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Abstract—A combination of experiments and first-principles 
simulations are used to search for metals that have a high 
conductivity at reduced dimensions and are therefore promising 
candidates for narrow interconnect lines. Epitaxial layers of Cu, 
W, Ta, Mo, Ru, Co, Ag, Nb and Ni are grown on ceramic single 
crystal substrates and their resistivity measured in-situ as a 
function of thickness. Data fitting using the classical Fuchs-
Sondheimer model provides values for the electron mean free 
paths. These values are directly compared to predictions using 
first-principles calculations of the twentytwo most conductive 
elements. This comparison indicates that the Fuchs-Sondheimer 
model accurately predicts the resistivity size effect for some 
metals, but considerably underestimates the resistivity increase 
for others.  
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I. INTRODUCTION 

The electrical resistivity of copper lines increases with 
decreasing width [1-4]. This size effect is due to increased 
electron scattering at the conductor surfaces [5-8] and grain 
boundaries [3, 9, 10], and represents a major challenge for 
nanoelectronics [11] and for the further downscaling of 
integrated circuits [12, 13]. The resistivity of, for example, 10-
nm-wide Cu interconnect lines is approximately an order of 
magnitude larger than that of bulk Cu [2, 14], which raises the 
question if other metals may have a higher conductivity than 
copper in the limit of narrow wires. 

The classical models by Fuchs and Sondheimer (FS) [15, 
16] and Mayadas and Shatzkes (MS) [17, 18] describe the 
resistivity increase due to electron scattering at surfaces and 
grain boundaries, respectively, and use phenomenological 
parameters to quantify the surface scattering specularity and 
the grain boundary reflectivity. Based on these models, there 
are two possible approaches to suppress the resistivity size 
effect: (1) engineer surfaces that yield specular electron 
scattering AND grain boundaries that have a negligible 
electron reflectivity or have a negligible density (i.e. large 
grains), or (2) choose an interconnect conductor that has a short 
bulk mean free path, such that electron scattering at surfaces 
and grain boundaries is negligible in comparison to the 
electron-phonon scattering. This second approach yields a high 
conductivity in narrow metal lines when the product ρo×λ of 
the bulk resistivity times the bulk mean free path is small [19]. 
We have previously reported on approach (1), particularly on 
methods to increase the scattering specularity at Cu(001) 

surfaces through the engineering of the density of states [7, 20, 
21] and on grain boundary doping in Cu to reduce the electron 
reflectivity [9]. In contrast, the present paper focuses on 
approach (2). More specifically on the measurement of the 
resistivity scaling as well as the prediction of the bulk mean 
free path by first-principles calculations.  

II. PROCEDURE 

A. Experiments 

Epitaxial metal layers are deposited by DC magnetron 
sputtering in a three chamber ultra-high vacuum system [22, 
23]. The substrates are chosen to achieve epitaxial growth, 
specifically: Cu(001), W(001), Mo(001), Ta(001), Ag(001) and 
Ni(001) are deposited on MgO(001). W(011), Mo(011) and 
Nb(011) are deposited on a-plane Al2O3. Co(0001) and 
Ru(0001) are deposited on c-plane Al2O3. Nb(001) is deposited 
on r-plane Al2O3. The growth temperature (30-1100 °C) and 
in-situ annealing procedures are optimized for each metal to 
achieve the highest crystalline quality and smoothest surface, 
as quantified by X-ray diffraction θ-2θ scans, rocking curves, 
pole figures [24, 25], and reciprocal space maps [26], x-ray 
reflectivity, atomic force microscopy, transmission electron 
microscopy [27], and in situ scanning tunneling microscopy 
[28, 29]. The layers are transported without breaking vacuum 
to an analysis chamber for in situ transport measurements, 
providing resistivity data without surface oxidation.  

B. Simulations 

The bulk electronic structure is determined using density 
functional calculations. This is done using rather large Γ-
centered 200×200×200 k-point grids in order to achieve 
convergence (<1 %) of the predicted bulk mean free path by 
numerical integration over the Fermi surface despite the 
relatively high sensitivity to band crossings [19]. The 
calculated Fermi surface and k-dependent Fermi velocity is 
also used to simulate electron transport within a thin film with 
diffuse surface scattering, to predict an effective mean free path 
that depends on the crystalline orientation of the thin film. This 
is done using a Boltzmann transport formalism and 
simultaneous numerical integration over both real space of the 
thin film and reciprocal space of the Brillouin zone, as 
described in more detail in [30]. 
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Fig. 1 Measured resistivity of epitaxial W(110) and W(001) layers vs 
thickness d. 

