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Abstract 

Electron transport measurements on Co/TiN multilayers are employed to explore the effect of TiN 
layers on the Co resistivity. 50-nm-thick multilayer stacks containing N = 1-10 individual Co layers 
that are separated by 1-nm-thick TiN layers are sputter deposited on SiO2/Si(001) substrates at 400 
°C. X-ray diffraction and reflectivity measurements indicate a tendency for a 0001 preferred 
orientation, an x-ray coherence length of 13 nm that is nearly independent of N, and an interfacial 
roughness that increases with N. The in-plane multilayer resistivity ρ increases with increasing N = 
1-10, from ρ = 14.4 to 36.6 µΩ-cm at room temperature and from ρ = 11.2 to 19.4 µΩ-cm at 77 K. This 
increase is due to a combination of increased electron scattering at interfaces and grain boundaries, 
as quantified using a combined Fuchs-Sondheimer and Mayadas-Shatzkes model. The analysis 
indicates that a decreasing thickness of the individual Co layers dCo from 50 to 5 nm causes not only 
an increasing resistivity contribution from Co/TiN interface scattering (from 9 to 88% with respect to 
the room temperature bulk resistivity), but also an increasing (39 to 154%) grain boundary scattering 
contribution which exacerbates the resistivity penalty due to the TiN liner. These results are 
supported by Co/TiN bilayer and trilayer structures deposited on Al2O3 (0001) at 600 °C. Interfacial 
intermixing causes Co2Ti and Co3Ti alloy phase formation, an increase in the contact resistance, a 
degradation of the Co crystalline quality, and a 2.3× higher resistivity for Co deposited on TiN than 
Co directly deposited on Al2O3(0001). The overall results show that TiN liners cause a dramatic 
increase in Co interconnects due to diffuse surface scattering, interfacial intermixing/roughness, and 
Co grain renucleation at Co/TiN interfaces. 

Keywords: multilayer; cobalt; interface scattering; titanium nitride; interconnects 
 

1. Introduction 

A major challenge for the continued miniaturization of features in integrated circuits is the rise 
in signal delay and power consumption caused by an increasing interconnect resistance [1–3]. This 
resistance increase is due to diminishing conductor dimensions, resulting in a decreasing ratio of the 
cross-sectional area over the wire length. The decreasing conductor dimensions also cause the 
resistivity size effect [2–4], which refers to a resistivity increase at reduced dimensions due to  
electron scattering at surfaces [5–10], interfaces [11–15], and grain boundaries [6,16–18]. Extensive 
ongoing materials research focuses on quantifying the resistivity size effect for different conductors 
to evaluate their potential to provide a conductance benefit for highly scaled interconnects [19–23]. 
Interconnect research also includes the liner layer, which is designed to increase the adhesion 
between the conductor and the dielectric or diffusion barrier [24,25],  and is important for 
interconnect reliability [26,27]. The liner affects the interconnect resistance in multiple ways: (i) It 
alters the electron scattering specularity p at the conductor liner interface [9,28,29] which, in turn, 
affects the conductor resistivity as described by the classical Fuchs and Sondheimer (FS) model 
[30,31]. (ii) The liner occupies a considerable fraction of the cross-sectional area of the trench used for 
the interconnect line, resulting in a higher resistance and an exacerbated resistivity size effect, 
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motivating the development of particularly thin liner solutions [1,8,32,33].  (iii) The interconnect 
stack includes contacts between vertical (via) and horizontal (line) interconnects which typically are 
separated by a liner layer such that the current needs to flow across a high-resistance conductor-liner-
conductor interface, motivating high-conductivity liners [34]. (iv) The liner acts as nucleation layer 
for subsequent conductor deposition and, therefore, affect the conductor microstructure and in 
particular the grain size and orientation distribution which contribute to the resistivity size effect 
[6,16]. Our present study explores the effects (i)-(iv) for the Co (conductor) and TiN (liner) material 
system. 

