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Abstract: Contact scaling is a major challenge in nano complementary metal-oxide-semiconductor
(CMOS) technology, as the surface roughness, contact size, film thicknesses, and undoped substrate
become more problematic as the technology shrinks to the nanometer range. These factors increase
the contact resistance and the nonlinearity of the current—voltage characteristics, which could limit
the benefits of the further downsizing of CMOS devices. This review discusses issues related to the
contact size reduction of nano CMOS technology and the validity of the Schottky junction model at
the nanoscale. The difficulties, such as the limited doping level and choices of metal for band align-
ment, Fermi-level pinning, and van der Waals gap, in achieving transparent ohmic contacts with
emerging two-dimensional materials are also examined. Finally, various methods for improving
ohmic contacts’ characteristics, such as two-dimensional/metal van der Waals contacts and hybrid
contacts, junction doping technology, phase and bandgap modification effects, buffer layers, are
highlighted.

Keywords: metal/semiconductor contact; Schottky contact; ohmic contact; 2D material/metal
contacts; contact scaling

1. Introduction

Contacts, referring to a metal’s connection to a semiconductor or insulating film, are
integral parts of all electronic devices. To exploit the electronic properties of electronic
devices to a large degree, it is essential to produce ohmic contacts that allow for efficient
and nondistorted signal transmission. Over decades of significant effort, solid theoretical
accomplishments related to metal/semiconductor interfaces, and Schottky junction charge
transport studies, as well as developments in the technological know-how for achieving
good ohmic contacts, during the period from the 1930s to 1950s, contacts for microelec-
tronic devices were not considered a major challenging issue. In the last couple of decades,
contacts reappeared as a challenging issue with the aggressive downsizing of CMOS de-
vices and the introduction of 2D materials, such as graphene, carbon nanotubes, and 2D
transition metal dichalcogenides.

In the era of metal-oxide-semiconductor (MOS) or complementary MOS (CMOS)
technology, many efforts have been devoted to the technology and the structural advance-
ment of devices for the continual downsizing of the gate length and increasing of the in-
tegration density [1-5]. As the feature size of CMOS technology approaches a few na-
nometers, which is considered to be the physical and technological limits, shortening of
the gate length has faced ever-tougher challenges and the pace of downsizing has slowed
down in recent years (see Figure 1). The scaling rule and technology node assignment
have shifted from physical gate length to equivalent gate length [6-8]. For instance, for
the 130 nm technology node, the physical gate length is 65 nm, and the half-pitch width
is 150 nm, implying that the widths of the spacer and the source—drain regions are ap-
proximately 85 nm. For technology beyond the 45 nm technology node, the gate length is
38 nm, and the half-pitch width is 68 nm [5], indicating a more aggressive scaling of the
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contact and spacer regions in later technology nodes. The source-drain contact regions
have been narrowed to reduce the half-pitch size of the MOS transistor even when the
gate length is not scaled according to Moore’s Law. With the FinFET technology intro-
duced for the 28 nm technology node, the technology node assignment was based on the
density level rather than the physical gate length. The 3D structure of FinFET and the
larger effective gate width with a small footprint enables a higher chip density [8-10].
More nonclassical or non-Denard strategies [4], such as GAA/nanosheets, CFET, contact
size reduction, cell size reduction, back power rail, buried power rail, back interconnec-
tion, nano TSV, and stacking or heterogeneous 3D packaging [11] (see Figure 1), will even-
tually be adopted to extend Moore’s Law to the subnanometer range.

Gate Length, Device Size

NBNOS’

Moore’s Law (chip density, performance)

~ C 7eef
e” fcotprintreduction CFET]
Mo Sysrﬁm footprint reduction

10 um 28nm 3nm 0.1nm 0.01 nm
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Figure 1. Illustration of more Moore strategies for downsizing effective technology nodes beyond
the decananometer and subnanometer ranges.

Figure 2 shows the trend in contact scaling toward 1 nm technology. If we assume
the spacer width is 8 nm, then one can estimate that the contact width for 5 nm technology
is approximately 22 nm, which is the most substantial area of the whole transistor. Ac-
cording to the technological roadmap, as expected from the ITRS, the spacer width will
be 6 to 5 nm in the coming technology nodes. An aggressive size reduction of the contact
area is expected. The source and drain contact areas of FinFET structures have decreased
from more than 1300 nm? to approximately 500 cm?, respectively, in the downsizing of the
20 nm technology node to the 5 nm technology node [12]. However, to maintain the per-
formance gains achieved with FinFET technology below the 40 nm CGP range, the contact
resistivity should be smaller than 10~ Q-cm?. This is a challenging issue. A metal/semi-
conductor contact based on thermionic emission does not seem to be able to provide such
a low resistivity value. In addition, it was predicted that for 30 nm CGP technology, the
gate stack’s metal film thickness also needs to be scaled down to 6 nm [13], and the
source/drain contacts for the nanosheet channel should be limited to the several deca-
nanometer range. The surface roughness of the thin films and their contact with silicon
will have some adverse effects. We provide an in-depth discussion of these issues in Sec-
tion 3.
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Figure 2. (a) Definition of contacted gate pitch (CGP) or contact poly pitch (CPP); (b) trends in gate
length, contacted gate length, and contact area downsizing. Data taken from [5,12].

On the other hand, two-dimensional materials are considered promising silicon re-
placements when silicon-based CMOS devices reach their physical limits [14-20]. A recent
focus related to 2D materials are transition metal dichalcogenides (TMDs), such as molyb-
denum disulfide (MoSz) [21-23], ditelluride (MoTe2) [24,25], tungsten diselenide (WSe:)
[26,27], and phosphorene. These emerging 2D materials have an acceptable gap value,
which is unavailable in the first 2D material discovered: graphene. Like graphene, each
monolayer of these materials is connected via the van der Waals force. These materials
exhibit a number of attractive properties, such as high electron mobility, a low optical
absorption coefficient, and high electrical and thermal conductivities. These advanced fea-
tures could enhance the device and circuit performance in various aspects. However, there
are still unresolved challenges related to mass production, complex device design, and
circuit integration [20]. One of the challenges is achieving good ohmic contacts between
2D materials and metals. Unlike silicon, 2D materials have no dangling bonds and can
form ideal contacts with metals. However, because only a few monolayers are thick and
the dopant concentration is far less than that of conventional semiconductors, the contact
resistances of metal/2D materials are much larger than those of conventional semiconduc-
tors. In addition, the new materials have different bandgap and band offsets, which re-
quire nonconventional metals to achieve the required energy level alignment for ohmic
contact. In Section 4, we explore the physics of metal/2D material contacts, recent progress,
and process options for tackling ohmic contact issues.

This review aims to provide a comprehensive overview of metal/semiconductor
Schottky contact theory and its applications to 2D materials. Section 2 introduces the basic
concepts, theoretical background, and assumptions used to develop the current—voltage
model for Schottky contacts. We address some common misconceptions or inappropriate
applications of the Schottky equation to the metal-insulator-semiconductor (MIS) struc-
tures. Section 3 examines the criteria and methods for achieving ohmic contacts and the
scaling effects for contacts down to the decananometer range. Section 4 summarizes the
recent advances in developing ohmic contacts for 2D materials, focusing on comparing
metal van der Waals and hybridization contacts. We also review the techniques for junc-
tion doping, bandgap engineering, and phase engineering of 2D materials for contact op-
timization. Furthermore, we discuss the role of buffer layers in mitigating the Fermi-level
pinning effects and enhancing the contact characteristics. Section 5 explores the
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characteristics of 2D material/Si contacts. Two-dimensional materials on silicon have been
recognized as a feasible prior technology for the widespread application of 2D materials,
which offers a promising way to leverage the advantages of both materials.

2. Schottky Junction

Long before the invention of the transistor, rectifying contacts were discovered and
became a research hot spot [28]. It is known that the contact between a metal and a semi-
conductor has different resistance values depending on the polarity. This property led to
the development of crystal rectifiers, such as copper—cuprous oxide rectifiers, which were
widely used in early AM radio receivers for signal detection. Various theories have been
proposed to model the rectifying characteristics. In particular, works by Nordheim [29],
Frenkel [30], Fowler [31], Schottky [32], and Mott [33] have established a solid foundation
for modern semiconductor physics, especially for current conduction across metal-semi-
conductor and metal-tunnel-oxide-semiconductor contacts. Schottky and Mott state that
the first principle of band alignment and, thus, the barrier height is when two different
materials are brought into contact. The rectifying contact resulting from a metal/semicon-
ductor connection was later named a Schottky junction for the significant contribution of
this widely accepted model.

