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Abstract

Interconnect materials play the critical role of routing energy
and information in integrated circuits. However, established bulk
conductors, such as copper, perform poorly when scaled down
beyond 10 nm, limiting the scalability of logic devices. Here, we
develop a multi-objective search, combined with first-principles
calculations, to rapidly screen over 15,000 materials and discover
new interconnect candidates. Our approach simultaneously op-
timizes the bulk electronic conductivity, surface scattering time,
and chemical stability using physically motivated surrogate prop-
erties accessible from materials databases. We identify promising
local interconnects that have the potential to outperform ruthe-
nium, the current state-of-the-art post-Cu material, and also semi-
global interconnects with potentially large skin depths at the GHz
operation frequency. We validate our approach on one of the
identified candidates, CoPt, using both ab-initio and experimen-
tal transport studies, showcasing its potential to supplant Ru and
Cu for future local interconnects.
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1 Introduction

Interconnects act as the transportation network of in-
tegrated circuits. As the logic components of these

circuits become smaller, it is essential to have inter-
connects that possess desirable properties at the con-
comitant smaller length scales. In fact, the Interna-
tional Roadmap for Devices and Systems (IRDS)’s
2021 More Moore update identifies: “The most difficult
challenge for interconnects is the introduction of new
materials that meet the wire conductivity requirements,
reduce dielectric permittivity, and meet reliability re-
quirements.” [1/] Due to Cu’s rapid decrease in electri-
cal conductivity at smaller length scales caused by in-
creased surface and grain boundary scattering [2, 3],
there has been considerable efforts in identifying al-
ternative metals for interconnect applications. Con-
temporary studies searching for such alternative inter-
connect materials tend to use one of the following ap-
proaches: 1) identifying materials that show a smaller
decrease in conductivity upon reducing the metal thick-
ness [4, 5, 16]; 2) searching for materials displaying
novel physics (such as non-trivial topology, etc.), which
effectively leads to an increase in the conductivity upon
reducing their thickness [7, 5, 8, 19, [10]; and 3) revisit-
ing, experimentally, varied well-established materials
ranging from elemental metals [[11} [12], silicides [13],
intermetallic aluminides [[14, 15} [16]], and even carbon
nanotubes [17]. The first approach typically optimizes
only for a single property — the conductivity’s scala-
bility —, which could lead to candidate materials that
are difficult to integrate into devices or have lower bulk
conductivity values. The second approach, which fo-
cuses on materials hosting unusual physics, is promis-
ing; however, the transport mechanisms of such mate-
rials are not fully understood even from a fundamental
perspective, resulting in a longer period of time before
they can be widely adopted in devices. The third ap-
proach involves the systematic study of a large num-
ber of materials whose electrical conductivities were
not accurately determined in high-quality samples. It
is arguably the preferred method of validating individ-
ual candidates, but it relies heavily on experiments and
is therefore impractical to be carried out for all but a
small number of hand-picked materials.

In this work, we develop a computational screening
approach to identify promising interconnect materials
to ensure the experimental efforts focus on the most
promising material systems. To design such a screen-
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ing effort, one must first identify multiple figures of
merit of interconnect materials. Aside from the bulk
conductivity and the decrease in conductivity due to
surface scattering, identifying a liner-free and barrier-
free interconnect candidate can greatly improve a can-
didate’s viability. Liners and barriers are needed to pre-
vent electromigration and reactions with the surround-
ing low-k dielectric, atmospheric water, and oxygen
molecules. However, these layers, such as the current
standard interconnect barrier layer, TaN, consumes pre-
cious nanometers of space in the interconnect. In fact,
the replacement of TaN with alternative 2D materials
is a currently evolving research area [18]. This is ex-
termely critical to address for local interconnects, with
a pitch of 1-20 nm. Identifying new metals that may
not need a barrier is challenging because these stabil-
ity properties are difficult to estimate from a theoretical
perspective and have been mostly determined using fo-
cused experimental studies [[19, 20].

An additional merit of this work comes from the
application to semi-global interconnects (pitch of 0.1-
50 pm) for mm-wave/GHz frequency applications.
This is particularly pressing given that Cu displays a
low skin depth of about 10 pm at such GHz frequen-
cies, decreasing the effective conduction cross-section
for high-frequency applications. Such a low skin depth
further limits the applicability of Cu for semi-globa
interconnects further from the complementary metal-
oxide semiconducting (CMOS) elements. Laminate
stacks containing a ferromagnetic material and Cu have
been proposed as a way to enhance skin depth while re-
taining Cu’s promising conductivity [21]]. These stacks
combine the ferromagnet’s negative permeability and
copper’s high conductivity to enhance Cu’s skin depth
at particular frequencies[22]. More broadly, however,
it would be desirable to identify materials that natively
show high conductivity and skin depth as alternatives to
the proposed laminates [21} 22] for such applications.

