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ABSTRACT

Interconnect resistance and reliability have emerged as critical factors limiting the performance of advanced CMOS circuits. With the
slowdown of transistor scaling, interconnect scaling has become the primary driver of continued circuit miniaturization. The associated
scaling challenges for interconnects are expected to further intensify in future CMOS technology nodes. As interconnect dimensions
approach the 10 nm scale, the limitations of conventional Cu dual-damascene metallization are becoming increasingly difficult to overcome,
spurring over a decade of focused research into alternative metallization schemes. The selection of alternative metals is a highly complex
process, requiring consideration of multiple criteria, including resistivity at reduced dimensions, reliability, thermal performance, process
technology readiness, and sustainability. This Tutorial introduces the fundamental criteria for benchmarking and selecting alternative
metals and reviews the current state of the art in this field. It covers materials nearing adoption in high-volume manufacturing, materials
currently under active research, and potential future directions for fundamental study. While early alternatives to Cu metallization have
recently been introduced in commercial CMOS devices, the search for the optimal interconnect metal remains ongoing.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0224027

I. INTRODUCTION

Microelectronic circuits are central elements in myriads of
electronic appliances in almost every aspect of today’s life. Logic
circuits, memory cells, and sensors are used to process, store, and
detect information in diverse applications, ranging from computers
and smartphones to automobiles and medical equipment. The
success of microelectronics relies on the relentless miniaturization
of the underlying building blocks, which, in the case of logic cir-
cuits based on transistors, has been epitomized by the famed
Moore’s law." Similar scaling trends also apply to other devices, for
example, to memory cells. The reduction of device dimensions in
combination with the enormous increase of device density” has led
to large performance benefits, but also to lower energy consump-
tion per operation and, at least for older generations, much reduced
cost per function. For instance, the cost to fabricate one transistor
has been reduced by a factor of 10° since 1970.”

In the public perception, Moore’s law has been historically con-
nected to scaling transistors or memory cells. However, scaling inter-
connects is of equal importance to uphold Moore’s law. Interconnect
lines and vias provide signal, power, and clock to the active compo-
nents of the circuits, such as complementary metal-oxide-semicon-
ductor (CMOS) transistors or memory elements, and, thus, are
central in microelectronic circuits and systems with advanced func-
tionality [Fig. 1(a)]. As an example, the area of a static random-
access memory (SRAM) cell, used as cache memory in logic proces-
sors, is determined in one direction by the gate pitch (also termed
“contacted poly pitch”) of the transistors (the transistor size), but by
the pitch of the metal lines (the interconnect pitch) in the orthogo-
nal direction [Fig. 1(b)]. Hence, to reduce the cell area, both transis-
tor and interconnect dimensions should be scaled.

In earlier technology nodes, transistor performance tradition-
ally improved as dimensions were scaled down, yielding the

1€:20:80 ¥20T 49qWaNON 0

J. Appl. Phys. 136, 171101 (2024); doi: 10.1063/5.0224027
© Author(s) 2024

136, 1711011


https://doi.org/10.1063/5.0224027
https://doi.org/10.1063/5.0224027
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0224027
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0224027&domain=pdf&date_stamp=2024-11-01
https://orcid.org/0000-0002-5956-6485
https://orcid.org/0000-0001-6988-7269
https://orcid.org/0000-0003-2073-1188
https://orcid.org/0000-0003-3863-065X
https://orcid.org/0000-0002-2987-1972
https://orcid.org/0000-0003-0680-4969
https://orcid.org/0000-0002-5646-3261
https://orcid.org/0000-0003-1531-6916
https://orcid.org/0000-0001-6204-4971
https://orcid.org/0000-0001-5542-8504
https://orcid.org/0000-0003-1057-8140
https://orcid.org/0000-0002-3955-0638
https://orcid.org/0000-0002-1058-9424
https://orcid.org/0000-0001-7547-7194
https://orcid.org/0000-0003-2597-8534
https://orcid.org/0000-0003-3545-3424
https://orcid.org/0000-0002-4831-3159
mailto:Christoph.Adelmann@imec.be
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1063/5.0224027
https://pubs.aip.org/aip/jap

Journal of

Applied Physics

TUTORIAL pubs.aip.org/aip/jap

Gate pitch
—p

(b)

B e B e S g g

Minimum
metal pitch

FIG. 1. (a) Cross-sectional transmission-electron micrograph of the 16-level interconnect stack in Intel 4 technology.* Reproduced with permission from Sell et al., in 2022
IEEE Symposium on VLSI Technology and Circuits, Digest of Technical Papers, pp. 282-283 (2022). Copyright 2022 IEEE. (b) Layout of a static random-access memory
(SRAM) cell in imec 3 nm technology, illustrating that the cell size is equally determined by the transistor and metal pitch. For further details, see Refs. 5 and 6.

performance benefits described above. However, this trend does
not extend to interconnects. Reducing the cross-sectional area of a
wire inevitably increases its resistance per unit length, resulting in
greater energy dissipation and higher resistive-capacitive delay
(RC-delay). At current interconnect line widths, ranging from 12 to
15nm (see Sec. I A), interconnect performance has become a
primary constraint on the overall performance of advanced micro-
electronic circuits.”™"*

For transistors, scaling has been accompanied by significant
architectural innovations.'”~>' In contrast, architectural changes in
interconnects are limited, and thus, performance enhancements
mainly need to occur through materials and process innovation. One
approach to reducing interconnect capacitance involves the use of
dielectrics with lower permittivity (low-x dielectrics)'’ or the intro-
duction of air gaps.”>*’ However, these advancements have been
hampered by the reduced mechanical stability of the resulting inter-
connect structures, leading to reliability issues during packaging.

Consequently, optimizing the metallization scheme has
emerged as a critical focus of interconnect research in recent
years.'>'“**** The current Cu dual-damascene metallization scheme
(Fig. 2), which replaced Al-based metallization post-1999,'"**° is
facing growing issues for several reasons. First, Cu requires diffusion
barriers and adhesion liners to ensure the interconnect reliability.
Without diffusion barriers (typically TaN-based), Cu migration into
surrounding dielectrics leads to dielectric breakdown and shorting
between adjacent lines (see Sec. III). Moreover, Cu electromigration
becomes an increasing issue at scaled dimensions (see Sec. III). This
is mitigated by incorporating adhesion liner layers (typically Co/Ru)
between the TaN barrier and Cu as well as by capping layers.'***~*
However, the combined thickness of barrier and liner layers cannot
be reduced below 2 to 3 nm without compromising functionality.
Hence, in narrow lines, the high-resistivity barrier and liner layers

occupy an increasingly significant fraction of the total metallization
volume, reducing the available space for Cu, while contributing min-
imally to the wire’s conductance.

Furthermore, as elucidated in Sec. II, the resistivity of Cu
increases sharply at reduced dimensions due to the more pro-
nounced effects of grain boundary and surface scattering. Both the
increased resistivity and the decreasing volume fraction of Cu con-

tribute to a rapid increase in the line and via resistances per unit ¢
length as interconnect dimensions are scaled down. This results in !

a significant deterioration of interconnect performance, even for
relatively short lines. Additionally, the dual-damascene metalliza-
tion integration process necessitates increasingly disruptive modifi-
cations to ensure void- and defect-free interconnects with robust
mechanical stability.

These issues can be mitigated by selecting alternative metals
that ideally do not require barrier and liner layers while exhibiting
lower sensitivity of resistivity to nanoscale dimensions. Although
this approach cannot reverse the increase in line resistance per unit
length, we will demonstrate below that alternative metals and met-
allization schemes can outperform Cu at sufficiently small line
widths. In this Tutorial, we will discuss the various aspects relevant
for the selection of potential alternative metals for advanced inter-
connects. The selection process is multifaceted and must address
the challenge from different angles. To this end, we have developed
a multistage framework to identify, downselect, and benchmark
alternative metals for interconnect applications (Fig. 3).

This Tutorial is organized as follows. We first examine the
sensitivity of resistivity to nanoscale dimensions and introduce a
material screening process. Next, we discuss reliability aspects,
focusing on time-dependent dielectric breakdown as well as on
electromigration. We then apply this selection process to elemental,
binary, and ternary metals, highlighting current and future research
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FIG. 2. Schematic of the Cu dual-damascene interconnect process integration
flow: (a) via and trench patterning in low-x dielectric (green) using a hardmask
(turquoise); (b) conformal barrier and liner deposition (gray); (c) Cu (over-Jfilling
of vias and lines (purple); and (d) chemical-mechanical polishing for line isola-
tion and planarization, revealing Cu lines (purple) embedded in low-x dielectric
(green).

directions. Given the strong connection between metal selection
and future integration schemes, we will also briefly discuss integra-
tion and process considerations for alternative metals in upcoming
technology nodes. Finally, with sustainability becoming increas-
ingly crucial to minimizing the ecological footprint of the micro-
electronics industry, we introduce a life cycle assessment
framework for interconnect metals and apply it to various promis-
ing candidates identified through our selection criteria.

A. Technology targets for future interconnects

Historically, interconnect scaling has been guided by industry
roadmaps, such as the International Technology Roadmap for
Semiconductors (ITRS),”” presently called the International
Roadmap for Devices and Systems (IRDS).* However, today, no
industry-wide roadmap exists, and also, technology node nomen-
clature has become ambiguous. At present, commercial microelec-
tronic chips feature minimum interconnect pitches around 25 nm,
with further scaling anticipated to reach sub-20 nm metal pitches
in the near future (see Table I). This implies that line widths, which

TUTORIAL pubs.aip.org/aip/jap

are equivalent to half the metal pitch, will soon reach sub-10 nm
dimensions. This is especially significant as the contacted poly
pitch (transistor gate pitch) has become close to physical limits and
is not expected to be scaled much further. Therefore, future area
gains for CMOS circuits must primarily stem from transistor archi-
tecture innovation (e.g., CFET) as well as continued interconnect
pitch scaling.

As previously noted, such small line widths may not be com-
patible with the Cu dual-damascene metallization scheme
employed today in scaled interconnects (Fig. 2). While ongoing
efforts to optimize Cu dual-damascene processing may yield incre-
mental improvements, achieving the minimum interconnect
dimensions in Table I will require disruptive approaches, poten-
tially involving novel materials, processes, and integration schemes.
As indicated in the table, the target critical dimensions for inter-
connect lines and vias, equivalent to half the metal pitch, fall
within the range between 5 and 10 nm, providing guidelines for
both metal selection and process development.

Il. SIZE EFFECTS ON THE METAL RESISTIVITY AT
NANOSCALE DIMENSIONS

For decades, it has been well-established that the resistivity of
metallic nanostructures, such as thin films and nanowires, is typi-
cally much higher than that of their bulk counterparts.”*™*’ This
presents a significant challenge for interconnect scaling, as the
increase in line and via resistance occurs at a much faster rate than
what would be predicted solely by the reduction in geometrical
dimensions, particularly for critical dimensions below 10 nm.

The resistivity increase can be primarily attributed to the com-
bined effects of scattering at rough surfaces or interfaces**** and
scattering at grain boundaries."”*® To quantitatively describe this
behavior, several transport models have been developed for thin
films, accounting for top and bottom
scattering.***’~>” However, it should be noted that no comprehen-
sive one-dimensional transport model currently exists to describe
nanowires, which are bounded by four surrounding surfaces.
Despite this, the qualitative behavior of nanowires is expected to be
similar to that of thin films, and thus, “thin-film-derived” resistivity
models have been applied to understand the scaling behavior of
nanowires as well.”'™*

In this section, we introduce the basic physics governing the
resistivity of metal nanostructures. We will demonstrate that the
mean free path of charge carriers in bulk metals is a critical param-
eter to characterize how resistivity depends on nanostructure
dimensions. Following this, we discuss additional scattering mecha-
nisms present in compound metals. Finally, we introduce ab initio
screening methods to calculate the mean free path and identify
promising metals that may exhibit lower resistivity than Cu at the
nanoscale.””™""!

A. Electron transport in metallic nanostructures
1. Semiclassical description of electron transport

The most widely used approach to understand the increase in
resistivity at reduced dimensions is based on the Boltzmann trans-
port equation. The Boltzmann transport equation describes the

surface/interface f
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FIG. 3. imec workflow for identifying, downselecting, and benchmarking alternative interconnect metals: Ab initio simulations are employed to identify potential candidate
metals, which are subsequently downselected using a combination of thin-film and nanowire experiments. The most promising materials are then selected for process
module development and integration into scaled interconnects, followed by technology benchmarking.

statistical distribution of charge carriers in non-equilibrium condi-
tions, e.g., when an electric field is applied.

In the absence of temperature and composition gradients, as
well as magnetic fields, the Boltzmann transport equation can be
written as

0
8nkv

F— _Bgnk
De " nk

9t 1

—e

+Vnk . Vrgnka

scattering

where e is the electron charge, f the equilibrium Fermi-Dirac dis-
tribution for electrons of mode n, and k the wavevector of the elec-
tron with energy €,k and velocity v,x. E represents the external
electric field, and g = fux — f denotes the deviation of the non-
equilibrium electron distribution from the Fermi-Dirac equilib-

rium. 9guk /0| cyering accounts for charge carrier scattering.

In the linearized (semiclassical) approximation, referred to as
the relaxation time approximation, the scattering term can be
eXpressed as 8gf1]l(/6t|scatteri11g:
ture, electron-phonon scattering dominates, with the correspond-
ing relaxation time 75y. In polycrystalline films, grain boundaries
introduce additional charge carrier scattering, characterized by the
relaxation time ‘rﬁll)(. When grain sizes are sufficiently large (indicat-
ing low disorder), both relaxation times can be considered indepen-
dent, and the total relaxation time follows Matthiessen’s rule,

@ = (&) +(:3)

For a bulk material with no spatial variation, the conductivity
tensor g and resistivity tensor p can be derived by noting that the

2

TABLE I. Roadmap for interconnect dimensions (minimum metal pitch) in logic circuits. Adapted from Ref. 41. For the current state of the art, see Refs. 42 and 43. HVM, high-
volume manufacturing; GAA, gate all-around; and CFET, complementary field-effect transistor.

