View Article Online

View Journal

M) Cneck tor updates

Journal of

Materials Chemistry C

Materials for optical, magnetic and electronic devices

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: G. Maeng, S. Lim,
B. Shong and Y. Lee, J. Mater. Chem. C, 2026, DOI: 10.1039/D6TC00235H.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Journal of accepted for publication.

Materials Chemistry C

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
B o conere , shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY ' or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

™ LOYAL SOCIETY rsc.li/materials-c
«p OF CHEMISTRY


http://rsc.li/materials-c
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6tc00235h
https://pubs.rsc.org/en/journals/journal/TC
http://crossmark.crossref.org/dialog/?doi=10.1039/D6TC00235H&domain=pdf&date_stamp=2026-03-13

Page 1 of 12

Open Access Article. Published on 13 March 2026. Downloaded on 3/14/2026 10:06:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Journal ofsMaterials' Chemistry/C

View Article Online
DOI: 10.1039/D6TC00235H

First-principles high-throughput screening of ruthenium
compounds for advanced interconnects

Received 21th January 2026,
Accepted 00th January 2026

Gyungho Maeng,? Subeen Lim,? Bonggeun Shong,” and Yeonghun Lee*a¢

As interconnect dimensions continue to shrink, the industry-standard copper faces a critical increase in resistivity, presenting
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a significant hurdle to overall device performance. To overcome this limitation, this work investigates the potential of

ruthenium (Ru)-based compounds, encompassing binary, ternary, and quaternary systems, as viable alternatives to copper

(Cu). Ruthenium is regarded as a strong candidate, owing to its inherent advantages in reliability and more favorable

resistivity scaling at reduced dimensions. Moreover, forming compounds offers an effective strategy to engineer novel

properties, expanding the material design space beyond the constraints of pure metals. Utilizing a high-throughput screening

methodology, we systematically investigated a broad spectrum of 2,106 Ru-based compounds to identify candidates with

superior electronic transport and reliability characteristics. Consequently, we successfully identified a total of 61 promising

candidates that exhibit excellent resistivity scaling behavior and enhanced reliability. These findings demonstrate that Ru-

based compounds offer a viable pathway to overcome the scaling limitations of next-generation interconnects.

1 Introduction

Following the transition from aluminum, copper (Cu) has
served as the long-standing industry-standard material for
interconnects. However, as device dimensions scale down to
the sub-nanometer regime, the industry faces a critical
challenge: a dramatic increase in electrical resistivity, leading to
significant resistance-capacitance (RC) delays that bottleneck
overall device performance. This resistivity size effect is
primarily driven by increased electron scattering at surfaces and
grain boundaries phenomena, which become dominant when
the feature size falls below the material’s electron mean free
path (MFP) . Fundamentally, this limitation stems from the
relatively long MFP of Cu, approximately 39 nm >, which renders
it highly sensitive to dimensional scaling.

In this context, ruthenium (Ru) has emerged as a compelling
alternative candidate 6. With a significantly shorter MFP of
approximately 6.7 nm, Ru exhibits much lower sensitivity to
scaling effects compared to Cu ®1°. Furthermore, the practical
implementation of Cu requires thick, non-scalable diffusion
barrier and liner layers, which consume a growing fraction of
the interconnect volume and diminish the conductive cross-
section 1112, Ru directly addresses this challenge, offering high
cohesive energy that provides inherent reliability against
electromigration >13, and its chemical stability enables a
simplified, barrierless integration scheme 4>, The viability of
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Ru has been well-established, having been previously
investigated as a liner material for Cu, where it demonstrated
excellent adhesion and gap-filling capabilities 16719, Notably,
recent studies have confirmed the successful integration of Ru
into fabrication processes as a primary conductor 20-22,

While elemental Ru offers a clear path forward, even certain
properties (e.g. reported suboptimal adhesion to some
dielectrics 1323) might hinder its further optimization or tuning
for the most scaled and integrated device architecture. The vast
design space of binary, ternary, and quaternary compounds
thus presents an even greater opportunity to engineer
materials with superior properties. By combining elements, it
becomes possible to tailor properties beyond what elemental
Ru alone can offer, allowing for specific enhancements in
electronic transport characteristics, improved interfacial
compatibility with diverse dielectric layers, or even stronger
interatomic  bonding for superior reliability against
electromigration.

To identify candidates that not only outperform elemental Cu
but also possess robust integration potential, this work extends
the conventional high-throughput screening of binary systems
to comprehensively explore the expanded material space of
ternary and quaternary Ru-based compounds. We employ two
key figures of merit: (1) the product of bulk resistivity and mean
free path (pg X 4), an intrinsic descriptor of scaling behavior
where a lower value predicts more favorable conductivity at
reduced dimensions 524; (2) cohesive energy (Ecn), Which
serves as a proxy for reliability, signifying stronger inter-atomic
bonding and thus enhanced resistance against electromigration
and diffusion 525, Especially, unlike previous studies that often
present p, X A values by individual categorized each transport
direction or focusing solely on the most conductive
crystallographic orientation 192627 our work presents an
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averaged values that more realistically reflects the effective
resistance in real interconnects, thereby considering the
practical growth environment. This study thereby aims to
identify novel compounds predicted to overcome current
scaling limitations for future interconnects.

