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The problem w/ high electrical and thermal resistances
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High electrical and thermal resistivities from reduced dimensionality and 
interface scattering lead to self heating & deleterious device performance
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different phonon modes and reduce thermal conductivity. A 
schematic diagram is shown in  Figure    5   capturing these var-
ious phonon scattering mechanisms, along with the electrical 
transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 
role in reducing lattice thermal conductivity, probably by effec-
tively scattering phonons that otherwise would have relatively 
long mean free paths. In many of these cases it has been clearly 
demonstrated that the reduction in thermal conductivity far 
exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 
Pb (two elements that have the same atomic mass as the Pb ions 
in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  
ErAs:InGaAs is another interesting example to study along 
these lines since the size distribution of ErAs nanoparticles in 
the matrix is not a strong function of the growth parameters 
and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 
volume fraction of the embedded nanoparticles can be easily 
changed from 0.01-6% without introducing defects or disloca-
tions. Thermal conductivity measurements show a reduction by 
as much as a factor of 3 compared to the bulk 
alloy [Figure  4 b].  

 The question remains as to why the inclu-
sion of nanodots can reduce the thermal 
conductivity below the alloy limit. Detailed 
calculations of phonon transport have been 
performed for ErAs:InGaAs materials, 
although the principles developed through 
these studies are fairly general and apply for 
other nanodot material systems as well. [  72  ,  82  ]  
Atomic scale defects in alloys scatter pho-
nons due to differences in mass or due to 
generation of strain fi elds, and the scattering 
cross-section follows Rayleigh scattering as 
 d  6 /  λ   4 , where  d  is the nanodot diameter and 
  λ   is the phonon wavelength. Hence, short 
wavelength phonons are effectively scattered 
in alloys, but the mid-to-long wavelength 
phonons can propagate without signifi cant 
scattering and thereby still contribute to heat 
conduction. By inclusion of nanoparticles, 
signifi cant reduction in lattice thermal con-
ductivity can be achieved by the additional 
scattering of mid- and long-wavelength pho-
nons by the nanoparticles. Calculations show 
that a wide size distribution of nanoparticles 
is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-
moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 
are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 
required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 
play an effective role in scattering these longer-wavelength phonons.  
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      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 
x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 
to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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Electrical resistivity scaling
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On the nanoscale, copper may not 
have the lowest resistivity compared 

to other metals 

JAP 127, 050901



Thermal conductivity scaling and the Wiedemann-Franz Law
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Need methods to measure thermal conductivity of thin films 
and thermal resistance at interfaces so we do not rely on the 

Wiedemann-Franz law to evaluate thermal properties of 
interconnects

5

• Pump-probe thermoreflectance to measure thermal conductivity
• TDTR, FDTR, SSTR

• Metal thin films, failure of the WF Law, and potential for layered 2D 
delafossite films with exceptionally high thermal conductivities

• Cohesive energy of thin metals evaluated w/ short pulsed laser ablation



Measuring the thermal conductivity of thin films
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TDTR

Figure 3. Several methods have been developed to improve experimental sensitivity, either re-
ducing error or enabling fitting of additional parameters. (a) given that Time Domain (TDTR)
and Frequency Domain (FDTR) thermoreflectance experiments are fundamentally similar (mea-
suring the temporal or frequency response of the system, respectively), a surface-fitting approach
combined the two has been developed. This involves collecting TDTR at multiple frequencies (or
FDTR at multiple time delays) and fitting datasets simultaneously. (b) By spatially o!setting
the pump/probe beams, the lateral spreading of heat is sensed, enhancing sensitivity to in-plane
transport. (c) A beam deflection technique has recently been developed, taking advantage of the
thermally-induced mechanical strain of the sample.

may also have a significant e!ect on the sensitivity of the experiment to a given thermal259

parameter. For example, a sample with high thermal conductivity may reach steady-state260

within microseconds (depending on the spot sizes used), meaning collection of the entire pe-261

riodic waveform at lower modulation rates may not be of any benefit. Similarly, mechanical262

chopping of a beam will yield a rise/fall time dependent on the diameter of the beam passing263

through the chopper, which may e!ectively wash out the meaningful time regimes within264

the signal. Optical chopping (e.g., with an electro optic modulator) o!ers an alternative265

with fast response times, but is generally limited by allowable incident power, which in turn266

may limit the ability to measure high thermal conductivity substrates.267

Beyond thermoreflectance and pyrometry, other physical phenomena have been used for268

the optical detection of the pump-induced temperature changes. While the reflectivity of269

a sample changes with temperature, the polarization of the reflected light may also change270

via the magneto-optic Kerr e!ect. This e!ect only occurs with magnetic materials, which271

has enabled the use of ultrathin transducers to achieve better sensitivity to certain thermal272

properties [48, 49]. Beginning in the 1980’s, multiple authors have used the changing refrac-273

tive index of the air adjacent to a solid surface to deflect the path of a probe laser [50, 51].274