—guk/Tnk> Where T, represents the
relaxation time. For high-purity bulk metals near room tempera-

LE:20:80 $20 JOGWBAON +0

Year of HVYM 2024/25 2027/28 2029 2031 2033 2035
Technology node 2nm 14A 10A 7A 5A 3A
Transistor technology GAA GAA CFET CFET CFET 2D
Min. metal pitch (nm) 23 20 18 16 14 12
Gate pitch (nm) 45 42 42 39 39 36

J. Appl. Phys. 136, 171101 (2024); doi: 10.1063/5.0224027 136, 171101-4

© Author(s) 2024


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

current density is given by

. i JJ dA dk = ez T f’?kV ® vk E
_E Wk Vi - k=, Y
) A - ZnkVnk Nk - kank k k
= E——p 1E, (3)

where A represents the cross-sectional area through which electrons
flow, Ny is the number of k-points used to sample the Brillouin
zone, and Q denotes the volume of the unit cell.

Thus far, we have neglected the impact of the spatial gradient
in Eq. (1), which becomes relevant when considering a finite-size
material, such as a thin film with thickness h. Due to the linear
nature of the Boltzmann transport equation in the relaxation time
approximation, the general solution is a superposition of a particu-
lar solution that accounts for boundary conditions and the solution
derived for an infinitely large material. The particular solution is
determined by the scattering behavior of electrons at the material’s
boundaries, i.e., at the top and bottom surfaces or interfaces of a
thin film. This effect is further amplified in nanowires, where elec-
trons can also scatter at lateral boundaries. Surface scattering can
be either specular, when the electron preserves its total momentum
and only the out-of-plane momentum component changes sign, or
diffusive, when the electron’s momentum is completely random-
ized. In practice, this results in the renormalization of the relaxa-
tion time for a thin film of thickness %, as described by’

o] 1 — e/l
W 1— pe h/iwal’

Tuk(h, @)
0

Tnk

=1-(1-p “)

where i denotes the unit vector normal to the thin film surface. p
is the reflection coefficient with p = 1 representing purely specular
surfaces and p = 0 representing fully diffusive surfaces, and 4,x
= T,kxVuk represents the mean free path of the charge carriers in the
bulk metal.

From Eq. (4), it is evident that no resistivity increase occurs
with decreasing film thickness h for purely specular surfaces,
whereas diffusive surfaces result in a strong dependence on h. For a
metallic thin film with an isotropic Fermi surface, neglecting grain
boundary scattering and assuming that only electrons at the Fermi
energy contribute, the conductivity can be described by the Fuchs-
Sondheimer equa‘cion,“”ﬁ’73

c 31 ©/1 1\ 1—e /2
—=1-=Q01- S 4,
oo Zh( p) L (t3 t5) 1 — pe~ht/2 dt ®)

where o is the bulk conductivity and A the magnitude of the bulk
mean free path.”* Mayadas and Shatzkes subsequently extended
this model to incorporate grain boundary scattering contribu-
tions,” which are modeled as a series of partially transparent
planes oriented perpendicular to the transport direction x. The dis-
tance between neighboring planes follows a normal distribution
with average d and variance s. In the regime of large variance s for
the distance between grain boundaries (more precisely the linear
intercept length, related to the grain size7"1’75), the relaxation time

TUTORIAL pubs.aip.org/aip/jap

due to grain boundary scattering can be approximated by*”**
(‘L'gb) -1 2R ©
k - dvk,x 1—-R ’

where vy is the magnitude of the velocity and v, its component
along the x-direction. This expression for the relaxation time can
be combined with the bulk electron-phonon relaxation time using
Matthiessen’s rule, Eq. (2), and the Fuchs-Sondheimer theory,
Eq. (5), to derive the thickness- and grain-size dependent resistivity
in thin films, given by**

1 6 /2 ® cos?
P = |—— 1-— J dde dt X
¢ |:pgb 7TKPy (1=p) 0 1 H?

1 1) 1—e*]!
(5 )1 peen] &
with pg, = po[1 —3a/2+ 30> — 3’ In(1+1/a)] ', H=1+a/cos
(1—1/2), k=h/A, and a= (1/d) x 2R(1 —R) .

The derivation of Eq. (7) relies on the applicability of
Matthiessen’s rule for phonon and grain boundary scattering.
However, this assumption may break down in nanocrystalline,
nearly amorphous films with large disorder.””””® In such films,
localization effects become prominent,””™ typically resulting in a
notably reduced temperature coefficient of resistivity compared to
bulk materials,”®”® as well as in different transport mechanisms,
which cannot be described by Eq. (7).

By contrast, the derivation of Eq. (7) does not require
Matthiessen’s rule to apply for surface scattering. In fact,
Matthiessen’s rule is typically not cromulent for surface scattering
and grain boundary scattering in thin metallic films due to the

renormalization of the mean free path by grain boundary scatter- ¢
ing."® Consequently, the individual contributions of bulk, surface,

and grain boundary scattering to the thin-film resistivity can be
challenging to quantify.”” Therefore, approximate versions of
Eq. (7) that separate these contributions should be used with caution.

2. Material-dependent scaling of thin-film resistivity

Equation (7) contains five independent material parameters:
bulk single-crystal resistivity, electron mean free path, surface/inter-
face scattering specularity, average grain size, and grain boundary
reflection coefficient. In practice, the grain size often depends
strongly on film thickness, introducing a secondary indirect source
of thickness dependence of thin-film resistivity, in addition to
surface scattering effects. The relationship between the grain size
and film thickness, d(h), is highly sensitive to deposition parame-
ters and is not an intrinsic property of the material. Although a
linear dependence has historically been assumed in some cases,
experimental data typically do not support this assumption over a
wide range of thicknesses [see Fig. 4(a)]. Post-deposition annealing
can further influence grain size, promoting grain growth or
recrystallization.”""

As a consequence, it is not possible to quantitatively predict
the resistivity of metallic nanostructures based solely on bulk prop-
erties. As previously mentioned, the relationship d(h) is strongly
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FIG. 4. (a) Experimental Scherrer grain size vs film thickness for various metals deposited by physical vapor deposition and annealed at 420 °C.”” Reproduced with per-
mission from Dutta et al., J. Appl. Phys. 122, 025107 (2017). Copyright AIP Publishing LLC. (b) Calculated thin-film resistivity vs grain size using Eq. (7). The parameters
employed were p, = 5.3uQ2cm, R = 0.45, p = 0 (diffuse surface scattering), and film thickness h = 20 nm. These parameters, aside from the mean free path 2, are
representative of Mo. For bulk Mo, 2 = 11.2nm.*® Generally, a shorter mean free path A results in a weaker dependence of the thin-film resistivity on the grain size.

influenced by deposition process parameters and thermal budget,
and no predictive models currently exist for grain structures and
grain sizes beyond general trends.””** Given that experimental data
indicate that grain boundary scattering can dominate thin-film
resistivity,m the evaluation of metals should consider the potential
for achieving large-grain films (or nanowires). However, this
cannot be reliably predicted by ab initio calculations, requiring
experimental studies on the grain size and annealing behavior to
complement transport and reliability metrics for a more accurate
assessment of alternative metals.

A second limitation is the difficulty in calculating or predict-
ing realistic values for the parameters R and p. The parameter R
represents the electron reflection probability at a grain boundary,
which generally depends on the relative orientation of grains on
either side of the boundary and the atomic configuration of the
grain boundary itself. Both theoretical calculations®™ ** and experi-
mental studies”>” consistently show significant variations in R
between small-angle or coincidence grain boundaries (with low R)
and large-angle random grain boundaries (with higher R). In poly-
crystalline films, the relevant value of R is an effective average
across all grain boundary configurations, making it strongly depen-
dent on the film’s microstructure. While some trends suggest that
larger cohesive energies lead to higher R values,”” R should not be
treated as an intrinsic property of the metal alone.

Similarly, the surface scattering specularity, p, is influenced
not only by the metal itself but also by the properties of the adja-
cent surfaces or interfaces. The cladding material’*”'~** and
surface or interface roughness are expected to play critical roles.
While theoretical’” "> and experimental’”” studies have
explored surface scattering as a function of surface roughness,
quantitative agreement between theory and experiment remains

elusive. Hence, predictive calculations for screening purposes are
not feasible. Furthermore, because surface scattering depends on
both the cladding material and surface roughness, it cannot be
regarded as an inherent material property neither.

However, Sec. II A 1 demonstrates that the increase in resistiv-
ity, whether due to surface or grain boundary scattering, scales with

the bulk mean free path of the charge carriers, A. Therefore, the ¢
effects of high R, small grains, or diffuse interfaces can be mitigated !

by a short A. This is illustrated in Fig. 4(b), which shows the depen-
dence of thin-film resistivity on the grain size, calculated using
Eq. (7), for py = 5.3uQ cm, R = 0.45, p = 0 (diffuse surface scat-
tering), and a fixed film thickness of 20 nm as an example. The
results indicate that a shorter mean free path, 1, leads to a weaker
dependence of resistivity on the grain size, thereby reducing the
impact of grain boundary scattering. A similar trend can be
observed for the dependence of thin-film resistivity on thickness in
the presence of diffuse surface scattering.

This insight has driven the search for metals with short 1 as
potential alternatives to Cu. At room temperature, the mean free
path of Cu is as high as 40 nm,” which is large compared to typical
state-of-the-art interconnect dimensions and grain sizes. Therefore,
metals with much shorter 4 promise to be less sensitive to intercon-
nect scaling. An ab initio methodology for screening short-A metals
will be introduced in Sec. II C. The complete alternative metal
screening process and its current status will be detailed in Sec. I'V.

3. Influence of resistivity anisotropy on thin-film resis-
tivity scaling

The thin-film resistivity models discussed above assume a
spherical isotropic Fermi surface, effectively treating the metal as a
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free-electron gas with an effective mass. Consequently, both bulk
and thin-film resistivities are independent of the crystallographic
direction of the current, enabling the derivation of the Fuchs-
Sondheimer and the Mayadas—Shatzkes equations in Egs. (5) and
(7), respectively. Due to the inherent complexity of the problem, no
thin-film resistivity model currently exists that accounts for the
detailed band structure of the metal while incorporating both
surface and grain boundary scattering. While the Mayadas-
Shatzkes model in Eq. (7) has been able to successfully describe
experimental measurements,”””’>”*"'"" the lack of a quantitative
understanding of key model parameters, such as R and p, limits the
ability to accurately evaluate the validity of the spherical Fermi
surface approximation across different metals.

From a macroscopic perspective, the resistivity of cubic crystal
systems is isotropic, making the approximation of a spherical
Fermi surface potentially valid for such metals. However, in less
symmetric structures (e.g., hexagonal, tetragonal, orthorhombic,
monoclinic, and trigonal), the resistivity becomes anisotropic in
the bulk metal. For example, hexagonal Ru exhibits lower resistivity
along the hexagonal axis compared to the two perpendicular
(in-plane) directions.'*>'%* To address this, a semiclassical model
based on the Mayadas—Shatzkes framework was developed for ellip-
soidal Fermi surfaces.'’* This model can describe metals with hex-
agonal, tetragonal, or orthorhombic crystal symmetries. While the
mathematical details are beyond the scope of this Tutorial, the
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FIG. 5. Calculated thin-film resistivity vs film thickness for various conduction
band effective mass anisotropies, considering surface scattering effects. The
model details are provided in Ref. 104. The parameters employed were
po=T14uQcm, A =6.8nm, R=0 (no grain boundary scattering), and p
= 0 (diffuse surface scattering). These parameters are representative of Ru.
For bulk Ru, the intrinsic effective mass anisotropy is 0.8. The results demon-
strate that an oblate anisotropy, characterized by low in-plane resistivity (a low
in-plane effective mass) and high out-of-plane resistivity (a high out-of-plane
effective mass), reduces surface scattering and consequently yields a weaker
dependence of the thin-film resistivity on thickness.
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model reveals a significant influence of Fermi surface anisotropy on
surface scattering without affecting grain boundary scattering.

This behavior is illustrated in Fig. 5, which shows the thin-film
resistivity as a function of film thickness, with varying degrees of
Fermi surface anisotropy, based on the model from Ref. 104. In
these simulations, grain boundary scattering was neglected (R = 0),
allowing surface scattering to dominate. The results demonstrate
that in metals with low in-plane resistivity (corresponding to a
small in-plane effective mass) and high out-of-plane resistivity (a
large out-of-plane effective mass), surface scattering is progressively
suppressed, leading to a reduction in the thickness dependence of
the thin-film resistivity due to surface scattering.

In principle, this anisotropy effect could be exploited to
reduce the resistivity of nanowires, and therefore, the use of two-
dimensional and one-dimensional metals (with a single low-
resistivity crystallographic direction) in interconnect applications
has been proposed.'”” However, two important considerations
must be noted. First, since Matthiessen’s rule does not generally
apply, the presence of significant grain boundary scattering—which
is unaffected by reduced dimensionality—can suppress the benefits
of surface scattering reduction in two- or one-dimensional metals,
particularly in small-grain microstructures. Second, the application
of one-dimensional metals in interconnects would necessitate
single-crystal materials to ensure that the current is always aligned
with the low-resistivity crystallographic direction. Currently, there
is no established integration route for incorporating single-crystal
lines in commercial interconnects, limiting the practical application
of such materials to fundamental material science at this stage.

