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Abstract— In situ transport measurements on epitaxial metal 
layers (Cu, Co, Ru, Rh, Ir) in combination with first-principles 
simulations are used to evaluate the resistivity scaling and 
determine the most conductive metals in the limit of narrow 
interconnect lines. Rh and Ir are promising because their 
product of the bulk resistivity times the bulk electron mean free 
path ρo×λ is the smallest. However, their grain boundary 
reflection probability is approximately two times higher than 
for Cu, negating some of the benefit of the small λ. Ru is also 
promising, because its ρo×λ value is slightly (24%) below that 
of Cu but more importantly because of the smaller liner 
thickness which provides a larger cross-sectional area for 
narrow Ru interconnect lines.  

I. INTRODUCTION 
The resistivity increase with decreasing interconnect line 

width represents a major challenge for continued downscaling 
of Cu technology and motivates the search for replacement 
metals [1]. The classical models for the resistivity size effect 
predict that the resistivity contributions from electron scattering 
at external surfaces and grain boundaries are proportional to the 
product of the bulk resistivity times the bulk electron mean free 
path ρo×λ [1, 2]. Thus, for narrow interconnect lines where 
surface and/or grain boundary scattering dominate, the metal 
with the lowest product ρo×λ is expected to exhibit the highest 
conductivity [2, 3]. In addition, the resistivity contributions 
from surface and grain boundary scattering are also affected by 
the surface scattering specularity and the electron reflection 
probability at grain boundaries, which depend on the surface [4-
8] and grain boundary [9-12] structure and chemistry, 
respectively. 

In this paper, we focus on five elemental metals (Cu, Co, 
Ru, Rh, Ir) that are particularly promising as conductors for 
narrow interconnects. The ρo×λ products for these metals are 
determined from first-principles simulations and transport 
measurements on epitaxial layers, and are used as input 
parameters to predict the resistance of polycrystalline lines. 
Based on these predictions, Ir and Rh are most conductive in 
the limit of narrow (6 nm) lines, followed by Ru, Cu, and Co. 
However, our simulations indicate that this metal ranking is 
strongly affected by (a) the grain boundary reflection 
probability which is lowest for Cu and (b) the liner thickness 
which is highest for Cu. Correspondingly, the small grain 
boundary scattering provides a competitive advantage for Cu, 
while the small liner width favors alternative metals like Ru, 
Rh, and Ir. 

II. RESISTIVITY SCALING, THE ρo×λ PRODUCT  
Table I lists the ρo×λ product for the five metals studied in 

this paper: Cu, Co, Ru, Rh, Ir, as determined from first 

principles simulations and transport measurements on epitaxial 
layers. A smaller ρo×λ value is desired, as it yields a higher 
conductivity in the limit of narrow metal lines with a fixed 
geometry, grain size, surface scattering specularity, and grain 
boundary reflection.   

First-principles predictions are used to directly determine 
ρo×λ, assuming an isotropic electron phonon scattering cross-
section. This is done by numerical integration over the Brillouin 
zone without the need to explicitly calculate the electron 
scattering, as described in detail in [2]. Rh shows the smallest 
ρo×λ = 3.2×10-16 Ωm2, which is about a factor of two smaller 
than that for Cu. The corresponding value from experiment 
(described below) is 4.5×10-16 Ωm2, which is 40% larger than 
the first-principles prediction. The deviation between 
experiment and simulation may be due to multiple reasons 
including (i) an anisotropy in the Fermi-surface and/or electron 
phonon scattering [13], (ii) surface roughness effects [13-17], 
(iii) crystalline defects including strain fields from misfit 
dislocations, and (iv) a breakdown of the classical transport 
models at small line widths [18]. Nevertheless, the relative 
“ranking” of the five investigated metals is the same for 
simulation and experiment, with the exception of Rh and Ir that 
switch first and second place with respect to having the lowest 
ρo×λ. 

Fig. 1 is a plot of the measured resistivity ρ of metal thin 
films vs their thickness d. Cu(001) layers are deposited on 
MgO(001) at 100 °C [19-21], Co(0001) layers are deposited on 
Al2O3(0001) at 300 °C and annealed at 500 °C [22, 23], 
Ru(0001) layers are deposited on Al2O3(0001) at 350 °C 
followed by a slow annealing ramp to 950 °C [23, 24], Rh(001) 
layers are deposited on MgO(001) at 350 °C followed by a slow 
annealing ramp to 750 °C [25], and Ir(001) layers are deposited 
on MgO(001) at 1000 °C or at 700 °C followed by annealing at 
1000 °C for d ≤ 10 nm. The room temperature resistivity is 
measured in situ without air exposure and ex situ after air 
exposure. All metals exhibit an increase in ρ with decreasing d, 
which is attributed to surface scattering. Grain boundary 
scattering can be neglected, as these layers are epitaxial single-
crystals. The lines through the data points are obtained by data 
fitting using the classical Fuchs-Sondheimer model, assuming 
completely diffuse surface scattering. This yields an 
experimental value for the mean free path and correspondingly 
the values for ρo×λ listed in Table I. The plotted and analyzed 
data corresponds to in situ values for Ru, Rh and Ir but ex situ 
values for Cu and Co, as the latter exhibit a decrease in 
specularity upon air exposure [8, 22, 26] so that the condition 
of diffuse surface scattering is better satisfied by the ex situ 
values.   