A rigorous mathematical treatment of this experiment enables the use of this phenomena275
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FDTR SSTR
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Figure 2. a) Schematic illustrating in-plane heat spreading during an SSTR experiment. Grain boundaries and defects scatter electrons and phonons,
impeding heat flow and leading to a higher temperature rise near the pump laser spot and a steeper temperature gradient (∇T) compared to an ideal
defect-free material. The dashed line represents the modified temperature profile caused by defects. b) Plot of ΔV

V
vs.ΔP (whereΔP∝ pump power) used

in the SSTR fitting to extract the thermal conductivities of Ru films. c) 2D contour analysis of Ru films with different thicknesses, assuming the quality of
fit between model parameters and experimental data is within a 1.5% threshold value. d,e) In-plane thermal conductivity (!∥) of the as-deposited Ru and
W films measured with SSTR, shown by blue diamond symbols. The SSTR-measured in-plane thermal conductivity of the as-deposited Ru and W films is
higher than that derived from the Wiedemann–Franz law applied to electrical resistivity measurements (indicated by the star symbol), assuming the low-
temperature Lorenz number. This difference arises from the phonon contribution to the thermal conductivity of Ru (2%.4 ± 3.(Wm−1 K−1, determined
using amachine-learned potential developed from ab initio molecular dynamics simulations) andW (≈)(Wm−1 K−1).[9 ] The short-dashed line indicates
the predicted electron thermal conductivity of Ru andW thin films as a function of film thickness. The intrinsic bulk electron thermal conductivity, obtained
from density functional perturbation theory (DFPT), is modified to account for boundary scattering (arising from finite film thickness and grain size),
point defect scattering, and electron–phonon interactions throughMatthiessen’s rule. While themodel exhibits strong agreement with experimental data
for W, it slightly overestimates the values for Ru, which is attributed to mixed grain morphology not fully captured by the current modeling framework.

conductivity of the as-deposited Rufilms, represented by blue dia-
mond symbols, exhibits no discernible dependence on thickness.
This behavior is primarily attributed to the grain size distribu-
tion. As shown in Table 1, the average grain size remains con-
sistent across all measured Ru films, indicating that the grain
boundary density does not vary significantly with thickness. Con-
sequently, the structural uniformity across different thicknesses
explains the absence of a pronounced thickness dependence in

thermal conductivity. Moreover, although ≈ 102 nm Ru film
has a thickness much larger than its electron–phonon mean
free path, its thermal conductivity remains lower than the bulk
value,[2% ] highlighting the impact of microstructural features on
thermal transport. This reduced thermal conductivity, relative
to bulk Ru, is attributed to the films’ mixed grain morphology,
where non-columnar grains coexist with columnar ones. Thismi-
crostructural heterogeneity introduces a higher density of grain

Adv. Funct. Mater. 2026, 36, e11592 e11%92 (% of 13) © 2(25 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Evaluating spatial inhomogeneities in film/crystal growth
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High quality BAs (Lv)

Defected BAs (Lv)

ALD film of varying
density on 4” Si



Commercializing FDTR/SSTR: Laser Thermal
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Commercializing FDTR/SSTR: Laser Thermal
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In-plane thermal conductivity of Ru
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Figure 3. Thermal Transport in Ru and W Films: impact of electron scattering and phonon contributions. (a)
Schematic illustrating in-plane heat spreading during a SSTR experiment. Grain boundaries and defects scatter
electrons-phonons and impede heat flow, leading to a higher temperature rise near the pump laser spot and a steeper
temperature gradient (!T ) compared to an ideal defect-free material. The dashed line represents the modified temperature
profile caused by defects. (b) Plot of ∀V

