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ABSTRACT

The temperature coefficients of the resistivity (TCR) of Cu, Ru, Co, Ir, and W thin films have been investigated as a function of film
thickness below 10 nm. Ru, Co, and Ir show bulk-like TCR values that are rather independent of the thickness, whereas the TCR of Cu
increases strongly with the decreasing thickness. Thin W films show negative TCR values, which can be linked to high disorder. The results
are qualitatively consistent with a temperature-dependent semiclassical thin-film resistivity model that takes into account phonon, surface,
and grain boundary scattering. The results indicate that the thin-film resistivity of Ru, Co, and Ir is dominated by grain boundary scattering,

whereas that of Cu is strongly influenced by surface scattering.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015048

The perennial scaling of complementary metal-oxide-
semiconductor (CMOS) circuits requires the equal miniaturiza-
tion of the interconnect wires that link individual transistors.' ”
Today, interconnect dimensions have reached about 15nm and
are expected to reduce below 10nm in the near future. At such
small dimensions, the currently used Cu metallization suffers
from a strongly increased resistance due to finite size effects of
the resistivity’ and scaling limitations of the barriers and liners
required to ensure the interconnect reliability.”® As a result, the
overall performance of CMOS circuits is increasingly limited by
the interconnect.” This has prompted much research to find
alternative metals that could replace Cu with both improved
reliability and resistivity at small dimensions. Recently, this has
led to the introduction of Co in local interconnects.”

Although Cu has a lower bulk resistivity than the proposed alter-
native metals, it has been argued””'’ and later experimentally
observed'"'” that metals with a shorter mean free path of the charge
carriers can outperform Cu in thin films or narrow wires due to a
reduced sensitivity to surface and grain boundary scattering. However,
there is still no consensus on the relative importance of the various
scattering contributions and their material dependence. The under-
standing of the relative importance of scattering mechanisms is crucial
for the optimization of the interconnect resistance, and thus, a simple

and robust measurement methodology is desirable. Typically, surface
and grain boundary scattering has been modeled as a function of film
thickness and grain size within semiclassical approaches,'” '® but the
disentanglement of the different scattering contributions is not
straightforward since the resulting thickness dependences are rather
similar and Matthiessen’s rule does not apply.”'® Temperature-
dependent resistivity measurements have been proposed as a possible
improvement'” '’ since semiclassical models describe the thin-film
resistivity by the ratio of film thickness or grain size to the mean free
path of the bulk metal. The mean free path varies with temperature,
and therefore, temperature-dependent resistivity measurements can be
used to test the applicability and consistency of semiclassical models
and their parameters beyond the description of the simple thickness
dependence of the resistivity. Moreover, it has been shown that
temperature-dependent resistivity measurements are capable of distin-
guishing qualitatively between dominant surface and grain boundary
scattering. Concretely, dominant surface scattering typically leads to a
stronger temperature dependence of the resistivity, whereas grain
boundary scattering leaves it unaffected.'” However, only a few
temperature-dependent thin-film resistivity measurements have
been reported on a limited set of materials, and the experimental
results have not been yet systematically compared to semiclassical
models.”” ** Hence, no consistent picture has emerged yet.
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FIG. 1. (a) 20-w x-ray diffraction pattern of the studied 10 nm thick metal films, as indicated. (b) Grazing-incidence x-ray diffraction pattern of the 3 nm thick W film. Plan-view
dark-field scanning transmission electron micrographs of 10 nm thick (c) Co, (d) W, and (e) Ir films. (f) and (g) show plan-view bright-field transmission electron micrographs of

10 nm thick Cu and Ru films, respectively.

Here, we report on the temperature coefficients of the resistivity
(TCR) of Cu, Ru, Co, Ir, and W films with thicknesses between 3 and
10 nm. The experimentally measured linear TCR values at room tem-
perature are compared with the results of a temperature-dependent
semiclassical model for thin-film resistivities. Good qualitative agree-
ment between experiment and model was observed although the
magnitude of the observed variation was different for Cu. This demon-
strates both the relevance and the quantitative limitations of semiclas-
sical models to describe thin-film resistivities.