The ideal post-Cu interconnect should meet multi-
ple requirements to perform at an appropriate level for
commercialization. The intertwined nature of the re-
quirements led us to develop a multi-objective opti-
mization approach to identify candidate systems. But
while common, multi-objective methods for materials
selection have found limited applicability for the dis-
covery of novel interconnect materials. That can be
partially attributed to the challenge of co-optimizing for
various materials properties, some of which (e.g., the
bulk conductivity and surface scattering time) are anti-
correlated, as we detail in section 2.2l For instance,
constraint-based filtering is quite common for mate-

rials discovery [23) 24} 25, 26, 27, 28], but requires
a fine-tuning of the various filters for anti-correlated
properties. We avoid this issue by working on the
Pareto fronts and identifying classes of materials that
are nearly optimal given a set of desired figures of
merit.

To complement the above-mentioned previous ef-
forts and expand the search space of materials for
interconnects, we design a rapid, generalizable, and
physics-informed method to screen a large number
of material candidates. We use the space of materi-
als curated computationally by the Materials Project
database [29, 130, 131]] as a starting point for our screen-
ing efforts. We focus on the materials in the Materials
Project database that have a corresponding inorganic
crystal structure database (ICSD) entry, i.e., they have
been previously synthesized. This allows our identi-
fied candidates to be readily made by following existing
synthesis steps reported in the literature.

In this work, we develop an integrated approach
identifying relevant figures of merit desired in intercon-
nect materials and their associated surrogate properties
readily available in computational materials databases
(Figure . The main result of our work, detailed in
section 2 is the list of the most promising local (Fig-
ure|3|) and semi-global (Figure 4)) interconnects. To fur-
ther validate our approach, we also present an in-depth
study of one of the top candidates from our search,
CoPt. In section [2.4] we report ab initio transport cal-
culations based on density-functional perturbation the-
ory (DFPT), indicating that high-quality CoPt crystals
should display a bulk conductivity comparable to that
of Cu. In addition, in section[2.5] we report experimen-
tal transport measurements on CoPt, thin films from
previous literature, strongly suggesting that CoPt in-
deed displays a better resistance to surface scattering
than Cu when thinned down to less than 10 nm. In
addition we also experimentally demonstrate the re-
markable air stability of grown CoPt films, in sec-
tion @ Taken together, our results demonstrate not
only the promise of CoPt as a future interconnect ma-
terial but, more broadly, the potential of our multi-
objective search approach based on physically moti-
vated and computationally accessible surrogate prop-
erties. We anticipate that the tens of potential materials
we identify here to be prioritized in future experimental
study of novel interconnects.
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Figure 1: A schematic representation of an interconnect and its surrounding environment. Indicated on the schematic are properties
that are screened for in this work. Under the properties, we list the corresponding surrogate properties, that we use to screen for these

properties.

2 Results and Discussion

2.1 Obtaining surrogate properties

Our work starts by identifying relevant figures of merit
that should be optimized for interconnects, which we
take as the bulk conductivity, surface scattering time,
dielectric stability, air stability, water stability, and skin
depth. However, such figures of merit cannot be rapidly
computed for a diverse group of chemical formulas.
We hence identify surrogate properties readily avail-
able in computational materials databases which we
expect to correlate with these figures of merit. The
figures of merit and the surrogate properties we iden-
tify are shown schematically in Figure [l To filter for
compounds that are stable and synthesizable, we take
the energy of the compound with respect to the convex
hull as a filter [32]], computed as the energy difference
between the material and the most stable phase at the
same composition computed using density-functional
theory (DFT) calculations. In the following sections,
we describe the approximations we use to identify all
surrogate properties for the desired physical quantity.
We emphasize that, while these surrogate properties
are rough approximations of the desired physical prop-
erties, they are still useful in filtering the wide space
of materials and selecting candidates for follow-up ab
initio calculations and experimental validation efforts.
We obtain all surrogate properties from the Materi-
als Project database for 17,033 previously synthesized
metals. This dataset acts as a starting point for our
screening to identify the best candidate interconnect
materials. We summarize the properties and their sur-
rogate properties in Table|[T]

2.1.1 Fermi velocity as a surrogate property for the bulk con-
ductivity

The bulk conductivity tensor of a crystalline metal o (7")
can be written within the self-energy relaxation time
approximation as [33]]