2 High-throughput screening

The theoretical framework for this study relies on high-
throughput first-principles calculations based on density
functional theory (DFT), executed with the Vienna Ab initio
Simulation Package (VASP) 282° For these calculations, the
exchange-correlation functional was treated with the Perdew-
Burke-Ernzerhof (PBE) formulation under the generalized
gradient approximation (GGA) 3031 and ion-electron
interactions were described using pseudopotentials generated
by the projector-augmented wave (PAW) method 3233, The
effect of spin polarization was considered in all calculations.

Cs Balsiu Hf Ta W Re Os I Pt Au Hg T Pb Bi Po At Ra
Fr Ra Aclr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI
La Ce Pr Nd Pm Sm Eu Gd T Dy He Er

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Ru-X-Y-Z
Ruthenium compounds 2,106 candidates

Ec<0eVv

Metallicity 1,807 candidates
e — Eyyut < 20 mev
Thermodynamic stability 1,098 candidates
— Nogom < 20
Structural simplicity 805 candidates
Payg X 4
ECD h

61 candidates

Promising
compounds
Fig. 1 High-throughput screening procedure for promising ruthenium compounds.

Highlighted elements in the periodic table represent copper, the standard interconnect
material, and ruthenium, the target element in this study.

To facilitate a broad and efficient material search, we began
by sourcing initial crystal structures from the Materials Project
database via its Application Programming Interface (API) 3435,
These candidates were subsequently subjected to a multi-step
screening process, depicted in Fig. 1, designed to identify the
most promising materials. The screening criteria required that
compounds be (1) metallic (band gap Eg <0 eV), (2)
thermodynamically stable (energy above the convex hull Eygyp
< 20 meV/atom), and (3) structurally simple (Ntom < 20
atoms in the primitive unit cell) 36, Our choice of Epy < 20
meV/atom for thermodynamic stability is a deliberate and
pragmatically motivated criterion. While strict thermodynamic
stability (Egyy = 0 eV/atom) is often theoretically preferred, it
is known that not all stable compounds are synthesizable, nor
all unstable compounds impossible to synthesize 3. Thus, we

2 | J. Mater. Chem. C, 2026, 00, 1-3

selected 20 meV/atom as a threshold slightly abgue,the BETs
calculated known median of metastability03¥PoIHR LR
meV/atom 36,

For the selected candidates, static self-consistent field
calculations were set up using standardized input parameters
generated via the Pymatgen library 38 To simplify the
calculation methodology, we leveraged pre-relaxed structural
data directly from the Materials Project database, where
geometries are optimized with their convergence criteria (ionic
step energy convergence <5 X 107% X N,oms €V, where
Natoms refers to the number of atoms). Consequently, these
optimized structures were used directly for electronic structure
calculations without further relaxation. The plane-wave energy
cutoff was set to 520 eV with a k-point density of 100/A~3. To
properly account for magnetic effects, we directly retrieved and
utilized the optimized magnetic ground states for each
structure from the Materials Project database. Hubbard U
corrections were applied to compounds containing oxygen,
following the Materials Project compatibility standards.

Electronic transport properties were evaluated using the
semiclassical Boltzmann transport theory implemented in the
BoltzTraP2 code 3249, To ensure numerical accuracy in the
transport integrals, non-self-consistent field calculations were
performed on a significantly dense k-point mesh, utilizing at
least 50,000 grid points per reciprocal atom. The electrical
conductivity tensor o,p is defined as:

Oap = gy Jyy P hTn VWV W L2E | (1)
where a and 8 are tensor indices, e is the elementary charge,
and n denotes the band index. The integration is performed
over the Brillouin zone (BZ), with t,(K) and v,,(K)
representing the carrier relaxation time and the group velocity
for each tensor direction, respectively, where Kk is the
wavevector. The term dfgp(E)/dE corresponds to the Fermi
window function derived from the Fermi-Dirac distribution fgp
(E), and E, (K) is the eigenenergy. We adopted the constant
mean-free-path approximation, where the relaxation time is
defined as 1,(k) = 4/|v,(K)|. It should be noted that this
approximation may not perfectly capture the scattering
anisotropies with complex Fermi surface topologies.
Nevertheless, previous studies that such
deviations do not lead to significant errors in the preliminary
screening of interconnect candidates 7#l. Under this
assumption, Eq (1) can be reformulated to express conductivity
per unit MFP:

demonstrate

Ta 2 an n
S e Y A L L)
This derivation indicates that the calculated g,z/4 is the
inverse of the p,p X A. Therefore, we employ p,p X 1 as the
primary intrinsic figure of merit to assess the intrinsic scaling
behavior of resistivity, which is particularly relevant for
ultranarrow interconnect applications.

