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With continued device scaling, the use of copper (Cu) as an interconnect material has reached its limit for
two main reasons. First, electron—phonon scattering, which dominates in the bulk form, becomes oversha-
dowed by surface roughness and grain boundary scattering as the dimensions shrink. Second, electromi-
gration becomes increasingly severe under high electric fields, compromising reliability. Each of these
degradation factors can be quantitatively evaluated using the figure of merit (FoOM) and cohesive energy. In
the search for next-generation interconnect materials, Co- and Mo-based binary alloys were investigated
using density functional theory (DFT) calculations combined with Boltzmann transport theory. The
directionally averaged FoM and cohesive energy were computed as indicators of size-dependent resistivity
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and electromigration resistance, respectively. By applying screening criteria—cohesive energy greater than
5.5 eV per atom and FoM less than 6.70 x 107*® Q m? (the FoM of Cu)—four promising Co-based alloys
DOI: 10.1039/d5tc04036a and seven Mo-based alloys were identified. These results highlight the strong potential of Co- and Mo-
based binary alloys for future interconnect applications. Furthermore, similarities in Fermi surfaces, coupled

rsc.li/materials-c with the FoM analysis, validate these alloys as suitable candidates for advanced interconnect technologies.
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Introduction

With the continued downscaling of interconnect metals into
the sub-10 nm regime, metal resistivity becomes increasingly
dominated by surface roughness (SR) and grain boundary (GB)
scattering, rather than phonon scattering, due to pronounced
size effects, as described in eqn (1). Based on the Boltzmann
transport equation, Fuchs and Sondheimer'* and Mayadas and
Shatzkes®* developed classical models for SR and GB scatter-
ings, respectively. These models were combined,’ as in eqn (1)
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P = po + po/
where p, is the bulk resistivity, 4 is the electron mean free path, p is
the surface specularity parameter, d is the line width, R is the grain
boundary reflection coefficient, and D is the grain size. As pre-
sented in eqn (1), for scaled interconnect metals with reduced d
and D, py/ (figure-of-merit, FoM) serves as a key scaling parameter.
Thus, numerous efforts have been focused on the search for new
interconnect metals with small pyA, which is defined as:
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under the constant 4 approximation, where v,,, is the electron
velocity along the transport direction ¢. Using first-principles
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methods, numerous approaches have been made to predict p,/
for various materials.®"® High-throughput density functional
theory (DFT) calculations have identified candidates for thin films
and wires,” MAX-phase ceramics,® and van der Waals 2D metallic
materials.” Moreover, machine-learning techniques have also
been adopted."®

Cohesive energy, the energy needed to separate bulk atoms
into isolated ones, reflects atomic bonding strength and is also
widely used as a screening parameter. Interconnect metals with
higher cohesive energy are more resistant to electromigration
induced failure."""?

Recently, the search for alternative metals has intensified to
address the scaling limitations of copper (Cu)." In particular,
cobalt (Co) and molybdenum (Mo) are promising due to their
lower FoM and higher cohesive energies compared to Cu.®'"
Moreover, both metals are compatible with conventional back-
end-of-line processes.’**® Other materials that exhibit suffi-
ciently high cohesive energy and superior FoM suffer from
inherent drawbacks. Ir and Rh are prohibitively expensive, Ag
is prone to agglomeration at elevated temperatures, W requires
a complex barrier/liner structure, Os suffers from volatility and
toxicity concerns, Ni exhibits poor thermal stability,’” and Ru
still faces challenges within large scale-manufacturing with
relatively complex processes.'®?! In this work, rather than
focusing on single elemental metals, we investigate binary
alloys based on Co and Mo, which are already adopted in
current semiconductor fabrication processes. We theoretically
assess Co- and Mo-based binary alloys, targeting candidates
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Fig. 1 Flow chart of screening promising Co-, Mo-binary alloys.

that exhibit FoM and cohesive energy values better than Cu as
well as Co and Mo.

Methods

Using the Materials Project database®” and following the proce-
dure outlined in Fig. 1, we first selected Co- and Mo-based binary
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alloys that are both experimentally validated and metallic. Then,
alloys containing fewer than 40 sites were selected as candidate
materials. It is worth noting that a large number of atoms
significantly increases computational cost by complicating
charge density calculations and lowering the crystal symmetry.
Furthermore, rare-earth and radioactive elements, including
those from the lanthanide series, were excluded from candidate
materials.

