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ABSTRACT As a possible pathway to continue Moore’s law indefinitely into the future as well as
unprecedented beyond-Moore heterogeneous integration, we examine the prospects of building monolithic
3D integrated circuits (M3D-IC) with atomically-thin or 2D van der Waals materials in terms of over-
coming the major drawbacks of current 3D-ICs, including low process thermal budget, inter-tier signal
delay, chip-overheating, and inter-tier electrical interference problems. Our holistic evaluation includes
consideration of the electrical performance, thermal issues, and electromagnetic interference as well as
attention to the synthesis methods necessary for low-temperature transfer-free 2D materials growth in
M3D fabrication. Both in-plane and out-of-plane heat-dissipation in 3D-ICs made with 2D materials
are evaluated and compared with those of bulk materials. Electrostatic and high-frequency electric-field
simulations are conducted to assess the screening effect by graphene and effect of scaling down the
inter-layer dielectric (ILD) thickness. Our analysis reveals for the first time that the 2D-based M3D inte-
gration can offer >ten-folds higher integration density compared with through-silicon-via (TSV)-based
3D integration, and >150% integration density improvement with respect to conventional M3D inte-
gration. Therefore, 2D materials provide a significantly better platform, with respect to bulk materials
(such as Si, Ge, GaN), for realizing ultra-high-density M3D-ICs of ultimate thinness for next-generation
electronics.

INDEX TERMS 3D integration, 2D layered materials, h-BN, MoS2, WSe2, beyond-Moore integration,
electromagnetic interference, graphene, interconnect, interface thermal conductivity, Moore’s law, thermal
profile, vertically-stacked devices.

I. INTRODUCTION
As the technology node continues to scale down to sub-10-
nm, the cost of advancement in conventional (single active-
layer or single tier) CMOS technology tends to overcome
the benefits from scaling-down of transistor feature-size,
and moreover, interconnect latency, reliability, and band-
width become the major bottleneck of system performance
and energy efficiency improvements [1]–[4]. 3D integration
employs multiple vertically-stacked active-layers (contain-
ing active devices such as transistors and diodes) for higher
integration density, lower power consumption and better

signal integrity, and provides a unique platform for hetero-
geneous integration of different active-layer materials and
devices [5]. Through-silicon-via-based (TSV-based) 3D inte-
gration that has already been commercialized fabricates all
tiers in parallel and then stacks them by a bonding pro-
cess. Compared with standard back-end-of-line (BEOL) vias
in planar CMOS technology, TSVs possess large dimen-
sions, thereby creating large parasitic capacitance [6] and
thermal/mechanical stress in the substrate. Additionally,
defective TSVs create challenges in the testing of TSV-based
3D-ICs [7].
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FIGURE 1. Schematic of conventional monolithic 3D IC fabrication.
(a) After the completion of 1st tier (upper figure), a layer of thin film
semiconductor is transferred on top (lower left figure) or an amorphous
semiconductor film is deposited and annealed to create a polycrystalline
film (lower right figure). (b) The 2nd tier must be fabricated within the
process thermal budget. The MIVs connect adjacent tiers.

Monolithic-3D (M3D) integration is another type of
3D integration scheme, where multiple stacked tiers are
fabricated sequentially on the same wafer via deposi-
tion/recrystallization of the upper tiers [5], [8] (Fig. 1).
Each tier consists of active layer, BEOL layer and inter-
layer dielectric (ILD) layer. Monolithic inter-tier-via (MIV)
connects adjacent tiers and has similar diameters as vias
in the BEOL process [9], allowing for higher MIV den-
sity w.r.t TSVs, which offers higher routability and design
flexibility. In M3D, the process temperature of upper
tiers should not exceed a critical temperature (∼500 ◦C).
Violating this process thermal budget causes BEOL degra-
dation, silicide deterioration and dopant diffusion in the
lower tiers. However, the fabrication of upper active lay-
ers usually requires high-temperature processes such as
crystallization and dopant activation. Although several low-
temperature processes, including SOI bonding and flash
lamp/laser annealing have been reported (Fig. 1), but none
of them yield compatible performance and cost-effectiveness
w.r.t their single-crystal counterparts. Other research efforts
involve exploring high-mobility channel materials, including
Ge [10] and InGaAs [11], in the upper tiers to compen-
sate for degraded transistor characteristics from low process
thermal budget.
Two dimensional (2D) van der Waals materials (Fig. 2),

including graphene, and beyond-graphene 2D crystals (e.g.,
MoS2 and WSe2) [12] have recently shown great poten-
tial for next-generation electronics because of their unique
2D nature and ultimately thin bodies [13], [14]. The con-
cept of building M3D-ICs with 2D layered materials was
first proposed by Kang et al. [15]. Despite some experimen-
tal progress on stacking 2D-based devices [16], [17], the
advantages of incorporating atomically-thin 2D-materials-
based devices and interconnects in M3D integration scheme
has only been recently studied by us [18]. In this paper, we
present a more extensive version of our recent study and

FIGURE 2. 2D materials offer a wide range of electronic properties,
including insulator, semiconductor, and metal, in multiple families, as
illustrated at the four corners. The inset schematic at the center shows two
vertically stacked 2D FETs with h-BN as the ILD material.

rigorously evaluate the prospects of M3D integration based
on 2D materials. We demonstrate via extensive modeling
and simulation why 2D materials enabled vertical-scaling is
promising for M3D.
This paper is organized as follows. Section II describes

the benefits from thinning down the tier thickness, or vertical
scaling, in M3D. Section III discusses the feasibility and sta-
tus of 2D material synthesis and requirements for their M3D
integration. Section IV analyzes the thermal management in
M3D with stacked 2D materials and its main challenge in
combating interfacial thermal resistance. The effect of inter-
tier electrical interference in M3D-ICs and strategies for their
effective screening are discussed in Section V. Section VI
concludes the paper.

