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Abstract— Ru(0001) and Co(0001) films with thickness d
ranging from 5 to 300 nm are sputter deposited onto A1>03(0001)
substrates in order to quantify and compare the resistivity size
effect. Both metals form epitaxial single crystal layers with their
basal planes parallel to the substrate surface and exhibit a root-
mean-square roughness < 0.4 nm for Ru and < 0.9 nm for Co.
Transport measurements on these layers have negligible
resistance contributions from roughness and grain boundary
scattering which allows direct quantification of electron surface
scattering. The measured resistivity p vs d is well described by
the classical Fuchs-Sondheimer model, indicating a mean free
path for transport within the basal plane of 2 = 6.7 £ 0.3 nm for
Ru and 2 =19.5 + 1.0 nm for Co. Bulk Ru is 36% more resistive
than Co; in contrast, Ru(0001) layers with d < 25 nm are more
conductive than Co(0001) layers, which is attributed to the
shorter 2 for Ru. The determined A-values are utilized in
combination with the Fuchs-Sondheimer and Mayadas-Shatzkes
models to predict and compare the resistance of polycrystalline
interconnect lines, assuming a grain boundary reflection
coefficient R = 04 and accounting for the thinner
barrier/adhesion layers available to Ru and Co metallizations.
This results in predicted 10 nm half-pitch line resistances for Ru,
Co, and Cu of 1.0, 2.2, and 2.1 kQ/nm, respectively.
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I. INTRODUCTION

Continued advancements in integrated circuit technology
has led to a reduction in the interconnect half-pitch below the
mean free path of the line metal, causing a dramatic increase in
the resistivity [1] which is attributed to electron scattering at
surfaces [2-5], grain boundaries [6-11], and surface
roughness [12—15]. This increase in resistivity p is a major
challenge for the semiconductor industry, resulting in many
recent research efforts that focus on improving current
metallization schemes [4,5,7,16,17] as well as on exploring
potential replacement materials for copper [18-26]. Of the
many potential replacement materials under investigation, Ru
and Co attract particular attention due to their many benefits
over traditional Cu and W metallizations, including: (1) lower
predicted size effect scaling [27] (2) lower thermal budgets, as
compared to W, allowing defect healing and grain growth at
feasible annealing temperatures [20], 3) larger
electromigration resistance, as compared to Cu, and (4) thinner
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barrier/adhesion layers [22,28], allowing for greater metal fill
areas in trenches and lower via resistances between levels [29].
In fact, the via resistance and electromigration benefits of Co
are sufficient to justify its use in current Intel chips [30].

In this article, we directly compare the resistivity scaling of
Ru and Co in confined dimensions using transport
measurements on high quality epitaxial films as well as
discussing their potential performance in polycrystalline line
structures. The use of single crystal epitaxial layers to quantify
resistivity scaling has the advantage of removing the
confounding effects from electron-grain boundary scattering,
allowing direct quantification of resistance due to surface
scattering and a more confident determination of key
conduction parameters, with the most important being the
electron-phonon mean free path A. This is done by fitting
measured resistivity vs thickness d data with the classical
Fuchs-Sondheimer model [31,32], yielding 4 = 6.7 + 0.3 and
19.5 £ 1.0 nm for Ru and Co, respectively, as well as a clear
resistivity cross-over at d =25 nm, below which Ru conduction
exceeds that of Co. In addition, we use the measured A and a
combination of the approximate Fuchs-Sondheimer
(FS) [31,32] and Mayadas-Shatzkes (MS) [33] models [2] to
predict and compare the resistivities and resulting resistances
of polycrystalline interconnect lines of Ru, Co and Cu for the
case of a 2:1 aspect ratio trench, including appropriate
adhesion/barrier thicknesses for each metallization scheme.
The results of these calculations indicate that Ru will exceed
Cu conductance for wire widths w < 19 nm and that Co
conductance becomes comparable to that of Cu at w= 10 nm.

