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Abstract— Epitaxial Ni(001) layers are sputter deposited on 

MgO(001) substrates and their electrical resistivity ρ measured in 
situ as a function of thickness dNi = 5 – 100 nm to quantify the 
resistivity size effect due to electron surface scattering. X-ray 
diffraction θ-2θ scans, ω-rocking curves, and pole figures confirm 
an epitaxial layer-substrate relationship with Ni[001]║MgO[001] 
and Ni[100]║MgO[100]. The resistivity is well described with the 
semi-classical model by Fuchs and Sondheimer and a room-
temperature bulk resistivity ρo = 7.04 µΩcm, yielding a bulk 
electron mean free path λ = 26 ± 2 and 350 ± 20 nm at 295 and 77 
K, respectively. Air exposure causes a resistivity increase by up to 
21% which is attributed to monolayer surface oxidation that 
results in a transition from 30% specular to completely diffuse 
electron surface scattering. All measured data are consistent with 
a temperature-independent product ρoλ = 18.3×10-16 Ωm2 which is 
4.5 times larger than previously predicted from first-principles, 
indicating that Ni is less promising as a metal for narrow 
interconnect lines than those predictions suggest. 
 

Index Terms—Interconnects, Nickel, BEOL, MOL, Resistivity 
Scaling, Mean Free Path, Surface Scattering, Alternative Metals  
 

I. INTRODUCTION 

major challenge [1], [2] for the continued downscaling and 
corresponding increasing performance of modern 

integrated circuits is the well-known resistivity size effect in 
metallic conductors [3], [4]. As the physical dimensions of 
interconnects decrease, their resistivity increases due to 
electron scattering at surfaces [5]–[9] and grain boundaries 
[10]–[16], as commonly described by the classical models by 
Fuchs and Sondheimer (FS) [17], [18] and Mayadas and 
Shatzkes (MS) [10], [19], respectively. In addition, surface 
roughness exacerbates this resistivity size effect [20]–[23]. 
Both the FS and MS models predict a resistivity increase that is 
proportional to ρoλ/d, where ρo is the bulk resistivity, λ is the 
bulk electron mean free path, and d is the distance between 
scattering interfaces which is the thickness of a film, the width 
(or height) of an interconnect line, or the average distance 
between grain boundaries. Consequently, in the limit of narrow 
interconnect lines, metals with low ρoλ products are expected to 
have a low resistivity and therefore yield interconnects with low 
signal delay and power consumption [24], [25]. First-principles 
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simulations predict a room temperature mean free path λ = 5.87 
nm for Ni and a corresponding low ρoλ product of 4.07×10-16 
Ωm2 [24], suggesting that Ni has the potential to outperform 
currently used interconnect metals including Cu, W, and Co, 
which have 65, 101, and 59% higher  predicted ρoλ products, 
respectively, where the predicted Co value corresponds to the 
weighted average parallel and perpendicular to the hexagonal 
axis. However, reported experimental studies that determine the 
ρoλ product from measured ρ vs d data indicate that the 
resistivity scaling and the associated experimental ρoλ product 
is often larger than the theoretical prediction, for example by 
factors of 1.2, 3.9-8.4, and 1.7 for W(110) [26]–[28], Nb [29], 
and Co(0001) [30], [31]. Therefore, it is important to 
experimentally measure the resistivity scaling of Ni to validate 
or correct the theoretical predictions for Ni as a promising 
interconnect metal. In fact, previous experimental studies on the 
resistivity size effect in Ni have reported λ values ranging from 
16.4-25 nm [32]–[34], which is 2.8-4.3 times larger than the 
predictions. However, all these studies employ polycrystalline 
Ni layers where grain boundary scattering contributes to the 
size effect and may therefore cause inaccuracies in the 
determined mean free path. This last point motivates the use of 
epitaxial Ni layers in our study. The key benefit of epitaxial 
layers is the lack of grain boundaries, allowing direct 
measurements of the resistance contribution due to surface 
scattering without the confounding effect from electron grain 
boundary scattering. 