This journal is © The Royal Society of Chemistry 2026
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3. Simulation results and discussion

To evaluate the intrinsic transport properties of the screened
compounds, a robust scalar descriptor is required to condense
the tensorial outputs of electronic transport calculations. For
compounds with cubic symmetry, the isotropic diagonal
components allow for a direct scalar representation. However,
for non-cubic structures, directional anisotropy necessitates a
systematic averaging procedure to ensure a consistent
comparison across diverse crystal symmetries. In this work, we
primarily define an effective p,yg X A based on a conductivity-
averaging scheme. Specifically, a diagonal-only arithmetic
average of the three conductivity-proportional components
(0xx/A,0yy/A, and g,,/A) in Eq. (2) is evaluated. This approach
represents an effective-medium transport scenario in which
multiple crystallographic conduction channels contribute
concurrently to the overall electrical response, analogous to a
parallel combination of transport pathways. Such a description
is appropriate for bulk and polycrystalline materials, where
electrical current responds collectively to an applied field rather
than being confined to a single crystallographic direction. As a
result, the conductivity-based average serves as an effective
descriptor of the overall transport performance while
minimizing the impact of unfavorable high-resistivity directions
42 Accordingly, this conductivity-based averaging scheme is
adopted throughout the main text to ensure a consistent
comparison of materials with varying crystal symmetries in the
context of high-throughput screening.

For comparison, an alternative resistivity-based averaging
scheme (p3, X 1) is also considered. In this case, an arithmetic
average of the resistivity-proportional components (p,, X 1,0yy
X A, and p,, X A) is taken. This averaging method emphasizes
the contribution of individual transport directions equally and is
therefore more closely associated with transport scenarios in
which directional resistances are effectively combined in series
42 |1t can be assumed that under the confinement conditions, in
narrow wire-like structures, the current is constrained to
traverse less favorable crystallographic orientations without the
possibility of bypassing high-resistivity pathways. Consequently,
this definition highlights the influence of high-resistivity
directions and provides an upper bound on the electrical
resistivity that a material system may theoretically attain. While
this resistivity-based average is valuable for assessing the
theoretical limit of transport degradation and for examining
directional sensitivity, the conductivity-based averaging
scheme is employed as the primary descriptor in this work, as it
not only more commonly employed in first-principles transport
studies for comparative materials screening 43744 but also more
directly comparable to experimentally measured thin-film
resistivities. Plots based on the resistivity-based averaging
scheme are therefore provided as complementary information
in Supplementary Information Section 1 (Figs. S1-S3), while the
corresponding values for promising compounds are
summarized in the last column of tables.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 The electrical properties as a function of cohesive energy for all screened Ru-based
compounds. The elemental materials are marked with black diamonds. The shaded areas
represent the parameter space where the performance is expected to be superior to
each reference material, as well as the performance margin relative to Cu material. Note
that compounds with payg X A over 16 X 10716 Om? are omitted due to their predicted
poor electrical performance.

Based on the screening workflow described in Section Il, we
first examined a total of 2,106 Ru-based compounds, spanning
binary, ternary, and quaternary chemistries. By applying a series
of screening criteria, the initial materials space was narrowed to
805 metallic and thermodynamically viable phases. These
compounds were subsequently evaluated using two key figures
of merit: payg X 4 and the cohesive energy Ecy,. To assess
transport performance in a manner relevant to scaled
interconnects, elemental Cu was considered as the primary
benchmark material. The calculated values for Cu are payg
XA=6.70x10"1 Om? and Ep = 3.88 eV. Recognizing
that actual interconnect properties are governed not only by
intrinsic transport metrics but also by, harder-to-quantify
factors such as process compatibility, thermal stability, and
interfacial adhesion 2545, we note that materials slightly
underperforming Cu in one metric may still offer superior
overall integration potential. Furthermore, as our study aims to
identify a broad and comprehensive list of promising
compounds, considering these complex interdependencies, we
allowed candidates up to 20% higher payg X 4, and up to 20%
lower E .o, compared to Cu for further consideration. Applying
these criteria, a total of 61 promising Ru-based compounds are
presented in Fig. 2 Among them, 23 candidates are binary
phases, 38 are ternary phases, and no quaternary compounds
satisfy the combined transport and stability requirements.

