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Abstract

The electron reflection probability 7 at symmetric twin boundaries X3, X5,
39 and X11 is predicted from first principles for the eight most conductive face-
centered cubic (fcc) metals. 7 increases with decreasing interplanar distance of
atomic planes parallel to the boundary. This provides the basis for an extrapolation
scheme to estimate the reflection probability 7, at random grain boundaries which
is relatively small, - = 0.28-0.39, for Cu, Ag, and Au due to their nearly spherical
Fermi surfaces, but approximately two times higher for Al, Ca, Ni, Rh, and Ir with
a predicted »» = 0.61-0.72. The metal resistivity in the limit of small randomly
oriented grains with fixed average size is expected to be proportional to the
materials benchmark quantity poAxr/(1-r,), where p, and 4 are the bulk resistivity
and bulk electron mean free path. Cu has the lowest value for this quantity,
indicating that all other fcc metals have a higher resistivity in the limit of small
randomly oriented grains. Thus, the conductivity benefit of replacement metals for
narrow Cu interconnect lines can only be realized if the grains are larger than the
line width or exhibit symmetric orientation relationships where < r;.

The electrical resistivity p of polycrystalline metals increases with decreasing average grain
size D.!™* This resistivity size effect has been a topic of research for multiple decades”® but has
recently gained considerable attention® '® because the resistance of interconnect wires in integrated
circuits causes signal delay and power consumption that limits continued device downscaling.?
The resistivity increase in interconnects is attributed to both electron scattering at surfaces'’2* and
grain boundaries.?*? In this letter, we focus on the latter, which becomes dominant if the grain
size 1s reduced to below the bulk electron mean free path 4 which is, for example, 39 nm for copper
at room temperature.’® Multiple metals have been proposed as Cu replacement options for
interconnects®?>* because they have smaller A values and may therefore exhibit a less pronounced
resistivity increase.?**>=’ However, the resistivity contribution from grain boundary scattering is
also affected by the electron reflection probability, as described by the classical model by Mayadas
and Shatzkes (MS).” An approximate form of the MS-model predicts the resistivity p of a
polycrystalline metal to increase with decreasing average grain size D according to:’

p=ro1 4353 0

where po is the bulk resistivity and R is an effective mean reflection probability at the grain
boundaries. Eq. (1) indicates that grain boundaries cause an additive contribution to the resistivity

peb = 1.5%poA/DxR/(1-R) and that the resistivity contribution from grain boundaries is therefore
proportional to the material parameter poAxR/(1-R). We propose to use this parameter as a
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descriptor to search for interconnect metals because the metal with the smallest poAxR/(1-R) is
most conductive in the limit of a small but fixed grain size. The pre-factor po/ has been the focus
of multiple studies which compare the po4 product for different conductors to evaluate their
potential for narrow high-conductivity wires.!®*>33 In contrast, much less is known about the
grain boundary reflection coefficient R, which is similarly important in predicting promising
metals for narrow interconnects.>40-44

Measurements of the grain boundary reflection probability is challenging because pgb
depends on the grain orientation distribution’>* which is affected by the materials synthesis
process.**® As a result, R is commonly used as an empirical parameter which is obtained from
fitting experimental data with Eq.(1).%-%%-* Direct observations of the specific resistance of
individual Cu grain boundaries has been achieved using four-point probe transport measurements
with conducting scanning probe microscopy tips which detect discrete potential jumps AV =
(I/GoA) * /(1 - r) when moving across a grain boundary. G, is the specific ballistic conductance
and / is the current flowing through a wire with a cross-sectional area 4.>5°8 We note, r is here the
reflection probability at one specific measured boundary, and is different at boundaries with
different orientations and relative grain tilts. In contrast, R in Eq.(1) represents an effective mean
probability for all boundaries (with different ») in a specimen. First-principles calculations have
been used to determine the reflection probability at specific high-symmetry grain boundaries for a
variety of metals including Cu,*+*®1 AL,5> W 6 Pt, Rh, Ir and Pd.%* Such calculations typically
use coincidence site lattice (CSL) grain boundaries which are defined by the lattice sites that are
shared by two periodic lattices which are rotated with respect to each other. Most frequently
studied are the twin boundaries X3, X5, X9 and X11 where the X value corresponds to the inverse
of the coincidence site density.*> %1% These symmetric boundaries have a relatively low
boundary energy and are therefore commonly found in Cu interconnects and other FCC
crystals.*6%6% We propose that their calculated  can be used as a benchmark to compare the grain
boundary reflection of different metals. Thus, in this work, we use first-principles calculations to
predict  at £3, X5, X9 and 211 grain boundaries of the most conductive fcc metals, namely Cu,
Ag, Au, Al, Ca, Ni, Rh and Ir. We also provide a first order approximation of their random grain
boundary reflection probability 7: by extrapolation from the four calculated specific » values,
yielding the benchmark quantity poAxr/(1-r;) for direct metal comparison.