2.1. Schottky Equation

The key component of the Schottky equation is the thermal emission law, as proposed
by Richardson [34], which was based on experimental results related to the current density
generated from a heated metal wire. The temperature and current dependencies are as
follows:

w
= A*T? — 1
J = AT exp <kT> @
where W is the workfunction of the metal, kT is the thermal voltage, and A* is the
effective Richardson constant. Schottky later modified the expression to include the ef-
fect of an electric field, and its final form is now usually expressed in terms of an applied
voltage, V, as follows [32,33]:

. P, qV
]Schottky =A Tzexp (_ %) exp (k_T) (2)
where g is the electron charge, and @ss is the Schottky barrier.
In the original proposal by Schottky and Mott [32,33], the Schottky barrier is as fol-
lows”

Osp-Dm— ys 3)

Equation (3) provides the energy difference between the metal workfunction, ®u,
and the semiconductor affinity, ys. The relationship is known as the Schottky—Mott rule,
which describes the alignment of the energy bands when the two different materials have
isolated state energies. For the case depicted in Figure 3a, an n-type semiconductor with
an electron affinity smaller than the metal workfunction, equilibrium is achieved by trans-
ferring the electron on the semiconductor’s surface to the metal, as the metal workfunction
is larger than the electron affinity of the semiconductor. The amount of band bending on
the semiconductor’s surface is the same as the energy difference. However, the Schottky—
Mott rule is not always accurate in predicting the barrier height. The Fermi level of the
system tends to be pinned to a fixed position within the semiconductor bandgap, regard-
less of the metal used. This is because the charge distribution at the metal/semiconductor
interface is not simply the sum of the charges on the isolated surfaces. There is also phys-
ical bonding or orbital overlap between the metal and semiconductor atoms, which
changes the surface energy levels from their original values. This phenomenon is called
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Fermi-level pinning [35-37]. Equation (4) approximates the Schottky barrier height with
the FLP effect.
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Figure 3. Metal/n-type semiconductor Schottky contact: (a) equilibrium; (b) forward bias; (c) reverse
bias.

Dsp= (S x Dm-xs) + (1 = S)Dwmics (4)

where ®wigs is the metal-induced gap states (MIGS). The intrinsic surface states and in-
terface dipole of the semiconductor should lead to the same consequence. The parameter
S is the pinning factor, which reflects the strength of the pinning and can be determined
by the slope of the barrier height versus metal workfunction plot, expressed as follows:

S =d®ss/dDm 5)

The barrier height does not depend on the metal workfunction when S = 0. This is the
Schottky—Mott limit when S = 1. However, S is usually much smaller than one for most
common semiconductors. Figure 4 shows how the barrier height changes with different
metal workfunctions from various sources [36,37]. The slope deviates significantly from
the ideal Schottky—Mott rule.
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Figure 4. Plot of the experimental Schottky barrier heights for different metals on n-type Si taken
from various sources. The straight line indicates the Schottky-Mott rule [36]. © 1993 American Vac-
uum Society. Reproduced with permission.

The effective Richardson constant was later treated as a universal constant or the fun-
damental Richardson constant, Ao, which can be calculated by finding the ensemble of
electrons leaving the metal surface at a kinetic energy exceeding the Fermi level of the
metal, where the energy distribution of the electrons in the metal follows the Fermi-Dirac
distribution. The fundamental Richardson constant is constituted by fundamental param-
eters, as follows:

4mgm*k?
(U h3
where m* is the effective mass of an electron, and  is Planck’s constant.

The fundamental Richardson constant, Ao, equals 120 A/cm?/K? when the effective
mass is equal to the fundamental value of the electron mass. However, the effective Rich-
ardson constant, A", extracted from the experimental results using (2), always differs from
the fundamental value, Ao. In the Schottky diode, the thermionic emission from the semi-
conductor, the Richardson constant, is further modified to account for the effective mass
of different bands and band structures of various materials [38]. However, experimental
results over the last 120 years have not shown that A* is a universal constant, even when
taking the effective mass into consideration for the case of thermionic emissions from sem-
iconductors. Instead, it is often treated as an empirical parameter or a fiction of Ao in many
cases. Yet it is sound to consider the constant of a material-dependent parameter because
of the different carrier velocities or lifetimes resulting from different or same materials
prepared under varying conditions. In addition, the emitted electron may be reflected
back to the electrode if we consider the carrier transport as wave propagation. Yet the
aggressive scaling of the junction size in terms of the cross-section and thickness and the
introduction of 2D material could offer an excellent opportunity to further disclose the
mystery of the effective Richardson constant.

The second issue in applying the Schottky equation is that there is a vast list of pub-
lications, including numerous reports on 2D materials based on Schottky diodes or MIS
Schottky diodes, that characterize the Schottky current with the “ideality factor”, n. Taking
the ideality factor into consideration, the Schottky equation becomes [39], as follows:

Dgp qv
— A*T2 27 —_ 7
J=4T eXp( kT)eXp(nkT) @

The ideality factor was first defined in a pn junction diode, which has a solid physical
ground, whereby if the forward current is contributed by the diffusion current only, n=1,

and when carrier generation and recombination (GR) take place, n =2 [39]; n can increase

(6)
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up to 4 if the generation-recombination involves multiple energy levels of defects [40,41].
Thus, n =1 represents an ideal diode, and n > 1 indicates the contribution of a GR current.
The ideality factor indicates the quality of the pn junction diode. In a Schottky diode, alt-
hough the introduction of # can help to improve the fitting of the voltage dependence in
some cases, it is not an indicator of junction quality. It does not have a sound physical or
technical meaning in many cases. The n factor in the Schottky diode equation should be a
reflection of the effectiveness of the barrier surface potential varying with the applied volt-
age. We further elaborate on this issue in Section 2.2.

2.2. Current Conduction in an MIS Diode

The Schottky equation can be used to model the current conduction of an MIS diode.
However, this equation is based on some assumptions that are often overlooked. It is also
suggested that, in some early metal/semiconductor contacts, there may exist some native
thin oxide on the semiconductor’s surface. Fowler suggested that there was a layer of “bad
semiconductor” between a metal and a good semiconductor [31]. Although these pro-
posals were later refuted, it did point to the importance of the interface’s quality in the
contact behavior. A similar situation arose in the recent study of 2D material contacts and
2D material/Si contacts, in which a thin tunneling layer may be present between the metal
and the 2D material. In this case, the Schottky equation can still be used to approximate
the tunneling current in the forward region but with a modified effective Richardson con-
stant that accounts for the tunneling barrier [42]. The modified Schottky equation is as
follows:

s = 40T exp(—/78) exp (~ 722) exp (1) ®

where is the x mean barrier height value between the insulator and the semiconductor
and Jis the tunneling oxide thickness. We can define a new effective Richardson constant
as follows:

A" = Agexp(—/76) )

Note that the current conduction is, in fact, dominated by the direct tunneling of the
carriers over the thin insulating layer. The approximation of the Schottky equation in-
volves modifying the Richardson coefficient with a transmission coefficient, which de-
pends on the barrier height between the silicon and the insulator and the insulator thick-
ness. These two factors are the key parameters that govern the conduction current. In ad-
dition, some effects, such as the minority carrier injection, image force, and quantum
mechanism reflection, are also neglected. This approximation is only valid for a forward
current with V> 3kT/g, because the metal/insulator barrier differs from the silicon/insula-
tor barrier. Some authors have ignored these assumptions and treated the MIS diode as a
regular Schottky diode.

Instead of treating the n factor as an “ideality factor” in (8), it was proposed that the
nonunity # factor could be calculated from the surface potential of the barrier [42]. Defin-
ing n as a change in the surface potential, AV, with respect to the applied voltage (i.e., n =
=V /AV;), and further taking the interface states into consideration, the electrostatic calcu-
lation leads to the following:

(2) G+ apy W)

=1+
n 1+qgD,,6/¢;

where & and & are the permittivities of the insulator and semiconductor, respectively; W
is the depletion layer in the semiconductor surface; and Ds and Dm are the surface state
densities in the equilibrium with the semiconductor and metal, respectively. If the surface
state is negligible, (10) reduces to the following:
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o/ &

=1+
" W/e,

(11)

Thus, large n values, in some cases, are not mysterious; it is only because the electro-
static thickness of the insulating layer, ¢/¢;, is much larger than the electrostatic thickness
of the depletion layer width, W/e;. If we neglect the surface states on the metal side,
which is the case for most MIS diodes, Equation (10) reduces to the following;:

—1+5SS+D 12
n= ei(W qDs) (12)

In this expression, n is a parameter that describes how effectively the barrier surface
potential varies with the applied voltage. It has nothing to do with the generation and
recombination of carriers or the validity of the Schottky current model. Therefore, it is not
an indicator of the ideality of the junction.