II. BENEFITS OF VERTICAL-SCALING IN M3D
Wafer-thinning [19] is a necessary step in TSV-3D fabrica-
tion for reducing TSV dimensions and improving integration
density. In comparison, M3D inherently offers thinner body
thickness or active layer thickness of sub-100 nm, w.r.t
∼20 µm body thickness in TSV-3D ICs [19]. However,
the body scaling of common channel materials, such as
Si, becomes challenging at ultra-thin body thicknesses due
to degradation of their mobility caused by the increase in
electron scatterings from surface roughness [13]. On the
other hand, 2D semiconductors with their atomically thin
bodies and pristine interfaces, exhibit reasonable mobilities
and immunity against surface defects, and become the ideal
candidate for ultra-thin-body devices [14]. Moreover, these
materials are intrinsically more flexible w.r.t conventional
electronic materials, which can open up new pathways for
flexible 3D-ICs. In this section, we show that further scaling
down of the tier thickness in 3D-ICs, which is only possible
with the integration of 2D materials, benefits the 3D system
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in terms of signal delay, heat dissipation and integration
density.

A. INTER-TIER SIGNAL DELAY
M3D offers the flexibility of placing circuits on different
tiers to avoid routing congestions and achieve high inte-
gration density. However, this is at the cost of increased
inter-tier signal delay because the MIVs are usually taller
than the standard vias. The overhead of increased delay
from placing circuits on different tiers can be minimized
through design optimizations. In our simulations, a fan-out-
of-4 (FO4) driver-interconnect-load circuit, where the load
is placed at the same tier or at the adjacent tier to the driver
(Fig. 3a,b), is simulated in HSPICE with 7-nm predictive
technology models [20] for transistors and a distributed RC
model for plugs, vias, MIVs [9] and wires (copper based)
that are assumed to be of 20-nm in width. Lateral dis-
tance between the driver and the load is 100× minimum
gate pitch. Compared with intra-tier signals, inter-tier sig-
nals suffer from larger delays because of relatively large
MIV parasitics [9], and it is even more severe when tier
thickness (or MIV height) increases (Fig. 3c). Thus, thinner
tiers are preferred for reducing inter-tier signal delay.

FIGURE 3. Schematic of (a) in-tier and (b) inter-tier fan-out-of-4
(FO4) driver-interconnect-load circuit in a M3D IC. Rvia, Rwire, Cwire, RMIV
and CMIV are via (plug) resistance, wire resistance and capacitance, MIV
resistance and capacitance, respectively. (c) FO4 delay vs. MIV height for
MIV diameter = 1× and 10× minimum via diameters. The delays are
measured from the average of high-to-low and low-to-high delays, and
normalized by the FO4 delay of in-tier driver-interconnect-load as in (a). In
the simulations, barrier layer and size-effect are considered in the Cu
wires and vias.

B. HEAT DISSIPATION
M3D-ICs not only produce significant heat that can poten-
tially exceed chip package thermal design power (TDP), but
also suffer from temperature rise with increasing number of
stacked tiers because of tier thermal resistance (Fig. 4a) [21].
Such overheating effect on top tiers degrades the circuits’ life
time and increases the IC’s power consumption. For example,
the stacked DRAMs require an increased refresh frequency to

compensate for their larger leakage currents at higher tem-
peratures. This problem becomes even more severe when
temperature dependence of subthreshold leakage power is
considered [22]–[24].

FIGURE 4. (a) Schematic of heat flow in a 4-tier M3D integrated circuit.
Uniform power profile is assumed for each tier. (b) Simulated junction
temperature of each tier (1-4, as in (a)) with different tier thickness
(1-4 μm). Larger tier thickness results in larger tier thermal resistance, thus
higher temperature at upper tiers.

In our thermal simulations, a thermal resistor network
(Fig. 4a) is applied to model a 4-tier M3D-IC, where a uni-
form power density (Ptier) of 28.86 W/cm2 reported in [25]
is assigned to each tier. The thermal resistance of each tier
(θtier) consists of thermal resistance of BEOL, active layer
and ILD layer. The BEOL layer contains 6 metal layers
(local and semi-global layers) with wire width to spacing
ratio of 1, and its thermal resistance is estimated by con-
sidering the effects of metals and low-k dielectrics, via the
method described in [26]. The ILD and active layers’ ther-
mal resistance values are estimated by assuming a uniform
SiO2 layer (worst case), and the thermal resistance effect of
bulk semiconducting channels are neglected for simplicity.
Different tier thickness in Fig. 4b is simulated by varying
ILD thickness. The package thermal resistance (θpackage) is
calculated as reported in [21]. Finally, the temperature of
each tier (Ttier(i)) can be calculated by Kirchoff’s equations
at an ambient temperature (Tambient) of 35 ◦C. The results
(Fig. 4b) show that thinner tiers exhibit smaller thermal
resistance and alleviate the overheating effect.

III. 2D MATERIAL SYNTHESIS AND INTEGRATION IN M3D
2D semiconductor material family offers a wide range of
properties with sizeable/controllable band gaps at atomic-
level thickness (Fig. 2), which led to the demonstration
of various 2D logic devices [27]–[31] and circuits [32].
Additionally, intercalation-doped multilayer 2D materi-
als in the form of doped-graphene-nanoribbon (DGNR)
interconnect have been demonstrated as a promising can-
didate for next-generation interconnects that offers >50%
interconnect thickness reduction leading to significantly
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lower parasitics, power consumption, and interconnect delays
along with unprecedented reliability [33].

A. GRAPHENE
Graphene is known for its zero bandgap and large momen-
tum relaxation time, thus is suitable for on-chip pas-
sive devices including interconnects [34], [35] and induc-
tors [36]. Synthesis methods for graphene have witnessed
significant progress in terms of thickness (mono-, bi-,
and multilayer), stacking order control, crystallinity (large
grain size and low defect density) and scalability (up to
wafer scale) [37], [38]. Chemical vapor deposition (CVD)
method is the most widely adopted for graphene growth.
However, it requires a high-temperature process (∼1000 ◦C)
and a wet transfer process of graphene from metal cat-
alyst surface to the target substrate, which is not suit-
able for M3D integration. To satisfy the process thermal
budget in M3D integration (< 500 ◦C), recently, CMOS-
compatible DGNR interconnects fabricated at 300 ◦C have
been demonstrated [39].