All films were deposited by physical vapor deposition (PVD) in a
Canon Anelva EC7800 system at room temperature on 300 mm Si
(100) wafers. Prior to metal deposition, a 100 nm-thick thermal SiO,
was grown to ensure electrical isolation. Ru, Ir, and W were directly
deposited on SiO,, whereas Co and Cu were sandwiched between
1.5nm thick TaN layers in situ to avoid oxidation in air. The parallel
conductance of the TaN layers was negligible. Film thicknesses were
determined by a combination of x-ray reflectivity and Rutherford
backscattering spectrometry. X-ray diffraction [XRD, 20-» geometry,
Cu Ko radiation, Fig. 1(a)] indicated that the films were polycrystalline
with strong (111), (110), and (001) texture for the fcc (Cu, Ir), bec
(W), and hep (Co, Ru) metals, respectively. For W, the appearance of
the f-W phase was observed for the thinnest films by grazing-
incidence x-ray diffraction [GIXRD, w = 0.3°, Cu Ku radiation,
Fig. 1(b)]. The rms surface roughness measured by atomic force
microscopy was 3-5A for all films (not shown). Linear intercept
lengths between grain boundaries were determined from plan-view
transmission electron micrographs [Figs. 1(b)-1(f)]."* Thin-film resis-
tivities were obtained using both patterned Hall bars and sheet resis-
tance measurements. The TCR was obtained from the Hall bar
resistivity at temperatures between 25 °C and 125 °C. In the studied
temperature window, the resistivity was found to increase linearly with
temperature within experimental precision, i.e., the TCR was approxi-
mately constant.

Figure 2 shows the measured resistivities of the different metal
thin films at room temperature as a function of their thickness. For all

cases, the resistivity increased with the decreasing thickness due to
increasing contributions of surface and grain boundary scattering in
thinner films. For thicknesses of 5nm and above, Cu had clearly the
lowest resistivity. However, for 3 nm thick films, resistivities of alterna-
tive metals (except W) became comparable, consistent with previous
reports.'” This has been explained by the longer mean free path of
Cu with respect to the other metals,'” which renders Cu much
more sensitivity to finite size effects. Figure 3 shows the experi-
mentally determined TCR of the same set of thin films as a func-
tion of their thickness. The TCR of Cu was close to the bulk value
of 6.6 x 1073 uQ cm? for the thickest film but increased strongly
as the film thickness decreased. For 3 nm thick Cu, the TCR was
about 70% higher than the bulk value. TCR values for Ru, Ir, and Co
films were close to bulk values™ for thicknesses between 10 and
5 nm, with some reduction below the bulk value for the thinnest Ru
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FIG. 2. Experimental room-temperature resistivities of the studied thin films as a
function of their thickness.
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FIG. 3. Experimental TCR values near room temperature of the studied thin films
as a function of their thickness. The boxes on the right hand side of the graphs indi-
cate the range of bulk TCR values in Ref. 25.

(by about 10%) and Co (by about 20%) films. For Ir, this decrease
was absent and even the thinnest film showed a bulk-like TCR
within experimental accuracy. By contrast, the behavior of W was
distinctly different [Fig. 3(b)]. While the TCR was close to the bulk
value for the 10nm thick film, it decreased sharply with the
decreasing thickness to a strongly negative value at a film thickness
of 3nm.

To shed light on the experimental observations, the temperature
dependence of the thin-film resistivity was calculated using a semiclas-
sical model based on the work of Mayadas and Shatzkes (MS).! 1920
In the MS model, the thickness dependence of the resistivity in the
presence of surface and grain boundary scattering is given by

1 6 /2 cos?p
. J -
Puss {PGB nkpo( ?) Jo ¢ 1 H(o,t)

11\ 1— koo |7
(5= ) s M
t3 tS 1— pefktH((pr,t)
with the abbreviations pgg = po[1—30/2+ 30 — 30’ In (1 +1/a)] ",
a—fg—“%, and H(¢,t)=1+a/cospy/(1—1/t?). Here, p, is the bulk
resistivity of the metal, h is the film thickness, 4 is the mean free
path of the charge carriers, k=h//, and g is the mean linear inter-
cept length between grain boundaries. 0 <R <1 is the grain bound-

ary reflection coefficient and determines the strength of grain
boundary scattering. The parameter p describes the scattering at the

scitation.org/journal/apl

surfaces or interfaces of the films with a value of 0 corresponding to
fully diffuse and 1 to fully specular scattering.