In fact, the validity of (8) for the MIS diode is limited. The conduction current should
be more precisely modeled by the direct tunneling current (see Equation (13)) if the insu-
lator layer and barrier height are in the direct tunneling range [43,44].

Jor = Jo (1 - L) exp {_g@ﬁ [1 - (1 - L>3/2]} (13)

20 v Pg

where mi is the electron mass in the oxide; A is the reduced Planck’s constant; and @s is
the barrier height (in electron volts) between the emitting electrode and the oxide.

For the case of thicker insulators or with a smaller voltage applied, tunneling over
the triangular edge (see Figure 3c¢) is also possible. In this situation, the current conduction
is better described with the Fowler-Nordheim (FN) equation, as shown below [45]:

Jen = AE?exp (—B/E) (14)
@ m

_tem)” g,

16
o % (16)

where m. is the electron mass in the free space.

The FN formula has been widely used to explain the conduction behavior of various
thin dielectric films [45]. However, in contact studies including the so-called MIS Schottky
diode, the current-voltage characteristics were often fitted with the modified Schottky
Equation (8) or even the simple Schottky equation in (7) instead of the FN relationship. It
has to be pointed out that the barrier height extracted from these fitting should be inaccu-
rate, and the ideality factor does not carry any technical implications. The effective Rich-
ardson coefficient is also inappropriate in these cases. The current-voltage characteristics
are better described with the FN equation.

3. Ohmic Contact in the Nanoscale

Ohmic contact refers to a metal-semiconductor contact with low and constant re-
sistance regardless of the applied voltage polarity. A low contact resistance and nonrecti-
fying contact enable signals to transmit into and out of a semiconductor device, such as
transistors, LEDs, and solar cells, with minimum distortion. Figure 5a,b illustrate the idea
for achieving an n-type ohmic contact. A small contact barrier can be obtained by choosing
a small metal workfunction. Under forward bias, the electron can be emitted through the
barrier via thermionic emission or Schottky emission. With reverse bias (see Figure 5b),
the barrier height is increased, but a large reverse current is still possible if the barrier
width is narrow enough so that direct tunneling is possible. The ohmic contact has not
been considered a server-challenging issue since the start of silicon technology. The key
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factor governed by the contact resistance can be readily solved with the well-developed
metallization and junction doping technique. The narrow barrier is achieved by heavily
doping the contact region of the semiconductor. In addition, the junction dimensions, in-
cluding the cross-sectional area, junction depth, and metal thickness, are quite large com-
pared to the devices themselves. Figure 5c illustrates the ideal ohmic contact’s character-
istics, practical ohmic contact, and the scaling effect of the contact. As mentioned, to re-
duce the signal loss, the contact resistance should be as small as possible. The current—
voltage (I-V) relationship in the prescribed voltage range should be linear so that it does
not cause signal distribution and harmonics. However, as illustrated in Figure 5a,b, barri-
ers exist in the metal/semiconductor contact; the I-V characteristics are either governed by
thermionic emission or tunneling, which are nonlinear. In addition, because the forward
and reverse conductions are controlled by different mechanisms, the I-V characteristics
are asymmetric. The degrees of nonlinearity and asymmetry may not cause significant
issues when the signal levels are high. However, they could significantly downgrade the
device’s performance when the signal level is low. The contact’s characteristics will fur-
ther seriously deteriorate if the contact size is reduced, the signal level is lowered, and, in
some cases, new materials and fabrication processes are introduced in nanoscale CMOS
technology.
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Figure 5. Ohmic contact and current-conducting mechanisms: (a) forward bias; (b) reverse bias. (c)
Illustration of the current—voltage characteristics of an ideal ohmic contact, practical ohmic contact,
and poor ohmic contact that may result from downsizing.

Figure 6a shows the key parameters and process issues for producing a good ohmic
contact. Generally, ohmic contact has not been a major challenge in CMOS technology
over the past six decades. The contact size is still quite large compared to the conductive
current and applied voltage. Moreover, a suitable metal workfunction is available, and the
semiconductor can be doped to the degeneracy level. However, in the nano CMOS tech-
nology, the situation is changed. To reduce the chip size, every dimension has been scaled
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down. In the “2 nm” technology, even the power rails of the integrated circuit are scaled
and moved to the back side of the IC. Reducing the contact’s cross-sectional area is un-
doubtedly also an attractive option for fitting more transistors in the chip. Some new tech-
nology options, such as the use of high-k gate dielectric materials, will limit the choice of
materials for metal gates [6]. Introducing a nanosheet device structure will result in an
ultra-shallow junction, and heavy junction doping may not be feasible. The thickness of
the metal layer also needs to be reduced. Consequently, the contact interface and the sur-
face roughness of the metal film can become significant factors affecting the contact qual-
ity. The process consequences of contact scaling for nano CMOS technology are illustrated
in Figure 6b.

Workfunction
alignment for

Large size

Limit choices

small barrier ) .
Thick of metal <— Small size -
Shallow /
« Heavily doped e Torscsion e Un-doped
Largs deptn Semiconductor ontac :
Downsizing
Large roughness  Metallic/silicide bonding

Surface state passivation
Smooth surface Metallic/silicide bonding
Surface state passivation

Factors governing good ohmic contact Factors changed with downsizing

(a) (b)

Figure 6. (a) Factors governing the ohmic contact; (b) issues encountered when the device technol-
ogy scales down to the nanometer range.

Figure 7 shows how the physics of a Schottky junction and an ohmic contact can be
affected by scaling down the junction size. The main effects are as follows:

e . . @ Interface states
3 Richardson * /\’L Barrier lowering
Constant reduction
e o 059
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Figure 7. (a) Possible effects resulting from a scaled metal/semiconductor contact; (b) issues associ-
ated with a contact with an interlayer.
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1. Barrier lowering: The barrier height at the interface can be reduced by various factors,
such as image force effects, metal workfunction variation, and surface roughness.
These factors may be negligible in a large junction, but they can have significant im-
pacts in a scaled junction. They can increase the forward current by lowering the po-
tential barrier.

2. Barrier widening: The use of heavily doped contacts may not be possible in a scaled
junction. This can result in a wider tunneling barrier, which reduces the conduction
current under reverse bias.

3. Richardson constant reduction: Thinner metal films are used in a scaled junction,
which can lead to a smaller value of the Richardson constant. This can decrease the
forward current by reducing the thermionic emission.

4. Metal workfunction lowering: experimental results suggest that thinner metal films
have lower workfunctions [46], which can also reduce the barrier height at the inter-
face.

5. Interface states: The presence of interface states can cause Fermi-level pinning, which
affects the barrier height and the band bending. This effect is more pronounced in
thinner films and in unpassivated surfaces.

6. Interface layer: To mitigate the Fermi-level pinning effect or to enable different circuit
design options, such as using 2D materials as interlayer conductors (see Section 4.5),
an interface layer may be used for passivation. This can affect the reverse currents by
changing the tunneling characteristics. The thickness, band offset, and dielectric con-
stant of the interface layer are important parameters for this effect.

3.1. Effects of Junction Doping

The unavailability of a heavily doped contact results in a wider barrier. As shown in
Figure 7a, this reduces the tunneling efficiency. Following the method developed by Yu
[47], we can calculate the contact resistance depending on the dopant concentration. Fig-
ure 8 shows the contact resistance as a function of the dopant concentration. For high do-
pant concentrations (>2.5 x 10" cm?), the contact resistance decreases to the range of 10
to 10 Q-cm?. The current conduction is mainly due to field emission. For low-level doping
(<10 cm3), the contact resistance increases by 5 to 6 orders of magnitude. The current
conduction is mainly governed by thermionic emission. In the intermediate doping range,
the current conduction is a combination of thermionic and field emissions. Hence, one
should be aware that the Schottky equation is not always valid, especially when the dop-
ing concentration is high. The field emission needs to be taken into account. On the other
hand, the contact resistance can be significantly reduced when field emission takes place.
Thus, in a nanoscale contact for a 30 nm CPP [12], the ohmic contact regime should shift
from the thermionic region to the field emission and tunneling regimes.
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Figure 8. Illustration of doping concentration dependence of contact resistance involving different

current conduction mechanisms.