B. HEXAGONAL-BORON NITRIDE
Hexagonal-boron nitride (h-BN) exhibits a large bandgap
(> 5.0 eV) and is electrically insulating with relatively small
dielectric constant (< 4.0). In contrast to the low thermal con-
ductivity of conventional low-k dielectrics (< 1 W/m-K [26]),
h-BN, like other 2D materials, exhibits a very high in-plane
thermal conductivity (> 200 W/m-K [40]) due to strong in-
plane covalent bondings and has been used as front-end [41]
and back-end [42] dielectric and passivation layer in 2D
devices for enhancing the device performance. Growth meth-
ods of h-BN include CVD [43] and gas phase epitaxy [44].
These methods can control the number of layers and scale
up to wafer-scale. However, like the graphene growth, they
require high-temperature process that violates M3D thermal
budget and a wet transfer process that hinders its application
in large-scale manufacturing. Other h-BN growth methods
exploit mechanical/liquid-phase exfoliation and satisfy the
low thermal budget, but they have limited control over the
number of layers and the film quality [45]. Overall, wafer-
scale growth of high-quality h-BN films at low temperature
remains challenging.

C. TRANSITION METAL DICHALCOGENIDES
Transition metal dichalcogenides (TMDs) are a family
of semiconducting 2D materials and, unlike graphene,
is normally synthesized directly on insulating substrates,
such as SiO2. Traditional CVD by vapor phase reaction
or physical vapor transport is a common TMD growth
method [46]. However, the CVD method requires high-
temperature (∼1000 ◦C) process for high-quality TMD
growth. Metalorganic chemical vapor deposition (MOCVD)
that uses metal organic or organic precursors is another
widely used method for TMD growth. Compared with
conventional CVD, MOCVD enables precise control of pre-
cursors and has demonstrated wafer-scale TMD growth [47].

However, MOCVD still cannot satisfy the process thermal
budget.
Atomic layer deposition (ALD) is a self-limiting chemi-

cal reaction process, in which gas precursors react with the
substrate and layer-by-layer deposition is achieved. Precise
control of layer number and effective thickness of the grown
TMDs by varying the number of ALD cycles has been
reported [48]. Although ALD allows low-temperature TMD
growth (< 300 ◦C [48]), the dangling-bond-free surfaces
of 2D TMDs limit the reactions, and, therefore, the crys-
tallinity of the TMDs by ALD is poor and requires further
improvements. Post-annealing process improves the TMD
crystal quality, but high-temperature process of ∼800 ◦C
is required [49]. TMD growth by molecular beam epi-
taxy (MBE) has also been demonstrated, but non-controllable
layer thickness and limited TMD surface coverage problems
remain challenging [50].

D. INTEGRATING 2D MATERIALS IN M3D
Although, similar to SOI bonding, integrating transferred
2D materials in M3D is possible, low-temperature transfer-
free synthesis of 2D materials directly on M3D substrate is
highly desired for cost-effectiveness. Graphene and TMDs
are promising for M3D integration, as their low-temperature
and transfer-free synthesis methods have been reported, while
the integration of h-BN dielectrics is still challenging. In
addition, optimal methods for patterning, terminating, and
passivating these materials will be important. By incorporat-
ing 2D materials for both active and passive devices [51],
we propose and evaluate the first fully integrated M3D-IC
with 2D materials (Fig. 5).

FIGURE 5. Schematic cross-section illustrating the proposed
monolithic-3D integration with 2D materials. The 2D FETs exhibit atomic
thickness while offering sufficient mobilities. The doped graphene
nanoribbon (GNR) interconnects have been demonstrated to offer >50%
thickness reduction. Vertical and lateral heat conduction pathways are
marked by red arrows. Thin ILD can generate capacitive couplings between
adjacent tiers.

IV. HEAT TRANSPORT IN M3D WITH 2D MATERIALS
The overheating problem [5] in 3D-stacking results from
heat generation from multiple vertically stacked tiers and is
intensified by the increased thermal resistance from each
tier to the heatsink (Fig. 4a). Additionally, as threshold
voltage (Vt) scales down, while subthreshold swing (SS)
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stays almost unchanged (∼60 mV/dec at room tempera-
ture) in conventional MOSFETs, subthreshold leakage power
becomes a major component of total chip power. Moreover,
the subthreshold leakage power increases as the temperature
increases [24], which aggravates the overheating problem in
monolithic 3D-ICs.
At the device level, high electric field at the drain side

in a field effect transistor (FET) increases the energy of
electrons and generates high energy phonons [52]. Due to
the low velocity of optical phonons, this effect contributes
to the formation of drain hot spots. These hot spots in
FETs lead to degradations in carrier mobility and, even-
tually, to the breakdown of the 2D channel. When 2D FETs
are incorporated in M3D, inherent thinness of 2D materi-
als results in lower thermal resistance of the 2D channel
(along out-of-plane direction) w.r.t the thermal resistance of
its interfaces to surrounding metal contacts, dielectrics and
substrate [53] (Fig. 6a-c). Therefore, the thermal behavior of
2D devices strongly depend on their interfacial thermal con-
ductance (ITC), especially when the ILD thickness becomes
less than a critical value (87/59 nm for MoS2 channel with
SiO2/h-BN as interlayer dielectric, Fig. 6d) [54]. For thick-
nesses less than critical ILD (59 nm for h-BN and 87 nm
for SiO2), interlayer thermal conduction will be dominated
by their ITC. Thermal conductivities of h-BN (out-of-plane)
and SiO2 thin films are reported to be 5.2 and 1.3 W/m-K
respectively [55]. Measured ITC of MoS2/SiO2 is 15 × 106