Density functional theory calculations of CSL grain boundaries are carried out with the
Quantum ESPRESSO package,’>%® using a plain-wave basis set, the Perdew-Burke-Ernzerhof
exchange correlation functional,’” projector augmented wave pseudo potentials taken from the
Quantum ESPRESSO PSlibrary,% k-point meshes with a spacing smaller than 0.05 27/a where a
is the (conventional) lattice constant taken from the Virtual Nanolab database, and a Methfessel-
Paxton smearing with a spreading value of 0.002 Ry. Spin-polarization is not accounted for, which
is expected to only affect the reliability of the results on Ni. Super cells containing two grain
boundaries of the same kind are constructed in order to apply periodic boundary conditions for the
self-consistent electronic structure and structural relaxation calculations. The length L of the super
cell along the normal of the grain boundaries is four times the length of the unit vector in that
crystallographic direction, with the two grain boundaries located at 0.25L and 0.75L. Each plane
parallel to the grain boundaries contains one atom within the super cell. All atoms within a distance
of a/2 away from the grain boundaries are relaxed from their original geometric positions, which
are defined by the boundary type (£3, £5, £9 or £11) as described in previous literature.’**%* Details
on the atomic positions and schematics of the grain boundaries are provided as supplementary
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material. Subsequent electron transport simulations use half of the super cell (containing one grain
boundary) as the scattering region. They are done with the Complex Band Structure (CBS)
approach implemented in the PWCOND package,’>’° using a 60x60 two-dimensional k-point
mesh to determine the transmission coefficient. Simulated systems consist of a scattering region
with one grain boundary which is perpendicular to the transport direction and two electrodes which
are semi-infinite bulk crystals oriented and positioned to perfectly match the lattice in the
scattering region on either side of the grain boundary. The reflection probability » = 1-7/T, is
obtained from the calculated transmission coefficient 7 of the scattering region which contains
grain boundaries and the coefficient 7, for defect-free electrodes.

Table 1 lists the calculated electron reflection probabilities at four twin grain boundaries
>3, 25, 29 and X11 for the eight most conductive fcc metals Cu, Ag, Au, Al, Ca, Ni, Rh and Ir.
Evidently, » varies considerably as a function of the grain boundary type for any given metal as
well as between different metals, ranging from 0.01 for the X3 twin boundary in Ag to 0.55 for the
29 boundary in Ni. The values for Cu, Ag, Al, Rh, and Ir can be directly compared to previously
published first-principles predictions.*!-*6-3-6264 which use a range of computational methods and
software packages including the NANODSIM, VASP, Atomistix, or QuantumATK packages
employing various basis sets, atomic relaxation approaches and the non-equilibrium Green’s
function (NEGF) or Boltzmann transport methods to determine ». Our values in Table 1 overall
agree with those from previous studies, with average absolute deviations in r of 0.04 for
Cu, 1365964 0 03 for Ag,*! 0.07 for AL%? 0.06 or Rh,** and 0.05 for Ir.* We attribute the deviations
to the diverse computational approaches, approximations, and unit cell sizes leading to an
estimated computational uncertainty of 5% in the calculated transmission coefficients. The
reported 7 is obtained from the difference between two transmission coefficients, such that the
relative uncertainty can become large for boundaries with small 7, particularly the £3 boundaries
in Cu and Ag. However, independent of some remaining computational uncertainty, the data in
Table 1 1s well suited for direct quantitative comparison of different fcc metals since all values are
calculated with the same approach.