B. Point defects, disorder, and alloy scattering in
compound metals

Before introducing first-principles screening methodologies !

for identifying and selecting promising metals for interconnect
applications based on the mean free path of charge carriers, 4, it is
essential to briefly discuss additional sources of scattering that are
particularly relevant for compound metals. In crystalline materials,
any deviation from periodicity can result in electron scattering,'*®
In elemental metals, such deviations include vacancy or vacancy
cluster defects as well as impurities. In high-quality polycrystalline
thin films of relevant metals, vacancies and impurities primarily
influence the resistivity at cryogenic temperatures, but their effects
are generally negligible at room temperature, where scattering by
phonons, grain boundaries, and surfaces dominates.

The situation can, however, be markedly different for com-
pound metals. Alloys are inherently disordered materials, character-
ized by the random distribution of different atoms on lattice sites.
As a result, the crystal lacks periodicity, leading to increased resis-
tivity due to alloy scattering. This effect is illustrated in Fig. 6 for
the seminal Cu-Au sys‘[em.m7 In disordered Cu,Au,_, alloys, the
resistivity is considerably higher than in the pure elemental metals
Cu and Au, reaching a maximum at 50% Au content, where disor-
der is the greatest. By contrast, the system also forms two ordered
intermetallic phases, CusAu and CuAu, near their respective stoi-
chiometries. In these ordered phases, the resistivity shows a sharp
minimum, significantly lower than that of the disordered alloys.
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FIG. 6. Resistivity of CuxAuy_x intermetallic compounds as a function of Au
mole fraction. Randomly disordered alloys exhibit much higher resistivities due
to alloy scattering, with a resistivity maximum at 50% Au. In contrast, ordered
CusAu and CuAu intermetallics display significantly lower resistivities near their
stoichiometric compositions.'*":'%

These observations highlight the necessity of minimizing alloy
scattering to achieve resistivities relevant for interconnect applica-
tions in compound metals. As a result, in addition to elemental
metals, for which such issues do not arise, only ordered intermetal-
lics are of potential interest in alternative metal screening efforts.
This challenge is further compounded by the difficulty of accurately
measuring and optimizing intermetallic ordering in thin films. A
more detailed discussion and the current state of the art can be
found in Secs. IV C and IV D.

C. Ab initio screening of alternative metals

The discussions in Secs. II A 2 and II A 3 emphasize that
accurately predicting the resistivity of thin films or nanowires is not
feasible without detailed microstructural information, which is
inherently dependent on deposition process conditions.
Additionally, resistivity models, such as the Mayadas-Shatzkes
model in Eq. (7), rely on the assumption of a spherical Fermi
surface (free-electron gas), and metal-specific scaling is represented
solely by a single mean free path value. While it is possible to
compute the electron-phonon-limited resistivity of metals from
first principles by considering detailed band structures,'”” such cal-
culations remain computationally intensive, restricting feasible
system sizes to only a few atoms per unit cell. The primary limita-
tion is the computational cost of calculating the electron-phonon
coupling and the corresponding relaxation times. Moreover, incor-
porating grain boundaries into this framework is highly

TUTORIAL pubs.aip.org/aip/jap

challenging. To date, these factors constrain the development of a
fully predictive downselection methodology capable of directly
identifying the most promising metal candidates for interconnect
applications.

Consequently, the metal selection problem must be
approached in stages, as outlined in Fig. 3. Nevertheless, screening
metals of potential interest remains feasible using a p, x A figure of
merit, which can be computed using ab initio methods with rela-
tively low computational cost, as introduced below. The application
of this methodology for screening elemental and compound metals
will be discussed in Sec. IV.

In the Boltzmann transport framework, the conductivity
tensor for a bulk metal film is expressed by Eq. (3) as

2 0
—€ afnk
O =—= T

As noted above, the calculation of the conductivity tensor
requires the knowledge of the relaxation time 7,, which is costly to
calculate by ab initio methods. In general, 7,x of an electron
depends on its wavevector k and band index n; therefore, metals
typically show a broad distribution of mean free paths,””''" as illus-
trated in Fig. 7(a) for Cu along two crystallographic directions.

Nevertheless, the complexity of the problem can be reduced
by assuming an isotropic constant relaxation time 7, independent
of the electron wavevector k. Under this approximation, Eq. (8)
can be simplified by extracting 7 from the summation and evaluat-
ing the expression only at the Fermi energy, i.e., by replacing the
derivative of the Fermi-Dirac distribution by a -function. This
results in the transport tensor,”””"

Vik & Vik- (8)

62

| -

ot (1)

i)

where BZ denotes that the summation is performed over the
Brillouin zone. The approximation of the Fermi-Dirac distribution
derivative to a d-function has been found to be generally accurate,
resulting in temperature-independent transport tensors.”'

The key advantage of the constant relaxation time approxima-
tion is that the right-hand side of Eq. (9) depends only on the mor-
phology of the Fermi surface, eliminating the need for detailed
knowledge of electron—-phonon interactions. As a result, the calcu-
lation of the p,r transport tensor is computationally much less

demanding, rendering it suitable for evaluating a wide range of
metals.”””"

Alternatively, an equivalent transport tensor can be formu-
lated by assuming that the mean free path of the charge carriers
AMk) = v x (k) is isotropic and independent of k. This
approximation, the constant mean free path approximation, leads
to the following transport tensor:"”""

1@ ey (k)>
/ﬁ a (271')3 ;< |V(n)(k)| BZ'

It is worth noting that a pyA tensor can also be derived within the

(10)

D k) @ v (K))y, ) §
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FIG. 7. (a) Decomposition of the electrical conductivity for Cu as a function of the mean free path along the [111] and [100] crystallographic directions. The distinct profiles
observed along these two directions can be attributed to the Fermi surface anisotropy. (b) Ab initio calculations of the film thickness dependence of the resistivity for mono-
crystalline Cu with two different surface normal orientations considering surface scattering effects. Computational details are the same as those in Ref. 72.

constant relaxation time approximation by dividing the p,7 trans-
port tensor by the Fermi-Dirac weighted average velocity,

Zn<|v(n)(k)|>bz
Zn<1>bz .

While the numerical values of the various transport tensors may
exhibit discrepancies for a given metal due to the inherent approxi-
mations, screening methodologies based on these tensors generally
yield consistent results. Consequently, both approaches can be used
interchangeably for screening purposes.

One practical application of this approach involves the
approximate determination of a single-valued mean free path 4 (or
relaxation time 7) of a metal when the bulk resistivity p, is known,
for instance, from experimental data. It is noteworthy that for cubic
systems, the pyA and p,7 tensors are diagonal and, thus, reduce

1m)

Y=

to a single isotropic value.”” Many semiclassical thin film transport
models, such as the Mayadas—Shatzkes model in Eq. (7),"18 assume
a simplified isotropic free-electron gas and consequently neglect
band structure effects, including their influence on the mean free
path. For real metals with complex band structures, it may be
possible to replace the exact k-dependent mean free path by an
effective mean free path. However, rigorous calculations of the elec-
tron-phonon coupling are required for accurate determination of
this effective value. Therefore, the 4 value extracted from the p 4

tensor (divided by the bulk resistivity p,) has been utilized as an
effective mean free path in thin-film transport models. Given the
experimental challenges associated with directly measuring the
mean free path,''' the accuracy of this approximation remains
uncertain. Nevertheless, employing p,A-derived values for the mean

free path has generally led to satisfactory agreement between semi-
classical transport models and experimental observations.®””*?*~'%!
Second, the pyA tensor can serve as a figure of merit for a

metal, indicating its potential for achieving low resistivity at nano-
scale dimensions. Lower values of this tensor correspond to metals
with greater scaling potential. Consequently, both the pyA and p,7

tensors have been extensively employed to identify promising alter-
native metals for nanoscale interconnect applications. A significant
advantage of this approach lies in its substantially reduced compu-
tational cost compared to independently calculating the electron-
phonon mean free path and bulk resistivity, enabling the screening
of a wide range of materials. However, given the inherent approxi-
mations, the screening results should be interpreted with caution,
as they may not accurately predict the thin film resistivity (see also
Sec. I A 2). Nevertheless, this screening methodology has proven
valuable, and the current state-of-the-art techniques utilizing this
approach for alternative metal screening are discussed in Sec. IV.

D. Resistivity scaling for thin films and nanowires in
the presence of surface scattering

While the methodology introduced in Sec. II C has been suc-
cessfully applied to screening both elemental and compound
metals, its accuracy in predicting thin-film or nanowire resistivities
is limited. In reality, the mean free path of charge carriers depends
strongly on their wavevector k. As depicted in Fig. 7(a) for Cu, the
mean free path varies significantly along different directions on the
Fermi surface. Consequently, incorporating the complete aniso-
tropic band structure into transport calculations and screening
efforts is essential for achieving a more accurate understanding of
resistivity at nanoscale dimensions.
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Equation (4) captures the rescaling of the bulk relaxation time,
accounting for all pertinent scattering mechanisms. It should be
noted that grain boundary scattering can be implicitly accounted
for through an effective mean free path. Under the assumption of a
spherical Fermi surface, the analytical Mayadas-Shatzkes model, as
expressed in Eq. (7), can be derived. Incorporating the full elec-
tronic band structure yields the following expression:

l-p

{1 — exp {—_hA H . (12)
1—pexp (’—h) et

e 1]

T Ate. 1
Ty Pl
Tk h

Here, Tf,k represents the relaxation time, accounting for both
phonon and grain boundary scattering.

When grain boundary scattering is neglected (i.e., considering
only phonon and surface scattering), the thin film resistivity can be
predicted ab initio. The calculated relationship between thin-film
resistivity and film thickness for Cu is shown in Fig. 7(b). It is
important to note that Eq. (12) indicates that the resistivity of thin
films (or nanowires) depends not only on the transport direction
but also on the orientation of the surface normal (growth orienta-
tion). This holds true even for metals with isotropic bulk resistivity,
such as cubic metals, including Cu, and can be explained by the
reduced symmetry arising from dimensional confinement.

For single-crystal films with negligible grain boundary scatter-
ing, the results are, in principle, exact, apart from the usual approx-
imations inherent to density functional theory (DFT). While grain
boundary scattering in textured films could theoretically be incor-
porated via a grain-size-dependent mean free path, its accurate
treatment relies heavily on the knowledge of the detailed micro-
structure and remains challenging for current ab initio techniques.

Beyond transport calculations, the proposed model can also be
extended to derive a figure of merit for thin films or nanowires,
analogous to the pyA tensor in Eq. (10). For a thin film with surface

normal #, we find””

1
pA(a)

Vi - ﬁ|2

_ nse? Ofux
film N Q 0e 2|Vu|[Vux - 1

(13)

9,08 >6

To prevent divergence, an angular cutoff 6 was introduced. The
unit vector n represents the in-plane transport direction.
The expression for a nanowire is given by’

1 nge 0 ~
A M Pk v iy, (9
PA, ) yire I By
with 7% given by the expression””
o~ (1= BRt) o 00 if wivi - 6] < hlvic -8,
. (1 —%“X:}‘(‘jg‘l) O if Wiy -6 > B -8, (15)

T A ﬁ—l— O(h*) if wivyy -] = h|v,x - §].

Here, § and u denote the two confinement directions correspond-
ing to the width w and thickness h, respectively. An alternative
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formulation to the thin-film and nanowire figures of merit has
been proposed in Ref. 105 and leads to comparable results in terms
of metal benchmarking.

This figure of merit accounts for anisotropic transport effects,
such as the suppression of surface scattering discussed in Sec. II A 3,
making it particularly suitable for single-crystal wires, in which
transport occurs in well-defined crystallographic directions. For
certain crystalline orientations, this can result in highly favorable
figures of merit for specific materials, in particular, one-dimensional
metals.'”” However, it is important to note that in random polycrys-
talline films and nanowires, surface scattering is averaged over all
grain orientations. Additionally, in films or nanowires where resistiv-
ity is predominantly governed by grain boundary scattering (e.g., in
small-grain polycrystalline films), the suppression of surface scatter-
ing is significantly reduced (see Sec. II A 3). Under these conditions,
benchmarking metals using Eq. (10) remains the most appropriate
approach.

I1l. INTERCONNECT RELIABILITY

A second critical aspect in selecting new metallization
schemes for interconnects is the reliability of both the metal and
the surrounding dielectric materials. Interconnect failure can origi-
nate from degradation in either the metal or the dielectric.
Analogous to line resistance, interconnect reliability tends to deteri-
orate as wires and vias are miniaturized. Initially, the limited elec-
tromigration resistance of Al led to the adoption of Cu as the
primary interconnect metallization more than two decades ago.”*
However, the reliability of Cu metallization is now facing increasing
challenges. As elaborated in Secs. III A and III B, barrier and liner
layers are essential for maintaining reliability but must be scaled
alongside interconnect dimensions to leave sufficient room for the

Cu conductor. Due to the limited scalability of these layers, they ¢
eventually occupy a substantial fraction of the interconnect volume !

while contributing minimally to the overall conductance. As dem-
onstrated in Sec. V using calibrated line resistance models, barrier-
and liner-less metallization is essential for realizing low-resistance
interconnects, outperforming current Cu-based metallization
schemes. In Secs. III A and III B, we will delve into the fundamen-
tals of both metal and dielectric reliability. The current state of the
art regarding the reliability of specific elemental and binary alterna-
tive metals will be explored in Sec. TV.