Cobalt (Co) is a potential Cu replacement metal [35] due to its relatively low predicted product 
of the bulk resistivity times the bulk electron mean free path ρo × λ = 7.3/4.8×10-16 Ωm2 [3,20,33,34,36], 
which promises a relatively low resistivity size effect. In addition, the high melting point and 
cohesive energy in comparison to Cu promises a higher reliability against electromigration and time-
dependent dielectric breakdown [26,37,38], and facilitates integration with relatively thin TiN liner 
layers [39]. TiN is expected to result in diffuse (p = 0) electron scattering at the Co/TiN interfaces [12] 
but the relatively low TiN resistivity [40,41] is expected to provide a high Co-TiN-Co interface 
conductivity. In addition, TiN has been demonstrated as a wetting layer for growth of Cu and Ag 
[12,42] and may similarly also aid Co deposition and increase the Co grain size, resulting in increased 
Co interconnect conductivity.  

In this paper, we employ transport measurements on Co/TiN multilayer thin films to explore 
the effect of Co/TiN interfaces on the resistivity of Co. The multilayers consist of alternating Co and 
TiN layers, using a constant TiN thickness of 1 nm for all samples, representing a typical TiN liner 
thickness. The number of individual Co layers is varied from N = 1-10, and the Co layer thickness is 
varied from dCo = 50-5 nm, such that the total nominal Co thickness for all samples is kept constant at 
50 nm. The resistivity of the superlattices parallel to the Co/TiN interfaces increases with increasing 
N, which is attributed to both increasing electron scattering at Co/TiN interfaces as well as a 
decreasing Co grain size caused by Co renucleation on each TiN interlayer. 

2. Materials and Methods 

Co/TiN multilayers were deposited on SiO2/Si(001) and Al2O3(0001) wafers in an ultra-high 
vacuum DC magnetron sputter deposition system with a base pressure of 10-9 Torr [43,44].  The 
10×10 mm2 substrates consist of (i) a 100-nm thick SiO2 layer that was deposited on Si(001) by plasma-
enhanced chemical vapor deposition, forms a smooth amorphous surface and electrically insulates 
the multilayers from the Si wafers, or (ii) single-crystal Al2O3(0001) which facilitates epitaxial growth 
of Co(0001) or TiN(111). The substrates were cleaned in subsequent ultrasonic baths of Hellmanex 
solution, acetone, isopropyl alcohol, and de-ionized water for 15 mins each, attached to a 
molybdenum block with colloidal silver paint, inserted into the deposition system through a load 
lock, and degassed in vacuum at 800 °C for one hour, using a radiative pyrolytic graphite heater. The 
substrate temperature was then reduced to 400 °C (or 600 °C for deposition on Al2O3(0001)), which 
was chosen to maximize multilayer crystalline quality and minimize Co-TiN intermixing, as 
quantified by x-ray diffraction and reflectivity. Depositions were done using 5-cm-diameter 99.99% 
pure Co and 99.995% pure Ti targets which were facing a continuously rotating substrate at a 12 cm 
distance and at -45° and 45° tilts. They were sputter cleaned prior to deposition for 10 min with closed 
shutters. Subsequently, the shutters in front of the Co and Ti targets were alternately opened and 
closed, and inlet valves for processing gas were simultaneously switched to obtain 10 mTorr 99.999% 
pure Ar or 7.5 mTorr 99.999% pure N2, for Co and TiN depositions, respectively, yielding the desired 
multilayers. Constant dc powers of 200 and 50 W to the Co and Ti targets resulted in deposition rates 
of 0.083 and 0.087 nm/s for Co and TiN, respectively. The bottom layer for all multilayers was a 1-
nm-thick TiN layer, which facilitates Co-wetting on SiO2 and also reduces the possibility for Co 
diffusion into or reaction with the substrate. Different multilayers with different individual Co layer 
thicknesses dCo = 5-50 nm were deposited by adjusting the Co-deposition time from 60 to 600 s, while 
the TiN deposition time was kept constant at 11s for all TiN layers, yielding a constant TiN thickness 
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of 1.0 nm. The number of multilayer periods N = 1-10 was varied in such a way that the total amount 
of Co for each multilayer was the same nominal 50 nm. For example, the N = 1 sample consists of one 
50-nm-thick Co layer on top of one 1-nm-thick TiN layer, while the N = 10 sample consists of ten 5-
nm-thick Co layers, separated by 1-nm-thick TiN layers. In addition, 75-nm-thick TiN/Co bilayers 
and trilayers were deposited on Al2O3(0001) at 600 °C such that the total amount of TiN (45 nm) and 
Co (30 nm) were kept constant. This included stacks with (i) 45-nm-thick TiN on top of 30-nm-thick 
Co, (ii) 30-nm-thick Co on top of 45-nm-thick TiN, and (iii) 22.5-nm-thick TiN on top of 30-nm-thick 
Co on top of 22.5-nm-thick TiN. 