V
vs. ∀P (where ∀P # pump power) used in the SSTR fitting to extract the thermal

conductivities of Ru films. (c) 2D contour analysis of different thick Ru films assuming the quality of fit based on the model
parameters and experimental data is within a 2.5% threshold value. (d) and (e) In-plane thermal conductivity (k||) of the
as-deposited Ru and W films measured with SSTR is indicated by blue diamond symbols. The SSTR measured in-plane
thermal conductivity of the as-deposited Ru and W films is higher than the thermal conductivity derived from the
Wiedemann-Franz law applied to electrical resistivity measurements (shown by the square symbol), assuming the
low-temperature value for the Lorenz number. This difference is due to the phonon contribution to the thermal conductivity of
Ru (27.4±3Wm→1 K→1,we determined using a machine-learned potential developed from ab initio molecular dynamics
simulations) and W (↑ 60Wm→1 K→1).8 The short dash line shows the electrical thermal conductivity of Ru and W films for
different thicknesses, obtained by calculating the total scattering rate of electrons using Matthiessen’s rule to include boundary
scattering (BS) of electrons along with the electron-phonon scattering rate from first-principles calculations (FP+BS). The dash
dot line represents the calculated total thermal conductivity (electron+phonon conductivity) for Ru and W films. The calculated
electron and total thermal conductivity exceed the SSTR and 4-pp measured values, which is attributed to our calculations
assuming a constant electron boundary scattering length (Ru ↑ 6.0,nm, W ↑ 15.5,nm).7, 10 However, the grain size of the Ru
and W films (Table 1 and Fig. 1) can be smaller than the scattering length. With reduced grain size, more grain boundary
scattering occurs, which decreases the measured electrical thermal conductivity18–20 compared to the calculated values.
Moreover, the presence of point defects and Al impurities could increase the resistivity and drop the measured electron and
total thermal conductivity of the films.
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Unveiling Phonon Contributions to Thermal Conductivity
and the Applicability of the Wiedemann—Franz Law in
Ruthenium and Tungsten Thin Films

Md. Rafiqul Islam, Pravin Karna, Niraj Bhatt, Sandip Thakur, Helge Heinrich,
Daniel M. Hirt, Saman Zare, Christopher Jezewski, Rinus T.P. Lee, Kandabara Tapily,
John T. Gaskins, Colin D. Landon, Sean W. King, Ashutosh Giri, and Patrick E. Hopkins*

Thermal transport in nanoscale interconnects is dominated by intricate
electron–phonon interactions and microstructural influences. As copper
faces limitations at the nanoscale, tungsten and ruthenium have emerged
as promising alternatives due to their substantial phonon contributions
to thermal conductivity. Metals with stronger phonon-mediated thermal
transport are particularly advantageous in nanoscale architectures, where
phonons are less sensitive to size effects than electrons. Here, it is showed
that phonons play a comparable role to electrons in the thermal transport of
ruthenium and tungsten thin films, as evidenced by elevated Lorenz numbers,
up to 1.9 and 2.% times the Sommerfeld value for ruthenium and tungsten,
respectively, indicative maximum of phonon contributions of 45% and (2%
to total thermal conductivity. Comparisons of in-plane thermal conductivity
from steady-state thermoreflectance and electron relaxation times from
infrared ellipsometry reveal that phonon-mediated transport is insensitive
to microstructural variations and scaling. Ultrafast infrared pump–probe
measurements show that ruthenium exhibits a higher electron–phonon
coupling factor than tungsten, consistent with the differing contributions
of carriers to thermal transport. Molecular dynamics simulations
and spectral energy density analysis confirm substantial phonon-driven
thermal transport and mode-dependent phonon lifetimes. These results
offer insights into phonon-driven thermal transport and provide design
principles for selecting interconnects with enhanced thermal management.
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1. Introduction

Metallic nanowire interconnects are criti-
cal for linking transistors and ensuring effi-
cient transport of signals and power. How-
ever, the relentless scaling of device dimen-
sions introduces significant challenges,
including increased RC delay and heat
dissipation, which degrade interconnect
performance.[1–3 ] Although copper (Cu) is
the most commonly used interconnect,
it faces challenges such as thermochemi-
cal and thermomechanical stability at the
nanoscale, along with increased resistivity
due to boundary scattering.[3,4 ] For exam-
ple, when dimensions shrink to around
%5 nm,[1 ] the resistivity of Cu can rise dra-
matically, complicating its viability for fu-
ture electronic applications. The current
technology node in very-large-scale inte-
gration (VLSI) is expected to shrink be-
low 5 nm, driven by the growing demand
for faster devices capable of meeting the
increasing performance and energy effi-
ciency requirements of modern electronic
systems.[5 ] To address these challenges, re-
searchers are exploring alternative materi-
als that may offer superior performance
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Department of Mechanical Industrial and Systems Engineering
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Kingston, RI 0288%, USA
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Nanoscale Materials Characterization Facility
University of Virginia
Charlottesville, VA 22904, USA
C. Jezewski
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In-plane thermal conductivity of W
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Figure 3. Thermal Transport in Ru and W Films: impact of electron scattering and phonon contributions. (a)
Schematic illustrating in-plane heat spreading during a SSTR experiment. Grain boundaries and defects scatter
electrons-phonons and impede heat flow, leading to a higher temperature rise near the pump laser spot and a steeper
temperature gradient (!T ) compared to an ideal defect-free material. The dashed line represents the modified temperature
profile caused by defects. (b) Plot of ∀V

