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Abstract— Since the discovery of graphene in 2004,
which proved the existence of 2-D crystals in nature, layered
materials also known as van der Waals solids have received
extensive reexamination, especially in the single-layer and
multilayer forms because of their van der Waals type struc-
ture and unique properties that not only benefit many exist-
ing electronic components but also enable novel device
concepts and design architectures. Numerous research
efforts have been invested in these materials, and enormous
quantities of results have been generated during the past
14 years. This paper provides an overview of the key physics
and technology issues along with the most promising nano-
electronic applications of these materials and also identifies
the challenges in this rapidly evolving field.

Index Terms— 2-D layered materials, 3-D integration,
black phosphorus (BP), field-effect transistor (FET),
graphene, hexagonal boron nitride (h-BN), inductor,
intercalation, interconnect, IoT, logic, low-frequency
noise, memory, neuromorphic, scaling, sensor, synthesis,
transition metal dichalcogenide (TMD), van der Waals
heterostructures, very large scale integration (VLSI).

I. INTRODUCTION

THE discovery of low-dimensional (with respect to the
conventional 3-D or bulk materials) materials has trig-

gered tremendous research surge, not only among material sci-
entists and physicists but also in the electronic/optoelectronic
device communities, because the unique physics and prop-
erties of these materials can enable novel and interesting
nanoelectronic/optoelectronic applications. Before the 21st
century, 0-D and 1-D materials, specifically fullerene (such
as buckminsterfullerene and C60) [1] in 1985 and carbon nan-
otube (CNT) [2] in 1991, respectively, had been successively
discovered, while 2-D materials remained the only missing
family in the low-dimensional material system. Theorists had
arguably attributed the missing 2-D form to its thermodynamic
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instability in nature [3]. Although the electronic structure
and properties of graphene [a single layer (1L) of carbon
atoms and the earliest discovered member of the 2-D material
family] were theoretically predicted by Wallace [4], and 1L
carbon foils had been described by Boehm et al. [5], it was
not until the beginning of the 21st century (in 2004/2005)
when Novoselov et al. [6], [7] accidentally found that graphene
and other 2-D crystals, such as 1L transition metal dichalco-
genides (TMDs), can be stable at room temperature. This
breakthrough triggered unprecedentedly broad and intensive
research efforts across the world, not only because of the
unexplored 2-D physics but also due to the significantly easier
manufacturability of planar 2-D, compared to 0-D and 1-D
materials. Benefiting from such a vigorous research environ-
ment, the theoretical infrastructure of 2-D physics was quickly
established within the first several years [8], [9] following
the discovery of graphene in 2004, and its swift recognition
with the Nobel Prize in 2010. Subsequently, a number of
exciting applications [10], [11] such as graphene-based mole-
cular filter, graphene photon detector, graphene spintronics,
atomically thin-body 2-D field-effect transistors (FETs), TMD
valleytronics, and 2-D topological insulator were proposed.
“All 2-D” circuits combining graphene interconnects with
TMD transistors were also proposed [11]. During the past
decade, researchers have been focused on improving and
innovating these 2-D technologies. Some of the applications
have achieved great progress toward large-scale production,
while others still require more research efforts to prove their
potential as well as practicality. Therefore, at this moment,
a review of the motivation, progress, and remaining challenges
of these 2-D technologies, as well as in-depth analysis for
overcoming the challenges, is highly desirable for researchers
in this field. This paper aims at providing such a review,
exclusively focused on the 2-D nanoelectronics domain.

This paper is organized as follows. Section II provides
a brief introduction to the fundamentals of 2-D materials.
Section III reviews the core elements of 2-D electronics—
2-D-FETs, as well as their derivatives including memory,
sensors, and memristors, along with 2-D-tunnel-FETs (TFETs)
for low-power (LP) electronics. 2-D interconnects that serve
as the skeleton of 2-D electronic circuits are analyzed in
Section IV. Passive devices, mainly inductors and capacitors,
that uniquely exploit 2-D physics and properties are reviewed
in Section V. Section VI discusses the ultimate scal-
ing scenario—3-D integration of 2-D layered electronics.
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Fig. 1. (a) Broad 2-D material family [10]. (b) Unit cell, basis, and bond length of graphene. (c) Atomic orbitals of graphene. (d) Band structure
of graphene, in which the energy dispersion (e) is linear for low energies near the six corners (Dirac points) of the 2-D hexagonal Brillouin zone.
(f) Energy dispersion of a GNR, in which a bandgap can be engineered by varying the width, due to carrier confinement. (g) Lattice structure of TMDs
from different views. (h) Band structure of typical TMDs such as MoS2 and WSe2. (i) DOS variation with reduced material dimension. (j) Mobility
reduction with material thickness. Recently obtained electron mobility of 1L CVD MoS2 and WSe2, by improving material quality, are also shown,
indicating that the improvement space of 2-D materials is large. Data for MoS2, Si, Ge, and WSe2 are obtained from [17]–[20], respectively.

Section VII briefly discusses 2-D material synthesis. Conclud-
ing remarks are provided in Section VIII.

II. FUNDAMENTALS OF 2-D LAYERED MATERIALS

In nature, more than 1800 types of layered materials among
108,423 experimentally known 3-D compounds have been
found [12] through density functional theory calculations,
to be “exfoliable” to 1L or multilayer (ML) (<10 nm) form,
which are referred to as 2-D materials in this paper, if not
specified otherwise. 2-D material family is so broad that almost
all conduction mechanisms (metal, semimetal, semiconductor,
insulator, superconductor, and topological insulator) can be
found within the family, as shown in Fig. 1(a). This paper
only covers those that are relevant to nanoelectronic devices,
specifically, the semi-metallic graphene, insulating hexago-
nal boron nitride (h-BN), semiconducting/metallic TMDs,
graphene nanoribbon (GNR), and black phosphorus (BP).
Despite the diversity in the band structure, all 2-D materials
share three common features. First, adjacent layers are held
together by the relatively weak van der Waals bonds, while
strong valence bonds firmly pack the in-plane (or in-layer)
atoms together. The second feature is the atomic scale and uni-
form thickness (0.34–0.7 nm) of each layer that allows ultra-
flexible and transparent electronics/optoelectronics. The third
common feature is the pristine (or dangling bond free) surface.
The combination of the first and the third features allow 2-D
materials to be exfoliated akin to “peeling of onions,” in con-

trast to the “potato slicing” manner of thinning the bulk mate-
rials (such as Si, Ge, and III–V compound semiconductors).

Graphene is formed by a 1L of carbon atoms (0.34 nm thick)
arranged in a 2-D hexagonal (honeycomb) lattice. Fig. 1(b)
schematically shows the basis (composed of two distinct types
of carbon atoms, A and B), the parallelogram unit cell and the
bond length (∼1.42 Å) of graphene. As shown in Fig. 1(c),
each carbon atom shares three electrons with three nearest
neighbors in the form of sp2 bonding, forming the in-plane
σ band. The σ band determines graphene’s structural and
vibrational properties, such as its thermal conductivity and
Young’s modulus but does not contribute to its electrical
properties. The strong coupling (hopping energy ∼ 3 eV)
between remaining pz orbitals of carbon atoms form the
π bands that impart graphene its exceptional electrical con-
ductivity. These bands are featured with a peculiar linear E-k
relation around the Dirac point and a zero bandgap, as shown
in Fig. 1(d) and (e).

GNR is a narrow (<10 nm) strip of graphene with an
intentionally designed spatial confinement along the width
direction, thereby opening up a bandgap (Eg = 1.4/w eV,
w is in the unit of nanometers) [13], as shown in Fig. 1(f).
GNRs have been extensively studied for many LP applications,
such as logic FETs. The bandgap in GNR allows the ON/OFF

current ratio of GNR FETs to be larger than four orders, which
is beyond the capability of zero bandgap graphene.

1L h-BN [14] and BP [15] have similar lattice structure
as graphene, the difference is that in h-BN, B and N atoms
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TABLE I
BASIC PARAMETERS OF SEVERAL TYPICAL 2-D MATERIALS.

Eg IS BANDGAP, me/h IS ELECTRON/HOLE TRANSPORT

EFFECTIVE MASS ALONG x/y-DIRECTION.
T1L REPRESENTS THE THICKNESS

OF 1L 2-D MATERIAL

replace carbon in the A and B positions in Fig. 1(b), while
in BP, two P atoms at A and B positions are in different
basal planes. Such breakup of lattice symmetry results in the
asymmetric band structure with a bandgap of around 5 and
1.6 eV for h-BN and BP, respectively. Due to its large bandgap,
h-BN is usually employed as an insulator in electron devices,
such as the gate dielectric or substrate in FETs. BP is a highly
anisotropic semiconductor (dissimilar effective mass along the
x- and y-directions) and has been identified as a promising
channel material (with mobility more than 1000 cm2/(V·s))
for high-performance (HP) FETs [15], [16].

TMDs have two types of atoms, M and X, which are
arranged in a 2-D honeycomb array within the TMD plane,
and in an X-M-X sandwich form normal to the TMD plane,
as shown from different views in Fig. 1(g). M stands for the
transition metal, such as Mo and W. X stands for chalcogen,
such as O, S, Se, and Te. Each TMD layer has a fixed
and a uniform thickness of ∼0.65 nm. Fig. 1(h) shows the
typical band structure of 1L TMD semiconductors, in which
a parabolic conduction band minima and parabolic valence
band maxima separate, and are both at the high-symmetry K
point in the first Brillouin zone, i.e., typical 1L TMDs have
direct bandgaps (obtained by the first-principle calculations),
in contrast with corresponding bulk TMDs which have indirect
bandgaps. The indirect-to-direct bandgap transition from bulk
TMDs to 1L TMDs is due to the spatial confinement along
the thickness direction.