X-ray diffraction (XRD) analyses were performed using a PANalytical X'pert PRO MPD system 
with a λKα = 1.5418 Å Cu source. Symmetric θ-2θ scans were acquired with a fixed 0.5° divergence slit 
and a PIXcel solid-state line detector operating in scanning mode with a 14 mm active length 
corresponding to 255 active channels. Grazing incidence x-ray diffraction (GIXRD) scans were 
collected using a parabolic mirror yielding a parallel beam with a < 0.055° divergence, the PIXcel 
detector with a 3.3 mm active length, and a constant incidence angle ω = 2°. The latter was chosen to 
maximize the thin film XRD peak intensity while ensuring that diffracted intensity is detected from 
the whole layer thickness. ω rocking curves of Co 0002 reflections were obtained using the same 
parabolic mirror, a fixed 2θ = 44.38° and the line detector operating in receiving mode with a 0.165 
mm active length. X-ray reflectivity (XRR) scans were acquired with the same parallel beam geometry 
with the line detector operating in receiving mode with a 0.165 mm active length. The measured XRR 
data were fitted using the PANalytical X’Pert Reflectivity software which employs the Parratt 
formalism, following the procedure of our previous work on multilayers [13,14,44,45]. The model for 
data fitting included alternating TiN and Co layers on SiO2, with densities fixed at literature values 
of 5.4, 8.9, and 2.65 g/cm3, respectively. The free fitting parameters were the thickness of each layer 
within the multilayer stack and the roughness of each interface and top surface.  

The multilayer sheet resistances were measured in air at 293 K with a linear four-point-probe 
with spring loaded tips and a 1.0 mm inter-probe spacing. Measurements at 77 K were taken with the 
same linear four-point probe with both sample and probe tips completely immersed in liquid 
nitrogen. The resistivity was determined from the measured sheet resistance using the measured 
thickness and the appropriate geometric correction factor [46].  

3. Results and Discussion 

Figure 1 shows typical X-ray reflectivity patterns from Co/TiN multilayer films consisting of N 
= 1, 2, 3, 4, 7 or 10 Co and TiN layers, as labeled. The measured intensity is plotted as solid lines in a 
logarithmic scale as a function of the scattering angle 2θ = 0.1-3° and offset by factors of 10 for clarity 
purposes. The plot includes as dotted line the typical result from curve fitting for N = 2. The N = 1 
sample consists of a single Co layer on top of a 1-nm-thick TiN layer on SiO2/Si(001). Its pattern shows 
a critical angle 2θ = 0.51° ± 0.02°, close to the expected 0.48° for pure Co with a density of 8.9 ± 0.1 
g/cm3. The pattern also shows thickness fringes near 2θ = 0.95° and 1.11°, indicating a Co thickness 
of 55.2 nm, in reasonable agreement with the nominal 50 nm. The N = 2 sample shows a qualitatively 
similar pattern. However, its critical angle 2θ = 0.47° ± 0.02° is moved to a slightly lower angle and 
the fringes are less pronounced, which is attributed to a relatively high interface and surface 
roughness. More specifically, the data fitting for this sample (red dotted line) indicates a multilayer 
with two Co-layers with a 4.1 nm interface roughness. The patterns from the multilayers with 
increasing N = 3, 4, 7 and 10 indicate a continued decrease in the critical angle to 2θ = 0.45°, 0.40°, 
0.34° and 0.32°. This is attributed to a decreasing effective overall multilayer density associated with 
an increasing volume fraction of the lower-density TiN within the multilayer in combination with 
the possible development of an underdense microstructure associated with Co renucleation at each 
TiN interface, leading to a decreasing grain size with increasing N, as discussed below. In addition, 
the fringes near 2θ = 1° become less pronounced for N = 3 and 4, and cannot be detected for N = 7 and 
10. This indicates an increasing Co/TiN interface roughness with increasing N. The patterns from the 
N = 4, 7, and 10 multilayers exhibit broad (weak) features with maxima at 1.3° and 2.4° which are 
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attributed to superlattice fringes [13,44]. Data fitting cannot uniquely determine the associated 
superlattice periods (nominally: 13.5, 8.1, and 6.0 nm) from these fringes due to their low intensity 
above the background noise. 