The MS model does not depend explicitly on the temperature T,
but implicitly via the bulk mean free path A(T') and the bulk resistivity
0o(T). It has, however, been shown that the product p, x A=A isa
function of the Fermi surface morphology only and can be calculated
by ab initio methods.'”'> Moreover, the product A is independent of
temperature for T < T, with Tr being the Fermi temperature of the
metal. The temperature dependence of the bulk resistivity p,(T) in
the presence of phonon and (weak) impurity scattering can be
described by the Bloch-Griineisen model,

Op/T 5
pO(T) = pimp + CTSJ dxr (2)

X
o (=D —e)
where p;,, describes the residual (temperature-independent) resistivity
due to impurity or point defect scattering. ®p, is the Debye tempera-
ture, and C is a prefactor that can be determined from the bulk room-
temperature resistivity. In high-purity PVD films, impurity scattering
can be neglected at room temperature. The temperature dependence of
the mean free path A(T) can then be calculated by A(T) = A/p,(T).
This is equivalent to assuming that the carrier density in the metal is
independent of temperature and the temperature dependence of the
resistivity is determined by scattering only, which is generally well
obeyed in metals. Equation (2) then allows for the calculation of A(T),
which, in turn, can be used to calculate the temperature-dependent
thin-film resistivity using Eq. (1).° An analytical model of the TCR
based on this approach has been published by Marom and Eizenberg, "
However, it is straightforward to calculate the temperature-dependent
resistivity numerically using Eq. (1) and to obtain the TCR by differen-
tiation. The materials parameters used for the calculation of the TCR of
the different metal films are listed in Table I.

In general, the calculated TCR decreased weakly (by about 2%)
between 300 K and 400 K, which is below experimental precision, and
therefore, the TCR at 300K is reported for simplicity. Values for the
different metals are shown as a function of film thickness in Fig. 4. For
Co, Ru, and Ir, the calculated TCR values were independent of thick-
ness (less than 5% variation) and within 3% of the calculated bulk
value, in good agreement with the experimental results. This indicates
that the increase in the thin-film resistivity with the decreasing thick-
ness is independent of temperature. Such a behavior has been linked
to cases where the thin-film resistivity is dominated by grain boundary
scattering.'””® The results for Ru confirm a previous analysis of the

TABLE |. Material parameters used for modeling the TCR: room-temperature bulk
resistivity pg 4, room temperature mean free path Jost, temperature-independent
Po X Ao product '2 Debye temperature ®D, grain boundary scattering parameter
R, and surface scattering parameter p.”

Po.rt 20,1t Po X 4o ®p
(uQ cm) (nm) (1071%Q m?) (K) R P
Cu 1.7 39.9 6.70 320 0.22 0
Co 6.2 7.8 4.82 365 0.37 0
Ru 7.8 6.6 5.14 385 0.50 1
Ir 5.2 7.1 3.69 285 0.50 1
W 53 15.5 8.20 320 0.55 0
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FIG. 4. Calculated film thickness dependence of the TCR at 300K for (a) Co, I,
Ru, and W and (b) Cu.

thickness dependence of the Ru thin-film resistivity,'” indicating the
dominance of grain boundary scattering. Similar to scattering by point
defects, quantum-mechanical tunneling through grain boundaries is
expected to depend only very weakly on temperature, which is consis-
tent with both the modeled and experimentally observed behavior.

In addition, the increase in the experimental TCR of a 3 nm
thick Cu film by about 70% over the bulk could also be qualita-
tively explained within the semiclassical model. In this model, an
increasing TCR for the decreasing film thickness has been found in
cases of strong contributions of surface scattering to the thin-film
resistivity.”” This confirms a previous analysis of the thickness
dependence of the Cu thin-film resistivity."” However, the mea-
sured increase in the thin-film TCR with respect to the bulk value
was about three times as large as the calculated one. This suggests
that the above semiclassical model only describes qualitative
aspects of the resistivity of thin metallic films in the presence of
surface scattering. Such limitations may stem from various sources,
such as the assumption of an isotropic free electron gas or from the
omission of point defect scattering and quantum confinement
effects in the semiclassical model. These results may also qualita-
tively explain a previous report, which found that the thickness
dependence of the Cu thin-film resistivity required different fitting
parameters p and R at different temperatures.”’ While it cannot be
ruled out that p and R depend indeed on temperature, our findings
suggest that the discrepancies may at least partially stem from limi-
tations of the model to accurately and consistently describe thin-
film resistivities at different temperatures. The results also suggest