J. Mater. Chem. C, 2026, 00, 1-3 | 3
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Table 1 Most promising Ru binary compounds

Journal Name

View Article Online

DOl 101020/haTcnno2nH

. . Total Cohesive Pap X A
Chemical . Crystal Experimentally . b 16 2
formula Material ID symmetry Synthesized® magnetization  energy (1071 QO m?) .
(15) (V)  puXA Py XA py XA Pavg XA Pag X4
AlRu mp-542569 Cubic O [46,47] 0 5.68 5.61 5.61 5.61 5.61 5.61
GaRu mp-22320 Cubic O [48] 0 4.90 5.65 5.65 5.65 5.65 5.65
IrRu mp-974421 Hexagonal 0 6.99 5.02 5.03 5.37 5.14 5.14
Ir;Rus mp-862620 Hexagonal 0 6.69 5.84 5.82 4.66 5.38 5.44
IrsRu mp-974358 Tetragonal 0 7.31 4.15 4.15 4.39 4.23 4.23
LuRu mp-11495 Cubic O [49] 0 5.84 6.77 6.77 6.77 6.77 6.77
Mn;Rug mp-865045 Hexagonal 1.179 5.55 8.08 8.08 7.55 7.89 7.90
Mo,Rug mp-975834 Hexagonal 0 6.19 9.21 9.21 4.24 6.62 7.55
OsRu mp-1220023 Hexagonal 0 7.18 5.62 5.62 4.35 5.12 5.20
Os;Rug mp-974326 Hexagonal 0 6.74 5.92 5.93 8.08 6.50 6.64
ResRu mp-974455 Orthorhombic 0 7.18 6.08 7.41 9.76 7.46 7.75
ResRu; mp-974625 Hexagonal 0 7.18 8.52 8.53 5.42 7.16 7.49
RuRhy4 mp-1219522 Trigonal 0.001 6.08 6.31 3.75 3.75 434 4.61
RusRh, mp-1186926 Hexagonal 0 6.09 5.95 5.95 4.92 5.56 5.61
RusW, mp-862655 Hexagonal 0 6.76 9.41 9.41 4.37 6.79 7.73
ScRu mp-30867 Cubic O [50,51] 0 571 6.18 6.18 6.18 6.18 6.18
TaRu mp-1601 Tetragonal 0 [52,53] 0 7.45 6.48 6.48 4.89 5.85 5.95
TcRu mp-1217363 Hexagonal 0 6.37 5.25 5.25 4.37 4.92 4.96
TcaRug mp-867356 Hexagonal 0 6.37 8.51 8.51 7.24 8.04 8.09
TcsRu, mp-861630 Hexagonal 0 6.35 7.08 7.09 4.49 5.94 6.22
URus mp-1263 Cubic O [54,55] 0.003 6.46 6.30 6.30 6.30 6.30 6.30
VRu mp-1395 Cubic 0 [56,57] 0.559 5.80 531 5.31 5.33 5.32 5.32
YbRu mp-567116 Cubic 0 [58] 0 5.82 5.93 5.93 5.93 5.93 5.93

9 The synthesizability of the materials was determined by referencing the compositions provided in the ICSD.

b The cohesive energies are obtained from the Materials Project database.
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Fig. 3 Potential candidates among binary Ru compounds against Cu. The highlighted
zones (orange and green) categorize compounds exceeding the performance of
elemental Cu and Ru, respectively. A total of 23 binary candidates is identified within the
20% margin of the Cu, representing the most promising system for advanced
interconnect material. Elemental benchmarks (Cu, Ru, etc.) are provided for comparative
reference.

The comprehensive screening results for binary Ru-based
compounds are summarized in Fig. 3 The shaded regions
delineate performance benchmarks defined by elemental Cu,
the current industry standard, and elemental Ru, which serves

4 | J. Mater. Chem. C, 2026, 00, 1-3

as a reference material in this study. As discussed above, the
grey-shaded region represents an extended benchmark window
introduced to avoid over-restrictive filtering based solely on
intrinsic transport and cohesive energy metrics. This relaxed
window is intended to preserve candidates that may exhibit
advantageous secondary properties not explicitly captured by
the present descriptors. Out of 93 binary compounds that
satisfied our screening workflow, 23 compounds were
identified within the defined performance window. Among
these binary candidates, eight compounds—AIRu 4647, GaRu 43,
LuRu 4, ScRu %51, TaRu 243, URuz >#°%, VRu °®>7, and YbRu
58—have been reported to be experimentally synthesizable, as
verified through experimental reports within the Inorganic
Crystal Structure Database (ICSD). Notably, AIRu has also
attracted recent attention as a potential alternative material for
interconnect technology, having been experimentally evaluated
as promising in prior research °°. Detailed calculated properties
and structural information for all selected binary compounds
are provided in Table 1.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 High-throughput screening of ternary Ru compounds. The scatter plot maps the
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ARTICLE

due to its excellent properties. Similarly, radioactjye materials
containing Tc and U can also still be consideiet) dPase Avnéer
strict safety measures when their superior properties justify
their application in specialized fields. However, the use of such
materials necessitates high-level engineering controls,
comprehensive personal protective equipment, continuous
environmental monitoring, and through training on save
handling procedures %72, For the primary objective of this
study, which is to provide a broad and exhaustive list of
potentially useful materials for subsequent research, these data
were included without arbitrary exclusion. Furthermore, while
the number of compounds with confirmed experimental
synthesizability may not be extensive, their selection based on
a thermodynamic stability criterion (Epyy < 20 meV/atom)
suggests a high potential for future experimental synthesis.