 
Figure 1. X-ray reflectivity curves from 50-nm-thick Co/TiN multi-layer films containing N = 1 – 10 Co layers. 
The dotted line is the result from curve fitting for N = 2. 

Figure 2 shows grazing incidence x-ray diffraction θ-2θ patterns from six 50-nm-thick Co/TiN 
multilayer films containing N = 1, 2, 3, 4, 7 and 10 Co layers. The measured intensity is plotted in a 
linear scale and the patterns are offset for clarity purposes. The N = 1 pattern shows a relatively strong 
peak at 2θ = 44.5° due to the Co 0002 reflection. Other possible peaks from Co 101ത0 and Co 101ത1 
would be expected at 2θ = 41.6° and 47.4° for a random crystalline orientation. However, they have 
insufficient intensity to be distinguishable from the background noise. This suggests a tendency for 
a 0001 preferential crystalline orientation of the Co layer, since the expected 101ത0 peak intensity from 
Co with randomly oriented grains is similar to the 0002 intensity, while the Co 101ത1 reflection for 
randomly oriented grains is even expected to be four times stronger than the Co 0002 (JCPDS Card 
No. 01-071-4239). We note that the 0001 out-of-plane crystalline alignment is relatively weak since 
GIXRD measures the 0001 planes with a 20° tilt with respect to the surface normal and symmetric 
XRD θ-2θ scans (not shown) could not detect any Co peaks due to low intensity, suggesting 
considerable grain misalignment in combination with a small grain size and/or low crystalline 
quality. Increasing the number of Co layers to N = 2, 3, 4, 7 and 10 results in qualitatively and 
quantitatively similar GIXRD patterns, indicating that the degree of crystalline alignment is 
independent of the number of Co/TiN interfaces, which is important for the interpretation of the 
transport results presented below. This is further illustrated in the inset of Figure 2, which shows 
higher resolution and higher signal-to-noise ratio GIXRD scans of the Co 0002 peak from the N = 1 
and N = 10 samples. Their full width at half-maximum (FWHM) peak widths of σ = 0.70° and 0.73° 
are nearly identical. This corresponds to x-ray coherence lengths ξ = λ/(σ cos θ) = 13.1 and 13.6 nm, 
respectively. These coherence lengths measured by GIXRD are for a direction perpendicular to the 
0001 planes, that is at a 20° tilt with respect to the surface normal. We note that ξ is larger than the 
dCo = 5 nm Co layer thickness for the N = 10 sample, indicating that crystalline grains are larger 
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(approximately along the growth direction) than individual Co layers, suggesting that the Co/TiN 
interfaces exhibit local epitaxy or the nominally 1-nm-thick TiN layers are not continuous such that 
Co grains may extend across 2-3 layers. This suggests some Co-TiN interfacial intermixing, which is 
consistent with the interface roughness > 4 nm measured by XRR.   

 
Figure 2. Grazing incident X-ray diffraction patterns from 50-nm-thick Co/TiN multilayer films with N = 1 – 10 
Co layers. The inset shows the 0002 peak widths of 0.70° and 0.73° from the N = 1 and N = 10 samples, 
respectively. 