V
vs. ∀P (where ∀P # pump power) used in the SSTR fitting to extract the thermal

conductivities of Ru films. (c) 2D contour analysis of different thick Ru films assuming the quality of fit based on the model
parameters and experimental data is within a 2.5% threshold value. (d) and (e) In-plane thermal conductivity (k||) of the
as-deposited Ru and W films measured with SSTR is indicated by blue diamond symbols. The SSTR measured in-plane
thermal conductivity of the as-deposited Ru and W films is higher than the thermal conductivity derived from the
Wiedemann-Franz law applied to electrical resistivity measurements (shown by the square symbol), assuming the
low-temperature value for the Lorenz number. This difference is due to the phonon contribution to the thermal conductivity of
Ru (27.4±3Wm→1 K→1,we determined using a machine-learned potential developed from ab initio molecular dynamics
simulations) and W (↑ 60Wm→1 K→1).8 The short dash line shows the electrical thermal conductivity of Ru and W films for
different thicknesses, obtained by calculating the total scattering rate of electrons using Matthiessen’s rule to include boundary
scattering (BS) of electrons along with the electron-phonon scattering rate from first-principles calculations (FP+BS). The dash
dot line represents the calculated total thermal conductivity (electron+phonon conductivity) for Ru and W films. The calculated
electron and total thermal conductivity exceed the SSTR and 4-pp measured values, which is attributed to our calculations
assuming a constant electron boundary scattering length (Ru ↑ 6.0,nm, W ↑ 15.5,nm).7, 10 However, the grain size of the Ru
and W films (Table 1 and Fig. 1) can be smaller than the scattering length. With reduced grain size, more grain boundary
scattering occurs, which decreases the measured electrical thermal conductivity18–20 compared to the calculated values.
Moreover, the presence of point defects and Al impurities could increase the resistivity and drop the measured electron and
total thermal conductivity of the films.
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IR-VASE for electron relaxation time
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Scattering rates to evaluate scaling of s and k with thickness
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FOM for metals: Looking beyond Cu
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Reality for film measured (> 20 nm): Cu still has better properties 



TR-MOKE to realize extremes of metallic heat conduction
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Nair (Cornell)

• Thin film PdCoO2 delafossite, grown on sapphire substrates
• Extremely anisotropic metallic oxides

Sapphire (c-plane)

Delafossite (PdCoO2)

Co/Pt Transducer

PRM 5, 015404



TR-MOKE to realize extremes of metallic heat conduction
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Need methods to measure thermal conductivity of thin films 
and thermal resistance at interfaces so we do not rely on the 

Wiedemann-Franz law to evaluate thermal properties of 
interconnects

17

• Pump-probe thermoreflectance to measure thermal conductivity
• TDTR, FDTR, SSTR

• Metal thin films, failure of the WF Law, and potential for layered 2D 
delafossite films with exceptionally high thermal conductivities

• Cohesive energy of thin metals evaluated w/ short pulsed laser ablation



Journal of Alloys and Compounds 1002 (2024) 175360

2

it comes to investigating the dominate role of material 
transient-thermophysical (such as electron heat capacity Ce, electron 
thermal conductivity ke and electron-phonon coupling factor G) and 
transient-optical properties (such as optical reflectivity R and optical 
absorption coefficient αopt), the problem remains open. 

Therefore, by taking the above material transient properties in this 
work, a multiphysics model describing the femtosecond laser induced 
electron thermalization, electron thermal conduction, electron-phonon 
coupled energy transport, melting, vaporization and phase explosion is 
to be developed. The simulation results are to be compared with the 
reported experimental values to validate the developed model. For 
comparison, the simulations using material constant properties and in-
dividual transient properties to be performed. By analyzing the impacts 
of material transient properties on the femtosecond laser ablation, the 
critical point to accurately predict ablation crater profile is to be 
investigated. The simulations are to be carried out to obtain the results 
of ablation threshold for different pulse durations. Moreover, the impact 
of pulse duration on femtosecond laser heat affected zone are to be 
studied. 