In this report, we determine λ and the product ρoλ for Ni from 
the thickness dependence of the resistivity of epitaxial Ni(001) 
films grown on MgO(001) substrates. X-ray diffraction 
analyses confirm that the layers are epitaxial, with 
Ni[001]║MgO[001] and Ni[100]║MgO[100]. The resistivity is 
measured in situ and ex situ at 295 and 77 K as a function of d, 
and is described within the semi-classical framework of the FS 
model yielding a room temperature λ = 26 ± 2 nm which is 
slightly larger than the range from previous experimental 
studies on polycrystalline Ni layers. The corresponding ρoλ = 
18.3×10-16 Ωm2 is 4.5 times larger than theoretically predicted, 
indicating that Ni is less promising as an interconnect metal 
than envisioned.   
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II. PROCEDURE 

Ni(001) layers were deposited by magnetron sputtering on 
MgO(001) substrates in a three-chamber ultrahigh vacuum 
deposition and analysis system with a base pressure of 10-9 Torr 
[35], [36]. The substrates were ultrasonically cleaned in 
consecutive baths of trichloroethylene, acetone, isopropanol, 
and deionized water, mounted onto a Mo holder with colloidal 
silver paint and introduced into the vacuum system via a load 
lock. Prior to deposition, all substrates were degassed at 1000 
°C for 1 hour, and then cooled to the deposition temperature of 
200 °C. Deposition was done in 5 mTorr 99.999% pure Ar with 
a fixed power of 200 W applied to a 99.95% pure 5-cm-
diameter Ni target which was facing the substrate at a distance 
of 9 cm, yielding a deposition rate of 0.07 nm/s. The deposition 
time was varied to obtain a set of samples with nominal Ni film 
thicknesses ranging from 5 to 100 nm. After deposition, films 
were allowed to cool to room temperature in vacuum, followed 
by in situ transfer to an analysis chamber for electrical transport 
measurements with an in situ linear four-point-probe which was 
operated with a current of 1 - 100 mA [35]. Measurements at 77 
K were taken with an ex situ four-point-probe by submerging 
each sample in liquid nitrogen after removal from the load-lock 
that was vented with dry N2. Ex situ room-temperature 
resistivity measurements were taken with the identical four-
point-probe after warming the samples up using a continuous 
flux of N2 gas. 

X-ray diffraction and reflectivity (XRR) analyses were 
performed using a Panalytical X’pert PRO MPD system with a 
Cu source. θ-2θ scans, ω-rocking curves, and XRR analyses 
were acquired using a parabolic mirror which yields a source 
divergence of <0.055°. Pole figures were acquired using a poly-
capillary lens as the primary optic, providing a point source 
with quasi-parallel Cu Kα X-rays with a divergence of less than 
0.3°. The diffracted beam path for all scans consisted of a 0.27° 
parallel-plate collimator backed by a scintillation point 
detector. Fitting of the XRR spectra was done using the 
recursive theory by Parratt, assuming a Gaussian distribution to 
model the surface and interface roughnesses, and fixing the 
densities of the Ni layer and the native NiO surface oxide to the 
reported bulk values of 8.9 and 6.67 g/cm3, respectively [37], 
[38]. 