Figure 3 is a plot of the resistivity ρ of Co/TiN multilayers vs the thickness dCo of individual Co 
layers within the multilayers. The blue triangle and red square data points are the resistivity 
measured at 77 and 293 K, respectively, and the lines through the data points are the result from 
curve fitting using a combined Fuchs-Sondheimer and Mayadas-Shatzkes model, as discussed below. 
The room temperature resistivity decreases from ρ = 36.6 µΩ-cm for dCo = 5.1 nm to ρ = 30.9, 26.9, 25.5, 
19.6 and 14.4 µΩ-cm for dCo = 7.3, 12.8, 17.0, 25.5 and 51.0 nm, corresponding to multilayer films with 
N = 10, 7, 4, 3, 2, and 1 Co layers, respectively. The resistivity at 77 K shows a similar decrease with 
increasing dCo, from 24.6 to 21.3, 17.0, 14.0, 11.4 and 6.9 µΩ-cm. These values are lower than at 293 K, 
which is due to the reduced electron phonon scattering at low temperatures. The resistivity difference 
Δρ between the two plotted data sets in Figure 3 decreases from 12.0 to 7.5 µΩ-cm with increasing 
dCo, indicating that Matthiessen’s rule for additive resistivity contributions from electron-phonon and 
other scattering processes does not apply to our Co/TiN multilayers. The average measured Δρ = 9.8 
µΩ-cm is 67% larger than the reported Δρ = 5.82 µΩ-cm for bulk Co, based on ρ = 6.37 µΩ-cm at 293 
K and ρ = 0.55 µΩ-cm at 77 K. The larger Δρ for the multilayers are likely due to a reduction in the 
effective cross-sectional area of conducting Co caused by Co/TiN interfacial intermixing. More 
importantly, all multilayers have resistivities that are well above the reported bulk values. This is 
attributed to electron scattering at Co/TiN interfaces and at grain boundaries as quantitatively 
discussed in the following.  
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Figure 3. Resistivity ρ vs individual Co layer thickness dCo in 50-nm-thick Co/TiN multilayer films measured at 
77 and 293 K. The solid lines are results from curve fitting using Eq. (1). 

We describe the measured ρ vs dCo in our multilayers using a parallel conductor model, where 
each Co layer acts as an individual conductor such that the multilayer resistivity becomes identical 
to the resistivity of each individual Co layer. This approach neglects the electron transport in the TiN 
interlayers as well as their thickness, which are expected to be negligible as discussed before. The 
resistivity of an individual Co layer with thickness dCo is described by a combined Fuchs-Sondheimer 
(FS) [30,47] and Mayadas-Shatzkes (MS) [48] model for surface and grain boundary scattering, 
respectively, yielding the approximate expression: 

                   𝜌஼௢ ൌ 𝜌௢ ൅ 𝜌௢𝜆஼௢ ቂ ଷସௗ಴೚ ሺ1 െ 𝑝ሻቃ ൅ 𝜌௢𝜆஼௢ ቂ ଷோଶ஽ሺଵିோሻቃ.    (1) 