A. Dielectric breakdown and the need for barrier
layers

Time-dependent dielectric breakdown (TDDB) is a physical
degradation process in which a dielectric material, subjected to a
constant electric field below its intrinsic breakdown strength, pro-
gressively deteriorates and ultimately fails over time. This failure
can be attributed to the formation of conductive paths (filaments)
within the dielectric, which can short-circuit adjacent metallic elec-
trodes.''” Rapid failure may result either from gradual intrinsic
damage to the dielectric material (e.g., vacancy formation) or from
the drift of metal from nearby interconnect lines or vias. In the
latter scenario, metal ions drift through the dielectric under the
influence of the applied electric field, contaminating the dielectric,
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increasing leakage currents, and ultimately causing dielectric break-
down and shorting between interconnect lines."' ' *

The time-dependent dielectric breakdown behavior depends
on the materials used, both metals and dielectrics. For metals, there
exists a thermodynamic barrier that determines the detachment of
ionized metal atoms and their subsequent drift or diffusion into
the low-« dielectric. This barrier generally scales with the metal’s
cohesive energy. Consequently, refractory metals, which exhibit sig-
nificantly higher cohesive energies compared to Cu, present a
higher barrier, thereby suppressing the drift and diffusion of metal
ions into the dielectric and resulting in a substantially longer time-
dependent dielectric breakdown lifetime. It is important to note
that the drift and diffusion of metal ions within the dielectric are
less influenced by the cohesive energy of the metal and are instead
primarily dependent on the binding energy of metal impurities in
the dielectric. Nevertheless, for metals relevant to interconnects, the
dominant thermodynamic barrier arises from the detachment
energy. Therefore, metals with high cohesive energy (i.e., refractory
metals) are expected to exhibit significantly improved time-
dependent dielectric breakdown lifetimes.

Moreover, the selection of dielectrics also influences the time-
dependent dielectric breakdown performance of interconnects.
Advanced interconnects utilize low-x materials to minimize inter-
connect capacitance.'”™"'® The low dielectric permittivity x of
these dielectrics is typically associated with a reduced dipole
density, either intrinsically due to their composition or by decreas-
ing physical density, such as through the introduction of porosity.
This can have a pronounced impact on time-dependent dielectric
breakdown behavior, as it is well-established that Cu readily
detaches and diffuses in such dielectrics, leading to rapid dielectric
breakdown. As a result, Cu interconnects require the use of refrac-
tory barrier layers between the dielectric and the Cu metallization
to prevent Cu detachment and drift into the dielectric. In general,
amorphous barrier materials are preferred over polycrystalline
counterparts, as grain boundaries can act as diffusion pathways.
Currently, TaN is employed as the primary barrier material, with
the potential for being scaled down to thickness around 1-1.5 nm
without compromising functionality.''”'*" Ongoing research has
explored alternative barrier materials, such as Zn-doped Ru,'?!

barrier/liner
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though their integration poses challenges and is not expected to
yield significant improvements over TaN barriers.

Beyond intrinsic material properties, process limitations and
dimensional scaling can further compromise time-dependent
dielectric breakdown behavior. Factors, such as narrow gaps, line-
edge roughness, plasma-induced damage, and misalignment (see
Fig. 8), can all contribute to dielectric degradation. Therefore,
selecting a suitable alternative metal for advanced interconnects
should not only be based on its intrinsic properties (such as the
metal detachment barrier) but also on its compatibility with inte-
gration processes, as the introduction of new materials can exacer-
bate dielectric breakdown. It is, thus, crucial to experimentally
evaluate time-dependent dielectric breakdown performance using
appropriate test structures, such as planar capacitors (PCAPS)'** or
sidewall capacitors (SWCAPS),'” to facilitate the downselection of
promising alternative metals.

The primary driving forces behind time-dependent dielectric
breakdown are the applied electric field and the temperature of the
interconnect. In practice, time-dependent dielectric breakdown
constrains the maximum electric field that can be safely applied
between adjacent lines, making it a critical consideration in circuit
design and layout. For commercial circuits, lifetime requirements
are typically set at 10 years for temperatures up to 135 °C. Direct
measurement of such long lifetimes is impractical; therefore, the
maximum electric field for reliable operation is determined
through extrapolation from accelerated tests conducted at elevated
temperatures and electric fields. There is an ongoing debate in the
literature regarding the most appropriate model for time-dependent
dielectrilc2 4breakdown lifetime extrapolation, with several proposed
models,

E—model: tsou o< exp(—yE), (16)

VE—model : t509 OC exp(—y\/J_E), 17)

tso% o< E~™, (18)

Power — law model :

FIG. 8. lllustration of factors influencing time-dependent dielectric breakdown and interconnect lifetime: (1) intrinsic dielectric properties, breakdown location, and mecha-
nism; (2) insulating dielectric thickness; (3) barrier properties and conductor metal detachment; (4) dielectric damage induced by integration processes, such as barrier
deposition, chemical-mechanical polishing, etching, or moisture absorption; and (5) line variability, including line-edge roughness, trench height, or via misalignment.
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exp(—yVE +9)
E

Impact damage model: t500 OC s (19)

1/E—model: (20)

5005 OC exp (%) .

Here, t500, represents the time elapsed before a line fails with a
probability of 50%. The impact damage model, also known as the
lucky electron model, is widely regarded to most accurately describe
the underlying physical mechanisms of time-dependent dielectric
breakdown.'”> However, some researchers prefer the power-law
model for fitting time-dependent dielectric breakdown data, as it
offers reliable predictions with a limited number of fitting parame-
ters.2#12%127 In contrast, studies on damascene structures'”%'??
have found that both the E- and v/E-models tend to be overly con-
servative in fitting low-field time-dependent dielectric breakdown
data. The behavior of these models, along with their comparison to
experimental data for Cu, is depicted in Fig. 9. It is important to
note that additional area scaling and extrapolation to low failure
percentiles are necessary to determine failure rates and define oper-
ating condition limits for industry-relevant interconnects.'”
Accelerated time-dependent dielectric breakdown testing can
also provide insights into the underlying failure mechanisms, such as
whether breakdown occurs via dielectric failure or through the for-
mation of metal filaments. Typical bias-temperature stress experi-
ments employ PCAPs or SWCAPs at elevated temperatures, using
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FIG. 9. Comparison of the available models for time-degendent dielectric break-
down lifetime extrapolation vs measured data for Cu.'* Reproduced with per-
mission from Croes et al, in 2013 IEEE International Reliability Physics
Symposium, pp. 2F.4.1-2F.4.8 (2013). Copyright 2013 IEEE.

TUTORIAL pubs.aip.org/aip/jap

methods, such as triangular voltage sweeps or the application of
constant voltage (see Fig. 10). For capacitors with different elec-
trodes—one consisting of the metal of interest and the other of a
refractory metal—metal drift can be identified and distinguished
from intrinsic breakdown by comparing results under positive and
negative bias. For instance, under positive voltage stress applied to
the weak top electrode in a PCAP [Fig. 10(a)], and in the absence of
an effective diffusion barrier, metal ions will drift into the dielectric
[Fig. 10(b)]. In contrast, no metal drift is observed under negative
voltage stress [Fig. 10(c)]. This allows for the differentiation between
the metal drift and intrinsic dielectric breakdown mechanisms, as
the latter are not dependent on bias polarity [Figs. 10(d) and 10(e)].

Alternatively, during triangular voltage sweeps, metal drift can
be detected when the leakage current increases during the initial
sweep but disappears in subsequent sweeps, indicating that metal
ions have migrated through the dielectric [Figs. 10(f)-10(i)].
Time-dependent dielectric breakdown measurements conducted at
various temperatures and voltages enable the study of conditions
associated with intrinsic breakdown, metal filament growth, and fil-
ament formation."”' Given that these mechanisms are influenced
by the metal, the dielectric material, and their respective thick-
nesses, it is crucial to continuously refine testing methodologies for
alternative metals and advanced interconnects.

From a dielectric breakdown perspective, the primary limita-
tion in scaling Cu interconnects is the requirement for barrier
layers to prevent metal detachment and drift into the surrounding
dielectrics. As interconnect dimensions shrink, these barriers—
having significantly higher resistance than Cu—occupy a substan-
tial fraction of the interconnect volume, which ultimately impedes
effective metal fill at ultrasmall dimensions. As discussed further in
Sec. V, this results particularly in a sharp increase in line resistance
for interconnects with widths below 10 nm, necessitating the adop-
tion of barrierless alternative metallization strategies.

B. Electromigration

Electromigration (EM) is a well-documented main failure
mechanism in integrated circuits. When an electric current flows
through a conductor, the metal atoms are subjected to two oppos-
ing forces: the direct force exerted by the electric field and the force
arising from a momentum transfer (the “electron wind”) from the
moving electrons [see Fig. 11(a)].

Over time, the electron wind can induce metal atoms to
migrate in the direction of electron flow, from the cathode to the
anode. This migration results in metal atom depletion at the
cathode, leading to the formation of voids [Figs. 11(b) and 11(c)]
and ultimately causing open circuits. Conversely, metal atoms accu-
mulate at the anode, promoting hillock formation [Fig. 11(b)] and
potentially leading to short circuits.'*

The driving force Fgy, also known as the electron wind force
Fyind> governing the electromigration process'” can be expressed as

Fey = Z'ep X je, (21)
where p represents the metal resistivity, j. denotes the electron
current density, Z" is the effective ion valence, and e is the charge
of an electron.
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FIG. 10. (a) Device structure of a planar capacitor (PCAP) used for time-dependent dielectric breakdown lifetime measurements. (b) and (c) Schematics of metal drift pro-
cesses under constant voltage stress. For weak metal top electrodes, metal ions can migrate during positive voltage, while metal drift does not occur under negative bias.
(d) and (e) Time-to-failure (TTF) behavior as a function of applied bias voltage + V. (f)—(i) lllustration of metal filament formation and dissolution during triangular voltage

sweeps with applied electric fields E as indicated.

Einstein’s equation relates the atomic mass flux J to the elec-
tron wind force,

DC

]_kBT

X Fppr, (22)

where C is the atom concentration, D is the diffusion constant
given by D = Dy exp {— ,f}—AT , with Dy representing the effective dif-
fusivity along different paths, E4 the activation energy for the dom-
inant diffusion pathway, kp the Boltzmann constant, and T the
temperature.

In a metal line, atoms can diffuse through various pathways:
within the bulk of the line, along grain boundaries, and at the inter-
face between the metal and the dielectric. The predominant diffu-
sion path is material-dependent and is determined by its activation
energy E,, which, in turn, is governed by the bonding energy of
the crystal metal lattice. In Cu interconnects, voids arising from
electromigration typically nucleate at the top interface between Cu
and the dielectric barrier (typically SiN or SiCN), and void growth
subsequently proceeds through grain boundaries.'*~'*

One of the critical challenges of downscaling interconnect
dimensions is the rapid increase in the relative volume of atoms
diffusing along interfaces and grain boundaries, coupled with a
decrease in the overall metal volume. This combination leads to a

pronounced degradation in the electromigration lifetime of scaled
Cu interconnects."*”'*" As a result, the maximum current densities
that can be carried reliably (with a 10-year lifetime at 135°C)
steadily decrease in scaled interconnects, imposing increasingly
stringent constraints on circuit design and layout.

The reduction in electromigration lifetimes for scaled inter-
connects has been mitigated (slowed) by the introduction of liner
layers between TaN barriers and Cu conductors, particularly at the
top interface of the line. Co has been the primary liner material in
recent technology nodes, with Ru/Co bilayer liners emerging.
However, similar to the TaN barrier, which prevents Cu drift into
surrounding dielectrics, the thickness of liner layers poses signifi-
cant challenges for scaling.''”'*”'** Prefill techniques offer a
potential alternative to improve reliability, although they introduce
additional process complexities.'*>'** Analogous to the TaN diffu-
sion barriers, liners contribute minimally to the overall line con-
ductance while occupying an increasing fraction of the line volume.
This reduces the available space for the primary conductor (ie.,
Cu), leading to a sharp rise in line resistance as interconnect
dimensions are scaled down.

An alternative approach to liner scaling is the use of conduc-
tor metals with intrinsically high resistance to electromigration,
offering significantly better electromigration performance than Cu.
Since the activation energy E, for electromigration generally scales
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FIG. 11. (a) Schematic illustrating the electromigration driving force in a metal
(Fuing)-"** (b) and (c) Scanning electron micrographs of hillocks and voids
induced by electromigration in a Cu line.'** Reproduced with permission from
Ryu et al., IEEE Trans. Electron Devices 46, 1113 (1999). Copyright 1999 IEEE.

with the cohesive energy of the metal, refractory metals with high
melting points present a promising solution. It is noteworthy that
metals with high cohesive energies are also advantageous for bar-
rierless dielectric reliability, suggesting that the material properties
influencing the different reliability aspects are related. The critical
importance of selecting alternative metals with high potential for
barrier- and liner-free, reliable metallization schemes is further
explored in Sec. V.

C. Self-heating and thermal properties

As previously discussed, the reliability of metal interconnects is
heavily influenced by the absolute temperature at critical points within
the interconnect structure, as well as the temperature gradients present
throughout the metal stack. The temperature in the interconnect is
determined by several factors: the thermal resistance of the intercon-
nect structure, the thermal coupling between the interconnects and
the heat-generating transistors, self-heating within the interconnect,
and the thermal interactions between adjacent metal lines.

As interconnect dimensions continue to shrink and low-x
dielectrics are introduced, thermal management becomes increas-
ingly critical. Due to the typically low thermal conductivity of

TUTORIAL pubs.aip.org/aip/jap

low-x interlayer dielectrics (as low as 0.3 Wm~! K~! for OSG 3.0,
an organosilicate glass with a dielectric constant of ¥ = 3.0),"*>'*
heat dissipation within the interconnect stack predominantly
occurs through metal lines and vias and is highly dependent on the
thermal conductivity of the metals and their connectivity
scheme.'*” The scaling of metal linewidth and thickness leads to a
reduction in thermal conductivity, an increase in electrical resistiv-
ity (see Sec. II), aggravating self-heating, and an enhanced contri-
bution of barrier thermal resistance.'*” As a result, the interconnect
stack exhibits higher thermal resistance, with interconnect thermal
resistance becoming the dominant factor in overall thermal resis-
tance for advanced packages, leading to increased self-heating of
the metal interconnects."**

Given that the thermal behavior of interconnect structures is
primarily governed by the metallization, accurately predicting the
thermal  properties of alternative metals is  crucial
Interconnect-level thermal models'*”'*" can account for factors,
such as the metal line density, the via density, and the connectivity
between various metal layers. However, these models must also
incorporate the size-dependent behavior of the materials to provide
a comprehensive understanding of thermal performance.