3.2. Effects of Interface Roughness

The Schottky current of a metal/semiconductor can exceed the Schottky—Mott limit.
Fundamental calculations show that the metal surface flatness affects the electron cloud
near it [48,49]. It was found that the ratio of electric field fluctuations to the average electric

field, denoted by OE/Es, can be estimated by the following [49]:

ke
SE_ (Leork)?
ES (1 + a(lcork))1+r
0

dk

where Es denotes the electric field resulting from a smooth surface; §E is the increased
electric field due to the surface roughness; k is related to the surface wave vector; A is the
normalized roughness; leor is the normalized correlation length;  is the roughness expo-
nent, which is a measure of the degree of surface irregularity; and a is a proportional con-

stant. See Figure 9 for the definitions of the parameters.
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Figure 9. Definitions of the key roughness parameters and an illustration of the local averaged thick-

ness variation for small-sized devices as a function of the applied field [50].

Figure 9 shows how the roughness parameter, A, and the correlation length, leor, are
normalized by the film thickness, tdel. The normalized roughness A (= rs/tdiel) becomes
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more important for films with similar thicknesses. The correlation length, which measures
the local field variation, is also inversely related to the film thickness, i.e., lcor = Leor /tdiel.
This means that thinner films have larger values of A and l.r and, therefore, larger electric
field fluctuations [50]. However, the surface roughness is not a scalable parameter. When
the film thickness reaches the atomic scale, the cluster size of a polycrystalline structure
affects the surface roughness negatively. The increased local field lowers the effective bar-
rier of the contact, which results in a significant rise in the Schottky emission, Fowler—
Nordheim (FN) tunneling, and Poole-Frenkel (PF) emission [49,50].

One of the factors that affect the electrical properties of metal-insulator-metal (MIM)
structures is the surface roughness of the interfaces. The lower interface (insulator on
metal) tends to be rougher than the upper interface (metal on insulator) due to the crys-
talline nature and the grain size of the metal films, as well as the limitations of the depo-
sition methods, such as evaporation or sputtering. This phenomenon has been known for
decades and persists even in MIM structures with larger dimensions and thicker films
[51-56]. Figure 10 shows an example of how the surface roughness influences the current
conduction of MIM structures. The experiment was performed on TiN/ALOs/TiN MIM
capacitors with identical top and bottom electrodes. Ideally, the Schottky barriers should
be equal, resulting in a symmetric current-voltage characteristic. However, Figure 10b
reveals that the measured I-V characteristic is asymmetric. This is because the bottom and
top barriers have different values: 3.01 eV and 3.65 eV, respectively (see Figure 10a).
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Figure 10. (a) Comparison of the surface thickness fluctuations of a nude TiN sample, TiN with a
20 nm thick Al2Os deposited by 150 °C ALD, and TiN with a 20 nm thick Al2Os deposited by 330 °C
ALD; (b) typical current-voltage characteristics of TiN/ALOs/TiN MIM capacitors showing the
asymmetric forward and reverse leakage currents and bottom electrode dependencies; (c) extraction
of the bottom barrier height from the temperature-dependent forward I-V characteristics; (d) top
barrier from the reverse characteristics [52]. © 2018 Elsevier. Reproduced with permission.

The electrical properties of metal/semiconductor contacts strongly depend on the
metal film thickness and, also, the method of deposition [46]. These effects may be partly
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related to the surface roughness. Figure 11 shows how the Schottky barrier height and
Richardson constant vary with the metal thickness and deposition process. For an evapo-
rated sample with a 100 A thickness (see Figure 11a), the Cu electrode has a barrier height
of approximately 0.58 eV and a Richardson constant close to the theoretical value of 112
A/cm?/K2. Both parameters increase sharply and reach their saturation values of about
twice the theoretical value for the Richardson constant and 0.62 eV for the barrier height
for films thicker than 200 A. For the sputtered Cu film (see Figure 11b), the theoretical
Richardson value is maintained up to 200 A. It increases almost exponentially as the film
becomes thicker. The Richardson constant rises to about 1700 A/cm?/K?, which is approx-
imately 15 times the theoretical value, and the barrier height to 0.71 eV for 800 A thick Cu
films. Toyama attributed the difference to the high kinetic energies of Cu atoms during
sputtering but did not provide further explanation. It is unclear how the kinetic energies
of metal atoms can affect the Schottky characteristics. Unlike thermal evaporation, sput-
tering involves metal atoms with much higher kinetic energy. However, these results
should be caused by other factors. Generally, the sputtering process produces a smaller
grain size of the deposited metal clusters than the evaporated ones. Another important
factor is that thin film sputtering is usually conducted in a low vacuum, resulting in a
higher oxygen content in the film than evaporation. Evaporated films have larger grain
sizes than sputtered films, which leads to a higher surface roughness. This could account
for the lower barrier height observed in the evaporated films than the sputtered ones. The
same mechanism can also explain the effect of the film thickness. A thicker film would
have a smoother surface and, thus, a higher barrier height.
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Figure 11. The metal thickness and deposition process are dependent on the Schottky barrier height
and Richardson constant: (a) Cu-Si contacts by evaporation; (b) sputtered Cu-Si contacts prepared
by sputtering. Redrawn based on [46].

Furthermore, because of the high oxygen content in the sputtered films, the electrons’
film will be strongly bounded to the oxygen because of the greater electronegativity of the
oxygen; as a result, it makes the thermionic emission of electrons more difficult. Theoret-
ical calculations have shown that the workfunction of the Cu-O system is larger than that
of pure copper [57]. The experimental results show that both the barrier height and the
effective Richardson constant decreased. Factors such as the barrier height inhomogeneity
and effective mass variation may have some effects [36,37], but they cannot, however, ac-
count for such a large difference in the effective Richardson constant. Because the effective
Richardson constant has the same trend as the barrier height in terms of the thickness
dependencies, one may infer that the effective Richardson constant is a function of the
barrier height. Nevertheless, these results imply that the conduction current of an ul-
trathin metal/semiconductor contact at low voltage is lower than that of a thick metal con-
tact. However, at high voltage, the situation is reversed, and the thin contact has a higher
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conduction current than the thick contact. Therefore, the nonlinearity of the I-V character-
istics will be further deteriorated. The process dependence also becomes more significant
as smaller size contacts and thinner metals are used. In the nano CMOS process, the met-
allization will gradually be replaced by the atomic layer deposition (ALD). The ALD pro-
cess can produce films with high thickness uniformity and conformal coverage. However,
ALD metal films are usually polycrystalline and have large grain sizes. This implies that
the surface roughness will be high if the film thickness and contact cross-section are in the
order of several hundred nanometers [58]. Figure 12 illustrates some examples of copper
films deposited by the ALD process; in the worst case, the RMS roughness is 21 nm for a
4.7 nm thick film. This high roughness of the metal film would result in significant barrier
lowering and lead to a large fluctuation in the contact resistance. Thus, preparing a metal
film with low roughness could be the key issue for smaller-sized contacts.
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Figure 12. AFM picture of atomic layer deposition of copper on Ru substrates: (a) 5.1 nm with an
RMS roughness of 1.5 nm; (b) 3.4 nm thick with an RMS roughness of 3.4 nm; (c) 4.7 nm thick with
an RMS roughness of 21 nm [58]. © 2016 Electrochemical Society. Reproduced with permission.

In summary, contacts have become one of the major challenges in nano CMOS tech-
nology. The challenge comes from the requirement of achieving an even lower contact
resistance with the aggressively reduced contact area and film thickness. This challenge is
exacerbated by the device structure’s evolution, such as the transition from planar to Fin-
FET and nanosheet architectures. Moreover, the fabrication process changes, such as the
introduction of high-k/metal gate stack and the thin film deposition techniques, also pose
difficulties for contact engineering in nano CMOS technology.

4. Contacts for 2D Materials
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Two-dimensional materials, especially transition metal dichalcogenides (TMDs),
such as molybdenum disulfide (MoSz) [21-23], ditelluride (MoTez) [24,25], tungsten
diselenide (WSe2) [26,27], and phosphorene, are considered to be possible replacements
for silicon when silicon-based CMOS devices reach their physical limits [15-20]. These
materials, which have high electron mobility, low optical absorption coefficient, and high
electrical and thermal conductivities, could enhance the device and circuit performance
in many aspects. However, there are still unresolved challenges related to mass produc-
tion, complex device design, and circuit integration [15,16].