W/m-K as reported in [56] and ITC of MoS2/h-BN is simu-
lated via ab-initio density function theory (DFT) simulations
coupled with atomistic Green’s function (AGF) phonon-
transport method [54]. Hence, ITC becomes the most critical
factor in determining the scaling, reliability and performance
limits of M3D-ICs. The critical ILD thickness values deter-
mined by ITC set a lower bound on the scaling limit of the
tier thickness in M3D-ICs made with 2D materials. Note that
2D transistors and interconnects significantly reduce M3D
tier thickness, thus minimizing the total dielectric thermal
resistance and self-heating in M3D (Fig. 4).
On the other hand, 2D materials exhibit excellent in-

plane thermal conductivity. The thermal conductivities of
bulk materials decrease as their thickness scales down,
because of phonon (or electron in metals) boundary scatter-
ings caused by surface roughness and interface defects [57].
Silicon thin films, where heat transport is mainly carried
out by phonons, suffer from thermal conductivity degra-
dation caused by boundary scatterings [57]. The thermal
conductivity degradation also happens in Cu thin films,
where heat transport is mainly contributed by the elec-
trons, as shown in Fig. 7, where thermal conductivity in
Cu thin films is estimated from fully diffusive surface
electron scattering [58] and Wiedemann-Franz law (Lorenz
factor L = 2.31 × 10−8 V2/K2 [59]). Such thermal con-
ductivity degradation is not severe in 2D materials (Fig. 7).
The in-plane thermal conductivity helps lateral heat spread-
ing, which in turn can help removing thermal hotspots in
M3D-ICs. For example, higher in-plane thermal conductivity

FIGURE 6. (a) Schematic of vertically stacked atomically-thin MoS2
channel FETs in M3D with h-BN dielectric (ILD). (b) Thermal resistance
network of vertical heat dissipation in channel region. (c) For monolayer
MoS2 with thickness of about 6.5Å and out-of-plane thermal conductivity
of 4.75 W/m-K [55], the corresponding thermal conductance normalized by
the area, given by G/A, is 9500 W/m2-K. This implies that the thermal
resistance of the channel is negligible compared to the interface thermal
resistance of MoS2 and h-BN and, hence, the interface becomes the main
bottleneck for heat-transfer in the out-of-plane direction. (d) Out-of-plane
thermal conductance (normalized by the area, G/A) of interlayer region vs.
interlayer thickness for MoS2 FETs with both h-BN and SiO2 as interlayer
dielectric. G is the absolute thermal conductance, κ is the out-of-plane
thermal conductivity, A is the cross-sectional area and L is the ILD
thickness. The interface becomes the dominant factor in out-of-plane heat
conduction, as one reduces the ILD thickness.

of multi-layer graphene w.r.t Cu can help alleviate ther-
mal gradients and improve thermal-integrity in long global
interconnects [65], [66].

V. ELECTRICAL INTERFERENCE AND THEIR SCREENING
BY 2D MATERIALS
Thin ILD in M3D allows capacitive coupling between adja-
cent tiers (Fig. 5). This vertical electrical interference causes
noise coupling between tiers, and unwanted threshold volt-
age (Vt) variations [8] that can potentially increase leakage
current/power and reduce ON-current. In M3D with 2D, �Vt
increases to 30% of Vt when ILD thickness is scaled down
to 10 nm, from TCAD simulations (Fig. 8a). In the TCAD
simulations, we used a standard semiconductor, in which
material parameters are modified for few-layer MoS2, ultra-
thin-body structure with a body thickness of 3 nm to study
the electrostatic bias from the noise source (Fig. 8b-d). Note
that similar �Vt is predicted for M3D with FinFET [67].
Previous works have highlighted this vertical electrical
interference issue between interconnects and devices [9] in
different tiers with measured results, and placing conductive
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FIGURE 7. In-plane thermal conductivity vs. film thickness for bulk
materials (simulated for silicon [57] and copper [58]), graphene, h-BN, and
MoS2 (from monolayer to bulk). The thermal conductivities of 2D materials
are collected from reported experimental work [40], [60]–[64]. 2D
materials are suspended samples by default, unless marked as ‘encased’
(by SiO2).

thin films between tiers for interference screening (Fig. 8d)
has been proposed [68]. In this work, to minimally impact
the 3D-IC thickness, we propose to use a layer of 2D metal-
lic material (e.g., graphene) in ILD (as backgate or shielding
layer, Fig. 8e,f) for noise screening. In this section, the
screening effect of graphene layer is studied by both elec-
trostatic and electrodynamic (high-frequency electric field
screening) analysis.

A. ELECTROSTATIC SCREENING
The 2D material (graphene) in monolayer or few-layer form
possesses relatively low density-of-states (DOS), compared
with bulk metals, because of the quantum confinement effect.
Unlike in a bulk metal, where sufficiently high surface carrier
density can be achieved, the net surface carrier density in
graphene is a function of its potential, or the Fermi level
(EF) with respect to the Dirac point. Different graphene layer
numbers and doping levels result in different electrostatic
screening effects.
We developed an in-house simulator to model the ver-

tical interference with a multilayer graphene shielding
layer (Fig. 8g). The electrical potential (V1, V2, . . . ,VN),
obtained from Gauss’s law, and surface charge density
(σ1, σ2, . . . , σN), obtained from Fermi-Dirac distribution of
each graphene layer are solved self-consistently until con-
vergence is reached. The in-plane and out-of-plane dielectric
constants of graphene are 1.8 and 3, respectively [69]. The
vertical electrical interference becomes stronger as the ILD
thickness decreases (Fig. 8h). Although 2D materials exhibit
low DOS that tends to lower their capacity of electrostatic
screening, 2-layers of graphene (∼0.7 nm thick) is found to

FIGURE 8. (a) Threshold voltage variation of an upper-tier FET vs. ILD
thickness for M3D with 2D materials with and without grounded graphene
backgate. Potential distribution in a 20 nm thick ILD layer is plotted
for (b) noise source at 0 V without grounded graphene backgate, (c) noise
source at VDD without grounded graphene backgate and (d) noise source
at VDD with grounded graphene backgate. The noise source is at fixed
electrostatic bias in the simulations. (a)-(d) are from Silvaco TCAD
simulations. For controlling electrostatics of top-tier FET, grounded
graphene (e) backgate or (f) shielding layer is inserted in the ILD layer.
(g) Schematic of simplified noise coupling model with existence of
multilayer graphene (MLG) shielding in ILD layer. (h) Simulated 2D channel
potential variation (when noise source potential changes from 0 to VDD)
vs. ILD thickness for various graphene backgate/shielding layer thickness
of the structure in (g).

be sufficient for suppressing the capacitive coupling to <

1%, when ILD thickness is < 100 nm. Note that the DOS
of doped graphene at the Fermi level is higher compared to
that of undoped graphene, which will further enhance the
electrostatic screening effect.