To accurately capture ballistic thermal transport effects involv-
ing both electrons and phonons, ab initio simulations can be
employed to predict the thermal conductivity of relevant materials.
In bulk metals, the total thermal conductivity Kj is the sum of con-
tributions from all electron (K) and phonon (Kp) modes, given by

Ky = Kgq + Kph
= Cakpvi)rak) + Y Cn(@)viy(@)7m(@).  (23)
k q

Here, C represents the heat capacity, v is the group velocity, and 7

denotes the relaxation time. The subscripts “el” and “ph” refer to the |

contributions of electrons and phonons, respectively, while k and q
represent the wavevectors of electrons and phonons, respectively.

In semiconductors or dielectrics, heat is transported primarily by
phonons, whereas in metals, electrons are the dominant heat carriers.
Consequently, in metals, the thermal conductivity K, and the electrical
resistivity p, are related through the Wiedemann-Franz law,

LT

KO - > (24)
Po

where L denotes the Lorenz number and T the temperature. For free
electrons, L = 2.4 x 1078 WQ K 2. Many bulk metals exhibit Lorenz
numbers close to this free-electron value (e.g., Cu'h), although certain
metals, such as those in the Pt group152 or W,"”! show Lorenz
numbers approximately 10%-15% higher. Such deviations from free-
electron behavior typically stem from additional contributions of
phonon transport to the thermal conductivity.

To account for the influence of reduced metal dimensions on
thermal conductivity, a thin-film model based on the Mayadas—
Shatzkes framework™ (see Sec. I A 1) has been employed to esti-
mate the size-dependent thermal conductivity for various metals
(or metal stacks). Experimentally calibrated reflection coefficients
and surface specularity parameters (see Sec. IV) were used. This
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FIG. 12. Thickness-dependent thermal conductivity: (a) Phonon-dominated regime. (b) Total thermal conductivity, including contributions of both phonons and electrons.

model allows for the separation of phonon and electron contribu-
tions to total thermal conductivity.

As shown in Fig. 12(a), phonon contributions remain below 15%
for relevant interconnect dimensions, indicating electron-dominated
thermal transport and (approximate) applicability of the Wiedemann-
Franz law. Figure 12(b) illustrates the thickness dependence of the
thermal conductivity for several metals. Size-dependent thermal con-
ductivity behavior is influenced by an electron mean free path, grain
boundary scattering, and surface scattering characteristics.”'** The
extent to which the Lorenz number is modified in nanoscale metal
films and wires is an ongoing area of research. While theory and
experiments suggest a possible reduction from bulk values, conclusive
evidence is still lacking,'*>~"*”

IV. ALTERNATIVE METAL SCREENING AND
DOWNSELECTION

Due to the complexity and high cost associated with fabricat-
ing nanoscale interconnect lines at target dimensions, direct experi-
mental identification of the most auspicious metals among
numerous candidates is impractical. Therefore, a simplified proce-
dure needs to be devised to identify and select the most promising
candidates based on easily measurable parameters for a wide range
of materials. While the specific set of criteria may vary, recent
approaches have focused on both nanoscale metal resistivity and
reliability.”'°>'®" Further insights into candidate metal properties
can be gained through thin-film experiments, which can serve as
initial approximations of expected line performance, following the
workflow in Fig. 3. Sections IV A-IV D discuss the current state of
understanding for elemental, binary, and ternary metals based on
this workflow.

A. Elemental metals

Considering the discussions in Secs. II and III, the following
three material properties have been identified as representative

indicators of the overall performance of metals in scaled
interconnects.

(i)  the bulk resistivity, py;

(ii) the mean free path of the charge carriers A or, alternatively,
the product of the bulk resistivity and the mean free path of
the charge carriers, p, x 4; and

(iii) the cohesive energy or, alternatively, the melting temperature.

The first two indicators represent the potential for low resistiv-
ity at small dimensions, as discussed in Sec. II. The third parameter
can be considered an indicator for electromigration resistance and

barrierless reliability, as more refractory metals generally exhibit !

better performance (see Sec. III).

Values for the first indicator (i) can be found in the literature.
While ab initio calculations of p, are feasible, they are computation-
ally intensive and unsuitable for screening a large number of metals.
Similarly, calculating the mean free path A4 is resource-intensive.
However, the product p, x 4 (or the related transport tensor compo-
nents) can be obtained relatively easily from ab initio calculations, as
explained in Sec. IT C. The third proxy can be either obtained from
the literature (melting point) or calculated (cohesive energy). A
strong correlation between melting points and cohesive energies has
been observed [Fig. 13(a)], justifying their interchangeable use.'*"'*'

In practice, the product of bulk resistivity and mean free path,
Po X A, has been preferred as a figure of merit for metals. However,
it is essential to consider parameter (i), the bulk resistivity p,, in
conjunction with p, x A. While this is straightforward for elemen-
tal metals, it can be challenging for binary and ternary metals due
to limited knowledge of their fundamental properties.

The primary limitation of using the p, x A figure of merit
alone is the inherent correlation between p, and A: short mean free
paths (short relaxation times) lead to high resistivities, as evident
from Eq. (3). Figure 13(b) demonstrates this relationship by plot-
ting the mean free path deduced from the p, x 4 product against
bulk resistivity p, for various elemental metals. As shown in
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expected trend for the Cu py x A = 6.8 x 10-6 Qm.

Fig. 14, a short A can result in a less pronounced thickness-
dependent resistivity compared to Cu, leading to a resistivity cross-
over at a finite dimension. However, even with a constant p, x 4, a
lower bulk resistivity p, in an alternative metal is still advantageous,
as it typically results in a crossover with Cu resistivity at larger
dimensions compared to metals with higher p, (see Fig. 14). While
metals with the smallest A may eventually exhibit the lowest resis-
tivity, the crossover with Cu resistivity might occur at dimensions
that are not practical for interconnect applications.

The proposed indicators can be applied to all metallic ele-
ments in the periodic table. Using the p, x A product of Cu

100 r . T . T
€
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= ! ! .
= ! ! Alternative metals .
."? 10} : T High p
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-+
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o
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FIG. 14. Resistivity scaling trends: metals with small mean free paths 2 may
have comparable or lower resistivity than Cu at reduced dimensions. The cross-
over dimension depends, however, on the bulk resistivity p, for a constant p,
x A product.

(P X A = 6.8 x 107 Q m), a bulk resistivity of 10 2 cm, and the
melting point of Cu (1358 K) as cutoff values, the most promising
elemental metals can be identified, as shown in Table II. For refer-
ence, the properties of Cu are also included. The list includes
several transition metals, among them Pt-group metals, such as Ru,
Rh, and Ir.

The limited number of promising elements allows for experi- |
mental thin-film studies on all candidates, following the workflow !

outlined in Fig. 3. Figure 15 illustrates the thickness-dependent
resistivity of various elemental metal thin films. As expected due to
its long mean free path, Cu exhibits a rapid increase in resistivity
with decreasing thickness, particularly below 10 nm. In contrast,
many alternative elemental metals demonstrate a much less pro-
nounced increase, resulting in comparable or even lower thin-film
resistivities at thicknesses below 5-10 nm, depending on the metal.
Notably, several Pt-group metals, including Rh, Ir, and Ru, exhibit
low resistivities, making them promising candidates for future
interconnect applications. Resistivity modeling’® has confirmed
that the weaker film thickness dependence and ultimately lower
thin-film resistance compared to Cu can indeed be attributed to
shorter mean free paths.

Another promising metal candidate is Mo, >3 HO%I0L165 (which
despite exhibiting slightly higher thin-film resistivity, offers several
advantages for interconnect integration and is significantly more
cost-effective than the expensive Pt-group metals. Consequently,
Mo has emerged as a potential candidate for both logic and
memory interconnects.'’">'*°~'%

A metal-spacer-defined metal-etch short-loop vehicle, devel-
oped at imec, has provided additional insights into the resistivity of
ultrasmall nanowires and expected line resistance scaling. This
vehicle enables the fabrication of nanowires with cross-sectional
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TABLE II. Properties of prospective alternative metals gand Cu for reference): crystal structure, bulk resistivity po, calculated pg x A figure of merit (see Sec. Il C), mean free

path A, melting temperature, and cohesive energy.*’

Bulk resistivity Mean free path Melting temp. Cohesive energy
Crystal structure Po (UL cm) PoxA 107 Qm A (nm) (K) (eV)
Cu fec 1.68 6.8 40.7 1358 3.8
Co hep zz, || 5.1 4.8 9.4 1768 4.7
(xx=yy, 1) 9.1 7.5 8.2
Ni fce 6.93 41 59 1728 4.6
Mo bec 53 5.8 10.9 2895 9.5
Ru hep zz, || 5.7 3.8 6.7 2606 8.0
(xx=yy, 1) 74 5.1 6.9
Rh fec 4.7 32 6.8 2236 5.6
Ir fcc 5.0 3.8 7.5 2719 7.1

169-17
areas below 100 nm?>. 72

in Sec. V.

Beyond thin-film and short-loop nanowire resistivity evalua-
tions, selected alternative metals have been integrated into scaled
interconnect lines to assess their line resistance scalability as well as
their reliability, particularly with regard to the need for barrier

The results in Fig. 16 demonstrate that
Ir interconnects exhibit superior resistivity scaling compared to
state-of-the-art Cu damascene interconnects, while Ru and Co (to a
lesser extent) show similar resistivities for sufficiently narrow lines.
These results confirm the potential of these materials as alternatives
to Cu for interconnect metallization. It is noteworthy that, despite
comparable resistivities, Ru can offer significantly better line resis-
tance than Cu when integrated without barriers and liners due to
its larger conducting volume. This aspect will be discussed further

layers. Specific results are now available for Co, Ru, and Mo.
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FIG. 15. Experimental resistivity scaling trends for thin-flm metals: thin-film
resistiviies vs metal film (stack) thickness for various potential alternative

metals. Pt-group data from Refs. 70 and 164.

Co metallization has been the subject of extensive recent
research and has been integrated into commercial high-volume
circuit manufacturing.'”*~"’® However, Co migrates into surround-
ing low-x dielectrics, requiring a barrier layer (typically TiN) analo-
gous to Cu.'”® In advanced technology nodes with ultrathin low-x
films, maintaining hydrophobic interfaces and continuous thick
barriers are, however, crucial to prevent metal drift, posing signifi-
cant challenges to the integration and scalability of Co metallization
in advanced interconnects.'””*'"*

In contrast to Co, Mo has emerged as a promising candidate
for barrierless integration, eliminating the need for an adhesion
layer or diffusion barrier on SiO,, low-k organosilicate glasses, or
SiCO dielectric films. This finding has been corroborated by multi-
ple studies.””'®

Ru is another potential barrierless alternative to Cu. Its high
cohesive energy and excellent oxidation resistance allow for

100 + 1
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FIG. 16. Resistivity scaling of narrow interconnect lines: comparison of Co, Ru,
and Ir data obtained from metallic spacer etched test structures.”®'®~'"* Co
and Ru shown data are for as-deposited metals, while Ir and additional Ru data
were obtained after post-deposition anneallng at 420°C. A reference line is
shown for Cu dual-damascene metallization."
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FIG. 17. Electromigration stability of Mo-Ru hybrid interconnects: (a) No failures were observed after more than 600h testing at 330°C and 5MA/cm?.
(b) Cross-sectional transmission-electron micrograph of the tested structure. Reproduced with permission from Gupta et al., in 2022 IEEE International Interconnect

Technology Conference, pp. 58-60 (2022). Copyright 2022 |EEE.

barrierless integration, although a thin adhesion-promoting layer
might be necessary. However, this adhesion layer (typically TiN)
can be scaled down to a few A, well below the minimum thickness
required for functional diffusion barriers.'®' Further research has
confirmed that the reliability of Ru is not compromised when inte-
grated with a 0.3 nm TiN adhesion layer, with no evidence of metal
drift. Additionally, Ru combined with dense low-x dielectrics
(x = 3.0) has demonstrated a 10-year lifetime based on damascene
time-dependent dielectric breakdown results.'*”>'%

Both Mo and Ru interconnects exhibit exceptional electromi-
gration performance. As a matter of fact, observing electromigra-
tion failures in Mo and Ru interconnects has been challenging due
to the extreme temperatures and current densities required.'**'*’
Figure 17 illustrates an example of electromigration testing for Mo
interconnects, where no failures were observed even after more
than 600 h of stressing at 330 °C."*°

Furthermore, Hu et al>® demonstrated excellent reliability in
36nm wide Ru interconnect lines. Additionally, Varela Pedreira
et al."® reported unsuccessful attempts to induce electromigration
failures in barrierless 21 nm metal pitch Ru interconnects, even at
high current densities exceeding 30 MA/cm?. In the same study, the
authors subjected barrierless Ru lines to even more extreme condi-
tions, driving current densities of 150-200 MA/cm?, which resulted
in significant self-heating (~260 °C). Only under these extreme con-
ditions, void formation was observed at the grain boundaries and the
dielectric interface (Fig. 18).'"* Moreover, Beyne et al.'® investigated
scaled Ru wires with rough surfaces and no barrier using low-
frequency noise measurements. Their findings suggest that the
metal/dielectric interface serves as the primary diffusion path.