III. RESULTS AND DISCUSSION 

Fig. 1 shows representative X-ray diffraction and XRR 
results from a 96.9-nm-thick Ni(001)/MgO(001) layer.  The 
diffractogram in Fig. 1(a) is a section of a θ-2θ scan, plotted 
from 50.5° to 53.5°. It shows the Ni 002 reflection at 2θ = 
51.94°, which is the only film peak that can be detected over 
the entire measured range, indicating a 001 layer orientation 
and an out-of-plane lattice constant of 0.3518 nm which is 
within the previously reported range for Ni of 0.3516 to 0.3528 
nm [39], [40]. The full width at half maximum (FWHM) of the 
Ni 002 peak is 0.50°, corresponding to an out-of-plane 
coherence length [41] of 20 nm, which is five times smaller than 
the layer thickness and suggests local strain variations and/or 
low angle grain boundaries in the Ni film. Fig. 1(b) is an ω-

rocking curve of the Ni 002 reflection. The peak width of 3.0° 
is comparable to the 1.8-3.3° reported for Cu(001) on 
MgO(001) [8], [42] but is 11 and 17 times larger than the 0.27° 
and 0.18° reported for W(001)[41] and Ag(001)[43] on 
MgO(001), respectively. The relatively wide peak indicates 
deviations from perfect crystallinity with an in-plane coherence 
length of 3.4 nm which implies the presence of strain fields 
and/or small angle grain boundaries that lead to a 3° spread in 
the mosaic tilts. Fig. 1(c) is a pole figure taken at a constant 2θ 
= 44.415° of the Ni 111 reflection. It shows four peaks at the 
tilt angle χ = 55 ± 2° and polar angles ϕ = 0°, 90°, 180°, and 
270°, indicating a single epitaxial Ni domain. A corresponding 
scan of the MgO 111 reflections (not shown), confirms in-plane 
alignment of the Ni <100> with the MgO <100> directions, 
yielding the epitaxial layer-substrate relationship: 
Ni[001]║MgO[001] and Ni[100]║MgO[100], which is in 
agreement with previous reports on the epitaxial growth of Ni 
on MgO(001) [44]–[48], and is similar to the reported epitaxy 
of Cu on MgO(001) [42]. We note here that our deposition 
temperature of 200 °C is at the upper end of the reported range 
for good quality Ni epitaxial growth on MgO(001) [48] and 
may be the reason for the large widths of the Ni 002 reflection 
in 2θ and ω. 

 
Fig. 1. Representative (a) θ-2θ scan, (b) 002 ω-rocking curve, (c) 111 pole 
figure, and (d) XRR scan including the result from curve fitting (black), from 
an epitaxial Ni(001)/MgO(001) layer with thickness d = 96.9 nm. 

 
Fig. 1(d) shows a representative XRR curve from the same 

Ni(001) film. The measured intensity is plotted on a logarithmic 
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scale vs the scattering angle 2θ = 0.25 - 2.00°. The black line is 
the result from curve fitting to the experimental measurement 
and is offset by a factor 10 for clarity. It provides values for the 
film thickness dNi = 96.9 ± 0.5 nm and the NiO surface oxide 
thickness dNiO = 0.5 ± 0.3 nm. The equivalent Ni metal 
thickness within the NiO layer is 0.2 nm, which corresponds to 
approximately one monolayer of Ni that is consumed during 
surface oxidation. That corresponds to 0.2% of the as-deposited 
Ni and indicates that the as-deposited in situ thickness dNi = 97.1 
nm is 0.2 nm larger than the measured thickness. This thickness 
correction is included when determining the in situ film 
resistivity, as discussed below. Curve fitting also provides 
values for the root-mean-square roughness of 2.2 ± 0.3, 2.3 ± 
0.2, and 1.2 ± 0.3 nm for the NiO surface and the NiO-Ni and 
Ni-MgO interfaces, respectively. 

 
Fig. 2. Resistivity ρ of epitaxial Ni(001)/MgO(001) films vs thickness d, 
measured in situ (red) and ex situ (gray) in vacuum and air at 295 K, and 
immersed in liquid N2 at 77 K (inset, blue). Curves are from data fitting using 
the FS model.  

 
Similar analyses are done for all samples in this study, 

showing that they are epitaxial Ni(001) layers with ex situ 
measured metallic Ni thicknesses of dNi = 17.6 ± 0.4, 9.1 ± 0.1, 
and 4.9 ± 0.1 nm, surface oxides that are 0.5 ± 0.3 nm thick, and 
resulting in situ layer thicknesses dNi = 17.9, 9.3, and 5.1 nm. 