This equation contains multiple correlated parameters which cannot all be independently 
determined by direct data fitting. Thus, for the data analysis in this paper, we fix all parameters based 
on previously reported values with the exception of the grain size D, which is determined by the 
fitting procedure. More specifically, the bulk resistivity ρo is kept fixed at 0.55 and 10.34 µΩ-cm for 
77 and 293 K, respectively, where the former is the reported bulk resistivity ρo,77K at 77 K [38] and the 
latter is the sum of ρo,77K plus our measured average Δρ = 9.79 µΩ-cm due to phonon scattering, as 
discussed above. The probability p for specular scattering at the Co/TiN interfaces is set to zero for 
all samples and at all temperatures, assuming completely diffuse interface scattering, based on the 
reported diffuse electron scattering at Co-TiN interfaces [15]. The product of bulk resistivity times 
electron mean free path ρo×λCo is fixed to the previously reported value of 12.2 ×10-16 Ωm2 [22], which 
is independent of temperature and corresponds to a Co bulk electron mean free paths λCo = 11.7 nm 
at room temperature and λCo = 220 nm at 77 K. The average electron grain boundary reflection 
probability in Co is set to R = 0.3 for all samples and temperatures, based on previously reported 
studies [49–52]. The solid blue and red lines in Figure 3 are the result from curve fitting to the 77 and 
293 K data. This is done using Eq. (1) with the above discussed fixed parameters while the grain size 
D is the only free fitting parameter. D is expected to increase with dCo, following a power law D ∝ dCon 
as common for polycrystalline film growth [53]. Thus, our fitting procedure includes (i) estimation of 
D using Eq. (1) for each sample and temperature, (ii) taking the average of the estimated D at 77 and 
293 K for each given sample, and (iii) curve fitting of these average D values with the power law. This 
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process yields a growth exponent n = 0.4, matching typical values for thin film deposition at relatively 
low homologous temperatures [53] as is the case for Co deposition at Ts = 400 °C with a melting point 
Tm = 1495 °C, corresponding to a homologous temperature of 0.38. The resulting grain size increases 
(as expected) monotonously with increasing dCo from 4.9 nm for dCo = 5.1 nm to D = 19.7 nm for dCo = 
51 nm. The blue and red curves in Figure 3 describe the measured data well, indicating that Eq. (1) 
which accounts for both interface and grain boundary scattering can simultaneously describe the low 
temperature and room temperature resistivity. We note that additional microstructural features such 
as interface roughness or interfacial intermixing may also contribute to the resistivity but are not 
explicitly accounted for in Eq.  (1). That is, they are effectively accounted for by the surface and grain 
boundary scattering terms which, in turn, become “effective” scattering contributions. More 
quantitatively, surface and grain boundary scattering contribute 9.1 and 15.9 µΩ-cm to the room 
temperature resistivity of the dCo = 5.1 nm sample, corresponding to 88% and 154% of 10.34 µΩ-cm 
due to bulk scattering. In contrast, the corresponding values for the dCo = 51 nm sample are only 9% 
and 39%. These values demonstrate the large effect that TiN liners can have on the Co resistivity and 
that this effect is not only due to diffuse surface scattering but also compounded by Co renucleation 
at the Co/TiN interfaces, resulting in a small Co grain size and a correspondingly large resistivity 
contribution from grain boundary scattering. 

Figure 4 shows x-ray diffraction θ-2θ patterns from two bilayer and one trilayer stacks deposited 
on Al2O3(0001) at 600 °C. Each stack has a total thickness of 75 nm and their layer sequence is 
illustrated in the schematics on the right. The measured intensity is plotted on a logarithmic scale and 
the patterns are offset by factors of 10 for clarity purposes. All three patterns show a double-peak 
feature at 2θ = 41.70° and 41.80° due to the Al2O3 0006 substrate reflections of the CuKα1 and CuKα2 

lines. The red pattern from the bilayer structure with 45 nm TiN on top of 30 nm Co shows a peak at 
2θ = 44.38° which is attributed to Co 0002 and corresponds to an out-of-plane lattice parameter of 
0.4081 nm. The blue pattern from the Co/TiN/Al2O3(0001) sample shows peaks at 2θ = 36.85° and 
44.31° which are attributed to TiN 111 and Co 0002 reflections. The Co 0002 peak intensity is half as 
strong as that from the TiN/Co/Al2O3(0001) sample, indicating a degradation in the cobalt crystalline 
quality and/or 0001 crystalline alignment when Co is deposited on TiN 111 instead of directly on 
Al2O3(0001). The pink pattern from the trilayer stack where 30 nm of Co is sandwiched between two 
22.5-nm-thick TiN layers shows the same TiN 111 and Co 0002 peaks at 2θ = 36.92° and 44.31. The 
TiN 111 peak intensity is as strong as the TiN 111 reflection from the Co/TiN/Al2O3(0001) sample, but 
the Co 0002 intensity is 3 times weaker than for the Co/TiN/Al2O3(0001) sample, indicating a further 
Co crystal degradation after depositing a TiN layer on the top. Two additional peaks at 2θ = 37.31° 
and 43.59 are attributed to 022 and 111 reflections from the intermediate alloys Co2Ti and Co3Ti, 
respectively [54]. This suggests an increased level of Co-Ti intermixing which is attributed to the 
presence of two Co/TiN interfaces in the trilayer structure. The inset in Figure 4 shows a Co 0002 ω-
rocking curve from the TiN/Co/Al2O3(0001) bilayer, obtained using 2θ = 44.50° corresponding to the 
Co 0002 peak position. The peak has a FWHM of 0.05°, indicating strong Co[0001] crystal alignment 
along the growth direction, consistent with previous reports on the epitaxial growth of 
Co(0001)/Al2O3(0001) [38,55]. We note that comparable measurements on the other two samples does 
not yield sufficient signal-to-noise ratio to determine the rocking curve width, consistent with the 
lower intensity of the Co 0002 peaks in the θ-2θ scans, and the corresponding lower crystalline quality 
and crystalline alignment.  
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Figure 4. XRD θ-2θ patterns from 75-nm-thick Co/TiN bilayer and trilayer stacks deposited on Al2O3(0001) at 
600 °C. The inset shows the ω rocking of the Co 0002 peak for TiN/Co/ Al2O3(0001). 