III. RESULTS AND DISCUSSION 

All layers used in this study are single phase epitaxial 
crystals, as determined by a combination of X-ray diffraction 
methods and TEM analyses, indicating that electron scattering 
at grain boundaries is negligible. In addition, their surface 
roughness is small, less than 1 nm for all layers with thickness 
d < 50 nm. Correspondingly, the geometric contribution from 
surface roughness on the resistivity can be neglected. In 
contrast, atomic level surface roughness is not neglected, 
because this causes diffuse surface scattering [31-33]. 

Fig. 1 shows typical resistivity vs thickness data, in this 
case from epitaxial W(001) and W(110) layers, measured both 
in situ and ex situ at room temperature. The in situ and air 
exposed measurements agree, indicating that the electron 
surface scattering is completely diffuse (p = 0) [33]. The fit 
through the data is obtained with the FS model and provides 
values for the effective mean free path of 18.8 and 33 nm for 
the W(110) and W(001) layers. The anisotropy in the size 
effect is associated with the anisotropy in the Fermi surface, as 
discussed in detail in [30].  

TABLE I.  ELECTRON MEAN FREE PATH 

Metal 
Effective electron mean free 

path (nm) 
Measured Calculated 

Cu(001) 39 39.9 
Ag(001) 53 53.3 
Ta(001) 28 2.4* 
W(001) 33 19.1** 
W(110) 18.8 11.2** 
Mo(001) 17 

11.2 
Mo(110) 14 
Ni(001) 27 5.87 
Co(0001) 10.2 11.8/7.77 
Nb(001) 14.4 

2.34 
Nb(110) 14.5 
Ru(0001) 6.7 6.59/4.88 

*This value is from the free electron model (the first-principles simulation 
has not been done for Ta.) **These values are for the specific layer 
orientations, correctly accounting for the anisotropy in the Fermi surface. 

 

 
Fig. 2 Calculated Fermi surfaces of Ni and Ru. The Fermi velocity vf is 
indicated by the color. 

Similar measurements have been done for a range of 
epitaxial layers, yielding the effective mean free paths 
summarized in Table I. We have already previously reported 
and discussed in more detail the results for some of the listed 
metals [6, 30, 34]. The table also includes the results from first 
principles calculations, as presented below. The agreement 
between experiment and simulation is good for Cu, Ag, Co, 
and Ru. However, for other metals including Ta, W, Mo, Ni, 
Nb, the measured effective mean free path is considerably (2-
10 times) larger. This indicates the breakdown of the F-S 
model at small (< 10 nm) dimensions.  

Fig. 2 shows typical calculated Fermi surfaces of Ni and 
Ru, where the color coding indicates the value of the Fermi 
velocity, as obtained from density functional calculations. Such 
calculations are done to predict the mean free path, as listed in 
Table II. The list is sorted according to the ρo×λ product, since 
a lower value of ρo×λ indicates a higher predicted conductivity 
in the limit of narrow metal lines. These calculations are done 
for bulk within the constant λ approximation. For hexagonal 
and tetragonal crystal structures, two values are listed for 
transport perpendicular and parallel to the hexagonal/tetragonal 
axis. Nine elements have a lower ρo×λ than Cu, and are 
therefore expected to conduct better in the limit of thin wires.  

TABLE II.  SIMULATION RESULTS 

 λ×ρ 
(10-16 Ω-m2) 

λ 
(nm) 

  λ×ρ 
(10-16 Ω-m2) 

λ 
(nm) 

Rh 3.2 6.9  In 7.6/7.2 8.7/8.2 
Pt 3.43 3.23  W 8.2 15.5 
Ir 3.7 7.1  Au 8.3 37.7 

Nb 3.91 2.57  Ag 8.5 53.3 
Ni 4.1 5.9  Mg 9.8/8.8 22.3/20.0 
Al 5 18.9  Zn 10.3/8.1 17.4/13.7 
Ru 5.1/3.8 6.6/4.9  Ca 11.9 35.4 
Mo 6 11.2  Cd 12.6/11.3 16.8/15.1 
Os 6.4/4.3 7.2/4.9  Na 14.7 30.9 
Cu 6.7 39.9  Be 17.1/24.3 48.0/68.2 
Co 7.3/4.8 11.8/7.8  K 22.7 31.5 

 

 

IV. CONCLUSIONS 

A combination of experiments and simulations indicates 
that there are multiple elements which are very promising as 
replacement metal for narrow MOL interconnects. The 
theoretical prediction of the resistivity scaling is accurate for 
some metals and also correctly predicts the anisotropy effect. 
However, the computational methods completely fail for other 
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elements. Correspondingly, quantitative quantum models will 
need to be used to provide a more accurate method to predict 
the resistivity of narrow interconnects.  
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