II. EXPERIMENTAL DETAILS

All films were deposited onto degassed 1x1 cm polished
Al,03(0001) substrates in a three chamber ultra-high vacuum
DC magnetron sputter deposition system with a base pressure
below 107 torr. Films were deposited using a power of 60 and
50 W to the Ru and Co targets, respectively, in 3.0 mTorr
99.999% Ar and with substrate temperatures of 350 °C for Ru,
and 300 °C for Co. In situ annealing was used to further
improve the crystalline quality. Ru films were annealed using a
temperature ramp up to 1000 °C for a total of 3 hours, and Co
films were annealed at 500 °C for one hour. The deposition
time was adjusted to vary the layer thickness d = 5-80 nm for
Ru and d = 7-300 nm for Co. Electrical transport
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measurements were taken using a linear four-point probe with
a 1 mm interprobe spacing and a current of 1-100 mA. Film
thickness and roughness values were determined from X-ray
reflectivity (XRR) analyses. The crystalline quality and
epitaxial relationships were determined from x-ray diffraction
analyses, using a Panalytical X'pert PRO MPD system with a
hybrid mirror with a Ge(220) two bounce monochromator, and
a PW3018/00 PIXcel line detector operated in scanning mode.

III. FILM STRUCTURE

Figure 1 shows overlaid representative x-ray diffraction
results from a nominally 80-nm-thick Ru(0001) layer and a
nominally 40-nm-thick Co(0001) layer, both deposited on
Al,O3(0001) substrates. The diffractograms in the figure are
sections of #-26 scans, plotted from 41.0° to 45.5°. They show
peaks at 41.685°, 42.17°, and 44.54° which are attributed to the
sapphire 0006, Ru 0002, and Co 0002 reflections, respectively.
These peak positions indicate a negligible (< 0.01%) strain in
the film normal direction for Ru, and a slight (-0.10%)
compressive strain in the film growth direction for Co,
indicating in-plane biaxial tensile strain which may be
attributed to the 9.4% lattice mismatch between the c-plane
sapphire surface and the Co basal plane [34] and/or the
relatively large difference in thermal expansion coefficients
between the layer and the substrate [35,36].
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Fig. 1. Overlaid representative 6-20 diffractograms for epitaxial

Ru(0001)/AL,05(0001) with thickness d = 77.8 nm (gray) and epitaxial
Co(0001)/Al,05(0001) with thickness d = 36.1 nm (blue).

Both patterns exhibit periodic fringes (more clearly visible for
Co) that flank the Ru and Co 0002 peaks and are attributed to
Laue oscillations that result from the interference between the
upper and lower metal film surfaces and indicate a low
roughness [37]. This is consistent with XRR analyses, which
show that the Ru and Co layers exhibit smooth surfaces with
root-mean-square roughnesses < 0.4 nm and < 0.9 nm for all
thicknesses, respectively. Further diffraction analyses (not
shown for brevity) but similar to those presented in [38§]
and [39] reveal that all films are mono-crystalline and exhibit
an epitaxial layer-substrate relationship of

metal[0001] || A1,03[0001] and metal[10T0]]| ALOs[1120] for

both Ru and Co. This is verified using w-rocking curves that
show the alignment along the growth direction, and @-scans
from asymmetric reflections that show in-plane orientation. In
addition, no misoriented grains were detected in 6-26 scans
acquired in powder diffraction mode over a large 26 range
from 5° to 90°.