02 [0

where the subscript indices «, § denote Cartesian com-
ponents, 7' is temperature, €2 is the unit cell volume,
2z is the Brillouin zone (BZ) volume, v{, denotes
the velocity of the band n at reciprocal lattice vector
k within the BZ along the Cartesian direction a, fﬁ){)
is the Fermi-Dirac distribution function for the equilib-
rium electronic population at temperature 7', and 7,,, is
the electron scattering time for state |nk). We focus on
the zero-temperature limit of this quantity,

6 afnk

KV, Tk 6]

O'ag

o 1
ap(T — 0) =q Z/FS QBZV kvnk| |Tnk, 2)

which only depends on states |nk) lying on the Fermi
surface (FS), which has an area we denote by Aps.
We focus on the trace of the conductivity tensor,

o Con = Vok|Tn 3
0= Z QZ/FSQBZ| KTk (3)

The most computationally demanding quantity to
evaluate Equation [3]is the electron scattering time 7,,,
which, for high-quality bulk materials at low tempera-
tures, is dictated by scattering with phonons. We denote



2.1 Obtaining surrogate properties

WILEY-VCH

Relevant Physical Property

Surrogate Property

Bulk Conductivity (og)

Band structure Fermi velocity (V)

Surface Scattering Time ()

Density of states at the Fermi level (D(EF))

Skin Depth (§) Magnetization per unit volume (1m)
Air Stability Thermodynamic OK reaction energy with O2(AEGT™)
Water Stability Thermodynamic OK reaction energy with HoO(A Ey’5)
Dielectric Stability Thermodynamic OK reaction energy with SiOx(AEg
Thermal Stability Energy above the convex hull (E,pove huil)

Table 1: Summary of all properties and the corresponding identified surrogates

by gmnv(k, q) the electron-phonon coupling matrix el-
ement between an initial electronic state |nk) and a fi-
nal state |mk + q) due to the interaction with a phonon
with branch index v and wavevector g, one can write

4 2m dq 9
Tok = f;/Q_Bmem/(kv q)| X

(g + 1 — Sik+q)5(5nk — Emktq — MWgy)
+(ngy + fgzk+q>5(€nk — Emktq T Mwgy)]-

“4)

We are interested in the scattering times for states
close to the Fermi surface; hence, we obtain that Tn_kl ox
(9)rsD(er), where D(ep) is the density of states at the
Fermi level €, and (g)rs is an average of the electron-
phonon coupling matrix elements ¢, (k,q) over the
relevant states |mk + q) close to the Fermi surface. To
first order, ignoring the materials’ specific dependence
on (g)rs, we approximate that 7,' oc D(er). Putting
this back in Equation [3| we obtain

e? 1 /
0pg = ———— dk|v,
" QD(gF)zn: FS Vo
2

e

(&)

where (|v|)rg denotes the Fermi velocity averages over
the Fermi surface. Since D(ep) can be written as

A F(ﬁﬁs, and applying the fact that ﬁ is less than
v

(|v])rs, we obtain

7o {vles ~ (Whis ©
(n)Ps
Hence, the conductivity increases with (v)g, as ex-
pected from our intuition. The question is how to
quickly estimate (v)gq for a large set of materials.
While materials databases such as the Materials
Project [29] provide a rich set of total energy and
band structure calculations, the regular k-point grids
on which such calculations are performed on the whole
BZ are too coarse for accurate estimates of the Fermi

surface-averaged band velocities. We also found that
interpolation methods based solely on energies and not
the Kohn-Sham wavefunctions, such as Fourier-based
interpolation methods [34], are inaccurate due to band
crossings [35]. As a practical solution, we approxi-
mate the average velocity (v)gg using estimates taken
from the one-dimensional paths on which the electronic
band structure was evaluated in the Materials Project
database [30l], which we denote by vp. We hence
take v as our surrogate property for bulk conductivity,
09 x vp. To compute this quantity for each material we
take the finite diference slope at all k points in the band
structure close (0.02 eV) to the Fermi level. We take an
average of all these Fermi level crossing velocities to
obtain Ug.