Figure 1 is a plot of the data from Table 1. It is the electron reflection probability at X3, X5,
29 and 11 twin boundaries for the eight most conductive fcc metals Cu, Ag, Au, Al, Ca, Ni, Rh
and Ir, as labeled. The x-axis in this plot is the inverse of the distance d between atomic planes
parallel to the grain boundary, scaled by the lattice constant a of the conventional unit cell, as
discussed below. The plot shows that for a given boundary type, the  value is similar for Cu, Ag,
and Au, but is considerably (2-3x) larger for the other five metals. That is, elements from column
11 have larger boundary transmission probabilities than the other investigated fcc metals. This
may be attributed to the s-character of the bands that cross the Fermi level in Cu, Ag, and Au,
resulting in a relatively weak ionic potential and a correspondingly small electron scattering cross-
section at displaced atoms at the boundary. Alternatively, the relatively spherical Fermi surfaces
for Cu, Ag and Au is expected to result in a high chance for an electron that traverses the boundary
to find an empty state with the same momentum in the neighboring grain, yielding a high
transmission probability.> Secondly, we note that r values of £5 and £9 boundaries are larger than
of £3 and X11 boundaries for most investigated metals. This is attributed to additional atomic
planes formed by the face centered atoms for £5 and 9 boundaries, effectively leading to a smaller
interplanar distance d and an increased perturbation at the boundary. Correspondingly, we sort the
four boundaries in the order X3, 11, £5 and X9 by ranking them according to a decreasing d =
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V3/3 a, V11/11 a, V/5/10 a and 1/6 a, respectively, where a is the conventional FCC lattice
constant. These arguments motivate the reciprocal “1/d” x-axis in the plot.

The data indicates an increasing reflection probability with a decreasing interplanar
spacing, which is attributed to an increasing perturbation of atomic positions near the grain
boundary. More specifically, the investigated twin boundaries can be defined by two crystals that
are separated by a mirror plane: {111} for £3, {120} for 5, {221} for X9 and {113} for X11, as
also shown in the supplementary material. Prior to atomic relaxation, the crystals are perfect on
both sides of the mirror plane. However, the interatomic spacing between atoms from opposite
sides deviates from that of the perfect crystal, resulting in a net force on atoms near the boundary
which is expected to be inverse proportional to their distance. The smallest distance between two
atoms on opposite sides is 2d and, correspondingly, the force is proportional to 1/d. Thus, we
propose a functional form for the resulting atomic displacement of v2a/{4(1 + dc)} where the
proportionality constant ¢ relates the original interatomic distance to the displacement force and
the prefactor v2a/4 is half of the nearest-neighbor distance in fcc crystals which is the expected
maximum displacement. The displacement causes a potential perturbation ¥ which results in
electron scattering and a corresponding reflection probability at the boundary:

1
1+8V

r=1- (2)
Here /3 is a constant that relates the potential perturbation to electron scattering. We expect V to be
proportional to the square of the atomic displacement. Using the above functional form and this
square proportionality yields after some rearrangement:

1

=1 (%—1)(1+cd)2 ' ©)

Here the constant 7, is the reflection in the limit d = 0, which corresponds to a random grain
boundary with Miller indices that are so large that there is no significant in-plane periodicity.

The dashed curves in Fig. 1 are obtained by data fitting using Eq. (3). More specifically,
we fit the data for Cu with two free fitting parameters: »-and c. This yields .= 0.27 and ¢ = 2.6.
The former value is close to the reported effective mean grain boundary reflection probability R =
0.30 for Cu, as determined from the measured resistivity and data fitting using the MS model.**
This good agreement suggests that the experimentally measured average reflection at Cu grain
boundaries matches the reflection probability 7 for a random grain boundary in Cu. However, we
note that there is considerable data scattering in Fig. 1 and, as a consequence, other value pairs for
the two fitting parameters yield similar fit qualities. For example, = 0.30 and ¢ = 3.1 yields a
slightly steeper curve with a similar fit-quality with a y? that is only 1% larger than for the case
above, indicating considerable correlation of the two fitting parameters. Thus, in order to minimize
ambiguity and quantitatively compare the data from the different metals, the geometric parameter
c = 3.1 is kept fixed for all metals, while the material property 7 becomes the single fitting
parameter. This yields the dashed lines in Fig. 1 and 7, values for each investigated metal. We note
that the derivation of Eq. (3) is somewhat speculative and fixing ¢ = 3.1 to obtain - = 0.3 for Cu
is semi-arbitrary. However, the relative metal “ranking” in this study is unaffected by the exact
functional form of Eq. (3) and even a simple linear fit of the data in Fig. 1 yields 7, values that
match those reported in this paper with a maximum deviation of only 2%.
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Table 2 lists the grain boundary reflection coefficient 7. for random grain boundaries
determined using Eq. (3) and the data in Fig. 1. Only Ag has a 7, that is comparable to that of Cu,
while most other fcc metals (Ca, Al, Ni, Rh, Ir) exhibit approximately two times larger values.
This affects the resistivity contribution from random grain boundaries as evaluated using the
previously reported pod values’®3! and the approximate expression from the MS model pgp =
1.5%pod/D*R/(1-R) where we set R = r, to determine the quantity poAxr,/(1-r;) for the eight metals,
as listed in Table 2. This quantity represents the descriptor to benchmark materials according to
their conductivity in the limit of a small but fixed average grain size D. Copper has the smallest
value of 2.9x107'® Qm?, indicating the highest conductivity of all eight investigated metals in the
limit of small randomly oriented grains. The value for Ag is 15% larger, which is attributed to the
larger prefactor poA. All other investigated metals have poAxr/(1-r-) products which are
considerably larger than for Cu, by approximately a factor of two for Au and Rh, a factor of three
for Al and Ir, and factors of four and six for Ni and Ca.