Table I shows the measured sheet resistances Rs from the three 75-nm bilayer and trilayer 
samples discussed above, and also from a single 45-nm-thick TiN/Al2O3(0001) and a single 30-nm-
thick Co(0001)/Al2O3 (0001) layer. Rs = 23.8 Ω/sq from the TiN layer yields a resistivity ρTiN = 107 µΩ-
cm for a TiN layer directly deposited on Al2O3(0001). Correspondingly, Rs = 3.3 from the Co layer 
yields a resistivity ρCo = 9.8 µΩ-cm for a Co(0001) layer directly deposited on Al2O3(0001).  

Table I. Sheet resistance Rs from Ti/Co layers deposited on Al2O3(0001). 

    Rs (Ω/sq) 

 TiN / Co / Al2O3(0001) 
4.7 

 45 nm 30 nm  

 Co / TiN / Al2O3(0001) 
8.0 

 30 nm 45 nm  

TiN / Co / TiN / Al2O3(0001) 
18.1 

22.5 nm 30 nm 22.5 nm  

  TiN / Al2O3(0001) 
23.8 

  45 nm  

  Co / Al2O3(0001) 
3.3 

  30 nm  

We use these data in Table I to determine the amount of the intermixed alloy and the resistivity 
increment in the Cobalt layer due to TiN templating which results in crystalline quality degradation 
of the Co layer. For this purpose, a parallel conductor model is applied, where the total sheet 
conductance 1/Rs is the sum of the sheet conductance of the TiN layer, the Co layer and the interfacial 
alloy layer: 

                              ଵோೞ  ൌ ௗ೅೔ಿఘ೅೔ಿ ൅ ௗ಴೚ఘ಴೚ ൅ ௗೌఘೌ. (2) 

Here, ρTiN, ρCo and 𝜌௔ are the resistivities of TiN, Co, and the interfacial alloy, while dTiN, dCo  

and da are the corresponding layer thicknesses, respectively. We note that ρTiN and ρCo are a function 
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of the microstructure and depend on the underlaying layer. We assume that the interfacial 
intermixing causes an equal reduction of the thickness of adjacent TiN and Co layers. Thus, for bilayer 
structures dTiN = (45- da/2) nm and dCo = (30- da/2) nm, while the total thickness remains 75 nm. We first 
consider the bilayer sample TiN/Co/Al2O3(0001). The Co layer is directly deposited on the 
Al2O3(0001), such that we expect its resistivity to match that of the Co/Al2O3(0001), i.e. ρCo = 9.8 µΩ-
cm. The resistivity of the interfacial alloy is fixed at 𝜌௔  = 145 µΩ-cm, based on the previously 
reported studies [56], while the resistivity of TiN which is deposited on top of Co is expected to be 
larger than that of TiN/Al2O3(0001) and within the large range of previously published TiN 
resistivities [57,58], such that ρTiN for this sample is between 107 and 300 µΩ-cm. Using an arbitrary 
“average” value of 200 µΩ-cm and solving Eq. 2 for the interfacial alloy thickness yields da = 24.8 nm. 
We note that there is a relatively large uncertainty in both at 𝜌௔ and ρTiN. However, because these 
resistivities are much larger than ρCo, the majority of the current is flowing through the Co layer and 
the calculated da is relatively unsensitive to the exact values for 𝜌௔ and ρTiN. For example, changing 
the TiN resistivity by 50 µΩ-cm to ρTiN = 150 or 250 µΩ-cm results in da = 26.0 or 24.1 nm, respectively, 
with both values within 1.2 nm from the calculated da = 24.8 nm.  