2.1.2 Fermi level density of states as a surrogate property for
the surface scattering time

To obtain a surrogate for the surface scattering times,
we base our analysis on the Fuchs-Sondheimer and Ma-
yadas-Shatzkes models [2, 3]. The Fuchs-Sondheimer
model allows one to incorporate the effects of surfaces
by modeling the resistivity of the material in terms of
its bulk resistivity (pp), bulk mean free path (\g), sur-
face specularity and film geometry. The effect of grain
boundaries can be accounted for within the Mayadas-
Shatzkes model, for instance, which ascribes a grain-
boundary contribution to the resistivity in terms of the
bulk resistivity, bulk mean free path, grain size, and re-
flection coefficient. Both these models allow one to ap-
proximate the resistivity of a material, p(d) in terms
of the bulk resistivity and the increase in resistivity
due to defect scattering (here surface and grain bound-
aries), Ps+gb aS p(d) = Po t Pstgp = pPo + poAol’s
where [' captures both the geometry of the metal film
and the internal grain boundary parameters. However,
we expect the grain boundary contribution to to be
quite sensitive to the synthesis and materials process-
ing conditions. Hence we expect the quantity po),
and therefore its surrogate metric, to better capture the
surface scattering than the grain boundary scattering.
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Accordingly, in this work, we focus on the thickness-
dependent resistivity of a material from the standpoint
of the Fuchs-Sondheimer model. In this case we have
p(d) = potps = pot+porol'(d), where p(d) is the resis-
tivity at some thickness d, p;s is the surface contribution
to the resistivity (inversely proportional to the surface
scattering time ), and [' is some geometric function
of the film thickness d. The surface contribution to the
resistivity can be determined from first principles us-

ing [4]

1 e Of% (Vi - J)?
_ — dk nk n 7
PoNo zn: /BZ 213 Ok ’ ™

|[Vnk|

where n are the relevant band indices, BZ is the Bril-
louin zone, f° denotes the Fermi-Dirac distribution of
a Bloch state |nk) with an energy £,,. To obtain
further insights, we restrict this to the OK tempera-
ture limit and assume that the electron velocity is al-
ways along the current direction j’, for which we ob-
tain that pOL/\O o« > [redk o< Apg. We know that

D(er)

Apg = Ty ™ D(ep){|v|)rs. The reduction in sur-
I

face scattering relaxation time 7, (or increase in the
scattering rate due to the surface) is responsible for this
increased resistivity. Hence, the surface relaxation time
T, 1s inversely proportional to the increase in resistivity
p(d) — po. Since we are already maximizing (|v|)pg in
our previous surrogate, we take the D(er) as the sur-
rogate property for the surface scattering time, which
should be maximized. To compute this quantity we fit
a spline to the density of states obtainined from Materi-
als Project and interpolate it’s value to the Fermi level.

2.1.3 Volume magnetization as a surrogate property for the
skin depth

The resistance R of an interconnect at an external time-
varying electric field with frequency w is determined
by the effective area available for electrical conduction,
Aegt(w). This is in general lower than the physical area
of the interconnect material due to the presence of eddy
currents, resulting in a finite skin depth for the material.
This is critical for semi-global interconnects where the
size of the interconnect becomes larger than the skin
depth at high frequencies. This leads to the resistance
being determined by the skin depth d(w) and the bulk
conductivity oy of the material, i 0'05;((4})' At high
frequencies, the impedance Z of a material is given by
[36]

Z(w) = Roﬁ(w)wm(w) — V@), ®)

where R, is the DC electrical resistance, pupr and iy,
denote the resistive and inductive contributions of the
permeability, and oy is the non-magnetic skin depth.
dp can be written in terms of the bulk resistivity pg

as 0y = 1/2%.We can write ugp = || + w1/, and

wr = || — pi , where pp = pj — juy is the com-
plex circumferential permeability. To minimize the ab-
solute impedance at a given high frequency for a given
wire dimension, one has to minimize +/p(uy + pg)-
This can be achieved by looking for highly conduc-
tive ferromagnetic metals, with a tunable permeabil-
ity. This tunability is present near the anti-resonance
and resonance frequency. The ferromagnetic resonant
frequency is proportional to the square root saturation
magnetization of the material [37]. To have materials
showing this favorable behavior at high frequency, we
need a high value of saturation magnetization (M,). We
capture this by the magnetization per unit volume ob-
tained from DFT calculations, which we denote by m,
and which we take as the surrogate property for the skin
depth.This property is readily available as a computed
metric from the Materials Project database.

2.1.4 Thermodynamic reaction energies as surrogate proper-
ties for the environmental stability

Reactivity, activation energies, and dynamic properties
are quite difficult to obtain for a wide variety of materi-
als. To simplify our analysis, we hence take the thermo-
dynamic reaction enthalpy at OK as the surrogate prop-
erty to estimate this complex quantity. Accordingly,
we expect thermodynamically stable interconnects (i.e.,
displaying a non-negative reaction enthalpy) to have a
low likelihood of reacting with surrounding compounds
and substrates. This simplification however cannot pre-
dict the formation of a passive product layer (usually
oxide), that can prevent further reaction. If a surrogate
property to avoid this limitation is found, one can fur-
ther expand the space of viable candidates.