In Table I, the basic parameters of several typical 2-D
materials are summarized. As shown, typical semiconduct-
ing 2-D materials, MoS2, and WSe2 have relatively large
effective masses, indicating that although the total density
of states (DOS) is reduced due to the reduction of material
dimension [Fig. 1(i)], these 2-D semiconductors can provide
sufficiently large local DOS for electron devices, such as
FETs that are made on material surfaces. On the other hand,
it has been found that 2-D materials suffer less from mobility
degradation, with respect to bulk materials such as Si [18] and
Ge [19], when the material thickness is reduced [Fig. 1(j)].
Note that compared to the mature Si and Ge, the material
quality of 2-D semiconductors still has plenty of room for
mobility improvement, as reflected by the boosting of electron
mobility in synthesized 1L WSe2 [20]. These properties make
2-D materials promising for electron device applications.

III. 2-D-FET AND ITS APPLICATIONS

A. Logic Devices

The 2-D-FET is the most widely studied topic among all
2-D applications. For a typical FET, as schematically shown
in Fig. 2(a), a term called natural length λ [21], which is
essentially a feature length across which the majority of
channel potential is dropped [Fig. 2(b)], can be employed to
estimate the scalability of a specific FET structure. Obviously,
a smaller λ promises better device scalability. According
to the expression of λ [Fig. 2(c)], an ultrasmall channel
thickness Tch is desired, which explains the surge of the
2-D-FET research. However, such rough scalability estimation
is not sufficient. Major metrics for FETs in digital applica-
tions [Fig. 2(d)] such as, ON/OFF currents (ION/IOFF), and
subthreshold swing (SS), have to be derived quantitatively,
for both HP and LP applications. To determine the shortest
channel lengths allowed by 2-D-FETs and TFETs, rigorous
quantum transport simulations were carried out [16], [22], [23]
to evaluate the performance of such FETs in sub-10-nm
channel length scale. As shown in Fig. 2(e), for Lg of up to
5.9 nm, double gate (DG) structure can maintain an acceptable
SS for MoS2 FETs with a number of layers up to 3L,
while single gate silicon-on-insulator (SOI) structure can only
sustain 1L MoS2. In contrast, the SS of Si DG MOSFET
is much worse. It is found that 2L/1L MoS2 provides the
highest performance for HP and LP applications, respectively.
For Lg = 5.9 nm, the optimal effective mass is around
0.3m0, below which the 2-D-FET suffers from source-to-
drain tunneling leakage and above which the carrier velocity
decreases. It is also found that the ultrathin body of 2-D
enables a novel gated Esaki diode (GED) structure for TFETs,
which makes the device scalable to 3 nm. The switching
energy and delay of various sub-10-nm 2-D-FETs are bench-
marked in Fig. 2(f) confirming their potential for ultra LP
computing.

On the experimental front, Radisavljevic et al. [24] imple-
mented the first top-gated 2-D-FET with 1L MoS2, in which
ON/OFF current ratio and SS were reported to be 108 and
74 mV/dec, respectively. Although the mobility of their 1L
MoS2 was subsequently corrected to be ∼10 cm2 · V−1 ·
s−1 [25], it has been effectively enhanced by improving
material quality, and/or engineering the dielectric environ-
ment [26], [27]. Fig. 2(g) summarizes the highest mobility
data from experiments for various 2-D materials [17]–[20],
[26]–[30] along with their bandgaps. Graphene, BP, and tel-
lurene show high mobilities but with zero or low bandgaps,
which limits their application in LP electronics. The mobil-
ities of other 2-D semiconductors are generally lower than
that of bulk semiconductors. However, the latter decreases
rapidly with film thickness, as reflected by the Si data. 2-D
semiconductors become very competitive at 1L and 2L cases.
Note that since the channel width is much larger than the 2D
channel thickness, its effect on mobility is generally negligible
compared to the effect of channel thickness.

Contact plays an important role, especially in short-channel
FETs. The extreme thinness and relatively large bandgap of
2-D TMDs inevitably bring challenges to low-resistance ohmic
contact formation. Most demonstrated 2-D-FETs in the early
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Fig. 2. (a) Typical FET structure. (b) Conduction band profile across source-channel-drain. (c) Formula of natural length λ. Tch and Tox are
the thickness of channel and gate dielectric, respectively. εox/ch represent the respective permittivity values and α captures the gate topology
(single/double/gate-all-around). (d) Transfer characteristics of FETs, and operation regions for HP and LP application. (e) Simulated SS versus Lg for
MoS2 FETs with different number of layers and device structures (SOI and DG). (f) Energy-delay benchmarking of 2-D-FETs and 2-D TFETs. GED
represents gated Esaki diode. The detailed information about the devices included in this plot can be found in [22], [23]. (g) Collected mobility data
from experiments for various 2-D materials as well as several typical bulk semiconductors [17]–[20], [26]–[30]. Those without “(ML)” mark represent
their 1L forms. (h) Transfer characteristics of the state-of-the-art 2-D-FETs demonstrated so far. The 2-D materials not marked as “(1L)” represent
ML forms. Curves in the shaded region are for devices with strong gating (equivalent oxide thickness, EOT < 5 nm) [26], [30], [41], [51], [58], [59].

days were limited by large contact resistance [26], [31]–[33].
Extensive theoretical studies [34]–[38] were performed to
demystify the nature of contacts between various metals and
2-D semiconductors, and valuable knowledge was derived
to bring forward the role of van der Waals gap, d-orbitals
in contact metals, and Fermi level pinning [34] due to
interfacial alloy formation, based on which optimal metals
could be identified for corresponding 2-D materials [37]. The
obtained results are generally consistent with experimental
results [26], [30], [39]. However, contacts to some specific
2-D materials, such as MoS2, that suffer from the Fermi level
pinning effect, cannot be fully optimized by selecting the
proper contact metal only. To address this problem, “seamless
contacts” were proposed [40] and implemented via phase
engineering [41], in which the semiconducting 2H-MoS2 was
converted into metallic 1T-MoS2, thereby lowering the contact
resistance to 0.24 k�·μm, which is comparable with that of the
state-of-the-art Si MOSFETs. However, more research efforts,

such as using advanced passivation technique, are needed to
stabilize the 1T-MoS2 [42].

While the phase engineering on 2-D relies on converting
a portion of the semiconducting channel into metallic,
the junction between semiconducting and metallic part is still
a Schottky junction, which will lead to ambipolar leakage
current, and degraded SS. Therefore, suitable doping technique
is still necessary to convert a Schottky barrier contact into a
transparent ohmic contact, and lower sheet resistance in the
S/D extension regions, thereby making a MOSFET, instead
of a Schottky barrier FET [42]. There have been some efforts
in this direction. For example, researchers introduced surface
adsorbates, such as NO2 [43] and metal particles [44]–[46] that
can transfer charge to the 2-D layers, and achieved a degener-
ate doping level. However, due to the pristine surface of 2-D
materials, surface adsorbates are usually unstable. Compared
to the surface adsorbate approach, recently developed interca-
lation doping [47] is much more stable. The main limitations
of this technique are the relatively long intercalation time
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and irrelevance to 1L 2-D materials. Therefore, nontraditional
approaches should be innovated for doping van der Waals
materials.

Ultrascaled FETs need high-quality thin high-k (HK) dielec-
tric to improve gate control [48]. The pristine surface of 2-D
materials, although beneficial for carrier transport and gate
control efficiency, makes the direct growth of high-quality
thin gate dielectric on top of a 2-D channel challenging. The
effective wetting layer has to be identified for corresponding
2-D materials. In fact, the best scenario is to develop 2-D
layered HK dielectrics. The emerging perovskites have been
found able to generate high capacitance in a capacitor struc-
ture, and thereby were proposed to serve as a gate dielectric for
2-D-FETs [49]. However, it remains unclear if thin perovskites
in FET environment can provide the same capacitance, without
introducing any hysteresis (memory effect of perovskites)
into current–voltage curves. Recently, Chamlagain et al. [50]
reported that 2-D insulating Ta2O5 thermally oxidized from
TaS2 has a dielectric constant of ∼15.5, and could serve as
an effective gate dielectric on MoS2, which is a positive step
toward achieving 2-D dielectric with competitive dielectric
constant with respect to HfO2, although more efforts are
needed to realize a transfer-free process for high-volume
manufacturing.

There have been a few attempts to fabricate ultrashort
channel (10-nm scale) 2-D-FETs [51], [52]. However, they
either employed bottom gate structure or used electron-
beam lithography (EBL) technique to define channel lengths.
As well known, the bottom gate structure and/or EBL lead
to low flexibility/yield, which limits their current use to
prototyping and research. Recently, the first top-gated chem-
ical vapor deposition (CVD) MoS2 short-channel FET was
demonstrated [53], [54] by employing Al2O3 wrapped metallic
nanowire (NW) as a gate. This approach not only avoids EBL
but also enables a gate-first self-aligned process for S/D for-
mation. Further improvement efforts on this approach include
advanced large-scale deterministic placement processes for
NWs [55], [56]. It is interesting to note that almost at the
same time, Desai et al. [57] claimed to have demonstrated a
1-nm gate-length MoS2 FET back-gated with a single-wall
nanotube (SWNT). While this paper demonstrated that channel
charges in a FET can indeed be controlled with a gate electrode
of 1-nm physical length, the demonstrated transistor is not
a self-aligned structure (gate length and channel length are
uncorrelated), which limits its utility in terms of addressing the
transistor scaling problem. Moreover, the low DOS of SWNT
is not ideal to drive high-DOS MoS2 channel, and hence limits
the device ON-current.

Fig. 2(h) shows transfer characteristics of the state-of-the-
art 2-D-FETs made on various 2-D materials, as well as 22-nm
Si HP Fin-FET [26], [30], [41], [51], [58], [59]. In general,
there is still a long way to go before 2-D-FETs can compete
with Si devices. Strong gate (shaded region) and short channel
are required for 2-D-FETs to achieve good performance.
Although BP and tellurene have high mobilities that translate
to high ON currents, they suffer from low bandgaps (in ML
forms) that limits the ON/OFF current ratio. WSe2 appears to
be a promising 2-D material for both n- and p-type device
applications but needs more experimental exploration.

In order to enable 2-D-FETs for large-scale circuit explo-
ration, a comprehensive compact model has been estab-
lished [60], specifically for 2-D-FETs. This model (avail-
able on nanoHUB1) takes into account several practical
issues in most experimentally demonstrated 2-D-FETs, includ-
ing defects, mobility degradation, and insufficient doping
density.