IV. ELECRICAL TRANSPORT

Figure 2 shows the measured Ru(0001) and Co(0001)
room-temperature resistivity p plotted as a function of film
thickness d. The Ru layer with largest thickness d = 77.8 nm
has a resistivity of p = 7.73 + 0.15 pQem, which is close to the
reported bulk Ru basal plane resistivity of 7.6 pQcm [40],
indicating negligible contribution from surface scattering. The
resistivity increases with decreasing Ru thickness to p = 12.58
+ 0.25 pQcm for d = 5.3 nm. The thickest Co film with d =293
nm exhibits a p = 6.35 £ 0.21 pQcm, which is close to p = 6.50
+ 0.22 pQcem measured for d = 194 nm, indicating that surface
scattering contributes negligibly to the measured resistivity for
the thickest Co films. We note, however, that this resistivity is
13-15% larger than the reported value for the Co basal
plane [41], which we attribute to residual defects and
impurities in our Co films. The Co resistivity increases to p =
15.17 £ 0.64 uQcm for d = 6.9 nm. For both metals, the
observed increase in p with decreasing d is attributed solely to
the effect of electron-surface scattering, since grain boundary
scattering is absent in these epitaxial mono-crystalline films.
Further we note that the effect of surface roughness on the
resistivity in these layers is expected to be negligible (< 1%
correction), based on the roughness measured by XRR and
estimating the impact on the resistivity using both Namba’s
classical model [12] and Zhou’s step-reflection model [15].
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Fig. 2. Resistivity p of epitaxial Ru(0001) (gray) and Co(0001) (blue)
layers vs film thickness d. The lines indicate the result from curve fitting using
the Fuchs-Sondheimer model.

The solid lines in Fig. 2 are the result of curve fitting using
the integral form of the Fuchs-Sondheimer (FS)
model [2,31,32]. This is done by assuming completely diffuse
surface scattering at both the top surface and the substrate-layer



interface, i.e. p1 = p» = 0. The fitting yields mean free paths for
conduction in the basal plane of A = 6.7 £ 0.3 nm for Ru(0001)
and 4 = 19.5 £ 1.0 nm for Co(0001). The value for Ru is in
good agreement with the previous theoretical prediction of 4 =
6.76 nm [26,27]. In contrast, our A for Co is 49% larger than
the predicted 13.1 nm [27]. We attribute this discrepancy to the
limited validity of the FS model, which is based on a purely
classical electron transport description. Thus, both the data
fitting in Fig. 2 as well as the theoretical prediction in [27] are
limited by the accuracy of classical transport, which tends to
deviate from the quantum mechanical description with
decreasing feature size [1,8,42—45].

The data in Fig. 2 shows that Co has a more pronounced
resistivity size effect than Ru. For example, the Ru resistivity
increases from p = 8.28 + 0.17 to 8.57 + 0.17 uQcm for d =
38.7 to 19.8 nm, while the increase for Co over a similar
thickness range, d = 36.1 - 21.1 nm, is 4.5 times stronger, with
p =729 + 0.38 and 8.58 + 0.44 pQcm, respectively. This
results in a clear resistivity crossover at a layer thickness of 25
nm. That is, Co(0001) is more conductive than Ru(0001) for
layers with d > 25 nm, but Ru(0001) is more conductive than
Co(0001) for d <25 nm. This is because Co has a smaller bulk
resistivity p, while Ru has a smaller product p,/4 with this latter
factor defining the resistivity in the limit of narrow wires
within the classical or semiclassical transport models
(including FS)[26,27,46]. We note that the resistivity
crossover at 25 nm is for the case of single-crystal thin films,
while the crossover is expected at larger critical dimensions for
both interconnect lines and polycrystalline microstructures, due
to additional electron scattering at side walls and grain
boundaries, respectively, as discussed in the following.