We compute the relevant reaction enthalpies by con-
structing the convex hull of the experimentally ob-
served compounds from the Materials Project database
and finding the most stable product. [32, |38]. For ex-
ample, for the reaction betwee Ag and SiO,, we would
construct the Ag-Si-O phase diagram and identify the
decomposition products on Ag + SiO, tie-line. We
consider the reaction with the environmental molecules
(water, oxygen) and the surrounding dielectric (SiO-)
as the main reaction energies we would like to opti-
mize. We denote these surrogate properties by AET*"
where we consider z to be either Oy, H,O, or SiOs.
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2.2 Analysis of the computed surrogate properties
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Figure 2: a) Histogram of the Fermi velocity distribution of the
surveyed materials, highlighting the difficulty in finding a better
conductor than Cu (red vertical line) and even Ru (yellow vertical
line). b) Correlation matrix showing the interdependence of the
computed surrogate properties used to identify potential intercon-
nect materials, highlighting the need for a multiobjective approach.
Symbols are defined in Table [T}

In Figure 2] we report the distribution of the Fermi
velocities obtained from our screened candidates, from
which it becomes evident that only very few materi-
als display a band-structure-averaged Fermi velocity
v larger than that of established interconnect mate-
rials such as Cu or Ru. This suggests that few mate-
rials can outperform them in their bulk conductivities,
and that identifying a Cu replacement for local inter-
connects will involve finding a material that holistically
displays the set of properties highlighted in Figure [1]
In Figure 2] we also show the correlations between
all the surrogate properties. We highlight the weak
anti-correlation between the surface scattering time and
bulk conductivity surrogates. This showcases the in-
tertwined nature of our problem space. This further
demonstrates the need for a Pareto front-like approach
to materials discovery for interconnect applications.

Metals from Materials
Project (17033)

Non-radioactive,
comparable ¥ to Ru (919)
7

Robust Pareto Set of
candidates

Scalarized (weighted and
regularized) scores

[ Top candidates for low ]

stack interconnects

b
=—=: Ru === CoPt NiPt
- Cu NisPt FeCo,Ge
Air Stabiliy Surface Scattering Time

Water Stability - = Bulk Conductivity

Dielectric Stability Thermal Stability

Figure 3: a) Procedure for identification of local interconnects.
b) Scaled radar plot, normalized by the maximum value associated
with each of the surveyed surrogate properties, for the identified
local interconnect candidates from the screening (solid) and the
current state-of-the-art alternatives (dotted).

2.3 Identification of the most promising intercon-
nect candidates

First, for identifying local, interconnects we consider
the following set of surrogate properties: Fermi veloc-
ity, density of states at the Fermi level, and reaction
energies with Oy, H,O and SiO,. We then use a three-
stage optimization method to find the best local inter-
connect candidates. In the first stage, we filter down
candidates based on the current state-of-the-art materi-
als. We do so by selecting materials that display an av-
erage Fermi velocity v higher than Ru, so as to enforce
that our desired material has a bulk conductivity at least
of the order of that from Ru. For the other properties,
including the density of states and the Fermi energy and
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reaction energies, we filter down for materials display-
ing properties at least as good as their corresponding
mean. There is an inherent error in utilizing our surro-
gate properties to approximate desired physical quanti-
ties to be optimized. Accordingly, to ensure we do not
lose desirable candidates, we add an error bar to our
properties prior to constructing a Pareto front, thus ob-
taining what we denote by a robust Pareto front. A ma-
terial P on the Pareto front with property (y; + Ay;)
lies on the Pareto front if for every other material Q
with property yo £ Ays if yo — Ays < y1 + Ay,. With
this, we obtain a list of candidates, though without any
particular order. In the final step, we rank the candi-
dates based on a normalized weighted sum of the dif-
ferent properties. We ensure we reward candidates with
a holistic property description, instead of displaying a
single or few optimal properties, by defining an objec-
tive function Z that penalizes materials with unequally
optical features,

Z(X,w,a) = Z Xw;—an/(E(X2) —E(X)2), (9)

where X is a vector with the features for a given mate-
rial, w are weights, « is the penalization constant, and
[E is the expectation value function.

The end result of our filtering and raking is a list
of potential material candidates which meet all desired
requirements, and warrant further investigation as po-
tential Cu interconnect alternatives (Figure [3). We also
list the identified materials that we expect to outperform
Ru, according to our surrogate properties, in Table 2]

For the identification of semi-global interconnects
we focus on optimizing two properties: the conduc-
tivity and the skin depth of a material. For thickener
interconnects, these properties are more critical than
the ones discussed in the case of the local intercon-
nects. Ferromagnetic alternatives to laminate stacks
will require careful experimental design and study to
tune their permeability, and a high conductivity is nec-
essary to ensure a broad range of frequeuncies in which
the material can be used. Accordingly, we filter for can-
didates exhibiting a large volume magnetization (m >
0.058 pp/A%, where pup is the Bohr magneton), and no
longer include the density of states criterium. We di-
rectly rank the top candidates by the surrogate prop-
erty for conductivity and not by a combination of the
surrogate property since the constraint in magnetiza-
tion reduces the number of materials significantly: only
one in roughly 20 candidates from the Materials Project
database satisfies this constraint (Figure [)).