Although 2-D material channel can help to improve the
FET electrostatics, SS is still limited by the thermionic lower
bound of 60 mV/dec at room temperature. The pursuit of
ultralow voltage operation without compromising performance
[Fig. 2(d)] requires the involvement of subthermionic devices
such as negative capacitance (NC) FET [61], electrostrictive
FETs [62], and TFETs. Si et al., recently integrated an NC
layer into 2-D-FETs, and observed low SS [61]. In principle,
a 2-D channel cannot provide sufficient charge density in
the subthreshold regime to induce polarization charge in the
NC layer, and hence gate voltage amplification, thus SS of a 2-
D NC-FET cannot be low. Hence, the observed low SS cannot
be attributed to NC effect. The 2-D electrostrictive FETs
still require experimental justification. TFET performance has
been below expectation for a long time, probably limited
by the intrinsic properties of conventional bulk semiconduc-
tors. Detailed theoretical studies established the benefits of
2-D channel materials for designing TFETs [23], [40], [63].
Aided by these theoretical works, as well as understanding
of interfaces to metal contacts [37]–[39], optimization of
number of layers for improving ON current [30] and gate
dielectrics [48] for 2-D semiconductors, we demonstrated
the first 2-D-channel TFET that innovatively combined the
mature doping process of bulk germanium as the source
and the thin body/pristine interface of a 2-D material as the
channel [64]. This vertical 3-D/2-D (Ge-MoS2) heterojunc-
tion TFET exhibited an unprecedentedly low minimum SS
of 3.9 mV/decade and average SS of ∼30 mV/decade over
four orders of the drain current. These SS values have been
confirmed to be achievable via rigorous band-tail analysis
of 2-D semiconductors and various 2-D–2-D and 3-D–2-D
heterostructures [65]. Although the first prototype 2-D-TFET
exhibits low ON current, the steep SS can be effectively utilized
in LP sensing applications [66], [10]. ON current can be
improved via better heterojunction design and interface quality
control.

Device reliability plays an important role in determining
the aging profile of IC products. The reliability physics of
2-D-FETs has received some preliminary attention [67]–[70].
It was shown that imperfect dielectric environment (e.g., SiO2)
of 2-D channel introduced plenty of remote charge trap
density, and resulted in large transfer characteristics
hysteresis, low frequency noise [70], and bias temperature
instability. The 2-D insulator, h-BN was identified [67]
as an excellent dielectric, in terms of charge trap density,
but the high temperature could lead to rapid charge trap
generation in h-BN. More research is needed to understand
the 2-D-FET reliability physics and suppress potential device
performance degradation.

1https://nanohub.org/publications/51/1
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B. Memory Devices
In addition to switching devices in logic circuits, FETs also

serve as an access device for various memory elements, such
as dynamic random-access memory (DRAM). Currently, the
gate-induced-drain-leakage (GIDL) issue in Si-based DRAM
technology sets a lower bound for the refreshing frequency,
which translates to minimum unavoidable energy dissipation.
Recently, the potential of using 2-D-FETs for access transistors
of DRAM [71] was explored. It was shown that the relatively
large bandgaps and suitable effective mass of several 2-D
semiconductors such as MoS2 and WSe2 can effectively
suppress GIDL while maintaining good current drivability.
In the rapidly growing nonvolatile memory area, the float-
ing gate transistor (FGT) still remains the main technology
driver [72]. It is essentially a FET but with thicker gate stack
and a floating conductor inserted inside the dielectric. The
first 2-D FGT was demonstrated using MoS2 channel and
graphene floating gate [73]. Good retention and endurance
were achieved. Subsequently, it was uncovered that WSe2
channel aided by judicious design of HfO2 gate stack and
GNR floating gate not only effectively suppressed cell-to-
cell interference thereby improving scalability but also greatly
prolonged the state retention time [74].

Beside the FET structure, the memory cell can be as simple
as a metal–insulator–metal (MIM) resistive RAM (RRAM)
structure. Pan et al. [75] recently demonstrated an h-BN-based
MIM RRAM cell. Although the mechanism of this device is
not well articulated, such work reflects the possibility of more
exotic 2-D memory innovations.

C. Radio Frequency and TeraHertz Application
As shown in Fig. 2(g), although the zero or small bandgaps

of graphene, BP (ML), and tellurene (ML) prevent them from
LP logic application, their high mobilities are highly desirable
for radio frequency (RF) FETs [76], [77]. Graphene RF FETs
were found able to operate at a frequency of several hundred
gigahertz, and potentially up into the TeraHertz range [78],
[79]. However, zero bandgap graphene channel introduces
anomalous current saturation that affects the voltage gain,
and also results in large leakage power, which could be a
serious problem. In contrast, the semiconducting BP [80]
and tellurene [29] RF FETs have the opportunity to achieve
a balance between high-frequency operation and reasonable
leakage power. More research efforts are needed in terms
of reducing the contact resistance and other parasitic effects,
which are equally important for RF devices.

D. Sensing Application
FET-based sensing devices are of high interest to the

Internet-of-Things community, due to the LP operation and
low cost enabled by the mature very large scale integration
technology. Sensitivity is obviously the most important metric
for sensors. It has been found that the sensitivity of a FET
biosensor exponentially depends on its SS [66]. This inspired
the demonstration of a MoS2-based pH sensor achieving
sensitivity as high as 713 for a pH change by 1 unit along
with efficient operation over a wide pH range (3–9) [81].

Ultrasensitive and specific protein sensing was also achieved
with a sensitivity of 196 even at 100 femtomolar concentration.
What is more important is that FET-based sensors can benefit
from the high scalability of 2-D-FETs. In other words, the
2-D-FET-based sensor can be scaled without compromising
its sensitivity, which is highly desirable for single molecular
detection. The sensitivity can be further improved by employ-
ing 2-D-TFETs, thanks to their subthermionic SS [10].

E. Memristors and Neuromorphic Computing
Neuromorphic application-specific-integrated-circuits (ASI-

Cs) are being developed by many industrial entities to fit
the forthcoming artificial intelligence (AI) era and provide
better performance with lower power consumption [82], [83].
However, the fundamental progress relies on the innovation
of materials and device technology that enables complicated
computing performed with a smaller footprint and lesser
power. Memristive devices are promising artificial neuron
devices for neuromorphic computing and machine learning
applications [84]. The largest applications of neuromorphic
computing are image processing and recognition, i.e., the
“eyes” of AI. For human eyes, the neurons are not only light
sensing devices but also include an image processor [85], [86].
A light-sensitive memristor is crucial to mimic the functional-
ity of eyes. On the other hand, a light-sensitive memristor
can be used as the synapses to receive an optical light
pulse for the electrical neural network [87]. 2-D materials,
due to their atomically thin body, can be used to fabricate
ultrafine structure for precise functionality. Recently, it has
been demonstrated that it is possible to create large arrays of
quantum dot superlattices on 2-D semiconductor materials by
patterning with electron-beam irradiation [88]. 2-D materials
are extremely sensitive to any change of charges due to the
ultrathin body, thus the charge stored in the quantum dots
can be sensed even at room temperature and thereby recreate
the mechanism of neuron membrane. It has been shown that
FETs made with precisely designed quantum dot superlattice
on single-crystal 1L MoS2 can function as synapses that
work at room temperature and exhibit a memristive short-term
plasticity to light stimulation [89].

IV. 2-D INTERCONNECTS

Interconnects are essential components in circuits and sys-
tems for signal routing and power delivery. In this section,
interconnect scaling challenges and recent progress [Fig. 3(a)]
in emerging graphene-based interconnects are discussed.

A. Interconnect Scaling
The scaling down of transistors increases the circuit inte-

gration density and performance. The interconnects, especially
local interconnects, are also required to scale down for con-
necting the transistors. As the interconnect dimension scales
down, the resistivity of Cu interconnects, with cross-sectional
dimensions of the order of the mean free path of electrons
in current and imminent technologies [90], is increasing
rapidly under the combined effects of enhanced grain boundary
scattering, surface scattering, and the presence of a highly
resistive diffusion barrier layer [91], [92]. The steep rise in
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Fig. 3. (a) Progress in graphene interconnects research summarized in chronological order. GNR, MLG, FLG, ML-GNR, and CNT represent
graphene nanoribbon, multilayer graphene, few-layer graphene, multilayer-GNR, and carbon nanotube, respectively. (b) Circuit-performance driven
current density and maximum allowed current density for Cu interconnects with 2-nm TaN barrier, 1L graphene barrier, Co capping, and Mn doping.
The red region indicates that the required current density exceeds the maximum allowed current density as interconnect scales down. (c) Material
melting point versus bulk resistivity for bulk materials including nickel silicide (NiSi), Cu, Co, Ru, W, and doped MLG. (d) Estimated resistance per unit
length versus wire width for Cu and W (with 2-nm barrier) and Co, Ru, NiSi, and doped MLG (without a barrier). (e) Schematic of FeCl3 intercalation
doped ML-GNR and SEM image of a 20-nm wide doped ML-GNR interconnects. (f) Measured doped ML-GNR resistivity and estimated Cu resistivity
for similar dimensions. Red region indicates that the Cu wires suffer from severe self-heating (SH) and EM. The doped ML-GNR resistivity decreases
with width because the narrower ML-GNRs are doped more efficiently (due to easier diffusion of the intercalates for narrower widths) so that the
conductivity degradations from edge scatterings and bandgap opening are compensated [107]. (g) Reported wire resistivity versus breakdown
current density of reduced-graphene-oxide-Ag composite (RGO-Ag), MLG-capped Cu (Cu-Gr), semi-metallic ML-WTe2 (with line widths ≥ �μm),
metallic TaSe3 (100 nm), and doped ML-GNR (20 nm).

resistivity of Cu interconnects increases interconnect delay at
both the global level and the local level [93]. More importantly,
the rising Cu resistivity also poses a reliability concern due to
Joule heating or self-heating (SH) induced significant metal
temperature rise [91]. The large metal temperature rise, which
exponentially degrades interconnect electromigration (EM)
lifetime, severely limits the maximum current-carrying capac-
ity of scaled Cu interconnects [90], [91], [93] [Fig. 3(b)].
In addition, it is becoming increasingly difficult to avoid the
formation of voids in Cu interconnects during Damascene
process beyond 14-nm node with TaN Cu-diffusion barrier.
These voids can further increase the Cu interconnect resistance
and aggravate the EM effects [93]. Other materials, including
Co [94], [95], Ru [96], and NiSi, have been identified as
possible candidates for replacing Cu. However, they either
cannot meet the current-carrying capacity requirements at
scaled dimensions or have significantly higher resistivity with
respect to Cu. [Fig. 3(c) and (d)]. Hence, there is a critical
need to identify a new interconnect material.