2. Modeling and simulation 

2.1. Multiphysics modeling 

When a femtosecond laser pulse irradiates on the surface of Ti6Al4V, 
the laser energy absorption obeys the Beer-Lambert law. During this 
process, a highly non-equilibrium condition exists between electron and 
lattice (Fig. 1). Two coupled partial differential equations that are used 
to describe the spatiotemporal evolutions of electron temperature and 
lattice temperature, namely the TTM [3]. The two-dimensional 
axisymmetric TTM are described as follows 

Ce
∂Te
∂t →

)
1
r

∂
∂r

[
ker

∂Te
∂r

]
↑ ∂

∂z

[
ke

∂Te
∂z

]⌊
↓G↔Te ↓Tl↗↑ S (1)  

Cl
∂Tl
∂t →

)
1
r

∂
∂r

[
klr

∂Tl
∂r

]
↑ ∂

∂z

[
kl

∂Tl
∂z

]⌊
↑G↔Te ↓Tl↗ (2)  

where Te and Tl are the electron temperature and lattice temperature, 
respectively. Ce and Cl denote the electron heat capacity and lattice heat 
capacity, respectively. ke and kl represent the electron thermal con-

Nomenclature 

Ae Electron-electron scattering coefficient, 1ω↔s⋅K2↗
Bl Electron-phonon scattering coefficient, 1ω↔s⋅K↗
Ce Electron heat capacity, Jω↔m3⋅K↗
Cl Lattice heat capacity, Jω↔m3⋅K↗
e One electron charge, C 
f Liquid fraction 
J Laser fluence, Jωcm2 

G Electron-phonon coupling factor, Wω↔m3⋅K↗
G0 Electron-phonon coupling factor at room temperature, 

Wω↔m3⋅K↗
hm Latent heat of melting, Jωkg 
hv Latent heat of vaporization, Jωkg 
kB Boltzmann constant, JωK 
ke Electron thermal conductivity, Wω↔m⋅K↗
kl Lattice thermal conductivity, Wω↔m⋅K↗
lball The electron ballistic transportation length, m 
lopt Optical penetration depth, m 
leff Effective penetration depth, m 
me Nonrelativistic mass of a free electron, kg 
M Atomic mass of Ti6Al4V, kg 
n Refractive index 
ne Electron number density, 1ωm3 

r0 Beam radius, μm 
r Radial direction, μm 

R Optical reflectivity 
t Time, s 
tp Pulse duration, fs 
Te Electron temperature, K 
Tl Lattice temperature, K 
Tb Boiling point, K 
Tc Critical point, K 
vf Fermi velocity, mωs 
z Axial depth, nm 

Greek symbols 
αopt Optical absorption coefficient, 1ωm 
αeff Effective absorption coefficient, 1ωm 
β Vaporization coefficient 
γ Electron heat capacity coefficient, Jω↔m3⋅K2↗
ε Complex dielectric function 
ε0 Electrical permittivity of free space, Fωm 
ε1 Real part of complex dielectric function 
ε2 Imaginary part of complex dielectric function 
κ Extinction coefficient 
λ Wavelength, nm 
ρ Mass density of Ti6Al4V, kgωm3 

τe Electron relaxation time, s 
νe Electron collision frequency, 1ωs 
ω Laser frequency, 1ωs  

Fig. 1. Schematic diagram of the femtosecond laser ablation.  
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Insight into reliability with mechanical properties
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• Electromigration (MTTF) 
~modulus~Cohesive energy

• Femtosecond laser ablation 
drives ejected material from 
bond breaking

J. Alloy and Compounds 1002, 175360



Calibrate on bulk metals, extend to thin films (Mo)
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Evaluating size effects on the thermal
conductivity and electron-phonon scattering
rates of copper thin films for experimental
validation of Matthiessen’s rule

Md. Rafiqul Islam 1, Pravin Karna2, John A. Tomko3, Eric R. Hoglund 3,4,
Daniel M. Hirt1, Md Shafkat Bin Hoque 1, Saman Zare 1, Kiumars Aryana 1,
ThomasW. Pfeifer1, Christopher Jezewski 5, Ashutosh Giri 2, Colin D. Landon6,
Sean W. King7 & Patrick E. Hopkins1,3,8

