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The electrical resistance of interconnect wires increases with decreasing size, causing signal delay and energy 
consumption that limits further downscaling of integrated circuits. Research is required to determine materials 
systems and processing methods that yield narrow lines with a lower resistance than achieved with current 
technology based on Cu and Co conductors and Ta/TaN and TiN liners/barriers. Promising research directions 
include (i) new materials with a small electron mean free path such that electron scattering at surfaces and 
grain boundaries becomes negligible, (ii) 2D materials as new liner/barrier layers which maximize the 
conductor cross-sectional area and facilitate specular surface scattering, and (iii) topological metals which 
exhibit an increasing conductivity with decreasing line width due to protected surface states that suppress 
electron scattering. Keywords: microelectronics, Cu, electronic structure, 2D materials, topological.   

Introduction 
Interconnects are the metal wires that connect 

billions of transistors in computer chips, transferring signals 
and distributing electric power. The continuous historical 
downscaling of transistors has led to a proportional reduction 
in the interconnect dimensions. However, while smaller 
transistors are faster and use less energy, the interconnect 
resistance increases with decreasing size, causing an 
increased signal delay and energy consumption.1 This 
represents a major challenge for downscaling of conventional 
charge-based integrated circuits and may also become a 
limiting factor for alternative computing approaches 
including spintronic devices and neuromorphic memristor 
cross-bar arrays. In this article, we describe the interconnect 
resistivity challenge and ongoing research into materials 
systems that may yield high-conductivity narrow 
interconnects.  
 
The resistivity of Cu interconnects 
 Copper has been the dominant interconnect metal for 
logic devices for the last two decades. As many as 15 layers 
of horizontal Cu lines are embedded in dielectrics and are 
vertically connected through vertical ‘vias’ to form a complex 
interconnect network referred to as the back-end-of-line 
(BEOL), as illustrated in Fig. 1(a). A Ta-TaN liner-barrier 
bilayer is inserted between the Cu and the surrounding 
dielectrics. This bilayer has multiple essential purposes: it 
facilitates nucleation during subsequent Cu growth, enhances 
adhesion which is important during electromechanical 
polishing, suppresses Cu diffusion into the dielectrics, and 
reduces electromigration. However, this liner-barrier bilayer 
occupies significant space in advanced technology nodes. For 
example, a 20×10 nm2 cross-sectional area of typical lines 
with a 20-nm-pitch and a 2:1 height-to-width aspect ratio is 
reduced by a factor of three to 16×4 nm2 when adding a 3 nm 
liner-barrier layer, causing a considerable increase in the 
effective line resistivity. This motivates research on 2D 
materials as alternate liner materials, as described in the 
section “2D materials as new liner-bariers” of this article. We 
note that current technology has already replaced Cu with Co 
for the narrowest interconnects.2 Co has a higher 
electromigration resistance than Cu and the TiN liner-barrier 
layer used for Co is thinner and more conductive than TaN, 

which decreases the resistance of vias where current has to 
flow across the barrier layer [see Fig. 1(a)]. 
  

  
Figure 1: (a) Schematic of conventional interconnect 
structure with two metal levels and ‘via’ connections 
employing Ta/TaN as the liner/diffusion barrier, respectively. 
(b) Effective resistivity ρ of Cu interconnect lines vs wire 
width. (c) Classical expression for the resistivity size effect 
for interconnects including schematics for scattering at 
surfaces and grain boundaries. Adapted with permission from 
Refs. 3 and 4. © 2020 AIP Publishing. 
 