In the nanocarbon family (including CNTs and graphene),
graphene in addition to its fascinating electrical, mechanical,
and thermal properties (including high melting point), also
has planar structure that allows easy patternability instead of
using the complex Damascene process necessary due to the
difficulty to etch Cu, and does not require any barrier layer
that is necessary for Cu, which makes it very attractive for
next-generation interconnects and passives [97], [98].

B. Graphene Nanoribbon Interconnects
For interconnect application, multilayer graphene (MLG),

as opposed to 1L graphene, is preferred to lower its resis-
tance [97]. It has been established that MLG exhibits high
current-carrying capacity (>100 MA/cm2) [99], due to its
strong sp2 covalent bonding, compared with metallic bonding
in Cu. By patterning MLG into ribbons of less than 100 nm

widths, one can obtain ML-GNRs that exhibit similar dimen-
sions as back-end-of-line (BEOL) Cu wires in the state-of-
the-art CMOS technology and high current-carrying capac-
ity [100]–[104]. GNR-based interconnects are also promising
to serve as the skeleton of the future “all 2-D” circuits [11].

Although the ML-GNRs have also been shown to exhibit
high breakdown current density and high resistance to elec-
tromigration, the electrical conductivity of these ML-GNRs
is about one to two orders of magnitude lower than that
of BEOL Cu wires, due to low electron/hole concentration
and edge scattering. Xu et al. [105] first proposed the use
of intercalation doping to increase ML-GNR electrical con-
ductivity, and theoretically proved that doped ML-GNRs can
outperform Cu wires [106]. The intercalation doping increases
carrier concentration in MLG/ML-GNR by charge transfer
between the intercalation dopant and graphene/GNR and
thereby boosts its electrical conductivity [106]–[108]. Follow-
up experiments demonstrated FeCl3 intercalation doped GNR
interconnects [Fig. 3(e)] with comparable resistivity with
respect to Cu [Fig. 3(f)] while providing >20% circuit per-
formance improvement along with >70% energy savings for
global wires due to the significantly lower parasitics of doped
GNR due to their thinness [107] and >40-folds reliabil-
ity improvement [109]. Note that other emerging intercon-
nect materials, including graphene-Cu composite, TaSe3, and
WTe2, have been reported. However, their electrical conduc-
tivity and current-carrying capacity cannot beat those of doped
graphene/GNRs [Fig. 3(g)].

Unlike metals, which can be deposited by electroplat-
ing at around room temperature, high-quality MLG growth
requires high-temperature (>850 °C) CVD process [110],
which violates BEOL thermal budget, and also requires use
of metal catalyst substrate. Attempts toward low-temperature
direct graphene growth on dielectrics have been reported by
plasma-enhanced CVD [111] and remote catalyzation [112],
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Fig. 4. 2-D passive devices. (a) Schematic of an inductor show-
ing kinetic and magnetic inductance. (b) Inductance and Q-factor
comparison of intercalated-MLG (I-MLG) and Cu inductors with octag-
onal geometry. Green dashed lines represent (1) upper limit of Q-
factor and (2) substrate loss, self-resonance and skin effects at high
frequencies. (c) Schematic of a supercapacitor [116] fabricated with
chemically modified graphene (CMG) for electrodes. The separator is
an electrolyte. (d) CV plot of CMG material with tetraethylammonium
BF4 electrolyte in acetonitrile. The figure shows two plots, each obtained
for different scan rates of 20 and 40 mV/sec. Images in (a), (b) and (c), (d)
are adapted from [114] and [116], respectively.

but they cannot satisfy the BEOL thermal budget. Moreover,
although contacts to doped ML-GNR with low contact resis-
tance [107] and high current-carrying capacity [109] has been
demonstrated, the process integration of multi-level ML-GNR
interconnects is challenging. Inspired by the idea of seamless
contacts between graphene interconnects and GNR-FETs [40],
Jiang et al. [113] recently demonstrated a graphene wire and
CNT via integration scheme employing a nickel–carbon alloy
contact [Fig. 3(a), right-most panel].

V. 2-D PASSIVE DEVICES

Compared to active devices, passive devices (inductors and
capacitors) in ICs have not scaled proportionately with scaling
of the technology node. This is because of the requirement of
large surface areas in these devices, which dictate and finally
limit the maximum value of attainable inductance/capacitance.
A recent breakthrough in the form of the first kinetic induc-
tor [114] [Fig. 4(a)] has tremendous potential in alleviating
the scaling issue of inductors, by exploiting a unique 2-D
materials design, thereby making it possible to demonstrate
a substantial value of kinetic inductance at room temperature
and overcome a 200 years old limitation of the original design
of inductor (by Michael Faraday) that relied on the magnetic
inductance alone [115]. This large kinetic inductance essen-
tially increases the overall inductance because it acts in series
with the magnetic inductance. The invention involves MLG
intercalated with bromine, which promotes weak interlayer
interactions, thereby decreasing the momentum scattering rate
leading to a high value of kinetic inductance at room tem-
perature. This allows achieving a material with the highest
inductance-density ever made or in other words, achieving the

same inductance density as a conventional inductor at only
one-third of the total area. The high value of inductance in
conjunction with the reduced resistance in intercalation doped
MLGs compared to conventional metallic interconnects yield
high values of the Q-factor [Fig. 4(b)]. This invention has
far-reaching implications in shifting the entire paradigm of
how conventional RF circuits are designed today. In addition
to this, as demonstrated in [107], MLG possesses high electri-
cal conductivity, thermal conductivity, current tolerance, and
mechanical strength, which enable it in being very reliable
while handling high current density. Immediate practical use
of the kinetic inductors includes applications in astronomy (as
kinetic inductance detectors), integrated voltage regulators in
advanced microprocessors, and radio-frequency identification
(RFID), to applications in the emerging Internet of Things
(IoT) paradigm such as, wireless sensors for vapor, humidity,
heat, and water quality detection, wireless bacteria detection
in the human body including tooth enamel and skin - as
transmitter/receiver components such as voltage controlled
oscillators and low-noise amplifiers. The main challenge of
using graphene as on-chip inductors is the synthesis compati-
bility of MLG with current IC process technology, as already
discussed in the previous section.

In addition to inductor scaling, scaling of the capacitor
is also a prerequisite as transistor pitches scale down. This
is because a smaller capacitor would help in reducing the
footprint of the entire circuit. This capacitance scaling is
enabled by finding solutions to increasing the obtained capac-
itance per unit area. Recently, there has been much interest
in the use of supercapacitors, which not only typically offer
10–100 folds more energy per unit volume than electrolytic
capacitors but also can accept and deliver charge faster than
batteries and tolerate many more charging and discharging
cycles. These supercapacitors generally use carbon and its
derivatives as electrodes [116], and this could be particularly
useful in DRAM circuits where it could help in reducing the
footprint while simultaneously increasing the total capacitance,
thereby increasing the charge retention capacity and decreasing
the refresh rate. Supercapacitors can be generally classified
into two main categories based on the mechanism of the
energy storage—electrical double layer capacitors (EDLCs)
and pseudocapacitors [117]. In EDLCs [Fig. 4(c)], since the
capacitance is realized by the accumulation of charges at
the electrode–electrolyte interface; electrodes with the high
surface area, pore size, and good electrical conductivity are
suitable choices. Capacitance in pseudocapacitors is realized
by transferring faradic charges between electrodes and elec-
trolytes by reversible multielectron faradic reactions.

The requirement of a porous electrode with the high surface
area to volume ratio and low equivalent series resistance make
graphene the most attractive choice for use in supercapaci-
tors among all available materials to date [Fig. 4(d)] [118].
Graphene has the highest surface-volume ratio among all
carbon allotropes. The normalized surface area of a single
graphene sheet is 2675 m2 · g−1 [117], essentially setting
the upper limit for all carbon materials. Yang et al. [118]
recently reported graphene supercapacitors with high power
and energy densities, a Coulombic efficiency of 97.5% and
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Fig. 5. (a) Schematic of M3D integration. Each tier consists of the inter-
layer dielectric layer, BEOL layer, and active device layers. (b) Schematic
of M3D integration of 2-D logic computing circuits, memories, sensing
circuits, and optoelectronics and communication circuits. (c) Out-of-plane
thermal conductance per unit area for 1L graphene and bulk materials.
In the inset equation, G, k , A and L are the actual thermal conductance,
thermal conductivity, area, and length along the heat transport direction,
respectively. Ideal interfaces between silicon/copper and surrounding
dielectric are assumed in the simulations. The out-of-plane thermal
conductance for bulk materials with < 100 nm thickness is not plotted
because of the lack of rigorous heat transport theory at those dimensions.
(d) In-plane thermal conductivity versus film thickness for bulk materials
(silicon and copper) and 2-D materials. In (c), the thermal conductance
of 2-D material (graphene) is dominated by the interfaces, whereas that of
bulk materials (copper, silicon, and low-k) consists mainly of bulk thermal
conductance. In (d), 2-D materials are suspended samples by default
unless marked as “encased” (by SiO2).

large charge and discharge cycles (7000 while still retaining
100% capacitance), which makes these devices attractive in
the foreseeable future. Although there are significant benefits
of using supercapacitors, their inability to withstand high
voltages, higher production cost, and limited scalability (due to
requirements of liquid electrolytes and large electrode surface
area) remain as challenges for their application options.