Fig. 4 presents the corresponding screening results for
ternary Ru-based compounds. From an initial pool of 626
ternary phases, 38 compounds were identified within the
defined performance window. Among the selected ternary
candidates, six compounds—CeGe,Ru, %61, CeP,Ru, 2, CeSi,
Ru, %394 EuGe,Ru, %%, LaSi,Ru, 3, and USi,Ru, 6768 —have
been experimentally synthesized. Attempts to utilize these
materials for interconnect applications have not yet been
documented in the literature. The full list of ternary candidates
and their calculated properties are summarized in Table 2. In
contrast to the binary and ternary systems, none of the
quaternary Ru-based compounds fall within our performance
window. This absence is largely a consequence of the screening
criteria applied during the initial screening stages rather than an
inherent lack of electrical performance in complex compounds.
As the number of constituent elements increases from binary to
quaternary systems, the number of atoms constituting the
primitive unit cell tends to increase to accommodate the
required stoichiometry. Statistically, while only ~10% of binary
compounds exceed the N, limit, this fraction rises to ~25%
for ternary systems and drastically increases to ~51% for
quaternary systems. Consequently, a significant portion of
quaternary candidates were excluded prior to the transport
evaluation due to this constraint.

Despite the identification of several promising Ru-based
compounds within the defined performance window, safety
and material feasibility considerations must be addressed for
specific candidates. In particular, compounds containing
beryllium (Be) require careful handling due to its well-
established carcinogenicity, while technetium (Tc) and uranium
(U) containing materials raise concerns associated with
radioactivity. While these factors certainly pose significant
challenges for conventional semiconductor manufacturing,
their inclusion in this foundational screening is justified by the
potential for unique material properties that may warrant their
use in specialized applications and exhibit irreplaceable
performance. Indeed, despite its carcinogenicity, Be is utilized
in various field such as aviation, aerospace, and nuclear fusion

This journal is © The Royal Society of Chemistry 2026

(a)

pmx;\m 030 0.44 -0.39 -037 -0.36 036 -0.35 -0.34 033 -0.30 -0.30

0.75

0.50

fusion_enthalpy 0.
gs_energy - 0.36
heat_of_formation -=0.25
bulk_modulus
~=0.50
num_p_unfilled-
evaporation_heat- -0.. -0.75

num_s_unfilled
-1.00

(b) '

Pavg XA 030 040 031 029 028 028 023 022 021 021 0.20

Ecoh -0.30 n nzu 010 0.10 -0.07 075

vdw_radius_uff 0.40 -0.29 035 0.24 -0.02 -0.02 -0.04

melting_point- 0.31 m
hhi_r- 0.29 ozs.mi;

fusion_enthalpy

1.00

0.50

0.25

-0.00
num_p_unfilled

gs_energy -0.25
heat_of_formation
—0.50
gs_est_bcc_latent- 021 -0.10 -0.02 0.10 0.10

gs_est_fcc_latent- 021 -0.10 -0.02 0.10 0.10 —-0.75
gs_volume _per- 0.20 -0.07 -0.04 0.10 0.08

-1.00

~ § &S & &
S O S
9 & ¢ & F 7 & s S
5 & o &30 FT S 5 &
_‘b"" & @(“‘\n {§ %) @4»/ & &
&

Fig. 5 Pearson correlation heatmap of compositional descriptors for binary compounds.
(a) the matrix illustrates the correlation coefficients between the top 10 average-related
compositional features extracted via the XenonPy toolkit and the primary screening
metrics: pg X A and Eop. (b) The matrix illustrates the correlation coefficients between
the top 10 variance-related compositional features and the same screening metrics.