Most of the reported 2D-material-based devices are currently much bigger than
CMOS technology, even though 2D materials are often linked to nanodevices and nano-
technology in the literature. Achieving a good ohmic contact at the submicrometer scale
is still a difficult problem. Because the films are only a few monolayers thick and the do-
pant concentration is far less than that of conventional semiconductors, the contact re-
sistances of metal/2D materials are much larger than that of conventional semiconductors
(see Figure 13). Shen et al. reported an ultralow resistance ohmic contact based on semi-
metallic bismuth on monolayer TMD materials. The Schottky barrier height was reduced
to a zero voltage [59]. There is a large body of literature on 2D-material-based Schottky
contact devices from over the last decade [60-65]. Many results have been obtained using
the simple Schottky—Mott rule, neglecting the technological issues and other mechanisms
related to the charge transport over the barrier, resulting in inaccurate and inappropriate
results for the barrier height and pinning parameter. For example, the wide scatter of the
pinning parameter versus metal workfunction plot, as shown in Figure 14, for the 2D ma-
terial, provided by Wang et al. [62], is an indication of the improper treatment or interpre-
tation of the experimental data from this simple junction. Although 2D materials have
atomically flat surfaces and minimal dangling bonds or charge traps, which are advanta-
geous for ohmic contact formation, 2D materials are difficult to dope heavily, and
metal/2D material contacts are not as good as metal/Si contacts. The contact resistance is
high even with a much larger surface area. These issues need to be addressed before 2D-
material-based devices can be scaled down to the nanoscale. The high contact resistance
and the nonlinear current-voltage characteristics of the contact could limit low-voltage
and high-performance circuit applications.
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Figure 14. Plot of the pinning parameter S versus the metal workfunction range (AWw) of various
2D materials from various sources. The labels “2L” and “3L” in brackets denote a bilayer and tri-
layer, respectively [62]. © 2021 Springer Nature.

Figure 15 shows the main features and challenges of metal/2D material contacts,
which are summarized as follows:

Metal
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Figure 15. Illustration of the issues and features associated with metal-2D material (MoSz, as an
example) contacts.
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7. van der Waals gap: This is a tunneling barrier between the metal and the 2D material
that allows for the tunneling of electrons. Some 2D materials may also form strong
bonds with the metal or by overlapping their orbitals.

8. 2D contact: This is a common method of connecting 2D material from the top, but it
has a high resistance per area because the current flows parallel to the 2D plane, not
perpendicular to it. A top contact is easier to achieve because it involves depositing
metal on the surface of the 2D materials and patterning it with standard photolithog-
raphy.

9. Hybridization and edge contact: This is a better alternative to the 2D contact, as it
creates a physical bond and a direct current path along the surface of the 2D material.
However, it is challenging to achieve, because it requires the precise alignment and
deposition of metal on very thin edges. Some 2D materials may also form strong
bonds with the metal or by overlapping their orbitals.

10. Doping: 2D materials cannot be doped in the conventional ways, and it is hard to
dope heavily.

11. Metal intercalation: This is a process of incorporating metal atoms into the gaps of
multilayer 2D materials. The dopants contribute to the current's conduction and can
improve the contact’s conductivity.

12. Surface defects: These are imperfections, such as sulfur (S) vacancy in MoS:, on the
2D material surface that can trap charges and pin the Fermi level, affecting the contact
potential and resistance.

13. Layer-dependent bandgap: The bandgap and the contact potential of the 2D material
vary with the number of layers. This can be exploited to tune the contact properties
by changing the layer thickness in the contact region.

14. Phase modification: Some 2D materials can switch among different phases that have
distinct electrical properties. For instance, the 2H phase of TMDs is semiconducting,
while the 1T and 1TO0 phases are metallic. By changing the contact region to a metallic
phase, the contact conductivity can be enhanced significantly.
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15. Bulffer layer insertion: inserting a buffer layer between the metal and the 2D material
can help reduce the effects of the van der Waals gap and the metal-induced gap states.
16. Metal workfunction selection: To achieve good ohmic contact with both n-type and
p-type 2D materials, various unconventional metals, such as In, Mg, Ag, Pd, Sc, and

Ti, have been explored. However, not much work has addressed the issues of stabil-

ity, reliability, and potential process contamination. For digital circuit applications,

one must consider whether these metals can produce the desired threshold voltages
for n-type and p-type transistors.

In the remaining part of this section, we further elaborate on these issues. The recent
progress on techniques to improve these 2D materials/metal contacts is highlighted. The
discussion is categorized into five subsections: (1) metal van der Waals contacts and hy-
bridization contacts; (2) junction doping; (3) bandgap modification; (4) phase modifica-
tion; (5) Fermi-level pinning and buffer layers.

4.1. Metal van der Waals Contacts and Hybridized Contacts

One of the challenges in fabricating devices based on 2D materials is to ensure a good
contact between the 2D lattice and the 3D metal electrodes, without damaging the 2D
structure or creating interface defects. To address this issue, some researchers have devel-
oped techniques to integrate 3D metal layers with 2D materials using van der Waals
(vdWs) forces. These techniques preserve the integrity of the 2D lattice and avoid chemical
bonding. For example, Liu et al. [63] devised a novel method to transfer atomically smooth
metal layers onto 2D semiconductors. The procedure involved patterning and depositing
the metal layer on an atomically flat Si substrate, then covering it with a PMMA film to
enable its detachment. Afterward, a PDMS stamp was employed to lift the PMMA-coated
metal layer and align it precisely on the target surface of the 2D material. On the basis of
this method, the Schottky barrier height obtained was close to the Schottky-Mott model
and had a large pinning factor of 0.96 (see Figure 16). In contrast, when the metal contact
was made using direct evaporation, the barrier height was much smaller, and the pinning
factor was reduced to 0.09. However, the metal transfer method is not a mass production
technique. For an actual integrated circuit, the surface profile will be highly uneven, and
the coverage and air gaps on the step edges will be an unresolvable issue. Wang and
coworkers also presented a simple technique to produce van der Waals contacts on single-
layer MoS: using Au-capped In as the contact material, and the contact resistance is
around 3.3 £ 0.3 kQ-mm [64].
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Figure 16. Comparison of metal/MoS: Schottky barrier contacts produced by thermal evaporation
and transferred from predeposition on atomically flat silicon surface [63]. © 2018 Springer Nature.
Reproduced with permission.

From a fabrication process and device operation point of view, there should be a bet-
ter approach to achieving covalent bonding between 2D materials and metals. An intimate
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contact would help to eliminate the interfacial tunneling barrier and enhance the carrier
injection efficiency. Side or edge contacts on 2D materials are one way to obtain these
kinds of metal/2D material contacts. The edge contacts can be fabricated by using either
top-down or bottom-up approaches. In a top-down scheme, an insulating layer, such as
AlLOs or h-BN, is first deposited on the 2D channel. It is then selectively etched to expose
the 2D edges. It was reported that edge-contacted graphene FETs can have a contact re-
sistance as low as 100 {)-mm while maintaining a high charge carrier mobility [66]. Yang
et al. also demonstrated 1D edge contacts on few-layer MoS: and found a high pinning
factor of ~0.975 for MoSx-based FETs with different edge contact metals [67]. The bottom-
up approach involves growing 2D materials from 3D metal seeds or another 2D metal
material. This method can produce high-quality and uniform edge contacts, which im-
prove the conductivity and mobilities of TMD-based devices [68,69].

Some metal/2D material contacts are not thermally stable. The contact characteristics
are affected by the interface interaction. McDonnell et al. observed a thin layer of TiO:
when Ti was deposited on MoS:2 with a vacuum pressure of 10 mbar. This layer was
found to have a negligible conduction band offset with MoS: and resulted in a low contact
resistance [70]. However, when Ti was deposited in an ultrahigh vacuum of 10 mbar, the
Ti atoms reacted with MoSz, and a TixSy phase formed, which resulted in a much larger
contact resistance. The formation of TiOz should be due to the residual oxygen or water
molecules in the vacuum system or metal. The thin TiO: layer inhibits the direct chemical
reaction of Ti and S. At an ultrahigh vacuum, the oxygen and water residuals are signifi-
cantly reduced, and the direct reaction of Ti and S is possible. TixSy has poor electrical
conductivity. However, Au/MoS: contacts were also found to be dependent on the depo-
sition pressure. English et al. found that Au contacts deposited at 10 torr had the lowest
contact resistance of 740 Q-mm, which is three times smaller than those deposited at 10-¢
torr [71]. Yet this difference can also be attributed to a reduced impurity absorption at the
interface under high vacuum. The different surface roughnesses of the as-deposited Au
films prepared by other deposition pressures should be the major cause of the different
contact resistance values.