VI. MONOLITHIC 3-D INTEGRATION WITH 2-D

3-D integration stacks devices and circuits vertically and
has been studied as a solution for increasing integration
density, reducing power and signal path latency, and achieving
heterogeneous integration [119]. Through-silicon-via (TSV)
based 3-D integration fabricates all tiers in parallel and then
stacks them by a bonding process. TSVs connect adjacent Si
layers and possess large dimensions [120], [121], compared
with standard BEOL vias in the planar technology, thereby
creating large parasitic capacitance and thermal/mechanical
stress in the Si layers. Monolithic 3-D (M3D) integration
fabricates multiple stacked tiers sequentially on the same
wafer [Fig. 5(a)]. Monolithic inter-tier vias (MIVs) connecting
adjacent tiers are much smaller than TSVs or even Through-
oxide-vias (TOVs) [122], and allow higher MIV placement
density, thus offering more design flexibility.

The most critical challenge of M3D integration is
low-process thermal budget [123], in which the process
temperature of the upper layers should not exceed a critical

temperature (∼500 °C). Unfortunately, the fabrication of
the upper layers usually has to consist of high-temperature
processes such as silicon crystallization and dopant activation.
The other critical challenge is thermal/self-heating issue [124].
Although M3D integration mitigates the overheating problem
by employing thinner tiers that provide smaller thermal
resistances, it also creates strong tier-to-tier thermal
coupling, which exacerbates the thermal problem [124].
Furthermore, in scaled technology nodes, where subthreshold
leakage results in a significant amount of a chip’s total power
consumption [125], the stronger thermal coupling in M3D
aggravates the subthreshold leakage problem, which can
further aggravate the thermal problem [126], [127].

The low SS of 2-D-FETs enables a weak dependence of
leakage current on temperature rise due to self-heating [128]
thus making it an ideal candidate for M3D integration. The
out-of-plane thermal conductance of 2-D layered materials is
small w.r.t conventional bulk materials (e.g., Si and Cu) due
to the presence of vdW gaps in the out-of-plane direction.
Moreover, for 1L or FL/ML 2-D materials, the out-of-plane
thermal conduction will be dominated by their interfaces to
the surrounding materials because of their atomically thin
bodies. However, the vertical thermal resistance in M3D is
dominated by dielectrics, which exhibit lower out-of-plane
thermal conductance w.r.t 2-D materials because of their
larger thickness [Fig. 5(c)]. 2-D devices significantly reduce
M3D stack thickness, thus minimizing the effective thermal
resistance and self-heating of the upper tiers. On the other
hand, 2-D materials exhibit excellent in-plane thermal conduc-
tivity [Fig. 5(d)]. The thermal conductivities of bulk materials
decrease as the thickness decreases due to phonon (or electron
in metals) boundary scatterings caused by surface roughness
and interface defects [129]. The thermal conductivity degra-
dation also occurs in copper thin films, where heat transport
is mainly contributed by electrons [130]. In 2-D materials,
such thermal conductivity degradation is not severe, and high
in-plane thermal conductivity helps lateral heat spreading and
removing hotspots in M3D ICs.

The M3D integration of 2-D layered materials and devices
was first proposed by Banerjee et al., [131] and analyzed by
Jiang et al. [132]. Recent progress on integrating ML (3–7 nm
thickness), 2-D devices has been reported by using exfoliated
ML MoS2 and WSe2 [133]. For practical M3D integration,
a wafer-scale transfer of synthesized 2-D materials or a low-
temperature direct growth of 2-D materials on dielectric sub-
strate is preferred. Although large area synthesis of 2-D mate-
rials on dielectrics has been achieved by CVD at 550 °C [20]
and by atomic layer deposition at 300 °C, low-temperature
wafer-scale high-quality 2-D material growth remains a chal-
lenge. Given the wide variety of 2-D devices, including logic
devices [26], nonvolatile memories [73], sensors [81], [46],
and passive devices [114], a hybrid M3D integration of logic
computing, memory, sensing, optoelectronics, and communi-
cation circuits [Fig. 5(b)] can be envisioned [131].

VII. 2-D MATERIAL SYNTHESIS

The capability of synthesizing high-quality and large-scale
2-D material is a prerequisite for commercializing 2-D elec-
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TABLE II
SUMMARY OF THE PROS AND CONS OF EXISTING SYNTHESIS

APPROACHES FOR 2-D MATERIALS

tronics in the future. So far, great progress has been achieved
in terms of realizing layer controllable wafer-scale synthe-
sis [110], [134], as well as various heterojunctions [135] for
novel functionalities achievable beyond those with homoge-
neous materials. Extensive efforts are still in demand, such as
increasing the single-crystal size and lowering synthesis tem-
perature to make it CMOS compatible. Table II summarizes
the pros and cons of existing synthesis approaches for 2-D
materials. Due to the space limitation of this paper, readers
are referred to recent review articles reporting the status of
2-D material synthesis [135], [136].

VIII. CONCLUSION

This paper provided a comprehensive overview of the
most exciting accomplishments in 2-D nanoelectronics to
date and identified the remaining challenges that need to
be overcome for employing 2-D van der Waals materials in
next-generation nanoelectronics. More specifically, we high-
lighted the prospects of 2-D materials for a number of appli-
cations uniquely enabled by them—from active nanodevices
in the form of FETs and their derivatives (memory, sensor,
and memristor), to passive elements—interconnects, inductors,
and capacitors, as well as innovative chip architecture in the
form of monolithic-3D integration with 2-D layered materials,

which can serve as a unique platform to incorporate emerging
2-D materials in next-generation electronics.

ACKNOWLEDGMENT

This work was carried out at the Nanoelectronics Research
Laboratory, University of California at Santa Barbara,
Santa Barbara, CA, USA. The authors would like to acknowl-
edge the contributions of past laboratory members and collab-
orators.

REFERENCES

[1] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and
R. E. Smalley, “C60: Buckminsterfullerene,” Nature, vol. 318,
pp. 162–163, Nov. 1985.

[2] S. Lijima and T. Ichihashi, “Single-shell carbon nanotubes of 1-nm
diameter,” Nature, vol. 363, pp. 603–605, Jun. 1993.

[3] L. Landau, “Zur theorie der phasenumwandlungen II,” Phys. Z. Sow-
jetunion, vol. 11, no. 545, pp. 26–35, 1937.

[4] P. R. Wallace, “The band theory of graphite,” Phys. Rev., vol. 71, no. 9,
pp. 622–634, 1947.

[5] H. P. Boehm, A. Clauss, G. O. Fischer, and U. Hofmann, “Das Adsorp-
tionsverhalten sehr dünner Kohlenstoff-Folien,” ZAAC J. Inorganic
Gen. Chem., vol. 316, nos. 3–4, pp. 119–127, 1962.

[6] K. S. Novoselov et al., “Electric field in atomically thin carbon films,”
Science, vol. 306, no. 5696, pp. 666–669, 2004.

[7] K. S. Novoselov et al., “Two-dimensional atomic crystals,” Proc. Nat.
Acad. Sci. USA, vol. 102, no. 30, pp. 10451–10453, 2005.

[8] A. H. C. Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and
A. K. Geim, “The electronic properties of graphene,” Rev. Mod. Phys.,
vol. 81, no. 1, pp. 109–162, 2009.

[9] K. F. Mak et al., “Atomically thin MoS2: A new direct-gap semicon-
ductor,” Phys. Rev. Lett., vol. 105, p. 136805, 2010.

[10] P. Ajayan, P. Kim, and K. Banerjee, “Two-dimensional van der Waals
materials,” Phys. Today, vol. 69, no. 9, pp. 38–44, 2016.

[11] W. Cao, J. Kang, W. Liu, Y. Khatami, D. Sarkar, and K. Banerjee,
“2D electronics: Graphene and beyond,” in Proc. Eur. Solid-State
Device Res. Conf., Sep. 2013, pp. 37–44.

[12] N. Mounet et al., “Two-dimensional materials from high-throughput
computational exfoliation of experimentally known compounds,”
Nature Nanotechnol., vol. 13, pp. 246–252, Feb. 2018.

[13] M. Y. Han, B. Özyilmaz, Y. Zhang, and P. Kim, “Energy band-gap
engineering of graphene nanoribbons,” Phys. Rev. Lett., vol. 98, no. 20,
p. 206805, May 2007.

[14] D. Pacié, J. C. Meyer, Ç. Ö. Girit, and A. Zettl, “The two-dimensional
phase of boron nitride: Few-atomic-layer sheets and suspended mem-
branes,” Appl. Phys. Lett., vol. 92, no. 13, pp. 133107-1–133107-4,
2008.

[15] L. Li et al., “Black phosphorus field-effect transistors,” Nature Nan-
otechnol., vol. 9, pp. 372–377, Mar. 2014.

[16] W. Cao, J. Kang, D. Sarkar, W. Liu, and K. Banerjee, “2D semiconduc-
tor FETs—Projections and design for sub-10 nm VLSI,” IEEE Trans.
Electron Devices, vol. 62, no. 11, pp. 3459–3469, Nov. 2015.

[17] W. Liu, D. Sarkar, J. Kang, W. Cao, and K. Banerjee, “Impact of
contact on the operation and performance of back-gated monolayer
MoS2 field-effect-transistors,” ACS Nano, vol. 9, no. 8, pp. 7904–7912,
2015.

[18] M. Schmidt, M. C. Lemme, H. D. B. Gottlob, F. Driussi, L. Selmi,
and H. Kurz, “Mobility extraction in SOI MOSFETs with sub 1 nm
body thickness,” Solid-State Electron., vol. 53, no. 12, pp. 1246–1251,
2009.

[19] K. Uchida, H. Watanabe, A. Kinoshita, J. Koga, T. Numata, and
S. Takagi, “Experimental study on carrier transport mechanism in
ultrathin-body SOI nand p-MOSFETs with SOI thickness less than
5 nm,” in IEDM Tech. Dig., Dec. 2002, pp. 47–50.

[20] J.-H. Chu et al., Nanoelectron. Res. Lab., Univ. California, Santa
Barbara, Santa Barbara, CA, USA, May 2018.

[21] R.-H. Yan, A. Ourmazd, and K. F. Lee, “Scaling the Si MOSFET:
From bulk to SOI to bulk,” IEEE Trans. Electron Devices, vol. 39,
no. 7, pp. 1704–1710, Jul. 1992.