Metals from Materials
Project (17033)

m > 0.058 BM/A3
(883)

Pr >3.5eVA
(88)

On the energy convex hull

(40)
v
Top candidates for high
stack interconnects
b
- FeCo e COPt MnSnPd,
= Cu MnAIlAu, FeCo,Ge
Air Stabiliy Skin Depth

Water Stability Bulk Conductivity

Dielectric Stability Thermal Stability

Figure 4: a) Procedure for identification of semi-global intercon-

nects. b) Scaled radar plot, normalized by the maximum value
associated with each of the surveyed surrogate properties, for the
identified semi-global interconnect candidates from the screening
(solid) and the current state-of-the-art alternatives (dotted).

We note from our analysis that there are no mate-
rials with simultaneously large surrogates for the bulk
magnetization and Fermi velocity, which is supported
by the low correlation between these two features (Fig-
ure [2). Finally, we select the candidates that lie on the
energetic convex hull. Since the relative space con-
sumed by the barrier layer for semi-global intercon-
nects is small, we ignore the reaction surrogates from
our screening here as they are not as critical as in the
case of local interconnects. We can however visualize
these surrogates for our top candidates, allowing for a
better selection of materials for future experimental ef-
forts. We show this screening procedure and the com-
parison between the current state-of-the-art candidates
in Figure @ High saturation magnetization ferromag-
nets like NiFe and FeCo have been considered as the
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ferromagnetic material in laminate stacks. However,
these metals also possess lower conductivities. Since
our identified metals have higher conductivities they
could also be used in these laminate stacks as a po-
tential replacement for FeCo. The identified materials
CoPt, MnAlAu,, FeCo,Ge, etc. (Figure ) can act as
potential replacements for both Cu as high stack inter-
connect and FeCo in laminate stacks.

2.4 Analysis of one of the candidates CoPt: ab-
initio calculations

With the identification of tens of possible materials for
future interconnects applications, we now proceed to
validate our approach and, in particular, if our simpli-
fied surrogate properties are indeed capable of identify-
ing good interconnect materials that display large bulk
conductivity, good scalability (measured by long elec-
tron scattering times at surfaces), and stability. We fo-
cus our efforts on CoPt, since (1) it is a highly ranked
potential interconnect, according to our surrogates; (2)
it appears as potential local and semi-global intercon-
nect; (3) its crystal structure is simple enough, with
a tetragonal structure with the P4/mmm space group
(see Figure [5p), that can be studied with higher-level
electronic-structure methods; and (4) we can also val-
idate it experimentally, given the previously reported
successful synthesis of this compound [41]].

We first validate our approach by computing the the-
oretical limit for the bulk electronic conductivity of
CoPt using density-functional theory. The obtained
phonon band structure and electronic band structure of
CoPt are shown in Figure [5p, ¢ respectively. We ob-
tain the conductivity by solving the iterative Boltzmann
transport equation by interpolating electron-phonon
coupling matrix elements to highly dense k-, g-point
grids (with an up to 100x100x 100 sampling for CoPt).
After solving this equation, we obtain variation in
Fermi velocity and mean free path over the Fermi sur-
face of CoPt. We plot the computed quasiparticle
mean-free paths and Fermi velocities in Figure [5]

The synergistic relationship between the high av-
erage Fermi velocity, mean free path and carrier den-
sity leads to the high conductivity for this system. We
compute the relevant resistivity tensor components of
CoPt at 300K and obtain p,, = p,, = 8.1 ufdcm, and
p-. = 8.9 pflem. The calculation has been carefully
converged to accurately estimate the bulk conductiv-
ity of a 6-band Fermi surface. Our computed resistiv-
ity of CoPt, pcopr =~ 9 ©f2cm, compares well against
our theoretically computed resistivity for Cu, pc, ~
2.2 (€2 cm, using the same methodology, as well as the

exp

experimental resistivity for Cu [12], p,, ~ 1.8 uf2cm,
and Ru [50], pr ~ 7 €2 cm. If, as we predict from our
surface scattering time surrogate, CoPt retains its resis-
tivity upon scaling film thickness, then it would be quite
an attractive alternative interconnect material, reaching
the same performance as Cu for lengths smaller than
10 nm.