To realize CMOS devices with 2D-material-based transistors, achieving both n-type
and p-type devices on a single-type 2D material and with the same metal contacts is es-
sential. It was discovered that the polarity of multilayer MoTe: encapsulated in h-BN can
be varied by applying thermal annealing at different temperatures [72]. Liu and coworkers
found that the MoTe:2 device changed from a p-type to an n-type conduction after anneal-
ing in N2 at 150 °C. In particularly, the electron Schottky barrier decreased to 340 meV,
and the hole barrier increased to 560 meV [72]. They attributed these changes to the an-
nealing-induced interfacial bond hybridization of the Au/MoTe: contacts. Hence, an inter-
face reaction or interface hybridization could be a way to reduce the contact resistance of
2D/metal contacts. It is worth a comprehensive study.

4.2. Junction Doping

High substrate doping has been the key strategy in conventional semiconductor tech-
nology to achieve ohmic contacts in CMOS technology. Conventional semiconductors can
use different doping techniques, such as ion implantation and plasma immersion ion im-
plantation [1], to increase the doping concentration to a degeneracy level. However, these
methods are not compatible with 2D materials that have only a few atomic layers. A more
effective doping method for 2D materials is spontaneous charge transfer doping (SCTD)
[73,74]. For p-type doping, the energy difference between the top of the valance band of
the 2D material and the lowest unoccupied molecular orbital (LUMO) of the surface dop-
ing will cause electron transfer, which leads to hole accumulation and the lifting upward
of the valence band in the semiconductor surface region. Similarly, suppose the bottom of
the conduction band of the 2D material is below the highest occupied molecular orbital
(HOMO) of the surface dopant; electrons will transfer from the HOMO of the surface do-
pant to the conduction band of the semiconductor and result in the electron doping. A
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wide range of dopants for various 2D materials are available [73]. For instance, by im-
mersing WSz or MoS:z in pure 1,2-dichloroethane (DCE) at room temperature, n-type dop-
ing with chlorine atoms was obtained [74]. The doping was due to filling sulfur vacancies
with ClI in these 2D materials. With Ni metal contacts, the contact resistance values of the
doped devices decrease significantly (see Figure 17) to 0.7 kQ-mm and 0.5 kQ-mm, respec-
tively, for WS2 and MoSe. This improvement is attributed to the thinning of the Schottky
barrier because of the high carrier concentration from the semiconductor’s side.
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Figure 17. Comparison of the Cl doping’s effect on the contact resistance of WSz and MoS: contacts:
(a) plot of the contact resistances as a function of the gap spacing between two electrodes; (b) sche-
matic band diagram of the doping effects of the studied contacts. The Fermi level was pinned close
to the charge neutrality level (CNL) before doping, and the Fermi level moved upward in the heavily
doped 2D materials [74]. © 2014 American Chemical Society. Reproduced with permission.

Plasma doping is another method to achieve contact doping for 2D devices [75,76].
Under hydrogen plasma irradiation, Tosun et al. demonstrated that Se vacancies are pro-
duced in WSe: crystals [75]. As shown in Figure 18, after 12 s hydrogen plasma treatment,
the Er — Ev increased from 0.73 eV to approximately 1.19 eV, which represents a doping
level of over 4 x 107 cm™ at room temperature. The near-degeneracy doping level leads to
a better contact performance. For a thick device with ten monolayers of WSe:, the contact
resistance is as low as 4.4 kQ-um [75]. Similarly, Kang et al. obtained ohmic contacts for
p-type WSe: FETs with oxygen plasma treatment [76]. The O: plasma irradiation formed
a WQO:s intermediate layer with a larger workfunction, which provided a good contact for
p-type WSe: FETs. It was found that a focused light beam can also cause local oxidation
of a MoTe: film [77]. The oxidized film had a higher hole concentration, improving the p-
type semiconductor/metal contact region. The optical technique has the advantage of pre-
cise control, but the increased hole level is still large enough for good ohmic contact. Other
nonconventional doping techniques, such as ionic liquids and polymer electrolytes [78—
80], do not seem suitable for mass production.
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Figure 18. Various characteristics produced by hydrogen plasma treatment of WSe2 2D materials:
(a,b) evidence of Se reduction with a reduced Se 3d XPS peak intensity and energy shift of W 4f
spectra; (c) Se/W ratio as a function of the plasma treatment time; (d) normalized valence band spec-

tra; (e,f) change in the Fermi level and the electron doping concentration as a function of the plasma
treatment’s duration [75]. © 2016 American Chemical Society. Reproduced with permission.

4.3. Bandgap Modification and Band Alignment

Band alignment can be achieved by selecting a metal with a suitable workfunction.
Previous studies have shown that the contact potential depends on the type of surface
termination [81]. For top contacts with a monolayer of MoSs, the Fermi-level pinning is
close to the conduction band edge, and n-type Schottky barriers are formed (See Figure
19a). In this case, Al, In, and Mg may be good candidates for ohmic contacts. The edge
contacts, either armchair or zigzag termination of Mo and S atoms, result in a Fermi-level
pinning near the valence band, and p-type Schottky barriers are formed (see Figure 19b—

n-type
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Figure 19. Theoretical Schottky barrier height for various metals in different contacts with mono-
layer MoS2: (a) top contact; (b) edge contact through connecting Mo and S atoms at an armchair
termination; (c,d) edge contact through connecting Mo and S atoms at a zigzag termination, respec-
tively [81]. © 2019 Royal Society of Chemistry. Reproduced with permission.
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Two-dimensional material has a distinct nature in that the bandgap can be readily
tuned by stacking a different number of 2D monolayers. The bandgaps of 2D materials
vary with the number of layers and their stacking configurations, which influences the
quantum confinement effects. On the basis of the first-principles calculations, Wickrama-
ratne et al. found that the band gap of a single monolayer of hexagonal boron nitride (h-
BN) is a direct bandgap semiconductor; the gap becomes indirect for multiple layers [82].
The positions of the band edges, with respect to the vacuum level, shift by 0.5 eV for the
direct-to-indirect transition (see Figure 20). Thickness-dependent bandgap characteristics
were also found in other 2D materials. A comprehensive study was conducted by Li and
coworkers in an attempt to optimize the MoS: field-effect transistor’s fabrication [83]. Fig-
ure 21a shows the bias dependency of area contact resistivity (oc) extracted from the MoS:
field-effect transistor with a different numbers of MoS2 monolayers [83]. A turn-around
behavior on the number of MoS: monolayers was observed (see Figure 21b). This obser-
vation was explained in terms of the different junction depths for a thicker MoSz, which
affects the carrier distribution and injection path (see Figure 21c). However, it is not suffi-
cient to explain the contact resistivity change unless the barrier height increase is consid-
ered. As shown in Figure 21e, the slope of the resistivity changes with the film thickness,
and modifying the barrier height will result in a better fitting. The change in the barrier
height results in different carrier injection mechanisms: thermal emission and thermal
field emission resulting from the different values of the band offsets. The thickness-de-
pendent bandgap (E;) and the barrier height (¢s) of Au/MoS: contacts are shown in Figure
21f, and the energy-level alignment at Au/MoS: interfaces for different MoS: thicknesses
is shown in Figure 21g. The barrier height dropped from 0.65 eV to 0.33 eV, leading to a
higher contact resistance, as the MoS: thickness grew from one monolayer to five mono-
layers. However, for MoS: thicker than five monolayers, the trend changed. The material
began to act more like a bulk material than a 2D material, and the inactive layers increased
the contact resistance. These results suggest a simple way to reduce the Schottky barrier
by choosing 2D materials with a suitable thickness. This unique feature leads to an im-
portant processing option, which should have several potential applications for future de-
vice technology. For example, it enables bandgap and barrier engineering for devices such
as Schottky diodes, photodetectors, or solar cells. It can also allow for the customization
of the channel materials for field-effect transistors. Moreover, as this review discusses, it
can provide a technological solution for contact engineering. This unique feature is not
possible in traditional CMOS technology.
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Figure 20. Variation in the bandgap and changes in the gap types of hexagonal boron nitride with
different monolayers calculated from the first principle [82]. © 2018 American Chemical Society.
Reproduced with permission.
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Figure 21. Demonstration of the dependence of the specific contact resistivity on the MoS: thickness:
(a) gate bias dependence; (b) thickness dependence; (c) carrier distribution and injection path; (d)
carrier injection mechanisms; (e) experimental data indicating the change in the barrier height; (f)
plot of the barrier height as a function of the bandgap; (g) illustration of the energy-level alignment
at Au/MoS: interfaces for different MoS: thicknesses [83]. © 2014 American Chemical Society. Re-
produced with permission.