[22] W. Cao, J. Kang, D. Sarkar, W. Liu, and K. Banerjee, “Perfor-
mance evaluation and design considerations of 2D semiconductor
based FETs for sub-10 nm VLSI,” in IEDM Tech. Dig., Dec. 2014,
pp. 30.5.1–30.5.4.



CAO et al.: 2-D LAYERED MATERIALS FOR NEXT-GENERATION ELECTRONICS 4119

[23] W. Cao, J. Jiang, J. Kang, D. Sarkar, W. Liu, and K. Banerjee,
“Designing band-to-band tunneling field-effect transistors with 2D
semiconductors for next-generation low-power VLSI,” in IEDM Tech.
Dig., Dec. 2015, pp. 12.3.1–12.3.4.

[24] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and
A. Kis, “Single-layer MoS2 transistors,” Nature Nanotechnol., vol. 6,
pp. 147–150, Jan. 2011.

[25] A. Pal, W. Cao, J. Kang, and K. Banerjee, “How to derive the highest
mobility from 2D FETs—A first-principle study,” in IEDM Tech. Dig.,
Dec. 2017, pp. 31.3.1–31.3.4.

[26] W. Liu, J. Kang, D. Sarkar, Y. Khatami, D. Jena, and K. Banerjee,
“Role of metal contacts in designing high-performance monolayer
n-type WSe2 field effect transistors,” Nano Lett., vol. 13, no. 5,
pp. 1983–1990, 2013.

[27] S.-L. Li, K. Tsukagoshi, E. Orgiu, and P. Samorì, “Charge transport and
mobility engineering in two-dimensional transition metal chalcogenide
semiconductors,” Chem. Soc. Rev., vol. 45, no. 1, pp. 118–151, 2016.

[28] F. Schwierz, J. Pezoldt, and R. Granzner, “Two-dimensional materials
and their prospects in transistor electronics,” Nanoscale, vol. 7, no. 18,
pp. 8261–8283, May 2015.

[29] Y. Wang et al., “Field-effect transistors made from solution-grown
two-dimensional tellurene,” Nature Electron., vol. 1, pp. 228–236,
Apr. 2018.

[30] W. Liu et al., “High-performance few-layer-MoS2 field-effect-transistor
with record low contact-resistance,” in IEDM Tech. Dig., Dec. 2013,
pp. 19.4.1–19.4.4.

[31] H. Wang et al., “Integrated circuits based on bilayer MoS2 transistors,”
Nano Lett., vol. 12, no. 9, pp. 4674–4680, 2012.

[32] S. Das, H.-Y. Chen, A. V. Penumatcha, and J. Appenzeller, “High
performance multilayer MoS2 transistors with scandium contacts,”
Nano Lett., vol. 13, no. 1, pp. 100–105, 2013.

[33] C. English, G. Shine, V. Dorgan, K. Saraswat, and E. Pop, “Improved
contacts to MoS2 transistors by ultra-high vacuum metal deposition,”
Nano Lett., vol. 16, pp. 3824–3830, May 2016.

[34] C. Gong, L. Colombo, R. M. Wallace, and K. Cho, “The unusual
mechanism of partial Fermi level pinning at metal–MoS2 interfaces,”
Nano Lett., vol. 14, no. 4, pp. 1714–1720, 2014.

[35] Y. Khatami, H. Li, C. Xu, and K. Banerjee, “Metal-to-multilayer-
graphene contact—Part I: Contact resistance modeling,” IEEE Trans.
Electron Devices, vol. 59, no. 9, pp. 2444–2452, Sep. 2012.

[36] Y. Khatami, H. Li, C. Xu, and K. Banerjee, “Metal-to-multilayer-
graphene contact—Part II: Analysis of contact resistance,” IEEE Trans.
Electron Devices, vol. 59, no. 9, pp. 2453–2460, Sep. 2012.

[37] J. Kang, W. Liu, D. Sarkar, D. Jena, and K. Banerjee, “Computational
study of metal contacts to monolayer transition-metal dichalcogenide
semiconductors,” Phys. Rev. X, vol. 4, no. 3, p. 031005, 2014.

[38] J. Kang, D. Sarkar, W. Liu, D. Jena, and K. Banerjee, “A computa-
tional study of metal-contacts to beyond-graphene 2D semiconductor
materials,” in IEDM Tech. Dig., Dec. 2012, pp. 17.4.1–17.4.4.

[39] J. Kang, W. Liu, and K. Banerjee, “High-performance MoS2 transistors
with low-resistance molybdenum contacts,” Appl. Phys. Lett., vol. 104,
no. 9, pp. 093106-1–093106-4, 2014.

[40] J. Kang, D. Sarkar, Y. Khatami, and K. Banerjee, “Proposal for
all-graphene monolithic logic circuits,” Appl. Phys. Lett., vol. 103,
no. 8, p. 083113, 2013.

[41] R. Kappera et al., “Phase-engineered low-resistance contacts for
ultrathin MoS2 transistors,” Nature Mater., vol. 13, pp. 1128–1134,
Aug. 2014.

[42] A. Allain, J. Kang, K. Banerjee, and A. Kis, “Electrical contacts
to two-dimensional semiconductors,” Nature Mater., vol. 14, no. 12,
pp. 1195–1205, 2015.

[43] H. Fang, S. Chuang, T. C. Chang, K. Takei, T. Takahashi, and A. Javey,
“High-performance single layered WSe2 p-FETs with chemically
doped contacts,” Nano Lett., vol. 12, no. 7, pp. 3788–3792, 2012.

[44] H. Fang et al., “Degenerate n-doping of few-layer transition
metal dichalcogenides by potassium,” Nano Lett., vol. 13, no. 5,
pp. 1991–1995, 2013.

[45] G. Yang, C. Zhu, D. Du, J. Zhu, and Y. Lin, “Graphene-like two-
dimensional layered nanomaterials: Applications in biosensors and
nanomedicine,” Nanoscale, vol. 7, no. 34, pp. 14217–14231, 2015.

[46] D. Sarkar et al., “Functionalization of transition metal dichalcogenides
with metallic nanoparticles: Implications for doping and gas-sensing,”
Nano Lett., vol. 15, no. 5, pp. 2852–2862, 2015.

[47] W. Liu, J. Kang, and K. Banerjee, “Characterization of FeCl3 interca-
lation doped CVD few-layer graphene,” IEEE Electron Device Lett.,
vol. 37, no. 9, pp. 1246–1249, Sep. 2016.

[48] J. Kang, W. Liu, and K. Banerjee, “Computational study of interfaces
between 2D MoS2 and surroundings,” in Proc. 45th IEEE Semicon-
ductor Interface Spec. Conf., Dec. 2014, pp. 1–2.

[49] M. Osada and T. Sasaki, “Two-dimensional dielectric nanosheets:
Novel nanoelectronics from nanocrystal building blocks,” Adv. Mater.,
vol. 24, no. 2, pp. 210–228, 2012.

[50] B. Chamlagain, Q. Cui, S. Paudel, M. M.-C. Cheng, P.-Y. Chen,
and Z. Zhou, “Thermally oxidized 2D TaS2 as a high-κ gate dielec-
tric for MoS2 field-effect transistors,” 2D Mater., vol. 4, no. 3,
pp. 031002-1–031002-8, 2017.

[51] L. Yang, R. T. P. Lee, S. S. P. Rao, W. Tsai, and P. D. Ye, “10 nm
nominal channel length MoS2 FETs with EOT 2.5 nm and 0.52 mA/μm
drain current,” in Proc. 73rd Device Res. Conf. (DRC), Jun. 2015,
pp. 237–238.

[52] A. Nourbakhsh et al., “Serially connected monolayer MoS2 FETs
with channel patterned by a 7.5 nm resolution directed self-assembly
lithography,” in Proc. IEEE Symp. VLSI Technol., Jun. 2016, pp. 1–2.

[53] W. Cao, W. Liu, J. Kang, and K. Banerjee, “An ultra-short channel
monolayer MoS2 FET defined by the curvature of a thin nanowire,”
IEEE Electron Device Lett., vol. 37, no. 11, pp. 1497–1500, Nov. 2016.

[54] W. Cao, W. Liu, and K. Banerjee, “Prospects of ultra-thin nanowire
gated 2D-FETs for next-generation CMOS technology,” in IEDM Tech.
Dig., Dec. 2017, pp. 14.7.1–14.7.4.

[55] E. M. Freer, O. Grachev, X. Duan, S. Martin, and D. P. Stumbo, “High-
yield self-limiting single-nanowire assembly with dielectrophoresis,”
Nature Nanotechnol., vol. 5, pp. 525–530, Jun. 2010.

[56] P. P. Mathai, P. T. Carmichael, B. A. Shapiro, and J. A. Liddle,
“Simultaneous positioning and orientation of single nano-wires using
flow control,” RSC Adv., vol. 3, no. 8, pp. 2677–2682, 2013.

[57] S. B. Desai et al., “MoS2 transistors with 1-nanometer gate lengths,”
Science, vol. 354, no. 6308, pp. 99–102, 2016.

[58] M. Si, L. Yang, Y. Du, and P. D. Ye, “Black phosphorus field-effect
transistor with record drain current exceeding 1 A/mm,” in Proc. Device
Res. Conf. (DRC), Jun. 2017, pp. 1–2.

[59] C. Auth et al., “A 22 nm high performance and low-power CMOS
technology featuring fully-depleted tri-gate transistors, self-aligned
contacts and high density MIM capacitors,” in Proc. IEEE Symp. VLSI
Technol., Jun. 2012, pp. 131–132.

[60] W. Cao, J. Kang, W. Liu, and K. Banerjee, “A compact current-
voltage model for 2D semiconductor based field-effect transistors
considering interface traps, mobility degradation, and inefficient doping
effect,” IEEE Trans. Electron Devices, vol. 61, no. 12, pp. 4282–4290,
Dec. 2014.

[61] M. Si et al., “Steep-slope hysteresis-free negative capacitance MoS2
transistors,” Nature Nanotechnol., vol. 13, pp. 24–28, Dec. 2017.

[62] S. Das, “Two dimensional electrostrictive field effect transistor
(2D-EFET): A sub-60mV/decade steep slope device with high on
current,” Sci. Rep., vol. 6, Oct. 2016, Art. no. 34811.