 We consider now the Co/TiN/Al2O3(0001) bilayer sample. Here the TiN layer is directly 
deposited on Al2O3(0001) such that it has an expected resistivity ρTiN = 107 µΩ-cm. In contrast, ρCo is 
unknown because it is deposited on TiN, which causes a degradation of the Co crystalline quality, as 
presented in Figure 4. However, it is reasonable to assume the same level of TiN-Co interfacial 
intermixing for the Co/TiN/Al2O3(0001) and the TiN/Co/Al2O3(0001) samples. Thus, we know from 
above da = 24.8 nm and the only unknown in Eq. (2) becomes ρCo. Solving for ρCo yields 22.7 µΩ-cm. 
This is 2.3× larger than ρCo = 9.8 µΩ-cm from Co directly deposited on Al2O3(0001). That is, the 
degradation in the crystallin quality of Co deposited on TiN results in a doubling of the Co resistivity, 
which is consistent with the steep resistivity increase with decreasing dCo shown in Figure 3.  

Lastly, we consider the trilayer stack. Based on the analyses from the bilayers we set ρCo = 22.7 
µΩ-cm, ρa = 145 µΩ-cm, and ρTiN = 107 and 200 µΩ-cm for the bottom and top TiN layers, respectively. 
The intermixing at the two TiN-Co interfaces is assumed to be equal to that of the TiN-Co interfaces 
in the bilayer structures. Therefore, da = 24.8 nm, dTiN = (22.5 - da/2) nm = 10.1 nm for both bottom and 
top TiN layers, and dCo = (30- da) nm = 5.2 nm. We note that the relative uncertainty in these numbers 
is large. In particular, these numbers suggest a negligible Co thickness of 5.2±2 nm, which is 
consistent with the weak XRD Co peak for this sample shown in Figure 4. Nevertheless, using these 
numbers and an expression similar to Eq. (2) yields an expected sheet resistance for the trilayer 
structure of 14.0 Ω/sq. This agrees (within 23%) with the measured Rs = 18.1 Ω/sq, indicating that the 
quantitative resistance analyses are successful. 

4. Conclusions 

Co/TiN multilayers are deposited on SiO2/Si(001) at 400 °C by sputtering alternating Co and Ti 
sources with Ar and N2 processing gases. X-ray reflectivity measurements indicate an increasing 
Co/TiN interface roughness with an increasing number of multilayer periods. X-ray diffraction 
measurements suggest that Co grains penetrate discontinuous nominally-1-nm-thick TiN layers. The 
multilayer resistivity increases with decreasing thickness of individual Co layers. This is caused by 
compounding effects from increasing interface and grain boundary scattering, resulting in a room-
temperature resistivity that is 254% above that for bulk Co for dCo = 5.1 nm. Co/TiN bilayer and trilayer 
stacks deposited on Al2O3(0001) at 600 °C reveal Co/TiN interfacial intermixing and the formation of 
Co2Ti and Co3Ti alloy phases which cause a considerable increase in the contact resistance. In 
addition, Co deposited on TiN has a lower crystalline quality and a 2.3× higher resistivity than Co 
directly deposited on Al2O3(0001), confirming the negative impact of TiN liners on the Co 
conductivity. The overall results show that TiN liners cause a dramatic resistivity increase in Co 
interconnects due to diffuse surface scattering, interfacial intermixing/roughness, and Co grain 
renucleation at Co/TiN interfaces.  
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