A key challenge for interconnects is that the 
resistivity of metal wires increases as their width becomes 
smaller than the bulk electron mean free path λ. The resistivity 
ρo in a bulk metal is caused by electron scattering at lattice 
vibrations, leading to an average distance λ between scattering 
events, which is 40 nm for Cu at room temperature.5 However, 
in a narrow wire, electrons also scatter at surfaces and grain 
boundaries, causing an increase in the resistivity above the 
resistivity of bulk. Fig. 1(b) shows the effective resistivity of 
a 2:1-aspect-ratio Cu interconnect line vs its width (red line). 
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The blue arrows indicate the additive resistivity contributions 
from electron scattering at surfaces and grain boundaries, and 
the effect from the line width-reduction caused by a 3-nm-
thick liner. The plot indicates that a 10 nm Cu line has a 
resistivity that is over an order of magnitude larger than the 
bulk resistivity. This causes, in combination with the 
reduction of the cross-sectional area due to the liner, an 
approximately 40× increase in signal delay and energy 
consumption. Fig. 1(c) shows a classical approximate 
expression for this resistivity size effect for a square wire.4 Its 
resistivity is the sum of the bulk resistivity plus contributions 
from surface and grain boundary scattering, which increase 
with decreasing line-width w and grain size D and are affected 
by the probabilities p for specular scattering at surfaces and R 
for reflection at grain boundaries. Both contributions have a 
prefactor ρo×λ which is a function of the electronic structure 
of the metal and should be minimized to obtain high-
conductivity narrow interconnects. 
 
The search for Cu replacement metals 
 Various materials have the potential to outperform 
the conductivity of Cu for the case of narrow wires. This is 
possible even if their bulk resistivity is larger than that of Cu, 
as long as their resistivity increase with decreasing wire width 
is less pronounced than for Cu, leading to a critical wire 
dimension below which the new material is more conductive 
than Cu. Realistically, material candidates have a bulk 
resistivity ρo which is approximately within an order of 
magnitude of that of Cu and the product ρo×λ of the new 
material is smaller than for Cu.5 This is evident based on the 
classic expression in Fig. 1(c), which serves as an initial guide 
for the search for Cu replacement metals and offers three 
parameters (p, R, ρo×λ) that can be optimized:4 
 Ideal atomically smooth surfaces lead to completely 
specular surface scattering (p = 1), reflecting carriers without 
changing the momentum in the direction of the current and 
therefore introducing no additional contribution to the 
resistivity, suggesting that conductors that form atomically 
smooth facetted surfaces are promising. However, even 
physisorbed O2 on atomically smooth Cu(001)6 or a sub-
monolayer of Ti on Co(0001)7 disturb the surface potential to 
cause diffuse electron scattering,8 indicating the need for well-
engineered liner materials that minimize diffuse scattering. 
The resistivity due to grain boundaries can be suppressed if a 
processing scheme can be developed such that the conductor 
grains are much larger than λ, or if the reflection coefficient R 
is small. The latter has been demonstrated for Cu twin 
boundaries9,10 or two-domain microstructures11 and is 
facilitated by spherical Fermi surfaces like that for Cu shown 
in Fig. 2.12 First-principles calculations have been employed 
to search for materials with a small ρo×λ,5 which minimizes 
both surface and grain boundary scattering. These 
calculations indicate that at least 11 elemental metals have a 
ρo×λ below that of Cu.4 In addition, ordered intermetallic 
alloys like NiAl or CuAl2 combine a low ρo×λ with a high heat 
of formation, promising not only a small resistivity size effect 
but also good electromigration resistance and potentially 

barrier-less interconnect lines,13,14 since for example the NiAl-
SiO2 interface is stable even at high temperatures (700 °C) as 
demonstrated by both annealing experiments15 and 
thermodynamic modeling.13 Layered MAX-phase 
compounds have also been predicted to exhibit promising 
ρo×λ values and large cohesive energies,16 and their layered 
unit cells may promote atomically smooth surfaces with 
specular scattering.17  
 The search for high-conductivity interconnect 
materials goes beyond what is captured by the classical 
expression in Fig. 1(c), which has been shown to 
underestimate the resistivity size effect at small 
dimensions18,19 and qualitatively deviates from full quantum 
mechanical treatments.20,21 One option is to intrinsically 
minimize the probability of surface scattering based on the 
electronic structure of the conductor. An anisotropic 
conductor can have a distribution of electron velocities that 
are predominantly in the direction of transport with only small 
components directed towards the surface. Consequently, the 
carriers move greater distances before encountering the 
surface, thereby minimizing the impact of surface scattering 
and increasing the conductivity of narrow lines. Metallic 
MAX phases exhibit a strong anisotropy with large velocities 
in two directions and a small velocity in one, as indicated by 
the Fermi surface for Cr2AlC in Fig. 2, allowing excellent 
transport in thin films, but perhaps not in wires. Alternatively, 
topological materials exhibit special surface states that are 
forbidden from scattering, allowing surface currents in the 
conductor to proceed without resistance despite defects at the 
surface, as discussed in more detail below.  
 