III. GRAIN BOUNDARY SCATTERING 
Electron scattering at grain boundaries causes a resistivity 

contribution that typically increases with decreasing feature 
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size, because the grain size tends to scale with the line width. 
Classical transport models quantify this effect using the grain 
boundary reflection coefficient R. We use first principles 
calculations to determine R for high-symmetry coincidence 
lattice site boundaries in the face-centered-cubic (fcc) crystal 
structure. Table II lists R for the Σ3, Σ5, Σ9, Σ11 boundaries for 
Cu, Co, Ru, Rh, and Ir. We note that the room-temperature 
stable phase of Co and Ru is hexagonal close-packed. Thus, our 
calculations are only done for Cu, Rh, and Ir, while the values 
for Co and Ru are for the meta-stable fcc phase of these metals, 
and the values are taken from [27] and [28], respectively. 
Analysis of the data shows that R increases as the boundary 
becomes less regular. More specifically, the calculated R 
increases with a decreasing interplanar spacing dp parallel to the 
grain boundary. An extrapolation method yields then Rrandom for 
random grain boundaries in the limit of dp  0, as also listed in 
Table II. The data shows that Cu has clearly the smallest R = 
0.30, while the other metals have 2-2.5 times larger values. This 
is attributed to the relatively spherical Fermi surface of Cu and 
suggests that the resistivity contribution from grain boundary 
scattering is more pronounced for Co, Ru, Rh, and Ir than for 
Cu. 

IV. PREDICTED LINE RESISTANCE 
We predict the line resistance as a function of width w, using 

the data from Tables I and II. Fig. 2 shows the resistivity of a 
polycrystalline line with a square cross section w×w, assuming 
that the grain size D is equal to w, scattering at surfaces is 
completely diffuse, and R = 0.4 is identical for all metals. Under 
these assumptions, Ru, Rh and Ir become more conductive than 
Cu for w < 7, 20, and 22 nm. However, if R = 0.4 is replaced 
with Rrandom from Table II for each metal, Cu remains the most 
conductive metal for all w, as shown in Fig. 3. 

Fig. 4 shows the predicted resistance of a 2:1 aspect ratio 
polycrystalline line with cross section (w-2t)×(2w-t), where the 
liner width is assumed as t = 2 nm for Cu, t = 1 nm for Co, and 
t = 0.3 nm for Ru, Rh, and Ir. The grain size D = w-2t and R = 
0.4 for all metals. In that case, Co, Ru, Ir, and Rh are more 
conductive than Cu for w < 10, 23, 36, and 36 nm. However, if 
using Rrandom from Table II, the resistance cross-overs are 
considerably reduced to w = 8, 9, and 10 nm for Ru, Ir, and Rh, 
as shown in Fig. 5 
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Table I: Product of bulk resistivity times electron mean free path ρo×λ for Cu, Co, Ru, Rh, and Ir, as determined from first-principles 
simulations and experimentally from in situ (Ru, Rh, Ir) and ex situ (Cu, Co) transport measurements on epitaxial metal layers, as 
shown in Fig. 1.  
 

Metal Grain boundary reflection coefficient R 
 Σ3 

dp = √3/3 a 
Σ5 

dp = √5/10 a 
Σ9 

dp = 1/6 a 
Σ11 

dp = √11/11 a 
Random 
dp  0 

Cu 0.063 0.18 0.13 0.065 0.30 
Co 0.2 0.37 0.32 0.27 0.62 
Ru 0.26 0.46 0.50 0.43 0.75 
Rh 0.15 0.43 0.48 0.30 0.67 
Ir 0.25 0.53 0.51 0.33 0.73 

Table II: Grain boundary reflection coefficient R for four coincidence site boundaries Σ3, Σ5, Σ9, and Σ11, and for the random 
boundary obtained by extrapolating the other values to dp = 0, where dp is the interplanar spacing and a is the lattice constant of the 
conventional fcc unit cell.  

 
 

Fig. 1. Measured resistivity ρ vs thickness d of epitaxial metal layers. The lines through the data are obtained from curve fitting using 
classical transport models. 

 
 
  

Metal 
ρo×λ 

(10-16 Ω-m2) 
Simulation Experiment 

Cu 6.7 6.7 
Co 7.3 12.2 
Ru 5.1 5.1 
Rh 3.2 4.5 
Ir 3.7 3.9 
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Fig. 2. The predicted resistivity ρ vs line width w of 
polycrystalline lines with square cross sections. The curves 
are predicted assuming grain sizes D = w, the measured 
(experimental) ρo×λ from Table I, and a constant grain 
boundary reflection coefficient R = 0.4 for all metals. 

 
Fig. 3. The predicted resistivity ρ vs line width w of 
polycrystalline lines with square cross sections. The curves are 
predicted assuming grain sizes D = w, the measured 
(experimental) ρo×λ from Table I, and a metal-specific grain 
boundary reflection coefficient Rrandom from Table II. 

 
Fig. 4. The predicted resistance per μm length vs half-pitch 
w of 2:1 aspect ratio lines with liner thickness t = 2 nm for 
Cu, t = 1 nm for Co, and t = 0.3 nm for Ru, Rh, and Ir. The 
curves are predicted assuming a grain size D = w-2t, the 
measured (experimental) ρo×λ from Table I, and a constant 
grain boundary reflection coefficient R = 0.4 for all metals. 

 
Fig. 5. The predicted resistance per μm length vs half-pitch w of 
2:1 aspect ratio lines with liners like in Fig. 4, but with a metal-
specific grain boundary reflection coefficient Rrandom from Table 
II. 
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