J. Mater. Chem. C, 2026, 00, 1-3 | 5

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tc00235h

ournal of-Materials' Chemistry €

ARTICLE Journal Name
Table 2 Most promising Ru ternary compounds
Miew Article Qpline
] Pag X A DOI:10.1039/D6TCO0235H
Chemical . Crystal Experimentally Tot.al . Cohesive (10716 O m?)
formula Material ID symmetry Synthesized® magnetization  energy® .
(1B) (eV) prx XA Py XA piXA Pavg XA Payg XA
AlGaRu, mp-1183218 Cubic 0 5.28 5.93 5.93 5.93 5.93 5.93
BeGeRu, mp-862713 Cubic 0 5.34 5.48 5.48 5.48 5.48 5.48
BeSiRu, mp-867835 Cubic 0 5.83 5.40 5.40 5.40 5.40 5.40
BeVRu, mp-867874 Cubic 0 5.67 7.48 7.48 7.48 7.48 7.48
Be,JrRu  mp-1183419 Cubic 0 5.75 3.97 3.97 3.97 3.97 3.97
Be,NiRu  mp-1183421 Cubic 0 4.97 5.93 5.93 5.93 5.93 5.93
g Be,RuPt mp-865021 Cubic 0 5.43 5.59 5.59 5.59 5.59 5.59
. g CeGe,Ru,  mp-22343 Tetragonal O [60, 61] 0.594 5.58 9.36 8.77 4.61 6.85 7.58
% -é' CeP,Ru, mp-574244  Tetragonal 0 [62] 0.428 5.80 9.32 8.96 5.11 7.23 7.80
§ g CeSi,Ru, mp-3566 Tetragonal O [63, 64] 0.242 6.13 4.83 4.54 2.46 3.60 3.94
9; g DyErRu, mp-1183783 Cubic 0 5.69 7.76 7.76 7.76 7.76 7.76
§ 2 DyHoRu, mp-1183786 Cubic 0 5.68 7.86 7.86 7.86 7.86 7.86
% % DyLuRu, mp-1183818 Cubic 0 5.75 7.92 7.92 7.92 7.92 7.92
? g DyTmRu, mp-1184074 Cubic 0 5.71 7.90 7.90 7.90 7.90 7.90
% 2 ErLuRu, mp-1184363 Cubic 0 5.79 7.42 7.42 7.42 7.42 7.42
-§ g ErTmRu, mp-1184242 Cubic 0 5.75 7.51 7.51 7.51 7.51 7.51
g § EuGe,Ru,  mp-21417 Tetragonal O [65, 66] 6.389 5.11 3.64 3.37 1.63 2.53 2.88
g .g HoErRu,  mp-976311 Cubic 0 5.71 7.71 7.70 7.72 7.71 7.71
§ g HoLuRu, mp-973114 Cubic 0 5.77 7.71 7.71 7.72 7.71 7.71
'g ; HoTmRu, mp-1184831 Cubic 0 5.73 7.64 7.64 7.64 7.64 7.64
=72 LaSi,Ru, mp-5105 Tetragonal O [63] 0 7.67 7.57 7.14 3.89 5.67 6.20
(é ‘5 LiSiRu, mp-865838 Cubic 0.001 5.07 4.28 4.28 4.28 4.28 4.28
B § LuScRu, mp-973433 Cubic 0 5.78 7.78 7.78 7.78 7.78 7.78
-ZE ; LuNiRu  mp-865335 Cubic 0 5.44 7.02 7.22 7.22 7.15 7.15
é % MgSnRu, mp-1185980 Cubic 0 4.51 6.51 6.51 6.51 6.51 6.51
_%_j § MgVRu, mp-1185620 Cubic 0.001 4.95 7.87 7.87 7.87 7.87 7.87
E E MnBeRu, mp-1185984 Cubic 1.989 5.03 6.90 6.90 6.90 6.90 6.90
@ ScGaRu,  mp-867156 Cubic 0.004 5.32 6.65 6.65 6.65 6.65 6.65
2 TaBeRu, mp-867114 Cubic 0 6.48 8.03 8.03 8.03 8.03 8.03
g— TiAlRu, mp-866155 Cubic 0 6.12 7.91 7.91 791 791 791
Ti,ReRu  mp-972275 Cubic 0 7.36 7.28 7.28 7.28 7.28 7.28
& Ti,TcRu mp-865650 Cubic 0 6.32 7.63 7.63 7.63 7.63 7.63
TmLuRu;  mp-983312 Cubic 0 5.80 7.29 7.30 7.30 7.30 7.30
USizRu, mp-3388 Tetragonal O [67,68] 1.639 6.33 9.28 8.82 5.33 7.34 7.81
V,0sRu mp-971737 Cubic 0.249 6.26 5.66 5.66 5.66 5.66 5.66
V2ReRu mp-981365 Cubic 0.003 6.13 7.67 7.67 7.67 7.67 7.67
V,TcRu mp-865501 Cubic 0.007 5.87 7.26 7.26 7.26 7.26 7.26
YbRusC mp-1206413 Cubic 0 6.48 8.04 8.04 8.04 8.04 8.04
9 The synthesizability of the materials was determined by referencing the compositions provided in the ICSD.
b The cohesive energies are obtained from the Materials Project database.
6 | J. Mater. Chem. C, 2026, 00, 1-3 This journal is © The Royal Society of Chemistry 2026
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From a performance standpoint, our simulations indicate
that, among the screened binary systems, only Ir;Ru marginally
outperforms elemental Ru, while all other candidates fall short
of surpassing bulk Ru in the metrics considered here. A similar
trend is observed for ternary systems, where none achieve
performance exceeding that of elemental Ru. This observation
is consistent with prior studies on Cobalt (Co) based binary
interconnect materials, which likewise reported few
compounds (CozNi, CoPt, and CoPt3) outperforming elemental
Co when evaluated using comparable intrinsic transport related
criteria 73. This overall trend suggests that, when assessed solely
through intrinsic electronic transport indicators, it is intrinsically
challenging for compound materials to simultaneously exceed
the performance of their best elemental counterparts. The
observed slight advantage of Ir;Ru over elemental Ru, for
instance, is highly influenced by the inherently superior
electronic transport properties of its constituent Ir. Indeed, a
broader analysis encompassing all metallic elemental materials
alongside our binary compounds (Supplementary Fig. S4)
reveals that compound transport properties are often
positioned between those of their constituent elements. While
some compounds like RugRh,, TcgRu,, RezRu, and AlRu
exhibit higher resistivity factor than either constituent element,
others such as RugW,, RuRh,, and TcRu demonstrate
properties falling between the electrical characteristics of their
respective elemental components. This spectrum of
performance analytically demonstrates that while complex
atomic and electronic interactions are at play, compound
formation predominantly redistributes, rather than inherently
transcends, the intrinsic transport properties relative to their
elemental building blocks.