2.5 Experimental study of CoPt

As a verification of the calculation methodology, we
examine the experimental results of CoPt, which shows
excellent conductivity and stability among the predi-
cated materials in Table 2] Figure [6] (a) shows the re-
sistivity of CoPt as a function of thickness, obtained
from previous sputtered films [S1]], in comparison to
Ru and Cu with liner data. The Cu with liner, in partic-
ular, exhibits a significant increase in resistivity as the
thickness decreases due to surface scattering and grain
boundary scattering at small dimensions [5]. However,
the resistivity of CoPt increases less sharply with de-
creasing thickness, as predicted by our physically moti-
vated screening methodology. CoPt prepared by sputter
deposition and post-growth anneal shows resistivity of
11 €2 cm at a thickness of 34 nm, and increases to 22
(€2 cm for a film thickness of 7 nm. Based on this trend,
CoPt is expected to outperform Cu at smaller length
scales, and with further experimental study could out-
perform Ru at smaller length scales[12, 50].

While these current values are likely still too high
for the industry to prefer CoPt over Ru, future improve-
ments in CoPt thin-film quality may change this out-
look. Our results also demonstrate that the multiobjec-
tive approach described here has identified competitive
materials for interconnect applications. Finally, resis-
tivity scaling was not the only surrogate property that
was screened for in our methodology. CoPt was pre-
dicted to have good air stability compared to other met-
als [52]], which we have confirmed experimentally as
shown in Figure [6] The higher experimental resitivity
of CoPt makes it not very suitable for application as a
ferromagnetic metal interconnect. However, it still re-
mains a candidate as an alternative ferromagnet in the
laminate stacks. The higher conductivity metric of the
remaining metals make them promising candidates for
further experimental study.

Our samples were prepared as follows: we grew
a 30 nm thick CoPt film using molecular beam epi-
taxy (MBE) without post-growth annealing. The
film exhibits a single phase and epitaxial growth,
as evidenced by streaky reflection high-energy elec-
tron diffraction (RHEED) patterns and a single X-ray
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Materials Chemical Bandstructure | Os reaction | HyO reaction | SiO reaction Density Objective
Project ID formula Fermi velocity energy energy energy of states value
(eV A) €V /0,) (eV /Hy0) (eV /Si0y) | (States/(eVA?)) Z

mp-945 NiPt [39] 4.9 -2.8 0.0 0.0 0.11 2.89
mp-12798 NisPt [40] 4.1 -1.8 0.0 0.0 0.15 2.78
mp-949 CoPt [41] 5.4 -2.9 0.0 0.0 0.08 2.40
mp-1193415 | CdgAus [42] 5.2 -14 0.0 0.0 0.05 2.10
mp-1008349 | CosNi [43] 4.2 -1.9 0.0 0.0 0.11 1.64
mp-22300 FeCo,Ge [44] 5.1 2.5 0.0 0.0 0.06 1.57
mp-922 CoPts [45]] 4.1 -1.6 0.0 0.0 0.10 1.27
mp-3702 FeCuPt, [46] 4.6 2.5 0.0 0.0 0.06 0.80
mp-1918 FeRh [47] 4.5 -3.1 0.0 0.0 0.08 0.78
mp-22320 GaRu [48]] 5.2 -4.2 0.0 0.0 0.07 0.76
mp-33 Ru 4.7 -2.9 0.0 0.0 0.06 0.61

Table 2: List of the 10 most promising local interconnect candidates with a higher objective value than Ru identified from this work ,
with their relevant surrogate properties. The references cited point to the corresponding ICSD article with their synthesis details.
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Figure 5: a) Crystal structure of CoPt. b) Interpolated phonon bands of CoPt. c¢) Interpolated band structure of CoPt, coloured by the
magnitude of their wannier interpolated velocities. d) Variation of mean free path across the Fermi surface of CoPt, and e) Variation of

Fermi velocity across the Fermi surface of CoPt [49].

diffraction (XRD) peak (see Figure [6). We also hope
that future work on these materials can improve the ob-
served resistivity, and film quality, and utilize growth
conditions that are back-end-of-the-line compatible. In
particular, the resistivity exhibits no change even after
213 days of exposure to air at 294 K and 49% humidity,
compared to that of as-grown CoPt measured on day 1.
X-ray photoelectron spectroscopy (XPS) was also per-
formed in order to further study surface oxidation. The
inset of Figure 4b shows a comparison of the XPS of
in-situ measurement on the as-grown sample (day 1)
and the same sample after air exposure for 213 days.
The line shape of both the Pt 4f and the Co 2p regions
are more stable than Cu over that timeframe, indicat-
ing only minor chemical changes in addition to the re-
duction in signal-to-noise ratio due to physisorbed sur-
face species. Altogether, these results show that CoPt
has excellent oxidation resistance as predicted in our
screening efforts.

