contact geometry and (c) edge contact
geometry.
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Various junctions between metal and 2D semiconductors

- NJA N

J

4 )

~
=
~

. |

metallic electrical contact

2 |

metallic electrical contact

Metal electrode-2D bulk semiconductor

Metal electrode-2D MoS, semiconductor

uonezIplgAy puoq JUS[A0))

Metal electrode-2D MoS, semiconductor (hybridization)@

\ 2D MoS, material )

Figure 3. Various junctions between metal and 2D semiconductors. (a) Metal electrode and bulk 2D material-

based interface contact. (b) Metal electrode and 2D multi-layered MoS: interface along vdW gap. (c) Metal

electrode and 2D multi-layered MoS: interface contact along hybridization.
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Various injection mechanisms behind metal and semiconductors
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Figure 4. Various injection mechanisms of metal and 2D semiconductor junctions. (a) Band diagram conventional
electrical metal contact and 2D bulk interface. (b) Metal contact and 2D multi-layered materials interface with

vdW gap. (¢) Metal contact and 2D multi-layered materials interface with hybridization. Reproduced with
permission. [49b] Copyright 2015, Springer Nature.
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Figure 5. (a) Cross-sectional STEM image shows that the Pd forms clean vdW contacts with MoS:. (b) The spacing
between the sulfur and Pd atoms. (c-d) XPS Spectra of Pd-MoS:. (e) Cross-sectional STEM of the Pd forms clean

vdW contacts with few-layered WS: (f) The spacing between the sulfur and Pd atoms at the interface was found
to be 2.3 £ 0.1 A, (g-h) XPS Spectra of Pd-WS: based device. (g, h) TLM results of multilayer MoS, and WSe>

with Pd electrodes. (i, j) Comparison of drain current contact resistance of WSe2 FETs with values reported in

the literature using different methods.[37] Reproduced with permission.[37] Copyright 2022, Springer Nature.
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Approaches for charge injecting and eliminating the SBH
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Figure 6. (a) 2D materials-based charge injecting mechanism. (b-d) The first mechanism is thermionic emission,

and the other is tunneling (field emission) across the SB. Reproduced with permission. [49b] Copyright 2015,
Springer Nature.
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Figure 7. Metal junctions and phase engineering of metal electrical contacts: (a) The subsurface MoS: forms
covalent connections with the Mo contacts, which lowers the SB height.[44] Reproduced with permission.[44]
Copyright 2014, AIP. (b) Ti contacts similarly establish covalent connections with MoS2, however, the
surrounding layers are disrupted, enhancing contact resistance.[45] Reproduced with permission.[45] Copyright
2014, American Chemical Society. (c) MoSz and Au contacts interact in a van der Waals manner, with no change
to the carrier mobility there under contact.[45] Reproduced with permission.[45] Copyright 2014, American
Chemical Society. (d) The strong interaction of Ag with the MoS: layers during the annealing of Ag (250 or
300 °C) lowers the contact resistance.[46] Reproduced with permission.[46] Copyright 2017, AIP. (e) The
monolayer MoS: is changed from the 2H semiconducting phase to the 1T metallic phase by processing with n-
butyl lithium in the patterned contact areas before metal deposition, which significantly lowers the contact
resistance.[47] Reproduced with permission.[47] Copyright 2014, Springer Nature. Reproduced with
permission.[48] Copyright 2014, AIP.
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Figure 8. (a) Metal-semiconductor interface of vdW incorporation is shown graphically: (i) Deposition of metal
on the substrate surface; (ii) Metal peeling off; (iii) Transferring the metal electrode; and (iv) Transferred metal
electrode on top of MoS». (b-e) Metal-semiconductor interfaces with transferred Au electrode upon the top of
MoS:. (f-i) Metal-semiconductor interfaces with evaporated Au electrode upon the top of MoS».[5d] Reproduced
with permission.[5d] Copyright 2018, Nature.
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Figure 9. (a) Right: energy band diagram of 2D semiconductor and metal-based electrical contacts. Left: moderate
overlap of electrical contact of monolayered MoS: and gold, then graphene and MoS: following the model of
transmission-line. (b) Contact resistance (Rc) as a function of Vo (applied voltage) at various T values (B = 0.1
and 0.2 eV). Rc as a function of T for various values of Vo (B =0.1 and 0.2 eV). (¢) Rc concerning applied voltage
(Vo) in the presence of various Schottky electrical contacts. (d) The monolayer MoS»/Au interface at various
standard deviation (SD) values gives specific values of electrical contact resistance. The Schottky barrier height
unevenness is indicated as @p which gives current density as Je(x), and it gives a specific contact resistivity at
interfaces of electrical contacts. (¢) DFT modeling was used to calculate the material characteristics of graphene-

based electrical contacts.[49a] Reproduced with permission.[49a] Copyright 2020, AIP
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Figure 10. The model is represented by the resistor system. p*°contact and p° channel presents the semiconductor

layer resistance in the channel and underneath the contact, accordingly.
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Figure 11. (a) Reflux tube modeling of the electrical contact interface. (b) Single electrical contact resistance is

used to represent single constriction resistances. Reproduced with permission. [57] Copyright 2009, Springer

Nature.
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Figure 12. (a) Three crystalline phases of 2D TMDs.[64] Reproduced with permission.[64] Copyright 2014,
Springer Nature. (b) STS image and measurements of MoS2 2H phase. (c) STS images and measurements of 1T
phase. (d) STS image and measurements of MoSz 1T~ phase.[65] Reproduced with permission.[65] Copyright
2019, Elsevier.
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The physics and materials science of electrical contact resistance in 2D materials-based
nanoelectronics, interface configurations, charge injection mechanisms, and numerical
modeling of electrical contacts, as well as the most pressing issues that need to be resolved in

the field of research and development, are discussed in this article.

Electrical Contacts with 2D Materials: Current Developments and Future Prospects
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