The results of the combined modeling and experimental
screening process for elemental metals, following the workflow out-
lined in Fig. 3, are summarized in Table II. Six elemental metals
have emerged as promising candidates for advanced interconnect
metallization: the platinum-group metals Rh, Ru, and Ir, along

with the transition metals Ni, Co, and Mo. Among these, Co has
already been integrated into local interconnects of commercial
CMOS technologies.”*"'”* Mo and Ru have garnered the most
attention for use in highly scaled lines and vias, due to their dem-
onstrated reliability, even in barrierless configurations. Currently,
barrierless Ru metallization combined with airgap structures is con-
sidered the leading candidate for logic interconnects with
sub-20 nm pitches,'*'**>**!%>!%” while Mo is also being actively
investigated as a viable alternative, particularly for memory
applications,'®'®!0~10%

B. Graphene and hybrid graphene-metal metallization

In addition to conventional metals, graphene has also been
proposed as a  potential conductor for  advanced
interconnects.'**™'”" Graphene exhibits high carrier mobility and
can support large current densities while demonstrating excellent
resistance to electromigration.192’193 However, pristine graphene is
a semimetal with a low charge carrier density, resulting in high
sheet resistance, which limits its direct applicability in intercon-
nects.'””* To overcome this, multilayer graphene structures and
doping are required to reduce resistivity to practical levels.

One effective doping method is intercalation [see Fig. 19(a)],
which has demonstrated considerable lowering of thin-film resistiv-
ities."”>"”° Notably, FeCls-intercalated graphene has recently
achieved resistivity values comparable to, or even lower than, those
of Cu.'””7*%° The intercalation process preserves the integrity of the
graphene Dirac cone while modulating the Fermi level, thereby
increasing the charge carrier concentration. Nevertheless, despite
the much improved resistivity in doped intercalated graphene, the
high contact resistance when co-integrated with metallic vias
remains a significant challenge. Future advancements may arise
from exploring alternative n-type intercalation species,"”” but
further research is necessary to demonstrate the successful
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integration of intercalated multilayer graphene into scaled intercon-
nect architectures.

In addition to intercalated graphene, graphene-metal hybrid
composite metallization is another promising approach for intercon-
nects. For instance, studies of Ru thin films capped with multilayer
graphene have demonstrated a reduction in both sheet resistance and
effective resistivity by approximately 10%-20% compared to
uncapped Ru films [see Fig. 19(b)].*°" This improvement has been
attributed to a 0.5eV reduction in the Fermi level, indicative of
p-type doping in the graphene layer, likely driven by charge transfer
from Ru.”"” Similar reductions in sheet and line resistance have been
observed in Cu-graphene hybrid metallization schemes as well.”*>*%*
While many studies have focused on hybrids incorporating single-
layer graphene, the use of bilayer or multilayer graphene may yield
even greater resistance reductions, although the potential benefits
could be limited by charge screening effects and interlayer resistance.

Beyond thin-film studies, the integration of graphene-metal
hybrid composite materials presents several challenges. The deposi-
tion temperatures required to produce high-quality graphene typi-
cally exceed the thermal budget for interconnect processing, which is
constrained to around 400 °C. Therefore, the development of low-
temperature processes for defect-free graphene deposition is essen-
tial””> Moreover, when integrated, eg, in a metal patterning
scheme, graphene should ideally be deposited selectively on the side-
walls of patterned interconnect lines to avoid shorts between adjacent
lines. Alternatively, graphene integration within damascene intercon-
nect architectures has also been explored,”’® resulting in substantial
improvements in electromigration resistance.””” However, further
research is needed to validate the performance benefits of such
hybrid systems in realistic scaled interconnect structures.

C. Binary intermetallics

The preceding analysis of elemental metals can be considered
exhaustive, encompassing all metals of potential interest. To

expand the range of materials of potential interest, recent research
has focused increasingly on compound metals. Among binary or
ternary metal systems, disordered compounds (alloys) typically
exhibit high resistivities due to strong alloy scattering (see
Sec. II B). In contrast, numerous ordered intermetallic systems have
demonstrated experimentally low resistivities, typically within a
specific narrow composition range.'”

Figure 6 illustrates a well-known example of the Au-Cu
system,m7 which includes the intermetallics AuCus and AuCu. The
figure shows that the resistivities of these intermetallics can be sig-

nificantly lower than those of random alloys within the same mate- ¢
rial system and may even approach the resistivities of the !

constituent elemental metals.

To benchmark and downselect binary intermetallics, the crite-
ria discussed for elemental metals in Sec. IV A can be applied
equally. However, a comprehensive benchmarking and downselec-
tion process, similar to that conducted for elemental metals,
remains beyond reach due to the vast number of potential interme-
tallic compounds and the limited available data for many of them.
Nevertheless, the p, x 4 figure of merit can be calculated for
selected intermetallics using ab initio methods, as described in
Sec. II C. It is important to note that many intermetallics possess
non-cubic crystal structures, often requiring tensor formulations.
Melting points can generally be found in the literature, such as,
e.g., binary phase diagrams, or replaced by calculated cohesive
energies when not readily available.

Thus far, ab initio screening studies have identified numerous
binary intermetallics with low p, x 4 values and cohesive energies
exceeding those of Cu (Fig. 20); however, only few surpass Ru. A
significant obstacle in evaluating intermetallics is the frequent
absence of accurate reported bulk resistivities p,. As a result, a
downselection process as comprehensive as that for elemental
metals is not readily achievable.

Experimental investigations have primarily focused on several
aluminide intermetallics due to their low bulk resistivities (below
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FIG. 19. (a) Cross-sectional transmission-electron micrograph and energy-
dispersive x-ray spectroscopy chemical mapping of FeCls-intercalated gra-
phene.'® Reproduced with permission from Li et al., in 2023 IEEE International
Electron Devices Meeting, pp. 1-4 (2023). Copyright 2020 IEEE. (b) Resistivity
measurements of bare and graphene-capped Ru interconnects for varying Ru
thicknesses.”’" Reproduced with permission from Achra et al., Carbon 183, 999

(2021). Copyright 2021 Elsevier.

dation resistance.””® Among the most promising candidates are
NiAl, AlCu, AL,Cu, AlRu, and Al;Sc. The properties of these alu-
minide intermetallics are summarized in Table III and can be
directly compared to those of the promising elemental metals listed
in Table II. For these aluminides, experimental studies have dem-
onstrated low resistivities,””””'" although this has predominantly
been observed for relatively thick films with thicknesses >>10 nm.

1€:20:80 ¥20T 49qWaNON 0

Among the most promising aluminide intermetallics, NiAl

has emerged as the most extensively studied compound.”

9,211-214

In physical vapor-deposited films on 300mm Si substrates, a

TABLE IIl. Properties of prospective intermetallics as alternative metals, including Cu as a reference: crystal structure, bulk resistivity, calculated p x A figure of merit (see
Sec. Il C), deduced mean free path A, melting temperature, and calculated cohesive energy of various intermetallics. Note that AICu and Al,Cu exhibit transitions to different
high-temperature phases between 850 and 900 K, rather than to the liquidus.”*

Bulk resistivity pPox A 1071° Mean free path Melting temp. Cohesive energy

Crystal structure Po (U cm) Qm A (nm) (K) (eV)
Cu fec 1.68 6.8 40.7 1358 3.8
AINi* Pm3m (B2) 5.5 44 8 1910 5.0
AlRu™?! Pm3m (B2) ~10 3.8 ~4 2250 6.9
AlCu®"’ C2/m 8 6.0 7.5 N/A 4.1
AlL,Cu’"? Fm3m 6.5 4.0 5.5 N/A 3.9
AlSc™? Pm3m (L1,) 7 49 7 1280 43
Cu,Mg'"’ Fd3m 5.7 9.6 22 1073 2.9
CuTi*** P4/nmm 19.5 3.4 12.5 1260 43
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resistivity of 13.9 uQ cm was achieved at a film thickness of 56 nm
after post-deposition annealing at 600 °C.”"” This resistivity can be
further reduced by depositing NiAl at an elevated temperature of
420 °C, followed by an in situ Si capping layer to prevent surface
oxidation. Under these conditions, a resistivity of 18 4 cm was
obtained for a 22 nm thick film.”"” To achieve even lower resistivi-
ties at reduced thicknesses, epitaxial NiAl films on Ge (100) have
been explored, resulting in a resistivity as low as 11.5uQ cm for a
7.7 nm thick film.”'> However, integrating such epitaxial layers into
scalable and manufacturable interconnects remains a substantial
challenge.

AlCu and ALCu films*'*?'??1°218 with thicknesses around
10 nm have demonstrated resistivities below 20 4 cm, and below
10uQcm for films around 30nm in thickness, after post-
deposition annealing at 500 °C. The resistivity of Al,Cu is lower
than that of Ru for film thicknesses of 10 nm and above, while
both AlCu and AlL,Cu outperform Mo across the entire studied
thickness range from 5 to 30 nm. Additionally, these compounds
exhibit resistivities comparable to TaN/Cu/TaN for thicknesses
below 8 nm. AL,Cu also displays excellent gap-filling capabilities
and promising reliability metrics in time-dependent dielectric
breakdown, electromigration, and bias temperature stress tests.”'”
However, further investigation is required to fully validate the
potential of AlCu and Al,Cu for advanced interconnects with high
reliability.

A resistivity of 12.6 uQ cm has been reported for a 24 nm
Al;Sc thin film following post-deposition annealing at 500 °C.”*
The resistivity was limited by a combination of grain boundary
scattering and point defect (alloy) scattering, which presents signif-
icant challenges for further improvements. AlRu has also been
identified as a potential candidate to replace Cu; however, experi-
mental resistivities for AlRu have remained comparatively high
thus far compared to those of the other aluminides discussed here,
primarily due to challenges in producing highly ordered films with
large grains.””'

For Cu, Mg, a resistivity of 25.5 u€2 cm has been reported for a
5nm thick film, along with excellent gap-filling performance
achieved via sputtering reflow. However, a thick MgO layer is
formed within the underlying SiO, due to interfacial reactions
between Cu,Mg and SiO,. This interfacial reaction raises signifi-
cant concerns regarding the feasibility of integrating Cu,Mg into
scaled interconnects, where (near-)zero interface formation is
essential to achieve low-resistance lines, casting doubt on its suit-
ability for such applications.”**

In contrast to elemental metals, binary intermetallics present
several additional challenges, including crystalline order and the
minimization of point defect densities, precise control of composi-
tion and its uniformity, the formation of secondary phases,
agglomeration, (interface) reactivity, and nonstoichiometric surface
oxidation, as exemplified in Fig. 21. A primary challenge lies in
controlling the composition of binary intermetallics, as reported
for the Al,_,Ni, and AlSc,_, systems.z”‘220 As shown in
Fig. 22(a), the resistivity of AlNij_, exhibits a pronounced
minimum at the stoichiometric composition of AljsoNipso.
A similar observation for Al,Sc;_, is depicted in Fig. 22(b).

As discussed in Sec. II B, the increase in resistivity can be
attributed to the generation of nonstoichiometric substitutional or

TUTORIAL pubs.aip.org/aip/jap

vacancy point defects, which introduce strong disorder scattering.
The experimental findings indicate that compositional control at a
level of better than 1lat.% over the entire wafer is essential to
achieve low and uniform resistivities, a demanding requirement for
high-volume manufacturing. Furthermore, in both cases shown in
Fig. 22, low resistivities were only observed after high-temperature
post-deposition annealing, likely due to thermally activated order-
ing (point defect reduction) and grain growth. Consequently, the
compatibility of these annealing steps with the thermal budget of
the device fabrication process must be carefully evaluated.

As a further illustration of the challenges associated with binary
intermetallics, Fig. 23 presents a cross-sectional transmission-
electron micrograph and the corresponding energy-dispersive x-ray
spectroscopy chemical analysis of an NiAl film after air exposure.
The chemical analysis reveals the presence of a native surface oxide,
which deviates from the bulk NiAl stoichiometry, exhibiting a com-
position close to pure Al,03.°”” This phenomenon can be attributed
to element-specific surface processes, specifically metal outdiffusion
governing the formation of the native oxide. This can significantly
complicate compositional control, particularly for ultrathin films.**”

The tendency of forming nonstoichiometric native surface
oxides has been observed in various aluminide intermetallics,
although the specific oxide compositions may vary depending on
the material system.’”*'®**" Therefore, in situ surface passivation
techniques may be essential for the successful integration of (alumi-
nide) intermetallics into scaled interconnects, both after deposition
and potentially after patterning also.

D. Ternary compounds

Beyond binary intermetallics, several ternary compounds have
been explored for advanced interconnect metallization. Given the

vast combinatorial space of ternary intermetallics and the limited |
knowledge of their properties, a comprehensive screening approach, !

akin to that employed for elemental or binary systems, is computa-
tionally prohibitive. Consequently, research has, thus far, focused
on specific material classes, with particular attention given to MAX
phases.”>”*° MAX phases are layered hexagonal carbide or nitride
metallic ceramics, described by the generic formula M,;;AX,
[Fig. 24(a)], where 1 < n < 3; M is an early transition metal, A is
an A-group element, and X is either C or N.”*"7***

MAX phases typically exhibit significant thermal and electrical
conductivities, along with high melting points. Certain MAX com-
pounds, such as Cr,AlC and V,AIC, demonstrate bulk in-plane
resistivities on the order of 10u4Qcm at room temperature
[Fig. 24(b)].””> An ab initio screening study has identified low
Po % A products (see Sec. II C) for several MAX phases, confirming
their potential for scaled interconnect metallization.”"*

Another material system of potential interest are metallic dela-
fossite oxides, particularly PdCoO, and PtCoO,.”*” These layered
hexagonal compounds [see Fig. 24(c)] exhibit ultralow bulk resistiv-
ities comparable to that of Al,””>"**® along with exceptionally long
mean free paths.””” Recent experimental studies have reported thin
films with thicknesses within the target range for interconnect
applications.”*’~*** However, further experimental investigation is
required to thoroughly assess the scalability and suitability of these
delafossite oxides for interconnect line integration.
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FIG. 21. Common challenges for obtaining low resistivities in intermetallic compounds: composition dependence of resistivity, nanoscale composition uniformity, secondary
phase formation, crystalline order, reactivity and interface formation, agglomeration, as well as nonstoichiometric surface oxidation.