The resistance of Ru and Co interconnect lines is directly
affected by the quantified resistivity scaling. Thus, in the
following, we use the measured 4 values and the approximate
forms of the FS and MS models to estimate the resistivity
scaling for narrow interconnect lines. We assume a 2:1 aspect
ratio trench, a variable half-pitch width w, a
barrier/adhesion/liner layer at the bottom and sidewalls with a
thickness #, and a width-dependent grain size in the transport
direction of 2w-t, as illustrated in Fig. 3(a). We neglect the
effects of line-edge roughness and conduction contributions
from the barrier/adhesion layers, despite that these may be
considerable effects [47,48], and employ the classical transport
models despite their limitations for narrow lines. Nevertheless,
we believe that this method provides a fair and direct
quantitative comparison of the conductance of Ru, Co, and Cu
lines. We use the reported bulk resistivities p, = 7.6, 5.6, and
1.7 uQcm for Ru [40], Co [41], and Cu [2], respectively, where
the Ru and Co values are for conduction in the basal plane. The
mean free path A = 6.7 £ 0.3 and 19.5 + 1.0 nm for Ru and Co
are taken from our experiments, and 4 = 39 nm for Cu from
previous reports [49]. Electron scattering is assumed to be
completely diffuse for all surfaces[4,5,26,50-52], and the
grain boundary reflection coefficient is set to R = 0.4 for all
three metals. While it is expected that these three metals likely
exhibit different R values [53], the reported values range from
R = 03 to 0.99 for Ru[24,54,55], from 0.07 to 0.6 for
Co [52,56-58], and from 0.25 to 0.45 for Cu[l1,2,59-64].
Thus, due to these large and overlapping ranges, we believe
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Fig. 3. (a) Schematic of a 2:1 aspect ratio interconnect line with a
half-pitch w, a liner thickness #, and a 2w-t grain size along the growth
direction. Predicted (b) resistivity and (c) resistance of Ru, Co, and Cu
lines vs w.

assuming a constant R = 0.4 provides the fairest comparison
between the three metals. We use reported liner thicknesses of ¢
= 0.3 nm for Ru, £ = 1.0 nm for Co, and ¢# = 2.0 nm for



Cu [16,22,28]. The liner thickness affects the conducting cross-
sectional area, which is (2w — £) x(w-2¢) as seen in Fig. 3(a).
Thus, the smaller required ¢ for Ru and Co provide a
conductance advantage over Cu for narrow lines.

Figures 3(b) and (c) are plots of the calculated resistivity
and resistance vs half-pitch w = 10-50 nm, for polycrystalline
Ru, Co, and Cu lines. The resistivity of the Ru interconnect
increases from p = 9.73 pQem at w =50 nm to p = 18.9 pQcm
for w = 10 nm, with a corresponding line resistance increase
from 19.8 to 1020 Q/um. The corresponding increase for the
Co line is from p = 10.3 to 32.9 uQcm, which results in a Co
line resistance of 21.6 to 2170 Q/um, and for the Cu line from
p = 4.65 to 22.6 pQcm, yielding 10.3 to 2090 Q/um. Ru has
the smallest slope and Cu has the steepest slope in both plots,
as expected based on the smallest and largest mean free paths,
respectively. This difference is enhanced by the smallest and
largest liner thickness for Ru and Cu, respectively. As a
consequence, there is a resistivity crossover between Ru and
Cu at w =13 nm [Fig. 3(b)], while the corresponding resistance
crossover is at w = 19 nm [Fig. 3(c)]. That is, Ru lines with a
half-pitch below 19 nm are expected to conduct better than
corresponding Cu lines, while they outperform Cu by
approximately a factor of two for w = 10 nm. In contrast, Co
exhibits a higher resistivity than both Ru and Cu over the entire
plotted w = 10-50 nm range, while the Co line resistance is
competitive with that of Ru at w = 50 nm, and with that of Cu
at w=10 nm.

V. CONCLUSIONS

Epitaxial Ru(0001) and Co(0001) films were sputtered
deposited onto Al,O3(0001). Transport measurements with
negligible resistance contributions from surface roughness and
grain boundary scattering indicate a mean free path 1 = 6.7 £
0.3 nm for Ru and 4 =19.5 + 1.0 nm for Co. In these epitaxial
films, a crossover in resistivity is observed between Ru and Co
at a thickness 4 = 25 nm. The Ru conductance of
polycrystalline interconnects in 2:1 aspect ratio trenches is
predicted to exceed that of Cu for half-pitch widths w < 19 nm,
while the conductance of Co lines becomes comparable to that
of Cu at w = 10 nm. These results confirm the promising
properties of Ru and Co as potential Cu replacement metals for
narrow interconnect lines.
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