Fig. 2 is a plot of the Ni(001) film resistivity as a function of 
thickness dNi measured both in situ and ex situ at 295 K. The in 
situ measured ρ for the thickest layer with dNi = 97.1 nm is 7.86 
± 0.02 µΩcm, which is 12% higher than the reported bulk Ni 
resistivity ρo = 7.04 µΩcm [49]–[51]. This deviation is 
attributed to a resistivity contribution from electron scattering 
at surfaces which, based on the analysis below, adds 0.78 µΩcm 
to ρo for dNi = 97.1 nm. Correspondingly, a contribution to the 
resistivity from possible residual crystalline defects is ≤ 2%, 
which cannot be detected within our experimental uncertainty. 
The measured resistivity increases to ρ = 10.87 ± 0.06, 13.87 ± 
0.15, and 21.28 ± 0.45 µΩcm as the layer thickness decreases 
to dNi = 17.9, 9.3, and 5.1 nm. The plot in Fig. 2 also shows the 
ex situ resistivity measured after air exposure of the same Ni 
samples. The ex situ and in situ resistivities are nearly identical 
for dNi = 97 nm, with an ex situ value of ρ = 7.97 ± 0.02 µΩcm. 
However, the thinner Ni(001) layers show a higher resistivity 

after air exposure, with ρ = 11.47 ± 0.07, 15.43 ± 0.18, and 
25.75 ± 0.51 µΩcm for dNi = 17.6, 9.1, and 4.9 nm, respectively. 
Note, these latter dNi values are the measured metallic Ni 
thickness after surface oxidation and are 0.2-0.3 nm smaller 
than for the as-deposited layers. The resistivity of the nominally 
5-nm-thick Ni(001) layer increases by 21% during air exposure. 
However, this increase becomes less pronounced with 
increasing dNi, indicating that the resistivity increase upon air-
exposure is a surface effect. Therefore, we attribute this 
increase to a decrease in the Ni(001) surface specularity upon 
surface oxidation, similar to what has been reported for Cu [5], 
[6], [9], [52], Co [31], and Nb [29]. We note that air exposure 
for an extended time of 690 hours does not result in any 
detectable change in the resistivity, indicating that room-
temperature Ni oxidation progresses slowly after the initial 
surface oxidation of approximately one Ni monolayer.   

The inset of Fig. 2 shows the measured resistivity at 77 K. 
The values increase with decreasing thickness from ρ = 1.20 ± 
0.01 to 3.79 ± 0.03, 7.01 ± 0.10, and 15.79 ± 0.31 µΩcm for dNi 
= 96.9, 17.6, 9.1, and 4.9 nm, respectively. The resistivity of the 
sample with dNi = 96.9 nm is 2.3 times larger than the reported 
bulk resistivity ρo = 0.52 µΩcm of Ni at 77 K [49], [51]. This 
deviation has a similar absolute magnitude as for the 295 K data 
and is attributed to electron-surface scattering which yields a 
predicted increase by a factor of 2.6 from the curve fitting 
procedure described in the following. 