Ternary compounds, like their binary counterparts, are likely
to encounter additional challenges in terms of composition control
and processing. Furthermore, both MAX phases and delafossite
compounds are highly anisotropic conductors, exhibiting low resis-
tivity in the in-plane directions. While this anisotropy could be

advantageous by suppressing surface scattering at top surfaces or
interfaces (see Sec. II A 3),'"*'%" achieving the desired crystallo-
graphic  orientation = becomes critical.  Specifically, fully
(001)-textured films without misoriented grains must be realized to
harness these properties. Therefore, extensive experimental
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FIG. 22. (a) Resistivity of Ni,Aly_x vs. Ni concentration around stoichiometric
NiAl?"" Reproduced with permission from Chen et al., Appl. Phys. Lett. 113,
183503 (2018). Copyright 2018 AIP Publishing LLC. (b) Resistivity of Al,Scq_y
vs Al concentration around stoichiometric AlsSc.”’>**" In both cases, a pro-
nounced resistivity minimum is observed at the stoichiometric composition.

validation is still required to confirm the viability of these ternary
metals for interconnect applications.

E. Beyond binary and ternary intermetallics:
One-dimensional metals and topological Weyl
semimetals

As discussed in Sec. IT A 3, anisotropic resistivity and reduced
dimensionality can mitigate surface scattering. One-dimensional
conductors, in particular, have been proposed as ideal interconnect
materials due to their ability to suppress surface scattering at the
top, bottom, and sidewalls of interconnect lines.'* Unlike two-

TUTORIAL pubs.aip.org/aip/jap

dimensional layered metals (MAX, delafossite oxides), which
exhibit low resistivity in two directions but higher resistivity in the
perpendicular direction, one-dimensional metals possess a single
direction of low resistivity with significantly increased resistivity in
the two orthogonal directions.

The suppression of surface scattering in one-dimensional
metals can be incorporated into both resistivity simulations’* and
material benchmarking (see Sec. II D).'”” Similar to the p, x 1
tensor introduced in Sec. II C, a figure of merit for nanowires has
been defined in Eq. (14) that accounts for the reduction in surface
scattering.””'’” Potential one-dimensional metal candidates include
binary hexagonal intermetallics (e.g., CoSn, OsRu), orthorhombic
intermetallics (e.g, VPt;, MoNi), and ternary borides (e.g.,
YCO3Bz).m5

However, it should be noted that no thin-film results have yet
unambiguously demonstrated the suppression of surface scattering
in such materials. Furthermore, integrating such materials into
interconnects will necessitate single crystals with the low resistivity
axis aligned with the interconnect wires. Currently, no viable man-
ufacturing pathways exist for producing such interconnects, indicat-
ing that significant research and development are still needed to
realize the potential of these materials.

Additionally, topological semimetals, which encompass both
Weyl and multifold-fermion semimetals, have recently emerged as
promising candidates for future interconnect technologies. Weyl
semimetals are distinguished by their unique electronic structure,
characterized by linear band dispersion, degenerate Weyl nodes,
and topologically protected surface states.”*" These surface states
exhibit high conductivity and are robust against disorder. Examples
of Weyl semimetals include TaAs,”*® TaP, NbAs,”*® MoP,”*” and
NbP, while CoSi,”****” RhSi, and AIPt represent multifold-fermion
semimetals.

In the case of CoSi, calculations have shown that the effective

resistivity (resistance normalized by the cross-sectional area) !

decreases as wire dimensions are reduced, even in the presence of
grain boundaries, due to the dominance of surface-driven transport
channels.””” Experimental evidence for the topological semimetal
NbAs suggests that indeed the effective resistivity can decrease as
the cross-sectional area decreases,”* although further investigations
are required to confirm these findings in interconnect-relevant
structures. Similar to one-dimensional metals, topological semimet-
als will require the fabrication of single-crystal (epitaxial) wires.
Furthermore, the reliability of interconnects based on topological
semimetals remains uncertain, necessitating further fundamental
research to evaluate their viability for scalable interconnect
applications.

V. RESISTANCE MODELING FOR NANOSCALE
INTERCONNECT LINES

The resistivity trends presented in Fig. 16 can be leveraged to
develop calibrated models for interconnect line resistance, enabling
benchmarking against (projected) Cu line resistance values at
scaled dimensions. A simplified geometrical model for Ru and Ir
interconnects, defined by a width w, height h = w x AR, and
aspect ratio (AR), has recently been introduced based on the data
from Fig. 16.”° To project barrierless line resistance as a function of
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FIG. 23. High-angle annular dark field transmission-electron micrograph as well as O, Al, and Ni energy-dispersive x-ray spectroscopy chemical maps of a 30 nm thick
NiAl film (on SiO,/Si) after air exposure. The chemical image analysis indicates the presence of an AlOy surface oxide.
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FIG. 24. (a) Crystal structure of MAX phases, M, 1AX,, where M is an early transition metal, A is an A-group element, X is C or N, and n is an integer between 1 and 3.
(b) Temperature-dependent in-plane resistivity of Cr,AIC and V,AIC single crystals.”** Reproduced with permission from Ouisse et al., Phys. Rev. B 92, 045133 (2015).
Copyright 2015 American Physical Society. (c) Crystal structure of the delafossite oxide PtCoOs,.
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line width w, resistivity trends as a function of cross-sectional area
were derived from the data for Ru (after post-deposition annealing
at 420 °C). The Ru metallization scheme also incorporated a 0.3
nm thick adhesion liner.'*! For comparison, Cu resistivities were
taken from an established line resistance model at an aspect ratio of
2, characteristic for dual damascene interconnects.'””

The projected line resistances for Ru and Cu metallization,
considering different combined diffusion barrier and liner thick-
nesses, are shown in Fig. 25 for aspect ratios of 3 [Fig. 25(a)] and 5
[Fig. 25(b)]. The data demonstrate a significant potential for lower
line resistances with Ru interconnects compared to Cu, even with
scaled barrier and liner layers, particularly at higher aspect ratios.
For instance, the model suggests that Ru interconnect lines could
achieve a threefold reduction in line resistance over Cu when the
total barrier and liner thickness is 2nm, with a linewidth of
w = 8 nm and an aspect ratio of 3.
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FIG. 25. Projected line resistance for Ru and Cu interconnects with aspect
ratios of (a) 3 and (b) 5, respectively. The Ru model includes a 0.3 nm adhesion
liner, while the Cu trend lines incorporate barrier and liner layers with aggregate
thicknesses of 2 and 3 nm. The data are based on calibrated models for Ru®
and Cu.'”®
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Moreover, these resistance models can provide insights into
the mechanisms driving the crossover in line resistance between
Cu- and Ru-based interconnects. A quantitative comparison of Ru
and Cu resistivities (see Fig. 16) indicates that the scaling advantage
of Ru does not arise from a lower resistivity but from the increased
conductor volume when the barrier and liner layers required for
Cu are replaced by a much thinner adhesion layer. Nevertheless,
resistivity scaling remains a crucial factor as high resistivities at low
dimensions due to poor resistivity scaling can negate the potential
benefits of increased conductor volume. Therefore, barrierless met-
allization and favorable resistivity scaling must complement each
other to realize low line resistances in scaled interconnects.

A second factor contributing to reduced line resistance is an
increased aspect ratio.'® While the aspect ratio is not an intrinsic
material property, it is strongly influenced by the integration process.
Conventional dual-damascene Cu interconnects (Fig. 2) are limited
to aspect ratios of 2 to 3 due to the challenges of Cu filling.
However, alternative process schemes, such as semidamascene inte-
gration (Fig. 26), can enable higher aspect ratios by combining dam-
ascene via filling with direct metal etching. While Cu etching of
scaled high-aspect-ratio lines remains difficult, Ru and Mo are much
better suited for reactive-ion etching (see Sec. IV C and Table IV).
Specifically, Ru lines with aspect ratios up to 6 and metal pitches as
small as 18 nm have been demonstrated.”” As shown in Fig. 25(b),
increasing the aspect ratio to 5 can result in a fivefold reduction in
line resistance for Ru compared to Cu (at an aspect ratio of 2) with a
2 nm barrier/liner thickness and a linewidth of 8 nm. Therefore, the
combination of alternative metals with novel integration schemes
offers significant potential for reducing line resistance in scaled
interconnects.

VI. MATERIAL CONSIDERATIONS FOR INTERCONNECT
PROCESSING

Integrating alternative metals into scaled interconnects often
requires the development of novel unit processes and metallization
modules within the final stages of the alternative metal workflow
depicted in Fig. 3. While a comprehensive review of available
process technologies, their maturity, and their limitations is beyond
the scope of this Tutorial, we will introduce several topics that
become increasingly critical in the development of scaled

(a) (b)

(c)

FIG. 26. Schematic representation of the semidamascene interconnect integra-
tion process: (a) via patterning in low-x dielectric (green) using a hardmask
(blue), (b) metal filling of the etched vias (red-brown) followed by metal overfill
(light purple), and (c) line patterning in the overfilled metal layer (light purple)
using a second hardmask (blue).”'
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TABLE IV. Summary of process readiness for high-volume manufacturing of selected alternative metals at the time of publication: compatibility of metal process temperatures
with logic back-end-of-line (BEOL) thermal budget, maturity of chemical-mechanical polishing, reactive-ion etching, and wet cleaning unit processes, as well as relative extend-
ability of alternative metallization to future technology nodes. +, mature process; o, risk process; and —, research process.

Trench
filling

Logic BEOL thermal

Metal budget

Chemical-mechanical
polishing

Wet
cleaning

Reactive-ion

etching Extendability

Cu + +
w +
Mo

Ru

Ir

Rh
NiAl
CuAl,
A13SC
PtCOOZ
(delafossite) - -
Cr,AlIC

(MAX) - -

+

+ 4+ + o+
|

+ - + -
+ + + -

interconnect line manufacturing. This section will conclude with a
brief evaluation of the current maturity of key unit processes for
selected alternative metals.

A. Adhesion and stress

A fundamental property of interconnect metallization is its
adhesion to surrounding low-x dielectrics. Metal-dielectric
interfaces often exhibit weaker adhesion compared to metal-
metal or dielectric-dielectric interfaces, potentially leading to
metal film delamination and catastrophic failure. While deposi-
tion conditions impact adhesion, it can be considered a material-
dependent property. Noble metals generally exhibit weaker adhe-
sion to dielectrics than base metals due to weaker interfacial
bonding. High-quality graphene also suffers from poor adhesion
due to weak van der Waals interactions with surrounding dielec-
trics or metals.

Adhesion can be enhanced by incorporating adhesion liners
between the main metal (e.g., a noble metal) and the surrounding
dielectrics. However, like diffusion barriers, adhesion liners occupy
interconnect volume and typically contribute minimally to conduc-
tance. Therefore, minimizing their thickness is crucial
Experimental studies have demonstrated that base metals, such as
Mo, exhibit strong adhesion to common dielectrics.'”" This allows
for Mo metallization without the need for additional barriers or
liners.

In contrast, the more noble metal Ru requires an adhesion
liner (e.g., TiN or TaN) due to its weaker adhesion to dielectrics.
Nevertheless, studies have shown that the liner thickness can be
reduced to as little as 0.3 nm without compromising its effective-
ness.'®' This suggests that even non-continuous films can function
as adhesion liners and may be more scalable than diffusion barri-
ers. Even more noble metals, such as Ir and Rh, however, require
further investigation to ensure adequate adhesion and prevent
delamination.

Delamination can be exacerbated by high built-in stress within
the metallization stack, further weakening the interface between
metals and dielectrics. Additionally, the combination of high com-
pressive stress and capillary forces during filling can lead to nano-
structure deformation, such as line wiggling.”” Stress is not an
intrinsic material property but is mainly determined by the deposi-
tion method. Physical vapor deposited films often exhibit high
(tensile) stress after deposition, which is typically generated during
island coalescence at the initial stages of nucleation and growth.
However, the overall stress behavior can be complex, in particular
during thermal cycling.*>*»>%*=>>"

For instance, as-deposited PVD Mo films have been observed to |

have built-in tensile stress as high as 1500 MPa depending on the film
thickness."’" Post-deposition annealing and associated grain growth
can significantly modify stress, even leading to compressive stress after
cooling within certain temperature ranges.’"*>* While stress manage-
ment is primarily a topic for deposition process development, it is par-
ticularly critical for metals with inherently weak adhesion.

B. Oxidation resistance

During interconnect patterning, certain metal surfaces may be
exposed to air or other reactive environments, making chemical
inertness, particularly oxidation resistance, a critical consideration.
Even self-limiting surface oxidation processes result in the forma-
tion of native oxide layers, typically around 2 nm thick, consuming
approximately 1 nm of metal.'’" For scaled metal lines with dimen-
sions on the order of 10 nm, surface oxidation must, therefore, be
avoided. Noble metals are inherently more chemically inert than
base metals and, thus, offer greater resistance to oxidation. While
this also leads to weaker adhesion, it renders noble metals more
compatible with interconnect process flows.