[63] W. Cao, D. Sarkar, Y. Khatami, J. Kang, and K. Banerjee,
“Subthreshold-swing physics of tunnel field-effect transistors,”
AIP Adv., vol. 4, no. 6, pp. 067141-1–067141-4, 2014.

[64] D. Sarkar et al., “A subthermionic tunnel field-effect transistor with an
atomically thin channel,” Nature, vol. 526, pp. 91–95, Oct. 2015.

[65] H. Zhang, W. Cao, J. Kang, and K. Banerjee, “Effect of band-tails
on the subthreshold performance of 2D tunnel-FETs,” in IEDM Tech.
Dig., Dec. 2016, pp. 30.3.1–30.3.4.

[66] D. Sarkar and K. Banerjee, “Proposal for tunnel-field-effect-transistor
as ultra-sensitive and label-free biosensors,” Appl. Phys. Lett., vol. 100,
no. 14, p. 143108, 2012.

[67] Y. Y. Illarionov et al., “The role of charge trapping in MoS2/SiO2 and
MoS2/hBN field-effect transistors,” 2D Mater., vol. 3, no. 3, p. 035004,
2016.

[68] T. Knobloch et al., “A physical model for the hysteresis in MoS2
transistors,” IEEE J. Electron Devices Soc., to be published, doi:
10.1109/JEDS.2018.2829933.

[69] Y. Y. Illarionov et al., “Reliability of next-generation field-effect
transistors with transition metal dichalcogenides,” in Proc. IEEE Int.
Rel. Phys. Symp., Mar. 2018, pp. 5A.5-1–5A.5-6.

[70] X. Xie et al., “Low-frequency noise in bilayer MoS2 transistor,” ACS
Nano, vol. 8, no. 6, pp. 5633–5640, 2014.

[71] J. Kang et al., “Computational study of gate-induced drain leakage
in 2D-semiconductor field-effect transistors,” in IEDM Tech. Dig.,
Dec. 2017, pp. 31.2.1–31.2.4.

[72] D. Kahng and S. M. Sze, “A floating gate and its application to memory
devices,” Bell Syst. Tech. J., vol. 46, no. 6, pp. 1288–1295, Jul. 1967.

http://dx.doi.org/10.1109/JEDS.2018.2829933


4120 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 65, NO. 10, OCTOBER 2018

[73] S. Bertolazzi, D. Krasnozhon, and A. Kis, “Nonvolatile memory cells
based on MoS2/graphene heterostructures,” ACS Nano, vol. 7, no. 4,
pp. 3246–3252, 2013.

[74] W. Cao, J. Kang, S. Bertolazzi, A. Kis, and K. Banerjee, “Can
2D-nanocrystals extend the lifetime of floating-gate transistor based
nonvolatile memory?” IEEE Trans. Electron Devices, vol. 61, no. 10,
pp. 3456–3464, Oct. 2014.

[75] C. Pan et al., “Coexistence of grain-boundaries-assisted bipolar and
threshold resistive switching in multilayer hexagonal boron nitride,”
Adv. Funct. Mater., vol. 27, no. 10, pp. 1604811-1–1604811-10, 2017.

[76] F. Schwierz, “Graphene transistors,” Nature Nanotechnol., vol. 5, no. 7,
pp. 487–496, May 2010.

[77] F. Schwierz, “Graphene transistors: Status, prospects, and problems,”
Proc. IEEE, vol. 101, no. 7, pp. 1567–1584, Jul. 2013.

[78] Y.-M. Lin et al., “100-GHz transistors from wafer-scale epitaxial
graphene,” Science, vol. 327, no. 5966, p. 662, Feb. 2010.

[79] L. Liao et al., “High-speed graphene transistors with a self-aligned
nanowire gate,” Nature, vol. 467, no. 7313, pp. 305–308, Sep. 2010.

[80] H. Wang et al., “Black phosphorus radio-frequency transistors,” Nano
Lett., vol. 14, no. 11, pp. 6424–6429, 2014.

[81] D. Sarkar, W. Liu, X. Xie, A. Anselmo, S. Mitragotri, and K. Banerjee,
“MoS2 field-effect transistor for next-generation label-free biosensors,”
ACS Nano, vol. 8, no. 4, pp. 3992–4003, 2014.

[82] N. P. Jouppi et al., “In-datacenter performance analysis of a tensor
processing unit,” in Proc. 44th Annu. Int. Symp. Comput. Archit., 2017,
pp. 1–12.

[83] S. K. Esser et al., “Convolutional networks for fast, energy-efficient
neuromorphic computing,” Proc. Nat. Acad. Sci. USA, vol. 113,
pp. 11441–11446, Aug. 2016.

[84] M. Prezioso, F. Merrikh-Bayat, B. D. Hoskins, G. C. Adam,
K. K. Likharev, and D. B. Strukov, “Training and operation of an
integrated neuromorphic network based on metal-oxide memristors,”
Nature, vol. 521, pp. 61–64, May 2015.

[85] Y. LeCun, Y. Bengio, and G. Hinton, “Deep learning,” Nature, vol. 521,
pp. 436–444, May 2015.

[86] J. E. Dowling and F. S. Werblin, “Synaptic organization of the
vertebrate retina,” Vis. Res., vol. 11, pp. 1264–1274, Jan. 1971.

[87] H. Tan et al., “Light-gated memristor with integrated logic and memory
functions,” ACS Nano, vol. 11, no. 11, pp. 11298–11305, 2017.

[88] X. Xie et al., “Designing artificial 2D crystals with site and size
controlled quantum dots,” Sci. Rep., vol. 7, Aug. 2017, Art. no. 9965.

[89] X. Xie, J. Kang, Y. Gong, P. M. Ajayan, and K. Banerjee, “Room
temperature 2D memristive transistor with optical short-term plasticity,”
in IEDM Tech. Dig., Dec. 2017, pp. 5.3.1–5.3.4.

[90] (2011). International Technology Roadmap for Semiconductors
(ITRS). [Online]. Available: http://www.itrs2.net/2011-itrs.html

[91] K. Banerjee and A. Mehrotra, “Global (interconnect) warming,” IEEE
Circuits Devices Mag., vol. 17, no. 5, pp. 16–32, Sep. 2001.

[92] S. Im, N. Srivastava, K. Banerjee, and K. E. Goodson, “Scaling
analysis of multilevel interconnect temperatures for high-performance
ICs,” IEEE Trans. Electron Devices, vol. 52, no. 12, pp. 2710–2719,
Dec. 2005.

[93] N. Srivastava and K. Banerjee, “A comparative scaling analysis of
metallic and carbon nanotube interconnections for nanometer scale
VLSI technologies,” in Proc. 21st Intl. VLSI Multilevel Interconnect
Conf., 2004, pp. 393–398.

[94] C. Auth et al., “A 10 nm high performance and low-power CMOS tech-
nology featuring 3rd generation FinFET transistors, self-aligned quad
patterning, contact over active gate and cobalt local interconnects,”
in IEDM Tech. Dig., Dec. 2017, pp. 29.1.1–29.1.4.

[95] M. H. van der Veen et al., “Cobalt bottom-up contact and via
prefill enabling advanced logic and DRAM technologies,” in Proc.
IEEE Int. Interconnect Technol. Conf. IEEE Mater. Adv. Metallization
Conf. (IITC/MAM), May 2015, pp. 25–28.

[96] S. Dutta et al., “Highly scaled ruthenium interconnects,” IEEE Electron
Device Lett., vol. 38, no. 7, pp. 949–951, Jul. 2017,

[97] H. Li, C. Xu, N. Srivastava, and K. Banerjee, “Carbon nanoma-
terials for next-generation interconnects and passives: Physics, sta-
tus, and prospects,” IEEE Trans. Electron Devices, vol. 56, no. 9,
pp. 1799–1821, Sep. 2009.

[98] H. Li, C. Xu, and K. Banerjee, “Carbon nanomaterials: The ideal
interconnect technology for next-generation ICs,” IEEE Des. Test
Comput., vol. 27, no. 4, pp. 20–31, Jul./Aug. 2010.

[99] H. Li, C. C. Russ, W. Liu, D. Johnsson, H. Gossner, and K. Banerjee,
“On the electrostatic discharge robustness of graphene,” IEEE Trans.
Electron Devices, vol. 61, no. 6, pp. 1920–1928, Jun. 2014.

[100] R. Murali, Y. Yang, K. Brenner, T. Beck, and J. D. Meindl, “Breakdown
current density of graphene nanoribbons,” Appl. Phys. Lett., vol. 94,
no. 24, p. 243114, 2009.

[101] K.-J. Lee, A. P. Chandrakasan, and J. Kong, “Breakdown current den-
sity of CVD-grown multilayer graphene interconnects,” IEEE Electron
Device Lett., vol. 32, no. 4, pp. 557–559, Apr. 2011.

[102] T. Yu, E.-K. Lee, B. Briggs, B. Nagabhirava, and B. Yu, “Bilayer
graphene/copper hybrid on-chip interconnect: A reliability study,” IEEE
Trans. Nanotechnol., vol. 10, no. 4, pp. 710–714, Jul. 2011.

[103] X. Chen, D. H. Seo, S. Seo, H. Chung, and H.-S. P. Wong, “Graphene
interconnect lifetime: A reliability analysis,” IEEE Electron Device
Lett., vol. 33, no. 11, pp. 1604–1606, Nov. 2012.

[104] A. D. Liao et al., “Thermally limited current carrying ability
of graphene nanoribbons,” Phys. Rev. Lett., vol. 106, no. 25,
pp. 256801-1–256801-4, 2011.

[105] C. Xu, H. Li, and K. Banerjee, “Graphene nano-ribbon (GNR) inter-
connects: A genuine contender or a delusive dream?” in IEDM Tech.
Dig., Dec. 2008, pp. 1–4.

[106] C. Xu, H. Li, and K. Banerjee, “Modeling, analysis, and design of
graphene nano-ribbon interconnects,” IEEE Trans. Electron Devices,
vol. 56, no. 8, pp. 1567–1578, Aug. 2009.

[107] J. Jiang et al., “Intercalation doped multilayer-graphene-nanoribbons
for next-generation interconnects,” Nano Lett., vol. 17, no. 3,
pp. 1482–1488, 2017.