  
Figure 2: Calculated Fermi surfaces used to predict ρo×λ. The 
spherical surface for Cu increases grain boundary 
transmission and the anisotropic Fermi velocity (indicated by 
colors) for Cr2AlC minimizes the electron velocity towards 
(0001) surfaces, reducing the resistivity from surface 
scattering. Reproduced with permission from Ref. 5.  
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2D materials as new liner-barriers 
 Two-dimensional (2D) materials are promising 
liner-barrier materials because they can be atomically thin and 
simultaneously offer promising liner and diffusion barrier 
properties. Their thickness of ∼0.3 nm for single-layer 
graphene and ~0.7 nm for single-layer transition-metal-
dichalcogenides (TMDs) do not considerably occupy much of 
the cross-sectional area. Fig. 3(a)  shows results from density 
functional calculations suggesting that graphene, h-BN, and 
some sulfides can potentially offer higher barrier energy for 
Cu diffusion than TaN, regardless of if the materials are single 
crystalline or contain grain boundaries.3 These predictions are 
confirmed by experiments, demonstrating that graphene,22 
hBN, MoS2,23 and TaS2

24  offer promising diffusion barrier 
properties to effectively block Cu or Co diffusion even at 
atomic thickness, as determined using time dependent 
dielectric breakdown (TDDB) measurements. In addition, 
measurements of the delamination energy between Cu and 
TaS2

24,25 reveal comparably good adhesion as for Cu on Ta, 
suggesting that 2D materials can serve as liners that facilitate 
Cu seeding and adhesion, and motivating future work on other 
2D materials to evaluate their potential liner properties. In 
addition, the interfaces between 2D materials and narrow Cu 
and Co conductors result in particularly low metal 
resistivities,24,26,27 suggesting that the weak interaction 
between 2D layered materials and 3D metals results in 
unperturbed metal surfaces that facilitate specular surface 
scattering and promise a high conductivity for narrow 
interconnects. 

In order to introduce these 2D barrier/liner materials 
to BEOL, growth recipes that meet BEOL requirements need 
to be developed, and the grown materials need to be 
compatible with the subsequent BEOL processes such as the 
chemical mechanical polishing process. Low-temperature 
synthesis of graphene,28 MoS2,29 and TaS2

3,24,25 has been 
demonstrated using plasma-enhanced chemical vapor 
deposition (PECVD) [Fig. 3(b,c)] and metal organic CVD 
(MOCVD) [Fig. 3(d,e)]. Molecular beam epitaxy (MBE) and 
atomic layer deposition (ALD) are other scalable vapor-phase 
synthesis methods that can meet BEOL requirements [Fig. 
3(f)] if the growth of 2D materials-based diffusion barriers 
can be demonstrated. In general, it is challenging to grow 
high-quality materials at low-temperature due to the increased 
nucleation density and low adatom surface diffusion.30 These 
factors lead to films with small grain sizes, poor 
commensurability, and inferior transport properties compared 
to materials grown at high synthesis temperatures (>700°C). 
As evident from DFT calculations shown in Fig. 3(a), grain 
boundaries in 2D liners represent short-circuit diffusion paths 
for Cu, making single-layer nanocrystalline barriers 
undesired. However, increasing the grain size at BEOL 
temperatures has proven difficult. Thus, a possible strategy to 