scitation.org/journal/apl

that temperature-dependent measurements are well suited to test
the accuracy of future improved models of thin-film or nanowire
resistivity.

By contrast, the negative TCR for W [Fig. 3(b)] cannot be
explained within the semiclassical model for metallic thin films
described above. The semiclassical model predicts that the W thin-
film resistivity increases weakly with the decreasing thickness, which
stems from a nonnegligible influence of surface scattering due to the
relatively long mean free path of W [Fig. 4(a)]. Lower-than-bulk and
even negative TCR values have, however, been observed for highly
resistive metals, especially with resistivities around or above the
Toffe-Regel limit.”” ' The behavior has been attributed to localization
effects due to large disorder and a breakdown of Matthiessen’s
rule between point defect or grain boundary scattering and phonon
scattering.”” ** Charge carrier localization leads generally to a weaker
temperature dependence of the resistivity. Thermal activation effects
when localization energies become comparable to the thermal energy
can even lead to negative TCR values. Moreover, in the case of strong
disorder, contributions of impurity or grain boundary scattering and
phonon scattering are not an addition anymore and cannot be clearly
separated. Since both the semiclassical MS model in Eq. (1) and the
Bloch-Griineisen model in Eq. (2) explicitly assume the validity of
Matthiessen’s rule between phonon and grain boundary or impurity
scattering,16 such effects cannot be described within the above
approach.

For W, the large disorder for the thinnest films may be linked to
the appearance of the high-resistivity f-W phase, as demonstrated in
Fig. 1(b). The formation of /-W has been typically observed for PVD
films below a certain critical thickness, typically between 5 and
20nm,”** depending on the deposition conditions. We note that
such negative TCR values were not observed for W deposited by
chemical vapor deposition.”

The same disorder and localization effects leading to the
breakdown of Matthiessen’s rule between point defect or grain
boundary scattering and phonon scattering may also explain the
observed reduction of the TCR of the thinnest Ru and Co films.
Films deposited by PVD often contain a disordered nanocrystalline
interface layer at the substrate due to random nucleation, limited
adatom mobility, and/or high stress. The disorder in such ultrathin
nanocrystalline may be not only due to point defects but also due
to a high density of grain boundaries. All these effects can lead to
(weak) localization of the charge carriers close to the interface and
the observed reduction of the TCR.

In conclusion, we have studied the TCR of Cu, Co, Ru, Ir, and W
thin films with thicknesses between 3 and 10 nm. The TCR of Co, Ru,
and Ir was bulk-like except for the thinnest films, where the TCR was
slightly reduced. By contrast, the TCR of Cu increased with the
decreasing thickness and became larger than the bulk value. These
observations could be qualitatively explained by a semiclassical model
for the temperature dependence of the thin-film resistivity. In agree-
ment with a previous analysis of the thickness dependence of the thin-
film resistivity, * the model was consistent with the predominance of
grain boundary scattering in Co, Ru, and Ir, whereas the behavior of
Cu was influenced by a strong contribution of surface scattering. By
contrast, the TCR of W became strongly negative for the thinnest
films, indicating the presence of strong disorder, presumably due to
the appearance of the high-resistivity f-W phase.
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The results indicate that semiclasssical thin-film resistivity mod-
els'® can describe the TCR qualitatively without the need for assuming
temperature-dependent model parameters. However, the models fail
to describe the measured thickness- and temperature-dependence
quantitatively in a consistent way for predominant surface scattering.
This hints toward limitations of such semiclassical models to describe
the resistivity of thin metallic films in all cases fully quantitatively.
Improved models, e.g., taking the band structure into account, may
thus be required for a quantitative consistent picture of the thin-film
resistivity and its thickness and temperature dependence.
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