To elucidate the fundamental physical origins of this
systematic performance trend, we focused on binary
compounds as an ideal model system. This targeted approach
allows us to precisely isolate the intrinsic structure-property
relationships governing A-B interactions, avoiding the
confounding effects of multi-element structural complexity
inherent in ternary and quaternary systems. Using the XenonPy
toolkit’4, we extracted 116 compositional descriptors, focusing
on both the weighted average and weighted variance features
to comprehensively capture the effective system properties and
the degree of elemental dissimilarity within each compound. As
shown in the Pearson correlation heatmaps (Fig. 5a), the
average-related descriptors reveal that the effective van der
Waals radius based on the universal force field (vdw_radius_uff)
exhibits the positive correlation with paye X 4 (r = 0.44)
(Detailed descriptions of the other variance descriptors are
provided in the Supplementary Information Table S1). This
indicates that as the overall cell size of the compound increases,
the intrinsic transport performance progressively degrades.
Furthermore, this data reveals strong positive correlations (r =
0.75) between E .y, and thermodynamic stability metrics such
as melting_point, evaporation_heat, and heat_of_formation.
Since the melting point is widely used as a proxy for
electromigration performance 7>7%, this strong correlation
indicates that compounds with higher cohesive energy
inherently possess enhanced interconnect reliability.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6. Fermi surface topologies of selected binary Ru compounds. The calculated Fermi
surface is categorized by their underlying crystal symmetry: (a-g) face-centered cubic
(FCC) derived structures and (h-j) hexagonal close-packed (HCP) derived structures. The
color mapping indicates the Fermi velocity distribution on the surface.

The trend of increasing payg X A with larger effective atomic
radii can be fundamentally rationalized through the relationship
between real-space lattice dimensions and reciprocal-space
electronic structure. While compound formation inherently
modifies the periodic atomic potential and can alter the total
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valence electron concentration, the geometric volume effect
plays a dominant role when comparing materials with similar
Fermi surface topologies. Under the condition that the
fundamental band structure is largely preserved, the
incorporation of larger atoms inherently expands the real-space
lattice parameters, which subsequently decreases the
volumetric electron density. According to Luttinger’s theorem
7778 the volume enclosed by the Fermi surface is strictly
proportional to this particle density. Consequently, this real-
space expansion inversely contracts the reciprocal-space
Brillouin zone, which inherently bounds and effectively reduces
the cross-sectional area of the Fermi surface 7°. Given that the
effective Fermi surface area correlates with electrical
conductivity 2°, this geometric contraction provides a
compelling physical rationale for how increased cell volume
degrades intrinsic transport performance. In addition to the
average structural dimensions, we evaluated the variance
descriptors to understand the impact of elemental size
mismatch (Fig. 5b). The variance in the vdw_radius_uff shows a
positive correlation (r = 0.40) with p,y; X A. This analytically
demonstrates that compounds formed between elements with
a large atomic size discrepancy tend to exhibit higher resistivity
factors. Indeed, referring back to the distribution of binary
compounds in Fig. 3, constituents with atomic radii similar to
Ru—predominantly those located nearby in the periodic table
such as Ir, Rh, Os and Tc—exhibited superior transport
characteristics, corroborating this descriptor trend.