reduce grain boundary diffusion is to grow bilayer or trilayer 
films that are still thinner than conventional liner/barriers but 
also provide appropriate diffusion blocking qualities. 
Recently, doping of 2D materials has been proposed as a 
method to enhance transport properties of 2D material-based 
barriers in an effort to reduce the total line resistance.31 NbCl5 
powder was placed inside a horizontal MOCVD chamber to 
achieve Nb-Mo substitutional doping of MoS2. While Nb does 
not have the desired p-type doping effect at BEOL growth 
conditions, diffusion barrier properties are improved by the 
presence of a NbOx underlayer which assists MoS2 lateral 
growth. Further research to improve the material quality and 
introduce desired doping is currently being carried out. Table 
1 summarizes the current state-of-the-art in 2D barriers. 

 

Figure 3: (a) Energy of Cu diffusion across 2D materials 
forming a perfect monolayer crystal or a structure with grain 
boundaries, derived from DFT calculations. Adapted with 
permission from Ref. 3. © 2020 AIP Publishing. (b) Schematic 
of PECVD system used to synthesize a (c) uniform 1.5 nm 
TaSx film on SiO2 at 400 °C. Adapted with permission from 
Ref. 24. © 2019 Wiley-VCH.  (d) Schematic of MOCVD 
system used to synthesize (e) uniform < 1 nm MoS2 film on 
SiO2 at 400 °C. Adapted with permission from Ref. 29. © 2018 
IEEE. 
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Material Thickness 
Growth 

Temperature 
Diffusion 
Blocking 

Liner 
Property 

Graphene 

< 1 nm32 1000 °C Good Poor 

5 nm33 550 °C Fair Poor 

5 nm22 400 °C Fair Poor 

Graphene/ 
Graphene 

Oxide 
~1 nm34 750 °C Fair Poor 

hBN < 2 nm23 
N/A 

(Transfer) 
Fair Poor 

MoS2 
< 1 nm23 850 °C Good Fair 

~1.5 nm29 400 °C Fair Fair 

Nb-MoS2 
2.8 ± 0.5 

nm31 
450 °C Good Fair 

TaSx ~1.5 nm24 400 °C Good Good 

 
Table 1: Summary of 2D-materials considered as diffusion 
barriers for copper interconnects. 
 
Topological metals for interconnects 
 Topological metals are promising materials for 
narrow low-resistance interconnects as their topologically 
protected surface states suppress electron scattering. 
Following the paradigm-shifting discovery of topological 
insulators in layered binary chalcogenides (Bi2Se3, Bi2Te3, 
and Sb2Te3) a decade ago,35 topological surface states of 
topological insulators were proposed as potentially scatter-
free and spin-polarized conduction channels that can carry 
information due to their spin-momentum locking properties.  
Realistically, however, most topological insulators do not 
possess transport properties that are suitable for interconnect 
applications, which require a modestly high carrier density 
and low resistivity that can rival that of copper.  Over time, 
the number of materials that are found to possess 
topologically non-trivial band structures has grown 
significantly.  At present, roughly a quarter of all known 
materials are predicted to be topological36,37 with a sizeable 
fraction of them being topological metals in which bulk 
carriers coexist with the topological surface states at the Fermi 
level.  Thus, it is timely to revisit the original premise of using 
topological materials as potential low-resistance 
interconnects, but this time focusing our attention on 
topological metals. 

Figure 4(a) compares the values of the carrier density 
versus resistivity of topological semimetals reported in the 
literature, from room- and low-temperature transport 
measurements of bulk and sub-micron samples.  As a 
comparison, values of carrier density and resistivity of copper 
and effective copper of various nanostructures are also shown 
in Fig. 4(a).  Several topological metals stand out as promising 
materials that may outperform copper at very small 
dimensions.  These include MoP, MoTe2, WC, and WP2, 
which exhibit relatively high carrier densities and low 
resistivity values. Recently, MoP nanoflakes were 