As metallic nanostructures shrink towards the size of the electronic mean free
path, thermal conductivity decreases due to increased electronic scattering
rates. Matthiessen’s rule is commonly applied to assess changes in electron
scattering rates, although this rule has not been validated experimentally at
typical operating temperatures for most of the electronic systems (e.g., near
room temperature). In this study, we experimentally evaluate the validity of
Matthiessen’s rule in determining the thermal conductivity of thin metal films
bymeasuring the in-plane thermal conductivity and electronic scattering rates
of copper (Cu) films with varying thicknesses (27 nm— 5 µm), microstructures,
and grain boundary segregation. Comparing total electron scattering rates
measured with infrared ellipsometry to infrared ultrafast pump-probe mea-
surements, we find that the electron-phonon coupling factor is independent of
film thickness, whereas the total electronic scattering rate increases with
decreasing film thickness. Our findings provide experimental validation of
Matthiessen’s rule for electron transport in thin metal films at room tem-
perature and also introduce an approach to discern critical heat transfer
processes in thin metal interconnects, which holds significance for the
advancement of future CMOS technology.

The electron-driven heat transfer mechanisms in metals are strongly
impacted by the electron-phonon interaction, which at room tem-
perature can account for the majority of the electronic scattering
processes in bulk metals1. However, as the physical length scales of

thesemetals (e.g., film thickness and grain size) decrease below that of
their intrinsic electron-phonon mean free paths, additional electron-
boundary scattering processes can lead to further reductions in ther-
mal conductivity2. These series of resistance processes, involving
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Unveiling Phonon Contributions to Thermal Conductivity
and the Applicability of the Wiedemann—Franz Law in
Ruthenium and Tungsten Thin Films

Md. Rafiqul Islam, Pravin Karna, Niraj Bhatt, Sandip Thakur, Helge Heinrich,
Daniel M. Hirt, Saman Zare, Christopher Jezewski, Rinus T.P. Lee, Kandabara Tapily,
John T. Gaskins, Colin D. Landon, Sean W. King, Ashutosh Giri, and Patrick E. Hopkins*

Thermal transport in nanoscale interconnects is dominated by intricate
electron–phonon interactions and microstructural influences. As copper
faces limitations at the nanoscale, tungsten and ruthenium have emerged
as promising alternatives due to their substantial phonon contributions
to thermal conductivity. Metals with stronger phonon-mediated thermal
transport are particularly advantageous in nanoscale architectures, where
phonons are less sensitive to size effects than electrons. Here, it is showed
that phonons play a comparable role to electrons in the thermal transport of
ruthenium and tungsten thin films, as evidenced by elevated Lorenz numbers,
up to 1.9 and 2.% times the Sommerfeld value for ruthenium and tungsten,
respectively, indicative maximum of phonon contributions of 45% and (2%
to total thermal conductivity. Comparisons of in-plane thermal conductivity
from steady-state thermoreflectance and electron relaxation times from
infrared ellipsometry reveal that phonon-mediated transport is insensitive
to microstructural variations and scaling. Ultrafast infrared pump–probe
measurements show that ruthenium exhibits a higher electron–phonon
coupling factor than tungsten, consistent with the differing contributions
of carriers to thermal transport. Molecular dynamics simulations
and spectral energy density analysis confirm substantial phonon-driven
thermal transport and mode-dependent phonon lifetimes. These results
offer insights into phonon-driven thermal transport and provide design
principles for selecting interconnects with enhanced thermal management.
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1. Introduction

Metallic nanowire interconnects are criti-
cal for linking transistors and ensuring effi-
cient transport of signals and power. How-
ever, the relentless scaling of device dimen-
sions introduces significant challenges,
including increased RC delay and heat
dissipation, which degrade interconnect
performance.[1–3 ] Although copper (Cu) is
the most commonly used interconnect,
it faces challenges such as thermochemi-
cal and thermomechanical stability at the
nanoscale, along with increased resistivity
due to boundary scattering.[3,4 ] For exam-
ple, when dimensions shrink to around
%5 nm,[1 ] the resistivity of Cu can rise dra-
matically, complicating its viability for fu-
ture electronic applications. The current
technology node in very-large-scale inte-
gration (VLSI) is expected to shrink be-
low 5 nm, driven by the growing demand
for faster devices capable of meeting the
increasing performance and energy effi-
ciency requirements of modern electronic
systems.[5 ] To address these challenges, re-
searchers are exploring alternative materi-
als that may offer superior performance
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