The cohesive energy of binary alloys composed of atoms A
and B is calculated as:

atom atom

xX+y

EAB Eph — [XEA + vEg ]

(3)

cohesive

where Epny is the total energy of the binary alloy, Eaom is the
energy of the isolated elements A or B, and x and y represent
the number of atoms of elements A and B, respectively, in the
binary alloy. As described in Fig. 1, the screening criterion
was set to cohesive energy greater than 5.5 eV per atom to
identify candidates with potential resistance to electromigra-
tion. If at least one phase of a binary alloy satisfies this
criterion, all associated phases were selected for subsequent
calculations.

Regarding p,/ in eqn (2), it is intrinsically anisotropic since
v, depends on the transport direction ¢. However, considering
the random orientation of grains in interconnect metals, we
calculated the directionally averaged v, , by integrating over all
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Fig. 2 Cohesive energies of (a) Co-based and (b) Mo-based binary alloys, respectively.
green and blue lines indicate the cohesive energies of elemental Co (x-phase) and Mo,

J. Mater. Chem. C

The red line indicates a cutoff energy of 5.5 eV per atom. The
respectively.
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directions on a unit sphere Q. Specifically, for a given k-point,
the directional average of v, , is given by:

1
V(K = E”dg(v -u)?
1 21 (T )
= EJO Jo sin 0d0d¢
x (v sin 0 cos ¢ + vy sin Osin ¢ + v- cos 0)2

= Sl

4)

where u is the unit vector. Substituting this into eqn (2), the
average (poA)avg becomes

1 o1
— = -—A
(pO;L)avg 4nh 3 ' (5)

where 4; is the area of the Fermi surface (FS).

To obtain (po4)ave, band structures were calculated from DFT
calculations using Quantum Espresso.”® The SSSP precision
pseudo potentials>* were employed for both self-consistent and
non-self-consistent calculations. A k-point grid of 40 x 40 x 40
(40®) was used. Spin-polarized calculations were performed for
alloys with magnetic moments greater than 0.05up.

Results and discussion

The cohesive energies of Co and Mo binary alloys are shown in
Fig. 2(a) and (b), respectively, with a cutoff energy of 5.5 eV per
atom. The cutoff value for the cohesive energy was set to 5.5 eV
per atom, which lies between that of Cu (3.4 eV per atom) and
those of Ru and Mo (6.7 eV per atom), representing a balance
between electromigration reliability and process compatibility
in ultrathin interconnects. While Cu suffers from severe elec-
tromigration issues, excessively high cohesive energies such as
those of Ru and Mo may degrade interfacial stability and
electrical performance due to film non-uniformity and
enhanced grain-boundary scattering.>>?® The green and blue
lines represent the cohesive energies of elemental hexagonal
close-packed Co (a-phase) and Mo, which are 4.39 and 6.82 eV
per atom, respectively.”” The distributions shown in Fig. 2
reveal that the following binary alloys are promising candi-
dates, exhibiting cohesive energies greater than 5.5 eV per
atom: (a) for Co-based systems, alloys with B, C, O, Ti, V, Zr,
Nb, Mo, Hf, Ta, W, and Pt (total 58 alloys); and (b) for Mo-based
systems, alloys with Be, B, C, N, O, A], Si, P, S, Fe, Co, Ga, Ge, Zr,
Ru, Rh, Hf, W, Re, Os, Ir, and Pt (total 89 alloys). By excluding
alloys composed of 40 or more atoms, the number of candi-
dates is reduced to 57 for Co-based and 78 for Mo-based alloys,
respectively.

The averaged FoM, (poAd)avy, are presented alongside the
cohesive energies in Fig. 3. The red line indicates FoM of Cu
(6.70 x 107'® Q m?). The green and blue lines present FoM of
Co (6.13 x 107" Q m” and Mo (5.89 x 107'® Q m?),
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respectively. Cohesive energy and FoM values in Fig. 3 are
listed in Tables S1 and S2 in the SI.