4.4. Phase Modification

Two-dimensional materials can exist in different crystal structures or phases. Differ-
ent phases have different electronic and optical properties and, thus, different metal con-
tact behaviors as well [84,85]. For example, 2H-TMDs are semiconducting materials with
a trigonal prismatic structure, while 1T and 1TO0 phases are metallic materials with an oc-
tahedral structure. Using n-butyllithium to induce a phase transition from 2H to 1T or
1TO in a MoS: nanosheet, Kappera et al. achieved a significant reduction in contact re-
sistance to 0.24 kQ-pm [85]. Sun et al. also reported similar results with a 1T" phase contact
in MoS: [86]. In contrast, molybdenum ditelluride (MoTez) has a very small energy differ-
ence (~35 meV) between the 2H and 1T0 phases in a single layer, which enables a low
barrier metal/MoTez contact with the 1T0 phase [87]. Qi et al. demonstrated an ohmic con-
tact with a very low Au/MoTe: barrier height of 10 meV with a thermal anneal-induced
phase transition [88]. Using a laser-induced phase transition, the metallic monoclinic 1T’
phase of MoTe2 was obtained from the 2H phase MoTe: by Cho et al. [89]. It was reported
that the barrier can be reduced from 0.2 eV to 0.01 eV by changing the 2H contact to a 1T’
contact [89]. The significantly reduced Schottky barrier leads to high conductivity and an
increase in the carrier mobility of the MoTez transistor by 50 times [89].

4.5. Fermi-Level Pinning and Buffer Layer

The interface states at two-dimensional material/metal interfaces can affect the per-
formance of two-dimensional devices. These states include metal-induced gap states
(MIGS) and defect states, which can induce Fermi-level pinning (FLP) at the interface and
hinder the carrier injection efficiency. Fermi-level pinning causes adverse effects in 2D
material/metal contacts. It was proposed to be one of the main reasons for the experi-
mental observations of large contact resistance. The origins of the FLP effect at the 2D
material/metal interface should be due to several causes. As mentioned, the barrier height
of a metal/semiconductor contact can be tailored by the proper choice of metal with the
desired workfunctions according to the Schottky—-Mott rule. However, the principle is not
always valid because of the Fermi-level pinning effect. Similar to Fermi-level pinning in a
high-defect Si/metal oxide interface, intrinsic defects or impurities, such as sulfur
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vacancies or surface metal-like impurities on TMD materials, can act as electron donors
[90]. In addition, various physical or chemical processing steps during a device’s fabrica-
tion can also produce various types of damage to the crystalline structure of 2D materials
or trigger interface chemical reactions, which are additional regimes for the Fermi-level
pinning of a contact.

Fermi-level pinning is often considered to arise from metal-induced gap states
(MIGS) as a result of the metal electronic wave function overlapping with the 2D material
at the charge neutrality level of the semiconductor. Guo et al. [91] computed the Schottky
barrier of various metals on transition metal dichalcogenides (TMDs) without intrinsic
defects and found a strong pinning effect with a pinning factor of S =0.3. They attributed
this result to the strong chemical bond between metals and chalcogens [91]. This type of
FLP effect was verified by scanning tunneling microscopy (STM) experiments and theo-
retical models [92]. Kerelsky et al. showed the existence of MIGS in MoS: using scanning
tunneling spectroscopy (STS) to measure the local density of states (LDOS) along the
2D/metal interface. The LDOS gap decreases as the contact edge becomes closer [92].

A buffer layer can reduce the effects of metal-induced gap states (MIGS) by creating
a matching layer between the 2D material and the metal. This idea was inspired by previ-
ous work on high-performance metal-insulator-semiconductor (MIS) diodes [33,42]. The
buffer layer prevents the metal wave function from penetrating the semiconductor mate-
rial, which lowers the MIGS density. Moreover, if the buffer layer is an insulator, it can
balance the charge at the interface and shift the Fermi-level closer to the charge neutrality
level, which further decreases the effective Schottky barrier height. However, as given in
Figure 7, the buffer layer should be thin enough to allow for efficient tunneling and have
good interface quality with both the 2D material and the metal. The buffer layer can be
metallic, semiconducting, or insulating.

One of the most often used buffer materials for 2D material/metal contacts is gra-
phene. Graphene has a semi-metallic nature and a tunable workfunction. By inserting pre-
patterned single-layer graphene between MoS: and metal, Chee and co-workers created a
sandwich contact structure for MoS:2 FETs [93]. The graphene layer enhanced the contact
between MoS: and Ag significantly. The Schottky barrier height was reduced to 190 meV
due to the charge transfer from Ag to graphene that matched the Fermi level of graphene
with a conduction band edge of MoS.. This increased the electron mobility by almost three
times. Graphene is not the only metallic 2D material that can act as an interfacial buffer
layer to achieve ohmic contacts for 2D-material-based devices. Other examples include
NbSz, WTez, and heavily p-doped Wse2 or MoS:2 [94-96]. Metal oxides, such as TiOz, Ta20s,
MgO, and ZnO, are also suitable for metal/insulator/2D semiconductor structures [97-99].
A buffer layer thickness dependence study was conducted for the MoS»/Ta20s/Ti structure.
By inserting a Ta2Os layer with different thicknesses up to 5 nm for the MoSz/metal contact,
Lee et al. [99] found that the contact resistance first decreases as the Ta20s buffer layer
increases (see Figure 22). For increases in the buffer layer thickness to 2 nm, the contact
resistance increased (see Figure 22g). The conductivity improvement is explained by the
de-pinning effect, as shown in Figure 22e, and the barrier-lowering effect due to the inter-
face dipole (see Figure 22f). When the Ta20s thickness was greater than 2 nm, the contact
resistance also increased as the tunneling probability decreased with the thicker buffer
layer. Therefore, there is an optimal range of the buffer layer thickness for minimizing the
contact resistance of the MoS2/Ta20s/Ti structure. Many previous studies have neglected
the bandgap or band offset between the insulator and semiconductor in their analysis.
However, as discussed in Section 2, in relation to (8), these factors also affect the tunneling
probability at the semiconductor/insulator interface. Therefore, they should be considered
important parameters for optimizing the process.
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Figure 22. Effects of the Ta20s buffer layer on the contact characteristics of Au-Ti/MoS:z contacts: (a,b)
device structure, layout, and scales; (c) resistance value as a function of the contact separation; (d-
f) explanation of the Fermi-level pinning and the impact of the Taz20s buffer layer; (g) plot of the
measured specific contact resistivity, oc, as a function of the Ta2Os dielectric thickness [99]. © 2016
American Chemical Society. Reproduced with permission.

Shen et al. recently discovered that a Bi semimetal layer sandwiched between the
MoS: and Au electrode can effectively lower the MIGS density and the contact resistance
[59]. This is because the Bi Fermi level is slightly above the conduction band edge of MoS;,
resulting in a negligible barrier height and a high potential for achieving good ohmic con-
tacts. Moreover, the density functional theory (DFT) calculation shows that the p- orbital
of Bi resonates with the p. and d-? orbitals of MoS;, shifting the Fermi level of MoS: into
the conduction band and creating a degenerate state of MoS: (see Figure 23a). In this situ-
ation, the MIGS are fully saturated with electrons, and as the valence band states decrease
faster than the MIGS increase (see Figure 23b), this, in effect, reduces the MIGS level [59].
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Figure 23. Density functional theory calculation results of the projected local density of states
(PLDOS) of the MoS: (top), MoS: in contact with Bi (middle), Bi (bottom); (b) change in PLDOS of
different orbitals in the valence band and MIGS region [59]. © 2021 Springer Nature. Reproduced
with permission.
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One of the challenges in fabricating MIS devices based on 2D materials is the diffi-
culty of growing a uniform oxide layer on 2D materials due to the lack of evenly distrib-
uted surface dangling bonds [100,101]. A possible solution to this challenge is to use hex-
agonal boron nitride (h-BN) as an interlayer. Wang et al. [91] demonstrated that inserting
one or two layers of h-BN between Ni and MoS: can significantly reduce the Schottky
barrier from 158 meV to 31 meV and, consequently, lower the contact resistance from 5.1
kQ-mm to 1.8 kQ-mm. Similarly, by inserting a h-BN layer between MoTe: and Sc, a high-
performance n-type MoTe: FET was achieved [101]. One way to gain better control of the
threshold voltage and reliability in CMOS technology is to use surface or dangling bond
passivation. This technique can also be applied to 2D materials. Cho et al. demonstrated
chemisorbed thiol molecules as a tunneling layer at the interface between MoS: and metal
[102]. Thiol molecules can eliminate interface states that result from sulfur vacancies and
create additional tunneling channels for charge injection through field emission. This low-
ers the interface barrier and enables ohmic contacts.