B. HIGH-FREQUENCY ELECTRIC FIELD SCREENING
The electromagnetic interference is a serious concern in mix-
signal circuit designs, especially in monolithic 3D, where
heterogeneous integration is desirable. The high-frequency
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FIGURE 9. (a) Schematic of high-frequency electric field screening by
a conductive layer. (�1, T1) and (�2, T2) are the reflection and transmission
coefficients of the bottom and top surfaces, respectively. (b) Graphene
electrical conductivity (σ ) vs. frequency for different doping levels
(|EF | = 0, 0.2, 0.4 and 0.6 eV). (c) Network parameter g21 vs. frequency for
copper and graphene with different doping levels from ANSOFT’s High
Frequency Structure Simulator (HFSS) simulations. The screening layer
thickness for both graphene and Cu is fixed at 1 nm. The carrier scattering
time in graphene is 3 ps, and surface scatterings in Cu are considered.
Larger g21 indicates stronger capacitive coupling and weaker screening
effect.

electric field interference screening by metal conductors and
graphene is studied in this section. The screening effect is the
result of interface reflection, wave absorption and multiple
reflection and transmissions in the screening layer (Fig. 9a).
In this study, few-layer graphene (1 nm, approximately 2-
3 layers doped graphene) is explored as the screening layer
for high-frequency electrical interference screening. Note
that the layer separation in the intercalation doped few-layer
graphene restores its linear band dispersion property as in
monolayer graphene [36].
The scattering parameter S21, which describes the power

transferred from one tier to the other, was used to quantify
coupling between adjacent tiers and simulations predict that
screening effects will be negligible when screening layer
thickness is reduced to 1 nm in previous studies [68]. This
is because, under quasistatic approximation (the geometries
are much smaller than the wavelength in the frequency
range under study), although the electric field is effectively
screened by the conductive layer, the magnetic field leaks
through it, which causes power transmission through induc-
tive coupling. However, in monolithic 3D-ICs, capacitive
coupling by electric field dominates the inter-tier coupling,
whereas the inductive coupling by magnetic field is negligi-
ble because of the small geometries of the interference source
(e.g., local and semi-global wires) and victims (e.g., transis-
tors), as well as weak magnetic fields. Hence, we propose to
use another existing network parameter g21, which describes
the voltage amplification factor of capacitive coupling, to
measure the crosstalk between tiers, and screening efficiency
of the screening layer.

Furthermore, as we are studying the electric field screen-
ing by graphene screening layer in the high-frequency
range (> 1 GHz), a dynamic in-plane electrical conduc-
tivity model for graphene is necessary. By neglecting the
magnetostatic-bias-induced in-plane anisotropic effect (in
capacitive coupling within sub-THz regime, as described
above) of graphene conductivity, we utilize a Drude-like
graphene surface conductivity model [70] (1),

σg = −j e2kBT

π�2(ω − j2R)

[
EF
kBT

+ 2 ln

(
1 + e

− EF
kBT

)]
(1)

where kB is the Boltzmann’s constant, T is temperature, � is
the reduced Planck’s constant, ω is the circular frequency,
R is the scattering rate in graphene, and EF is the Fermi
level in graphene (modulated by doping graphene). The
Drude-like model arises from the fact that graphene’s electri-
cal conductivity cannot be described solely by the classical
Drude model, due to its linear band dispersion and a zero
effective mass. Hence, to correctly model and study the trans-
port of Dirac fermions, quantum mechanical models in the
framework of Boltzmann Transport Equation (BTE) have
been developed specifically for graphene to work-around
this problem. It is found that, at high frequencies, graphene
still exhibits a similar frequency dependency in electrical
conductivity compared to conventional materials [71].
Graphene’s electrical conductivity and screening efficiency

can be enhanced by doping (e.g., intercalation doping, chem-
ical doping, etc., Fig. 9b). Graphene’s out-of-plane electrical
conductivity is assumed to be 103 times lower than the in-
plane conductivity [72]. The calculated anisotropic graphene
conductivities are used in defining the graphene properties in
HFSS simulations. It is worthwhile to note that we assume
a constant electrical conductivity of Cu, with consideration
of surface scatterings in the frequency range of simula-
tions, because the scattering time τ of carriers in thin Cu
film (thickness of 1 nm) is on the order of 1 fs [73] that
corresponds to a much higher frequency than the studied
frequency range. Thus, the high-frequency electrical con-
ductivity degradation of Cu films can be neglected based
on the Drude model. Moreover, for both the extremely
scaled (∼1 nm) Cu and graphene shielding layers, the
corresponding high frequency skin- and anomalous-skin
effects [35], [74] do not play a significant role because the
respective skin depths are larger than the film thickness, and
hence, can be safely neglected.
In the studied frequency range (1 GHz – 500 GHz),

g21 increases with frequency, indicating capacitive coupling
becomes stronger as frequency increases (Fig. 9c). Moreover,
doping of graphene can effectively enhance the screening
efficiency of graphene screening layer, and graphene with
doping level of EF larger than 0.4 eV shows better screening
efficiency than Cu for frequency smaller than 300 GHz. Note
that the required doping level (|EF| > 0.4 eV) was demon-
strated in our experiments [33]. More importantly, metal thin
film of thickness of 1 nm in this simulation is far from being
achieved in fabrication. In summary, although the vertical
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electrical interference becomes more severe with the scaling
down of tier thickness in M3D, the conductive 2D (graphene)
screening layer can be a promising solution to this
problem.
The thinned bulk Si in TSV-3D is around 20 μm [19] for