For compound metals, the situation is even more complex. As
discussed in Sec. IV C for NiAl (see Fig. 23), surface oxides of
binary metals can be nonstoichiometric, leading to compositional
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changes in the region immediately beneath the surface oxide.”"”**’

In such material systems, controlling the composition of scaled
interconnect lines is extremely challenging, and surface oxidation
must, thus, be strictly avoided. While in situ patterning and passiv-
ation or capping can potentially address these issues, they introduce
significant process complexity and should be carefully considered
during metal selection.

C. Process technology readiness

As mentioned above, a comprehensive review of the
state-of-the-art process technology for Cu and alternative metal
integration is beyond the scope of this Tutorial. However, from a
general perspective, both dual-damascene (Fig. 2) and semidamas-
cene integration routes (Fig. 26) require critical unit processes for
manufacturing scaled interconnects. These include metal trench
and via filling, typically accomplished through electroplating or
chemical vapor deposition. Line definition requires chemical-
mechanical polishing (CMP) for dual-damascene and reactive-ion
etching (RIE) for semidamascene integration. While Cu is
well-suited for dual-damascene integration due to the availability of
mature chemical-mechanical polishing processes, its suitability for
semidamascene integration is limited by the challenges associated
with Cu reactive-ion etching.

For alternative metals, the availability of chemical-mechanical
polishing and/or reactive-ion etching processes, in addition to depo-
sition techniques, is, thus, crucial. Ru has demonstrated excellent
results with reactive-ion etching, enabling scaled lines with high
aspect ratios and precise sidewall control.'*”**"*** However, for
many other alternative metals, both chemical-mechanical polishing
and reactive-ion etching remain underdeveloped. Rh, for example,
offers low resistivity, a high melting point, and potential for high
electromigration resistance.””’ Adhesion engineering remains,
however, a challenge, particularly when minimizing the thickness of
adhesion liners to avoid reducing conductor volumes. Rh can be
electroplated,”®' and the filling of sub-40 nm wide lines and vias
with high aspect ratios has been demonstrated (Fig. 27).”” Yet, dual-
damascene integration requires chemical-mechanical polishing,
which is not well-established for Rh and requires aggressive abrasives
and oxidizers.””® Moreover, the lack of manufacturable reactive-ion
etching processes for Rh hinders semidamascene integration, making
it a significant obstacle to realizing the potential of Rh metallization
in high-volume manufacturing CMOS circuits.

Table IV provides a summary of the process readiness for
selected elemental metals, as well as binary and ternary com-
pounds. The table provides the authors’ assessment of the process
maturity for each material as of the time of publication: a “+” indi-
cates a mature process suitable for high-volume manufacturing, an
“0” signifies the availability of a risk process, and a “—” denotes a
process that is currently at the research stage. The table highlights
the intricate and lengthy journey required for the successful inte-
gration of alternative metals into manufacturable interconnects. Mo
and Ru processes appear to be the most mature ones, making them
leading candidates for high-volume manufacturing, as already out-
lined in Sec. IV. In contrast, many critical process steps are still
lacking for other metals.

TUTORIAL pubs.aip.org/aip/jap

FIG. 27. Cross-sectional transmission-electron micrograph of an Rh-filled inter-
connect line with a width of <40 nm.?>® Reproduced with permission from Shao
et al, 2007 IEEE International Interconnect Technology Conference, pp. 102-
104 (2007). Copyright 2007 IEEE.

VII. SUSTAINABILITY OF ALTERNATIVE METALS

Traditionally, the selection of alternative interconnect metals
has mainly considered technological, physical, and economic
factors. However, recognizing the increasing importance of sustain-
ability, this section introduces a streamlined framework for assess-
ing the sustainability of alternative interconnect metals. This

framework incorporates seven sustainability aspects (SAs) and eval- ¢
uates examples of selected current and emerging interconnect !

metals (Cu, Al, Ni, Ru, Co, Mo, Ir, Rh). To avoid shifting environ-
mental burdens, a life cycle approach is essential, requiring consid-
eration of the integration method for alternative interconnect
metals. Understanding material and energy flows during integra-
tion is crucial for assessing overall sustainability. While processes
with fewer steps may reduce environmental impact, energy require-
ments during integration must also be carefully considered. This
section discusses these integration considerations and provides a
condensed overview of the sustainability assessment framework
detailed in Ref. 262.

The proposed sustainability assessment framework for alterna-
tive interconnect metals is categorized into seven sustainability
aspects (SAs), each with at least one indicator to quantify its
impact. SA1 focuses on supply risk, using the Herfindahl-
Hirschman index (HHI) to assess market concentration.”*>*** The
Herfindahl-Hirschman index values in Table V were extracted
from Refs. 265 and 266. SA2 addresses criticality and conflict, con-
sidering metals listed as critical raw materials (CRMs) in the us’’
and EU,”® as well as those on the EU conflict mineral list.”°” SA3
evaluates metal circularity within integrated circuit manufacturing
processes and acknowledges the challenges of calculating the site
material circularity index (CI).””” SA4 assesses climate change
impact through global warming potential (GWP) values,””" while
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TABLE V. Summary table of sustainability aspect (SA) indicators for current and alternative interconnect metals. The volumetric impact values for SA4-SA7 have been
quantified based on the cradle-to-gate production of 1 cm® of an interconnect metal. The values for such an indicator have been classified as green, amber, or red as

defined in Ref. 262.

SA7 SA7
SA4 Human Particulates”®”
Density”*  SAl: HHI**>**° SA2 Embedded GWP?"' SA5: WS*  SA6: ADP*°  Toxicity”' (disease
(kg/m?) (0-10000)  (Refs. 267-269) (kg CO,/cm’) (m*/cm®) (kg Sb Eq/cm®) (CTUh/cm?®) incidences/cm’)

Cu 9.0 1097 Yes/No/No 0.0251 0.02 242x107%  242x107% 5.11x107%
Ni 8.9 2110 No/Yes/No 0.0579 0.03 1.07x 107 2.05x107 827 x 107
Mo 10.0 2266 No/No/No 0.0583 0.02 225%107°  9.20x107°° 2.00x107%
Al 2.7 3372 Yes/Yes/No 0.0222 0.01 1.13x107°  146x107%® 6.84%x107%
Co 9.0 4876 Yes/Yes/No 0.0739 0.34 418%x107%  338x107%® 3.12x107%
Ru 12.4 8718 Yes/Yes/No 26 164 3.34 1.98 x 10*

Rh 12.4 7352 Yes/Yes/No 436 152 261%x107%° 335%x107% 4.75x107%
Ir 22.4 7986 Yes/Yes/No 198 200 3.14 1.12x107%

SA5 focuses on water scarcity using the EF 3.1 methodology’”” for
upstream water use. SA6 examines the impact on natural resources
through abiotic resource depletion potential (ADP) values,””” and
SA7 assesses human health impacts using EF 3.1 methodologies,
such as “human toxicity cancer and non-cancer” and “particulate
matter.” These indicators collectively provide a comprehensive eval-
uation of the sustainability of alternative interconnect metals. For
more detailed information on each SA and its associated indicator(s),
please refer to Ref. 262.

Table V provides a summary of the sustainability performance
of the examined interconnect metals, presenting a nuanced per-
spective on the seven proposed indicators. The sustainability
impacts (SA4-SA7 in Table V) are calculated based on the
cradle-to-gate impact to produce 1cm?® of metal. This calculation
assumes that the volume of the final deposited layer of an intercon-
nect metal is independent of the metal. However, the volume ratio
required to achieve the desired final volume deposited should be
considered.

Evaluating metal deposition efficiency 74, is essential to
determine the actual used volume V,,. Typical deposition processes
exhibit a range of 7y, values spanning from 1% to 20% for
chemical-vapor-based deposition processes’’” but can be much
higher for physical vapor processes. Additionally, subtractive inte-
gration schemes lead to further material loss determined by the
material use efficiency of the integration process 7, and influenced
by the choice of an interconnect metal. By contrast, damascene
integration schemes require the depositions of large overburden
before chemical-mechanical polishing, leading also to 7, < 1. V,
can be defined as

Ve
TNdep™int

(25)

u

where V¢ is the volume of the manufactured interconnect (layer),
determined by interconnect dimensions as well as circuit-specific
via and line densities.

A more accurate assessment of the environmental impact of
the interconnect metal for specific sustainability aspect, IXpe, can
be obtained by

IXinet = Vu X SAXqql, (26)
with the volumetric impacts for SA4-SA7 in Table V.

The preceding introduction outlines a streamlined sustainabil-
ity assessment methodology for alternative interconnect metals.**
The proposed seven sustainability indicators offer a holistic, life
cycle perspective, enabling a comprehensive evaluation of sustain-
ability. A qualitative analysis of the volumetric impact values in
Table V can aid process engineers in identifying trade-offs and

making informed decisions for developing advanced interconnect
applications. Notably, Al, Ni, Co, and Mo exhibit relatively favor- :

able performance in at least three of the seven indicators, while the
platinum-group metals (Ru, Ir, and Rh) demonstrate comparatively
poor results in at least six of the seven indicators.

Further analysis involves multiplying the volumetric impact in
Table V by the total volume of the metal consumed to achieve a
fixed function, i.e., a set volume of a deposited metal. This incorpo-
rates the material use efficiency inherent in the deposition and inte-
gration methods. Moreover, the application of normalization or
weighting factors is recommended to prioritize sustainability indi-
cators based on the situational circumstances, such as company
specific sustainability goals, willingness to take financial risks, or
location specific regulations/accessibility to materials. Combined
with the technological assessment, this streamlined sustainability
methodology offers decision makers a foundation for expanding
criteria in the selection of alternative metals for advanced intercon-
nect applications.

VIil. SUMMARY AND CONCLUSIONS

The scaling of the interconnect metal pitch is today a crucial
challenge in the development of advanced microelectronic technol-
ogy. As the transistor pitch approaches its physical limits, reducing
metal wire pitch has become a primary strategy for further
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shrinking the circuit area. While transistor stacking can still
increase the density, it also necessitates tighter metal pitches to
prevent interconnect congestion, potentially offsetting the benefits
of stacking. Furthermore, the interconnect RC delay poses a signifi-
cant constraint on the throughput of CMOS circuits, even at
current technology nodes. To keep RC under control, both the
resistance (R) and the capacitance (C) of the interconnect must be
optimized. Optimizing R involves maximizing the metal fill factor
within lines and vias while using a metal with the lowest possible
resistivity. Optimizing C requires the use of low-x dielectrics or
incorporating air gaps between lines, which is beyond the scope of
this Tutorial.

The current Cu-based dual-damascene metallization scheme,
introduced in 1999, is facing increasing challenges. To ensure reli-
ability, Cu metallization requires barrier layers to prevent Cu diffu-
sion into the surrounding dielectrics, which can cause dielectric
breakdown. Today, TaN has emerged as the standard barrier mate-
rial. Electromigration criteria further necessitate the inclusion of Co
liner layers between Cu and TaN, as well as on the top of the Cu
line (Co all-around liners). Both TaN and Co layers occupy a sub-
stantial portion of the volume of scaled interconnects while con-
tributing minimally to line conductance. However, reducing the
thickness of these layers without compromising their functionality
is increasingly difficult. Despite ongoing efforts, achieving a com-
bined thickness of 1 nm remains challenging. Even at a linewidth
of 10 nm, a combined barrier and liner thickness of 1 to 1.5nm
would occupy 20% to 30% of the line volume, significantly impact-
ing line resistance. Moreover, the increasing difficulty of void-free
filling of narrow lines using the damascene process suggests that
Cu dual-damascene metallization may become unsustainable for
metal pitches below 20 nm.

In the last decade, the limitations of Cu-based dual-damascene
metallization have spurred the search for alternative metals. Given
the relatively simple structure of interconnects, advancements in
this field are mainly driven by material choices, making alternative
interconnect metallization an exciting area of materials science. As
demonstrated in this Tutorial, the pursuit of novel interconnect
metals requires a multifaceted approach that considers various cri-
teria. While line resistance is paramount, reliability and thermal
aspects must not be overlooked. As illustrated by the calibrated
narrow line models in Sec. V, achieving low line resistance necessi-
tates a conductor metal with low resistivity and barrierless metalli-
zation to maximize conductor volume. Therefore, promising
alternative metals must meet dielectric breakdown and electromi-
gration criteria without the need for barriers. Other important
material properties include adhesion to surrounding dielectrics,
built-in stress, and oxidation resistance. Furthermore, process readi-
ness and sustainability considerations should not be neglected.

The combination of resistance and reliability criteria has led
to a focus on refractory metals—which promise high barrierless
reliability—with a short mean free path for charge carriers, low
bulk resistivity, and, thus, with low resistivity at nanoscale dimen-
sions. While research initially centered on elemental metals, it has
more recently expanded to include binary and ternary intermetal-
lics. Among the materials studied, Ru and Mo have thus far
emerged as the most promising candidates. Currently, the semicon-
ductor industry is investing significant resources in developing the

TUTORIAL pubs.aip.org/aip/jap

necessary process technology to integrate these metals into sub-10
nm interconnect lines without barriers. Their favorable etch charac-
teristics also enable alternative integration routes, such as semida-
mascene integration, which can potentially facilitate higher aspect
ratio lines, further reducing line resistance. Consequently, Ru and
Mo are expected to be integrated into logic and memory devices in
future technology nodes within the next decade.

Additional promising conductor materials include intercalated
graphene and, in the longer term, topological materials, such as
Weyl semimetals. While these materials, including binary and
ternary intermetallics, are currently being studied as thin films,
their behavior in scaled wires remains to be explored. As discussed
in Secs. IV C-IV E, integrating these materials into interconnects
presents significantly greater challenges compared to elemental
metals. The development of manufacturable process technology for
these materials is still in its early stages. Yet, the growing interest in
such a diverse range of materials, with the potential for further dis-
coveries, suggests that this field will remain a dynamic and exciting
area of materials science for years to come.
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