These theoretical rationales are directly supported by our
electronic structure analysis. Notably, compounds sharing the
same crystal structure and similar Fermi surface topology
exhibit closely grouped p,yz XA values. For instance, as
illustrated in Fig. 6, among 1:1 binary compounds, AlRu, GaRu,
and TaRu share a face-centered cubic (FCC)-derived structure
with analogous Fermi surface morphologies and accordingly
cluster within a comparable p,y X A range. Similarly, ScRu,
LuRu, and YbRu also adopt an FCC-derived structure with
mutually similar, yet distinctly different Fermi surface
morphologies from the former group, resulting in their own
closely grouped p,yg X A values. However, even within this
isostructural group, compounds incorporating larger atoms
(e.g., Lu and Yb) exhibit higher values, which perfectly aligns
with our average cell expansion analysis. Conversely, VRu,
which adopts the same FCC structure but exhibits a distinctly
different Fermi surface morphology, displays a somewhat
different transport value. An analogous topological clustering
is observed among hexagonal close-packed (HCP) structured
compounds: IrRu, OsRu, and TcRu share highly similar Fermi
surface features and correspondingly cluster within a very
narrow, highly conductive range. Consequently, from a practical
material design perspective, selecting constituent elements
with similar atomic radii to minimize lattice mismatch, while
simultaneously keeping the overall cell volume small to prevent
Brillouin zone contraction, represents a highly effective strategy
for minimizing intrinsic transport degradation during compound
formation or alloying.

8 | J. Mater. Chem. C, 2026, 00, 1-3

While elemental metals often define uppey,.bounds,in
intrinsic performance metrics, compoundfofiatrRsRodaN Gifet
distinct integration-driven advantages that are not captured by
these indicators alone. In the context of interconnect
technology, prior studies have demonstrated that specific
compound phases can exhibit superior adhesion to dielectrics,
suppress atomic diffusion, and enable self-forming barrier or
liner behaviors 8186, These attributes are critical for enhancing
reliability and allowing for reduced barrier/liner thickness-a key
requirement at extremely scaled dimensions where interfacial
effects dominate the effective resistance. Moreover, exploring
compound compositions substantially expands the accessible
materials space beyond the limited set of elemental conductors,
enabling the identification of candidates that strike a more
favorable balance between intrinsic electrical performance and
integration-relevant feasibility. In this context, the present
results provide a meaningful framework for guiding future
interconnect material exploration beyond elemental systems.

Conclusions

In this study, we conducted a comprehensive high-
throughput screening of Ru-based binary, ternary, and
quaternary compounds to identify promising candidates for
next-generation interconnect applications. By evaluating 2,106
initial phases based on first-principles calculations, we
identified 61 viable candidates—23 binary and 38 ternary
compounds—that satisfy rigorous stability and performance
criteria relative to the industry-standard Cu. Our analysis
highlights several experimentally synthesized candidates,
including the binary compound AlRu, which has already been
investigated as a potential interconnect material. Regarding
quaternary systems, although no candidates were identified
within our specific screening window, this outcome is
significantly influenced by the rigorous structural constraints
applied during our screening process, where a substantial
number of candidates were preemptively excluded due to the
increased stoichiometric complexity inherent in moving from
binary to quaternary systems. From a performance standpoint,
our results indicate that while elemental Ru sets a high
benchmark in intrinsic electronic transport, compound
formation offers a pathway to engineer materials with distinct
advantages. With the exception of IrzRu, most screened
compounds do not surpass the performance distribution of
elemental Ru; however, the value of compound formation
extends beyond simple resistivity minimization. The screened
compounds offer potential integration-driven advantages, such
as enhanced adhesion, chemical stability, and the possibility of
barrierless integration, which are essential for minimizing the
effective resistance in sub-nanometer interconnect stacks.
Furthermore, our descriptor and Fermi surface topology
analyses reveal that the overall cell volume is one of the primary
structural factors governing intrinsic transport degradation
upon compound formation. Additionally, as observed in
compounds formed with elements adjacent to Ru in the
periodic table—such as Ir, Os, Rh, and Tc—minimizing the

This journal is © The Royal Society of Chemistry 2026
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atomic size mismatch between constituent elements can
further mitigate transport degradation, providing an effective
design principle for screening next-generation interconnect
compounds. Consequently, this study provides a foundational
roadmap for expanding the materials design space, guiding the
industry transition from elemental conductors to optimized
compound systems that balance intrinsic performance with
process feasibility. Future investigations will focus on providing
a more comprehensive understanding of transport properties
under realistic device geometries and confinement conditions.
Integrating additional scattering mechanisms, such as grain
boundary and surface scattering, will be crucial, particularly
given their pronounced impact on thin film resistivity.
Leveraging advanced computational frameworks like EPW &7 or
PERTURBO®2 to quantify these complex scattering phenomena,
including electron-phonon interactions, significantly
advance the performance classification and practical
application of these materials as next-generation interconnects.
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All data supporting the findings of this study have been obtained by the authors and presented within
the main text and supplementary information (SI). Details of simulation tools and packages (e.g., VASP,
Materials Project) and computational methodologies, including relevant equations, are provided in the
main text. While the conductivity-based averaging scheme is detailed in the main text, the SI provides
complementary data using the alternative resistivity-based averaging scheme (Figs. S1-S3), as well as
an expanded performance benchmarking against constituent elemental metals (Fig. S4) and the
extracted compositional descriptors used for the correlation analysis (Table S1).
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