robust handling process, whereas the M3D eliminates the
need for bulk Si substrates in stacked tiers. As discussed in
Section V-A, to suppress the capacitive coupling to < 1%,
the ILD layer thickness is required to be > 2 μm (Fig. 8h).
Therefore, the electrical interference between adjacent tiers
in M3D prohibits further thinning of the stacked tiers. In
the proposed M3D with 2D, the vertical electrostatic and
electromagnetic interference can be screened by doped few-
layer graphene in the ILD layer, enabling a pathway for
scaling the ILD layer thickness to below 100 nm without
inter-tier couplings. This thickness reduction in ILD enabled
by incorporating 2D materials also leads to a decrease of
the tier thermal resistance that minimizes the temperature
increase in the top tiers (Fig. 4b), and allows more stacked
tiers, compared with that in TSV-3D or conventional M3D.
Note that the use of low-k (dielectric constant < 3.9) mate-
rials in the ILD stack promises even smaller ILD thickness,
but their integration in M3D requires further investigation.
Additionally, a wire thickness reduction of 50% by using
doped GNR interconnect leads to approximated 25% reduc-
tion in BEOL thickness, which consists of 6 local and
intermediate interconnect layers, as reported in [25]. The
corresponding tier thickness for TSV-3D, M3D and M3D
with 2D materials are plotted in Fig. 10a. The consequent
integration densities (assuming 100 nm ILD for 2D-M3D)
are estimated from the number of tiers per unit thickness
and shown in Fig. 10b, provided all thermo-mechanical
constraints are satisfied.

FIGURE 10. (a) Estimated tier thickness for TSV-based 3D integration
(TSV-3D), conventional monolithic-3D (Conventional-M3D) and proposed
monolithic-3D integration with 2D materials (2D-M3D). (b) Predicted
integration density of TSV-3D, conventional M3D and proposed 2D-M3D,
assuming a fixed total 3D integration thickness (or vertical height). The
integration densities are normalized w.r.t the integration density of
conventional-M3D.

VI. CONCLUSION
In this paper, we provided the rationale and underlined the
prospects for monolithically integrating various 2D mate-
rials in future heterogeneous 3D-ICs. While identifying
the 2D materials growth and integration challenges, we
showed how their excellent electrical and thermal proper-
ties can be uniquely harnessed to overcome several major
problems that plague conventional monolithic-3D integra-
tion. For example, owing to the atomically-thin vertical
dimensions of 2D semiconducting channel materials, sig-
nificantly (> 50%) lower graphene interconnect thickness,
and carefully-designed inter-tier electrostatics with graphene
shielding layer that also benefits from enhanced heat dissipa-
tion, aggressive scaling of tier thickness down to sub-μm can
be achieved. Such a scaling allows >10-folds higher inte-
gration density w.r.t TSV-based 3D integration, and >150%
integration density improvement w.r.t conventional M3D
integration (Fig. 10b), with possibility for further improve-
ments via incorporation of appropriate low-k ILD materials.
Thus, our analysis reveals that Moore’s law can be extended
well beyond the foreseeable roadmap of transistor scaling
and unprecedented beyond-Moore heterogeneous integration
can be realized by monolithic integration of 2D materials in
3D-ICs.

ACKNOWLEDGMENT
This research was carried out in the Nanoelectronics
Research Lab (NRL) at UCSB. The authors would like
to acknowledge NRL member Arnab Pal and NRL alumni
Dr. Chuan Xu, Dr. Jiahao Kang, and Dr. Jae Hwan Chu for
helpful discussions.

REFERENCES
[1] K. Banerjee and A. Mehrotra, “A power-optimal repeater insertion

methodology for global interconnects in nanometer designs,” IEEE
Trans. Electron Devices, vol. 49, no. 11, pp. 2001–2007, Nov. 2002.

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

[3] N. Srivastava and K. Banerjee, “Interconnect challenges for nanoscale
electronic circuits,” TMS J. Mater., vol. 56, no. 10, pp. 30–31, 2004.

[4] N. Magen, A. Kolodny, U. Weiser, and N. Shamir, “Interconnect-
power dissipation in a microprocessor,” in Proc. Int. Workshop Syst.
Level Interconnect Predict. (SLIP), Paris, France, Feb. 2004, pp. 7–13.

[5] 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.

[6] 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.

[7] H.-H. S. Lee and K. Chakrabarty, “Test challenges for 3D inte-
grated circuits,” IEEE Des. Test. Comput., vol. 26, no. 5, pp. 26–35,
Sep./Oct. 2009.

[8] P. Batude et al., “Advances in 3D CMOS sequential integration,” in
IEDM Tech. Dig., Dec. 2009, pp. 14.1.1–14.1.4.

[9] 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.

[10] K. Usuda, Y. Kamata, Y. Kamimuta, T. Mori, M. Koike, and T. Tezuka,
“High-performance tri-gate poly-Ge junction-less P- and N-MOSFETs
fabricated by flash lamp annealing process,” in IEDM Tech. Dig.,
Dec. 2014, pp. 16.6.1–16.6.4.

VOLUME 7, 2019 885



JIANG et al.: ULTIMATE M3D INTEGRATION WITH 2D MATERIALS: RATIONALE, PROSPECTS, AND CHALLENGES

[11] V. Deshpande et al., “First demonstration of 3D SRAM through 3D
monolithic integration of InGaAs n-FinFETs on FDSOI Si CMOS
with inter-layer contacts,” in Proc. Symp. VLSI Technol., Jun. 2017,
pp. T74–T75.

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

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

[14] W. Cao et al., “2-D layered materials for next-generation electronics:
Opportunities and challenges,” IEEE Trans. Electron Devices, vol. 65,
no. 10, pp. 4109–4121, Oct. 2018.