3 Conclusion

In this paper, we demonstrated a rapid, multi-objective
screening method to identify interconnect materials to
replace Cu. Our method highlights the need to optimize
for property tradeoffs to evaluate materials holistically
for a particular application. This allows us to iden-
tify multiple replacements for Cu for local intercon-
nects and high-frequency applications. Our ab-initio
studies on CoPt, one of the identified materials quan-
titatively support the performance of these the surro-
gate for bulk conducitvity and validate our screening
methods for high-performing materials. In addition, we
experimentally validated our predictions and demon-
strated the potential experimental viability of one of the
identified interconnect materials, CoPt, which features
extremely promising air stability results from this work,
and promising resistivity value in the sputtered 6-10 nm
range from the literature. This highlights its potential to
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Figure 6: a) Thickness-dependent resistivity of sputtered CoPt [31]],
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Ru [[12], and Cu [12] with liner. CoPt shows a smaller increase in

resistivity as the thickness decreases compared to Cu with liner. The solid lines shown in the plot are a guide to the eyes, connecting the
points, not a physical resistivity trend b) Resistivity evolution upon air exposure of a 30 nm thick CoPt film grown by MBE, showing
no resistivity change after air exposure over hundreds of days. Inset is the comparison of the XPS spectra of in-situ as-grown CoPt and
the same CoPt after being exposed to air for 213 days. The line shape of Pt 4f and Co 2p regions have very minimal change over time
indicating an oxidation-resistant film as predicted. c) Bragg-Brentano XRD of 30 nm CoPt on MgO (111) shows a single diffraction
peak of CoPt (101) (primitive cell), indicating a pure phase of CoPt. Stars mark the peaks from the MgO substrate. d) RHEED patterns
of 30 nm CoPt on MgO (111) in [111]and [101] directions show different spacing between streaks, indicating epitaxial growth.

surpass Cu at thicknesses below ~ 5 nm.. Given these
exciting preimilary results, we look forward to future
experimental works both improving the growth process
and contact engineering of CoPt thin films, and also
validating other interconnect materials identified in this
work.

4 Experimental Details and Theoretical
Methods

4.1 Dataset of metrics and optimization steps

The metrics were computed from metal data pulled
from the Materials Project database in 2021. We share
the computed metrics here: Github and an easy to use

Google Colab interface. Using this interface, one can
change various parameters of the screening process and
find candidates suited to their desired criteria.

4.2 Ab-inito calculations

We perform ab-initio DFT and DFPT calculations us-
ing Quantum ESPRESSO [53] with an energy cut-
off of 100 Ry and on a uniform 12x12x8 k-point
grid for the self-consistent-field calculation. We use
scalar relativistic potentials [54]. We perform the
DFPT calculations on a set of 3 x3x2 phonon momenta
(g-point grid). We then use the Perturbo code [55]]
to perform an iterative Boltzmann transport approx-
imation calculation for the conductivity. The com-
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4.3 Experimental growth and analysis
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puted electron-phonon coupling elements are interpo-
lated onto 100x100x100 k- and g-point grids. We
interpolate the electron-phonon matrix elements using
the Wannier90 code [35]], using an automated approach
based on the selected column of the density matrix
(SCDM-k) for the initial projection [56,|57]].

4.3 Experimental growth and analysis

The MBE growth of CoPt was carried out in a Sci-
entaOmicron Materials Innovation Platform (MIP) in-
tegrated with MBE, ALD, and XPS. MgO (111) was
used as the substrate, and Co and Pt evaporation was
carried out using a regular Knudsen cell and an e-
beam evaporator, respectively. The growth tempera-
ture was 750 °C and the thickness was calibrated by an
in-situ film thickness monitor and confirmed by cross-
sectional transmission electron microscopy. XPS was
carried out using a monochromated Al X-ray source
(hv =1486.7 eV) and Argus CU analyzer. Resistivities
were measured using an HL5500PC Hall effect mea-
surement system in a van der Pauw configuration. XRD
was performed using a Panalytical Aeris system.

4.4 Statistical Analysis

The complete data is available here. In the plots of Fig-
ures 3 and 4 the data was normalized to be in the range
of [0,1] for visual clarity. The filtering and Pareto front
step are performed without any data processing. When
we compute the objective function, we normalize the
given objectives by their mean and standard deviation
to ensure appropriate relative weighting. The measure-
ments in Fig 5, are from one sample. All data analysis,
and filtering code was written in python using the fol-
lowing packages for statistical analysis: numpy, scipy,
sklearn.
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