These results suggest that no fcc metal provides a conductivity advantage over copper in
the limit where electron grain boundary scattering is the dominant resistivity contribution, since
Cu shows the smallest predicted resistivity size effect. We note that this is in contrast to previous
studies®***’! which only focus on the pol product as benchmark metrics and correspondingly
predict that Rh and Ir, and theoretically even Al, have the potential to outperform the conductivity
of Cu in the limit of narrow lines. In that context we need to reiterate the two key conditions for
which the calculated poAxr/(1-r,) is an appropriate materials benchmark: (1) The average grain
size is small (D < 1 and D < d) such that pgp is the dominant resistivity contribution. Conversely,
bulk electron scattering dominates over grain boundary scattering if the grain size is comparable
or larger than the bulk electron mean free path 4 and, similarly, surface scattering dominates over
grain boundary scattering if the grain size is comparable or larger than the wire width d. (2) Grains
and boundaries are randomly oriented. Conversely, textured microstructures may result in 7 values
that are well below the extrapolated 7, for random orientations. In addition, annealing of metallic
samples may lead to microstructures which exhibit primarily low-energy grain boundaries that
tend to be high-symmetry boundaries with small r values,**°®*"2 leading to experimental samples
where R < r,, and therefore a pgp that is smaller than predicted.

In summary, first-principles predictions of the electron reflection probability » at high
symmetry 23, 25, X9 and 211 grain boundaries in the eight most conductive fcc metals suggest
that » increases with a decreasing interplanar spacing parallel to the boundary. This correlation is
used to quantitatively compare the eight metals and predict their reflection coefficient 7, at random
grain boundaries. Cu, Ag, and Au have an approximately two times smaller predicted 7, than the
other fcc metals, which is attributed to the nearly spherical Fermi surface for elements of column
11. In the limit of small, randomly oriented grains, the resistivity is dominated by the contribution
from electron scattering at grain boundaries and is proportional to the product poAxr,/(1-r;). This
quantity is smaller for Cu than for all other investigated metals, suggesting that Cu conducts the
best in the limit of small, randomly oriented grains with fixed size. Correspondingly, fcc metals
that are considered as replacement for Cu in narrow interconnect lines are expected to only provide
a conductance benefit if their microstructure minimizes the resistivity contribution from grain
boundary scattering. This may be achieved by either (1) a grain size that is comparable or larger
than the line width or (2) high-symmetry grain boundaries with an effective mean reflection
probability R that is significantly smaller than 7. The latter may be realized with textured
microstructures and/or processing that favors low-energy low-resistivity boundaries.
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Figure 1: Calculated electron reflection probability  at X3, £5, X9 and 211 twin grain boundaries
for eight fcc metals. The x-axis is the inverse of the interplanar distance d for planes parallel to
the grain boundary in units of the reciprocal lattice constant a. The dotted lines are from data
fitting using equation (3).
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Table 1: Predicted electron reflection probability » at X3, X5, £9 and X11 coincidence grain
boundaries for the eight most conductive fcc metals.

metal >3 x5 29 211
Cu 0.06 0.18 0.13 0.07
Ag 0.01 0.15 0.16 0.05
Au 0.03 0.16 0.19 0.21
Al 0.16 0.45 0.34 0.28
Ca 0.23 0.37 0.32 0.35
N1 0.31 0.44 0.55 0.37
Rh 0.15 0.43 0.48 0.30
Ir 0.25 0.53 0.51 0.33

Table 2: Predicted random grain boundary reflection probability 7, product poA taken from Ref.
30, and benchmark material quantity poAxr,/(1- r;) for eight fcc metals.

metal rr (10'1p60/£12m2) p(°/11 :)[rg/gn:zri]
Cu 0.30 6.70 2.9
Ag 0.28 8.46 33
Au 0.39 8.35 5.3
Al 0.61 5.01 8.0
Ca 0.62 11.9 19.1
N1 0.72 4.07 10.5
Rh 0.65 3.23 6.1
Ir 0.72 3.69 9.3
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