[15] J. Kang, W. Cao, X. Xie, D. Sarkar, W. Liu, and K. Banerjee,
“Graphene and beyond-graphene 2D crystals for next-generation green
electronics,” in Proc. SPIE, 2014, Art. no. 908305.

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

[17] C.-C. Yang et al., “Enabling monolithic 3D image sensor using large-
area monolayer transition metal dichalcogenide and logic/memory
hybrid 3D+IC,” in Proc. IEEE Symp. VLSI Technol., 2016, pp. 1–2.

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

[19] S. J. Koester et al., “Wafer-level 3D integration technology,” IBM J.
Res. Develop., vol. 52, no. 6, pp. 583–597, 2008.

[20] S. Sinha, G. Yeric, V. Chandra, B. Cline, and Y. Cao, “Exploring sub-
20nm FinFET design with predictive technology models,” in Proc.
Design Autom. Conf., Jun. 2012, pp. 283–288.

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

[22] K. Banerjee, S.-C. Lin, A. Keshavarzi, 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. 887–890.

[23] S.-C. Lin and K. Banerjee, “Cool chips: Opportunities and implications
for power and thermal management,” IEEE Trans. Electron Devices,
vol. 55, no. 1, pp. 245–255, Jan. 2008.

[24] 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.

[25] C. Liu and S. K. Lim, “A design tradeoff study with monolithic
3D integration,” in Proc. Int. Symp. Qual. Electron. Design (ISQED),
Mar. 2012, pp. 529–536.

[26] 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.

[27] 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.

[28] J. Kang, W. Liu, and K. Banerjee, “High-performance MoS2 tran-
sistors with low-resistance molybdenum contacts,” Appl. Phys. Lett.,
vol. 104, no. 9, 2014, Art. no. 093106.

[29] W. Liu et al., “High-performance few-layer-MoS2 field-effect-
transistor with record low contact-resistance,” in IEDM Tech. Dig.,
Dec. 2013, pp. 499–502.

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

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

[32] B. Radisavljevic, M. B. Whitwick, and A. Kis, “Integrated circuits
and logic operations based on single-layer MoS2,” ACS Nano, vol. 5,
no. 12, pp. 9934–9938, 2011.

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

[34] C. Xu, H. Li, and K. Banerjee, “Graphene nano-ribbon (GNR)
interconnects: A genuine contender or a delusive dream?” in IEDM
Tech. Dig., Dec. 2008, pp. 201–204.

[35] 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.

[36] J. Kang et al., “On-chip intercalated-graphene inductors for next-
generation radio frequency electronics,” Nat. Electron., vol. 1, no. 1,
pp. 46–51, 2018.

[37] 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, 2013.

[38] W. Liu, H. Li, C. Xu, Y. Khatami, and K. Banerjee, “Synthesis of
high-quality monolayer and bilayer graphene on copper using chemical
vapor deposition,” Carbon, vol. 49, no. 13, pp. 4122–4130, 2011.

[39] J. Jiang, J. H. Chu, and K. Banerjee, “CMOS-compatible doped-
multilayer-graphene interconnects for next-generation VLSI,” in IEDM
Tech. Dig., Dec. 2018, pp. 34.5.1–34.5.4.

[40] I. Jo et al., “Thermal conductivity and phonon transport in sus-
pended few-layer hexagonal boron nitride,” Nano Lett., vol. 13, no. 2,
pp. 550–554, 2013.

[41] T. Roy et al., “Field-effect transistors built from all two-dimensional
material components,” ACS Nano, vol. 8, no. 6, pp. 6259–6264, 2014.

[42] N. Jain, C. A. Durcan, R. Jacobs-Gedrim, Y. Xu, and B. Yu, “Graphene
interconnects fully encapsulated in layered insulator hexagonal boron
nitride,” Nanotechnology, vol. 24, no. 35, 2013, Art. no. 355202.

[43] J. S. Lee et al., “Wafer-scale single-crystal hexagonal boron nitride
film via self-collimated grain formation,” Science, vol. 362, no. 6416,
pp. 817–821, 2018.

[44] K. H. Lee et al., “Large-scale synthesis of high-quality hexagonal
boron nitride nanosheets for large-area graphene electronics,” Nano
Lett., vol. 12, no. 2, pp. 714–718, 2012.

[45] W. Q. Han, L. Wu, Y. Zhu, K. Watanabe, and T. Taniguchi, “Structure
of chemically derived mono- and few-atomic-layer boron nitride
sheets,” Appl. Phys. Lett., vol. 93, no. 22, 2008, Art. no. 223103.

[46] X. L. Wang et al., “Chemical vapor deposition growth of crystalline
mono layer MoSe2,” ACS Nano, vol. 8, no. 5, pp. 5125–5131, 2014.

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

[48] Y. Jang, S. Yeo, H.-B.-R. Lee, H. Kim, and S.-H. Kim, “Wafer-scale,
conformal and direct growth of MoS2 thin films by atomic layer
deposition,” Appl. Surface Sci., vol. 365, no. 1, pp. 160–165, 2016.

[49] L. K. Tan, B. Liu, J. H. Teng, S. Guo, H. Y. Low, and K. P. Loh,
“Atomic layer deposition of a MoS2 film,” Nanoscale, vol. 6, no. 18,
pp. 10584–10588, 2014.

[50] J. H. Park et al., “Scanning tunneling microscopy and spectroscopy
of air exposure effects on molecular beam epitaxy grown WSe2
monolayers and bilayers,” ACS Nano, vol. 10, no. 4, pp. 4258–4267,
2016.

[51] 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.

[52] E. Pop, K. Banerjee, P. Sverdrup, R. Dutton, and K. Goodson,
“Localized heating effects and scaling of sub-0.18 micron CMOS
devices,” in IEDM Tech. Dig., Dec. 2001, pp. 677–680.

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

[54] K. Parto, A. Pal, X. Xie, W. Cao, and K. Banerjee, “Interfacial ther-
mal conductivity of 2D layered materials: An atomistic approach,” in
IEDM Tech. Dig., Dec. 2018, pp. 24.1.1–24.1.4.