In Fig. 3(a), four Co-based binary alloys—CoTi (mp-823),
Co;Ti (mp-608), CoPt; (mp-922) and CoZr (mp-2283) where 'mp’
denotes the material ID from the Materials Project database'®
—exhibit smaller (po4)aye than Cu and lower or comparable
(PoA)avg than Co. Furthermore, they have larger cohesive energy
than Co. For Mo-based binary alloys, shown in Fig. 3(b), seven
alloys—MoC (mp-2746), MoB, (mp-960), Mo,Bs (mp-7229),
MoN (mp-1065394), MoRh (mp-12595), MoW,; (mp-1103318),
and Molr (mp-11481) —have smaller (poA)ave than Cu. Among
these, MoC (mp-2746), MoB, (mp-960), and MoN (mp-1065394)
exhibit even smaller (po4)avg than Mo. Thus, the most promis-
ing binary alloys among the candidates are CoTi (mp-823) and
MoC (mp-2746). In addition, considering multiple phases, the
Co-Ti and Mo-B alloy systems appear to be the best candidates
on average. If the cohesive energy cutoff is raised to 6.0 eV per
atom, Co-Ti and Co-Pt alloys are excluded making Co-Zr alloys
more promising. In contrast, Mo-binaries have no change in
determination of candidates.
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Fig. 3 Averaged FoM and cohesive energies for (a) Co- and (b) Mo-based
binary alloy candidates, respectively. Candidates with the averaged FoM
value larger than 20 were excluded.
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Fig. 4 Fermi surfaces of Co binary alloys. The periodic table includes elements from groups 4, 5, and 6, and periods 4, 5, and 6. The red, green, and blue

lines indicate elements belonging to the same group.

Furthermore, the promising Co-based candidates are on the
convex hull, indicating thermodynamic stability, except for
Co3Ti, which has a small energy-above-hull value of 0.04 eV
per atom. In contrast, among the Mo-based candidates, only
MoN, MoRh, and Molr are on the convex hull, while the others
exhibit finite energies above the hull: MoC (0.298 eV per atom),
MoB2 (0.156 eV per atom), Mo2B5 (0.745 eV per atom), and
MoW11 (1.713 eV per atom). Therefore, for these candidates
with finite energy-above-hull values, suppressing thermody-
namic instability through metastable or kinetic stabilization
will be necessary to ensure good device reliability.

In the FoM calculation, similarity in FS leads to similar
averaged FoM, (po/)avg, as the metric depends solely on the FS
area. Therefore, since the number of outer-shell electrons is the
same group in the periodic table tend to exhibit similar FS, as
shown in Fig. 4, and consequently similar (pyA)ave. Further-
more, if the FS complexity or shape is comparable, a smaller
lattice parameter improves FoM because the FS area is inversely
proportional to the lattice parameter. Since alloys containing
atoms from larger periods generally have larger lattice para-
meters, it is reasonable to prioritize candidates composed of
atoms from the smallest possible periods. The best-performing
combinations, CoTi (mp-823) and MoC (mp-2746), are consis-
tent with this reasoning. Nonetheless, better candidates may
exist in atomic structures that cannot be formed with such
small-period elements.

As described in the Methods section, a 40° k-point grid was
used in our FoM calculations, whereas a finer than 200° grid

J. Mater. Chem. C

was employed for elemental metals to achieve convergence of
FoM as the surface areas at band crossings are highly
sensitive.® As shown in Fig. 5, we also performed FoM calcula-
tions for selected alloys using a denser k-point grid of up to
200?, which confirmed that the error remains below 5%, even
for the complex FS of CoPt;. Considering the constant mean
free path approximation, the calculated value is sufficiently
accurate for selecting potential candidates. This is because
eqn (2) involves drift velocities that may require finer k-point
grids, whereas eqn (5) depends solely on the FS area.

In this work, since the screening was performed using the
averaged FoM and cohesive energy, further validation is
required, including assessments of interface binding energy
with low-k dielectrics, via resistance, and grain boundary resis-
tance. Therefore, our calculations should be considered as an
initial screening step.

Conclusions

We performed a first-principles screening of Co- and Mo-based
binary alloys as advanced interconnect metals. Screening
employs FoM, an indicator of the size effect, and cohesive
energy, a proxy for electromigration resistance. Several Co-
and Mo-based alloys outperform Cu in both FOM and cohesive
energy. This result reflects FS similarities, where elements
sharing the same group number and crystal structure exhibit
comparable FS characteristics, implying that alloys with smal-
ler lattice parameters tend to have better FoM.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Fermi surfaces of CoTi calculated with k-point grids of (a) 40° and
(b) 200%, and CoPts calculated with k-point grids of (c) 40° and (d) 200°.
Colors indicate Fermi velocities ranging from 0 to 10° m s~ (e) Relative
error of the averaged FoM calculated using different grid densities com-
pared to the 200° k-point grid.
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