[108] M. S. Dresselhaus and G. Dresselhaus, “Intercalation compounds of
graphite,” Adv. Phys., vol. 51, no. 1, pp. 1–186, 2002.

[109] J. Jiang, J. Kang, and K. Banerjee, “Characterization of self-heating and
current-carrying capacity of intercalation doped graphene-nanoribbon
interconnects,” in Proc. IEEE Int. Rel. Phys. Symp. (IRPS), Apr. 2017,
pp. 6B-1.1–6B-1.6.

[110] W. Liu, S. Kraemer, D. Sarkar, H. Li, P. M. Ajayan, and K. Banerjee,
“Controllable and rapid synthesis of high-quality and large-area bernal
stacked bilayer graphene using chemical vapor deposition,” Chem.
Mater., vol. 26, no. 2, pp. 907–915, 2014.

[111] D. Wei et al., “Low temperature critical growth of high quality nitrogen
doped graphene on dielectrics by plasma-enhanced chemical vapor
deposition,” ACS Nano, vol. 9, no. 1, pp. 164–171, 2015.

[112] P.-Y. Teng et al., “Remote catalyzation for direct formation of graphene
layers on oxides,” Nano Lett., vol. 12, no. 3, pp. 1379–1384, 2012.

[113] J. Jiang, J. Kang, J. H. Chu, and K. Banerjee, “All-carbon inter-
connect scheme integrating graphene-wires and carbon-nanotube-vias,”
in IEDM Tech. Dig., Dec. 2017, pp. 14.3.1–14.3.4.

[114] J. Kang et al., “On-chip intercalated-graphene inductors for next-
generation radio frequency electronics,” Nature Electron., vol. 1,
pp. 46–51, Jan. 2018.

[115] E. Siegel. (Mar. 8, 2018). The Last Barrier to Ultra-Miniaturized
Electronics is Broken, Thanks to a New Type of Inductor. [Online].
Available: https://Forbes.com

[116] M. Jayalakshmi and K. Balasubramanian, “Simple capacitors to
supercapacitors-an overview,” Int. J Electrochem. Sci., vol. 3, no. 11,
pp. 1196–1217, 2008.

[117] M. D. Stoller, S. Park, Y. Zhu, J. An, and R. Ruoff, “Graphene-based
ultracapacitors,” Nano Lett., vol. 8, no. 10, pp. 3498–3502, Sep. 2008.

[118] H. Yang, S. Kannappan, A. S. Pandian, J.-H. Jang, Y. S. Lee, and
W. Lu, “Graphene supercapacitor with both high power and energy
density,” Nanotechnology, vol. 28, no. 44, pp. 445401-1–445401-10,
Nov. 2017.

[119] K. Banerjee, S. J. Souri, P. Kapur, and K. C. Saraswat, “3-D ICs:
A novel chip design for improving deep-submicrometer interconnect
performance and systems-on-chip integration,” Proc. IEEE, vol. 89,
no. 5, pp. 602–633, May 2001.

[120] C. Xu, H. Li, R. Suaya, and K. Banerjee, “Compact AC modeling and
performance analysis of through-silicon vias in 3-D ICs,” IEEE Trans.
Electron Devices, vol. 57, no. 12, pp. 3405–3417, Dec. 2010.

[121] C. Xu, R. Suaya, and K. Banerjee, “Compact modeling and analysis of
through-Si-via-induced electrical noise coupling in three-dimensional
ICs,” IEEE Trans. Electron Devices, vol. 58, no. 11, pp. 4024–4034,
Nov. 2011.

[122] C. Xu and K. Banerjee, “Physical modeling of the capacitance and
capacitive coupling noise of through-oxide vias in FDSOI-based ultra-
high density 3-D ICs,” IEEE Trans. Electron Devices, vol. 60, no. 1,
pp. 123–131, Jan. 2013.

[123] P. Batude et al., “Advances, challenges and opportunities in 3D CMOS
sequential integration,” in IEDM Tech. Dig., Dec. 2011, pp. 7.3.1–7.3.4.

[124] S. Im and K. Banerjee, “Full chip thermal analysis of planar (2-D) and
vertically integrated (3-D) high performance ICs,” IEDM Tech. Dig.,
Dec. 2000, pp. 727–730.



CAO et al.: 2-D LAYERED MATERIALS FOR NEXT-GENERATION ELECTRONICS 4121

[125] K. Banerjee, S.-C. Lin, A. Keshavarzi, S. Narendra, and V. De, “A self-
consistent junction temperature estimation methodology for nanometer
scale ICs with implications for performance and thermal management,”
in IEDM Tech. Dig., Dec. 2003, pp. 36.7.1–36.7.4.

[126] S.-C. Lin and K. Banerjee, “Thermal challenges of 3D ICs,”
in Wafer Level 3-D ICs Process Technology. New York, NY, USA:
Springer-Verlag, 2008, pp. 1–26.

[127] S.-C. Lin, G. Chrysler, R. Mahajan, V. K. De, and K. Banerjee, “A self-
consistent substrate thermal profile estimation technique for nanoscale
ICs—Part II: Implementation and implications for power estimation
and thermal management,” IEEE Trans. Electron Devices, vol. 54,
no. 12, pp. 3351–3360, Dec. 2007.

[128] S.-C. Lin, G. Chrysler, R. Mahajan, V. K. De, and K. Banerjee, “A self-
consistent substrate thermal profile estimation technique for nanoscale
ICs—Part I: Electrothermal couplings and full-chip package thermal
model,” IEEE Trans. Electron Devices, vol. 54, no. 12, pp. 3342–3350,
Dec. 2007.

[129] C. Jeong, S. Datta, and M. Lundstrom, “Full dispersion versus Debye
model evaluation of lattice thermal conductivity with a Landauer
approach,” J. Appl. Phys., vol. 109, no. 7, pp. 073718-1–073718-4,
2011.

[130] E. H. Sondheimer, “The mean free path of electrons in metals,” Adv.
Phys., vol. 1, pp. 1–42, Jan. 1952.

[131] J. Kang, W. Cao, X. Xie, D. Sarkar, W. Liu, and
K. Banerjee, “Graphene and beyond-graphene 2D crystals
for next-generation green electronics,” Proc. SPIE, vol. 9083,
pp. 908305-1–908305-4, Jun. 2014.

[132] J. Jiang, K. Parto, W. Cao, and K. Banerjee, “Monolithic-3D integration
with 2D materials: Toward ultimate vertically-scaled 3D-ICs,” in Proc.
IEEE SOI-3D-Subthreshold Microelectro. Technol. Unified Conf. (S3S),
Oct. 2018, pp. 19.2.1–19.2.3.

[133] A. B. Sachid et al., “Monolithic 3D CMOS using layered semiconduc-
tors,” Adv. Mater., vol. 28, no. 13, pp. 2547–2554, 2016.

[134] K. Kang et al., “High-mobility three-atom-thick semiconducting
films with wafer-scale homogeneity,” Nature, vol. 520, no. 7549,
pp. 656–660, 2015.

[135] S. Manzeli, D. Ovchinnikov, D. Pasquier, O. Yazyev, and A. Kis,
“2D transition metal dichalcogenides,” Nature Rev. Mater., vol. 2,
Jun. 2017, Art. no. 17033.

[136] A. Mannix, B. Kiraly, M. Hersam, and N. Guisinger, “Synthesis and
chemistry of elemental 2D materials,” Nature Rev. Chem., vol. 1,
Jan. 2017, Art. no. 0014.

Wei Cao (S’12–M’17) received the Ph.D. degree
in electrical and computer engineering from the
University of California at Santa Barbara, Santa
Barbara, CA, USA, in 2017.

He is currently a Post-Doctoral Researcher
in the Nanoelectronics Research Laboratory at
the University of California at Santa Barbara,
where he is involved in design, fabrication, and
the circuit exploration of 2-D material-based
electron devices.

Junkai Jiang (S’12) received the B.Sc. degree in
microelectronics from Peking University, Beijing,
China, in 2012. He is currently pursuing the Ph.D.
degree in electrical and computer engineering
with the University of California at Santa Barbara,
Santa Barbara, CA, USA.

His current research interests include the mod-
eling, design, and fabrication of emerging inter-
connect structures and materials.

Xuejun Xie (S’11) received the B.Sc. degree
in applied physics from the Beijing Institute of
Technology, Beijing, China, in 2011. He is cur-
rently pursuing the Ph.D. degree in electrical
and computer engineering with the University
of California at Santa Barbara, Santa Barbara,
CA, USA.

His current research interests include 2-D
interface physics and device fabrication and
application.

Arnab Pal (S’16) received the M.Tech. degree
in microelectronics from IIT Kanpur, Kanpur,
India, in 2015. He is currently pursuing the Ph.D.
degree in electrical and computer engineering
with the University of California at Santa Barbara,
Santa Barbara, CA, USA.

His current research interests include exploring
novel techniques for improving the energy effi-
ciency and performance of nanodevices based
on 2-D materials.

Jae Hwan Chu (M’16) received the Ph.D. degree
in materials science and engineering from the
Ulsan National Institute of Science and Technol-
ogy, Ulsan, South Korea, in 2016.

He is currently a Post-Doctoral Researcher
in the Nanoelectronics Research Laboratory at
the University of California at Santa Barbara,
Santa Barbara, CA, USA. His current research
interests include the design and synthesis of
novel 2-D materials and their applications.

Jiahao Kang (S’10–M’17) received the
Ph.D. degree in electrical and computer
engineering from the University of California at
Santa Barbara, Santa Barbara, CA, USA,
in 2017.

He is currently a Senior Engineer with Royole
Corporation, Fremont, CA, USA, where he is
involved in the research and development of
flexible display electronics.

Kaustav Banerjee (S’92–M’99–SM’03–F’12)
received the Ph.D. degree in electrical engineer-
ing and computer sciences from the University
of California at Berkeley, Berkeley, CA, USA,
in 1999.

He is currently a Professor of electrical
and computer engineering and the Director
of the Nanoelectronics Research Laboratory,
University of California at Santa Barbara,
Santa Barbara, CA, USA.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