 
Figure 4: Prospect of topological semimetals as low-
resistance interconnects. (a) Comparison of carrier density 
and resistivity of topological semimetals with Cu as reported 
in previous research.8,38-51  (b) Resistivity values of 
topological metal NbAs and CoSi and topological insulator 
Bi2Se3 as a function of nanoscale dimensions, in comparison 
to effective Cu.44,52-55 The dotted lines indicate the resistivity 
values of bulk samples.  Unlike Cu that shows increased 
resistivity at the nanoscale, topological materials can exhibit 
decreased resistivity at nanoscale dimensions. 
 
synthesized to show that, despite nanoscale grains and the  
high density of nanoscale pores, the temperature-dependent 
resistivity measurements reflect a well-behaved metallic 
behavior without any pronounced scattering due to grain 
boundaries or rough surfaces.56  MoP nanowires with 
diameters less than 15 nm were found to be single-crystalline, 
which is expected to show improved transport properties than 
porous MoP nanoflakes. The key question is: will the 
resistivity of these topological metals remain constant or even 
decrease with decreasing dimensions owing to their 
topological properties? 
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Several studies on nanostructured topological metals 
show promising results. The Weyl semimetal NbAs, for 
example, exhibits a drop in resistivity from 35 μΩ-cm for bulk 
crystals all the way down to ~3 μΩ-cm for 200 nm dimensions 
due to a large percentage of the transport taking place through 
the topologically protected surface states.55 Similarly, recent 
theoretical results from IBM predict that the multifold 
fermion system, CoSi, should also be a strong candidate for 
scaled interconnects, where the current conduction is 
dominated by Fermi-arc surface states that suppress 
scattering.54 These exciting results were benchmarked to a 5-
nm technology node, resulting in a predicted line-resistance 
reduction of 70% compared to Cu. Fig. 4(b) shows the 
resistivity values of select topological nanostructures 
compared to their bulk counterparts, benchmarked against 
effective Cu data, showcasing the promise of topological 
metals in preserving or even lowering the resistivity at the 
very small dimensions.   

Oxide-based topological metals are also particularly 
attractive for seamless integration with existing technology.  
As mentioned earlier in this article, conventional Cu 
interconnects require liner/barrier layers that reduce the 
effective conductor area and increase its resistance. Oxide-
based metals are a potential solution, possibly eliminating the 
need for the liner completely due to a high quality, chemically 
similar interface with the surrounding low-k dielectric 
(SiCOH). Recently, a variety of oxides have been predicted to 
exhibit Dirac-like dispersion such as the Weyl semimetal 
VMg2O4 and the Dirac semimetal BiZnSiO4.57,58 With 
relatively high carrier densities, and for the Weyl semimetals 
topologically protected Fermi-arc surface states, these oxide 
systems may be able to outperform Cu, Co, and Ru at 
nanoscale interconnect dimensions, particularly if they 
provide a liner-less solution.  

Research efforts must be focused on the synthesis of 
highly crystalline topological metals in nanostructures with 
dimensions below 10 nm, and room-temperature transport 
measurements of resistivity, line resistance, and carrier 
density as a function of the dimensions of the nanostructured 
topological metals.  Further, calculation-led data mining to 
predict and select promising topological metals for 
interconnect applications will help to accelerate the search for 
the perfect topological metal as a future interconnect 
conductor.  Finally, a fundamental understanding of the 
contribution of the topological surface states, or perhaps the 
lack thereof, to the overall resistance of the nanoscale 
topological metals is required to help establish design rules 
for interconnects based on topological metals. 
 
Summary and Outlook 
 The resistivity increase with decreasing width of 
conventional Cu interconnects results in signal delays and 
energy consumption that prevents continued downscaling. 
Alternative material solutions are required that minimize 
electron scattering at surfaces and grain boundaries, increase 
the ballistic conductance, and remove the need for a 
liner/barrier layer or replace it with a 2D material. 

Considerable advances in predictive modeling, materials 
discovery, and processing will be required to replace current 
interconnect technology. 
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