The dashed lines in Fig. 2 are obtained from data fitting of 
the three datasets using the semiclassical framework by Fuchs 
and Sondheimer [17], [18], as described in the following. A 
well-known challenge in this approach is the interdependency 
of the two parameters of the FS model, that is the surface 
specularity p and the bulk mean free path λ [28], [31], [53]. 
More specifically, for any choice of p within the physical 
constraint 0 ≤ p ≤ 1, a value for λ can be found with λmin ≤ λ ≤ 
∞ such that the model predicts a ρ vs d curve that matches the 
measured data, where λmin is a lower bound for the mean free 
path consistent with a specific ρ vs d dataset. As a first step, we 
perform data fitting of the ex situ resistivity (gray data points in 
Fig. 2) assuming completely diffuse electron scattering at both 
the upper and lower film surfaces (p1 = p2 = 0) and fixing the 
bulk resistivity to the known room-temperature ρo = 7.04 
µΩcm. Thus, the only free fitting parameter in this approach is 
λ, which corresponds to the lower-bound of possible mean free 
paths and is determined to be λmin = 26 ± 2 nm. The resulting 
gray dashed line describes the measured data well but 
underestimates the resistivity of the thinnest dNi = 4.9 nm layer. 
The data point of this thinnest layer has the largest error bar σ 
and therefore the least importance during the fitting procedure 
that uses a common 1/σ2 weighting. A similar underestimation 
is also observed for our in situ and low-temperature data in Fig. 
2 and has also previously been reported for Ru [30], [53], Co 
[30], [31], Cu [54], [55], W [27], and Nb [29] layers with d < 
10 nm, and has been attributed to an increasing effect of surface 
roughness [54] or the breakdown of the FS model at small 
dimensions [27], [56].  

We attribute the resistivity increase between in situ to ex situ 
measurements to a decrease in the specularity of electron 
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surface scattering. Therefore, as a second step, we fit the in situ 
data using a fixed λ = 26 nm and use the specularity p1 of the 
Ni-vacuum interface as the free fitting parameter. This yields p1 
= 0.3 ± 0.1 and the red dashed line in Fig. 2. Similarly, data 
fitting of the resistivity at 77 K is done with a fixed ρo = 0.52 
µΩcm [49], [51] and assuming completely diffuse surface 
scattering (p1 = p2 = 0) as the samples are exposed to 
atmosphere prior to submersion in liquid nitrogen. This yields 
λ77K = 350 ± 20 nm and the blue dashed line in the inset of Fig. 
2. This bulk mean free path is more than an order of magnitude 
larger than at room temperature, which is expected because of 
the lower electron-phonon scattering rate. To explore this effect 
more quantitatively, we use the λ values from our data fitting to 
determine the product ρoλ = 18.3×10-16 Ωm2 at room 
temperature and ρoλ = 18.2×10-16 Ωm2 at 77 K. These values are 
identical within experimental uncertainty, suggesting that ρoλ is 
temperature-independent, as expected from a classical transport 
description. However, our ρoλ value is 4.5 times larger than the 
theoretically predicted 4.07×10-16 Ωm2 [24], indicating that the 
resistivity size effect in Ni is significantly stronger than the 
first-principles calculations suggest. The ρoλ product for Ni is 
also 1.5 to 3.6 times larger than the reported ρoλ products for Cu 
(6.7×10-16 Ωm2) [7], W(110) (10.1×10-16 Ωm2)[26], Co(0001) 
(12.2×10-16 Ωm2) [30], [31], and Ru(0001) (5.06×10-16 Ωm2) 
[30], [53], such that we conclude that Ni is not a promising 
metal for high-conductivity narrow interconnect lines. 

IV. CONCLUSIONS 

The measured electrical resistivity of epitaxial 
Ni(001)/MgO(001) layers with d = 5-100 nm is well described 
with the Fuchs-Sondheimer model with a bulk electron mean 
free path λ = 26 ± 2 and 350 ± 20 nm at 295 and 77 K, 
respectively. Air-exposure causes a resistivity increase by up to 
21% which is attributed to a transition from partially specular 
(p1 = 0.3) electron scattering at the Ni-vacuum interface to 
completely diffuse (p1 = 0) scattering at the oxidized Ni surface. 
The data indicates a temperature-independent product ρoλ = 
18.3×10-16 Ωm2 which is 4.5 times larger than a previous first 
principles prediction. Consequently, Ni is (opposite to this 
prediction) not promising as metal for next generation 
interconnect technologies. 
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