5. 2D Contact with Silicon

The current 2D-material-based electron devices are still much larger than state-of-
the-art CMOS technology. There is a lack of mass production and large-scale integration
technology for these devices. Therefore, it is unlikely that 2D-material-based ICs will re-
place the mainstream silicon technology in the next ten years. However, it is highly pos-
sible that some 2D materials will be integrated with Si technology to overcome some of
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the limitations of CMOS devices and fabrication technology and to enhance the perfor-
mance of silicon devices. For instance, using 2D materials instead of the expensive indium
tin oxide (ITO) films in photonic devices could be a promising option for 2D materials/Si
technology integration. Graphene-silicon solar cells have been extensively studied since
the discovery of graphene [103-105]. However, some fundamental issues of the gra-
phene/silicon interface are still not well understood. Some puzzling issues, such as the
wide variations in Schottky barrier height and large fluctuations in the ideality factor
(from ~1 to 30), were observed in this simple structure [41,96]. These wide ranges in pa-
rameter values suggest that some additional physical mechanisms in addition to the
Schottky emission should be considered.

The interface between 2D material and silicon has a unique nature that is not common
in the conventional silicon process and is also unknown to the 2D material community
[41]. Figure 23 shows the different types of material interfaces [41]. Two-dimensional ma-
terials, such as graphene, have a much lower surface defect density than most conven-
tional semiconductor materials. However, silicon has many dangling bonds on its surface.
The van der Waals contact of the graphene/Si interface would leave a large number of
unpassivated silicon dangling bonds. Figure 24a depicts a freshly etched <100> silicon sur-
face full of silicon dangling bonds, also called Pwo centers or denoted as =Si. [106-108]. A
Pro center can capture both electrons and holes. It is an amphoteric defect center. Thus, it
would contribute to the current conduction in both forward and reverse biases. In MOS
transistors or Si technology, defects can be readily passivated with well-developed form-
ing gas annealing. In the forming gas annealed Si surface or Si/SiO: interface, the defects
are passivated with a hydrogen- or water-related hydroxyl group (see Figure 24b). The
defect density can be greatly reduced If the surface is oxidized (see Figure 24c) or bonded
to other materials, such as metal (see Figure 24d). Figure 24ef illustrate the graphene/Si
contact. Graphene may be able to form covalent bonds, such as in Gr/SiC structures and
edge contact, as mentioned in Section 4.1. For 2D van der Waals contacts, there is no strong
physical bonding, either covalent or ionic, between the silicon and the 2D graphene layer.
This is a distinct contact that cannot be found in conventional semiconductor contacts.
Because the silicon dangling bonds are unpassivated, the number of defects is significantly
higher than that of other interfaces. This results in significant Fermi-level pinning. How-
ever, as the hexagonal openings in the graphene lattice are so small that most of the atoms
or molecules are too large to pass through them, the defects are physically isolated from
other materials. This model was used to explain the unusual current-voltage characteris-
tics of graphene/Si contacts [41].
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Figure 24. Six different surfaces/contacts with Si: (a) bare silicon surface and surface dangling bonds
or Pro centers; (b) Pwo centers passivated with hydrogen and hydroxyl; (c) silicon covered by silicon
oxide; (d) metal/Si contact; (e) graphene/Si contact; (f) Si/carbon covalent contact [41]. © 2021 Else-
vier. Reproduced with permission.

Figure 25 shows the forward current-voltage characteristics of 2D material/Si
Schottky junctions from different sources [41,100]. We can see that these I-V curves do not
follow the expected Schottky behavior. The Schottky equations do not fit the current well,
and the ideality factors from the fitting are very large and inconsistent. This may be due
to the oxide layers or interface defects in the junctions [41]. These factors can affect the
charge transport mechanisms, such as thermionic emission, thermionic field emission, or
tunneling, and increase the junction current, especially at high bias voltages. Figure 26
illustrates how P centers can contribute to the current’s conduction under both forward
and reverse biases [41]. The main current under forward bias is caused by the thermionic
emission of electrons from the silicon conduction band to the graphene conduction band
via mechanism (1). Some of these electrons may be trapped by the Pw centers, as shown
in mechanism (2). The trapped electrons may be emitted into the conduction band of gra-
phene via mechanism (3). These charge transport processes can result in abnormal values
of the effective barrier height and ideality factor if one fits the I-V characteristics with the
Schottky equation as provided in (7) or (8). Additional physical mechanisms in addition
to the Schottky emission should be considered, which also implies possible techniques for
improvements in the contact characteristics.
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Figure 25. Abnormal current—voltage characteristics of a graphene/n-type Si Schottky diode taken
from Ref. [41] (a) and Ref.[109] (b). © 2021, 2022, Elsevier. Reproduced with permission.
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Figure 26. The involvement of silicon Pro centers in the current conduction of graphene/Si junctions:
(a) equilibrium; (b) forward bias; (c) reverse bias [41]. © 2021 Elsevier. Reproduced with permission.

In summary, the interface between 2D materials and silicon is different than other
interfaces. The contact behavior and the contact stability depend mainly on the surface
properties of the silicon, especially the surface defects and how they are treated. The
Schottky equation is not very accurate for describing the current flow in this case.

6. Concluding Remarks

As CMOS technology further shrinks to the nanoscale range in the coming techno-
logical nodes, aggressive contact scaling is indispensable. This scaling will lead to some
poor contacts because of the more significant impact of the surface roughness, contact size
reduction, and the nonscalability of film interfaces, as well as the use of undoped sub-
strates. These factors lead to higher contact resistance and larger characteristic nonlinear-
ity, which could hinder performance improvement in further-scaled CMOS devices and
integrated circuits. On the other hand, although the emerging two-dimensional materials
with smooth surfaces and dangling-bond-free nature have the potential to offer better ma-
terial interfaces and form good electrical contacts, achieving signal transparent ohmic con-
tacts is still a big challenge. The contacts between two-dimensional materials and semi-
conductors, as well as between two-dimensional materials and metals, usually have large
Schottky barriers, and they do not follow the Schottky—Mott rule due to surface defects
pinning the Fermi level and the van der Waals nature of the material interfaces.

In this review, we examined some of the theoretical background of metal/semicon-
ductor contacts and highlight the validity of the Schottky equation. Then, we discussed
the issues associated with reducing the contact size and the effects of a nanometer CMOS
device’s structure and fabrication technique on ohmic contacts. We provided a systematic
survey of the recent advancements and technological trends in contact engineering, such
as phase and bandgap engineering, 2D/metal van der Waals contacts and hybrid contacts,
junction doping technology, contacts with a buffer layer, for emerging 2D materials. This
technological overview should offer new insight and solutions for overcoming contact
scaling issues and facilitates the technological development for abridging the 2D materials
with future CMOS technology.
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Nomenclature

2D Two Dimensional

3D Three Dimensional

ALD Atomic Layer Deposition

AM Amplitude Modulation

BN Boron Nitride

CFET Complementary Field-Effect Transistor
CGP Contacted Gate Pitch

CMOS Complementary Metal-Metal-Semiconductor
CPP Contact-Poly Pitch

DCE Dichloroethane

DFT Density Functional Theory

FET Field-Effect Transistor

FinFET Fin Field-Effect Transistor

FLP Fermi-Level Pinning

FN Fowler—Nordheim

GAA Gate-All-Around

GR Generation and Recombination
HOMO Highest-Occupied Molecular Orbital
IC Integrated Circuit

ITRS International Technology Roadmap for Semiconductors
I-v Current-Voltage (Characteristics)
LDOS Local Density of States

LED Light-Emitting Diode

LUMO Lowest Unoccupied Molecular Orbital
MIGS Metal-Induced Gap States

MIM Metal-Insulator-Metal

MIS Metal-Insulator-Semiconductor

MOS Metal-Oxide-Metal-Semiconductor
PDMS Polydimethylsiloxane

PF Poole-Frenkel (emission)

PLDOS Projected Local Density of States
PMMA Polymethylmethacrylate

SCTD Spontaneous Charge Transfer Doping
STM Scanning Tunneling Microscopy

STS Scanning Tunneling Spectroscopy
TMD Transition Metal Dichalcogenide

TSV Through Silicon Via
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