[55] P. Jiang, X. Qian, and R. Yang, “Time-domain thermoreflectance
(TDTR) measurements of anisotropic thermal conductivity using a
variable spot size approach,” Rev. Sci. Instrum., vol. 88, no. 7, 2017,
Art. no. 074901.

[56] E. Yalon et al., “Temperature-dependent thermal boundary conduc-
tance of monolayer MoS2 by Raman thermometry,” ACS Appl. Mater.
Interfaces, vol. 9, no. 49, pp. 43013–43020, 2017.

[57] 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, 2011, Art. no. 073718.

886 VOLUME 7, 2019



JIANG et al.: ULTIMATE M3D INTEGRATION WITH 2D MATERIALS: RATIONALE, PROSPECTS, AND CHALLENGES

[58] E. H. Sondheimer, “The mean free path of electrons in metals,” Adv.
Phys., vol. 1, no. 1, pp. 1–42, 1952.

[59] N. Stojanovic, D. H. S. Maithripala, J. M. Berg, and M. Holtz,
“Thermal conductivity in metallic nanostructures at high tempera-
ture: Electrons, phonons, and the Wiedemann-Franz law,” Phys. Rev.
B, Condens. Matter, vol. 82, no. 7, 2010, Art. no. 075418.

[60] A. A. Balandin, “Thermal properties of graphene and nanostructured
carbon materials,” Nat. Mater., vol. 10, no. 8, pp. 569–581, 2011.

[61] S. Sahoo, A. P. S. Gaur, M. Ahmadi, M. J.-F. Guinel, and R. S. Katiyar,
“Temperature-dependent Raman studies and thermal conductivity of
few-layer MoS2,” J. Phys. Chem. C, vol. 117, no. 17, pp. 9042–9047,
2013.

[62] R. Yan et al., “Thermal conductivity of monolayer molybdenum disul-
fide obtained from temperature-dependent Raman spectroscopy,” ACS
Nano, vol. 8, no. 1, pp. 986–993, 2014.

[63] J. Liu, G. M. Choi, and D. G. Cahill, “Measurement of the anisotropic
thermal conductivity of molybdenum disulfide by the time-resolved
magneto-optic Kerr effect,” J. Appl. Phys., vol. 116, no. 23, 2014,
Art. no. 233107.

[64] W. Jang, Z. Chen, W. Bao, C. N. Lau, and C. Dames, “Thickness-
dependent thermal conductivity of encased graphene and ultrathin
graphite,” Nano Lett., vol. 10, no. 10, pp. 3909–3913, 2010.

[65] A. H. Ajami, M. Pedram, and K. Banerjee, “Effects of non-
uniform substrate temperature on the clock signal integrity in high
performance designs,” in Proc. IEEE Custom Integr. Circuits Conf.
(CICC), May 2001, pp. 233–236.

[66] A. H. Ajami, K. Banerjee, M. Pedram, and L. P. P. P. van Ginneken,
“Analysis of non-uniform temperature-dependent interconnect
performance in high performance ICs,” in Proc. Design Autom. Conf.,
2001, pp. 567–572.

[67] J. Shi et al., “A 14nm FinFET transistor-level 3D partitioning design
to enable high-performance and low-cost monolithic 3D IC,” in IEDM
Tech. Dig., Dec. 2016, pp. 2.5.1–2.5.4.

[68] S. K. Kim, C. C. Liu, L. Xue, and S. Tiwari, “Crosstalk reduction
in mixed-signal 3-D integrated circuits with interdevice layer ground
planes,” IEEE Trans. Electron Devices, vol. 25, no. 7, pp. 1459–1467,
Jul. 2005.

[69] E. J. G. Santos and E. Kaxiras, “Electric-field dependence of the
effective dielectric constant in graphene,” Nano Lett., vol. 13, no. 3,
pp. 898–902, 2013.

[70] G. Lovat, “Equivalent circuit for electromagnetic interaction and trans-
mission through graphene sheets,” IEEE Trans. Electromagn. Compat.,
vol. 54, no. 1, pp. 101–109, Feb. 2012.

[71] J. Horng et al., “Drude conductivity of Dirac fermions in graphene,”
Phys. Rev. B, Condens. Matter, vol. 83, no. 16, 2011, Art. no. 165113.

[72] M. J. Allen, V. C. Tung, and R. B. Kaner, “Honeycomb carbon: A
review of graphene,” Chem. Rev., vol. 110, no. 1, pp. 132–145, 2009.

[73] E. Knoesel, A. Hotzel, and M. Wolf, “Ultrafast dynamics of hot
electrons and holes in copper: Excitation, energy relaxation, and
transport effects,” Phys. Rev. B, Condens. Matter, vol. 57, no. 20,
pp. 12812–12824, 1998.

[74] H. Li, C. Xu, N. Srivastava, and K. Banerjee, “Carbon nano-
materials for next-generation interconnects and passives: Physics,
status, and prospects,” IEEE Trans. Electron Devices, vol. 56, no. 9,
pp. 1799–1821, 2009.

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

His current research interests include the
modeling, design and fabrication of emerging
interconnect structures and materials, and 3-D
integration.

KAMYAR PARTO (S’18) received the B.Sc. degree
in engineering science and electronics from the
University of Tehran, Iran, in 2017. He is cur-
rently pursuing the Ph.D. degree in electrical
and computer engineering with the University of
California, Santa Barbara. His research lies in
exploration and engineering of quantum materials
for novel energy convertors and beyond CMOS
electronic devices.

WEI CAO (S’12–M’17) received the Ph.D. degree
in electrical and computer engineering with the
University of California, Santa Barbara, CA,
USA.

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

KAUSTAV BANERJEE (S’92–M’99–SM’03–
F’12) received the Ph.D. degree in electrical
engineering and computer sciences from the
University of California, 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, Santa Barbara, CA, USA.

VOLUME 7, 2019 887



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 /LeaveColorUnchanged
  /DoThumbnails false
  /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 false
  /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
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /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
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




