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We assess the viability of topological semimetals for application in advanced interconnect technology,
where conductor size is on the order of a few nanometers and grain boundaries are expected to be preva-
lent. We investigate the electron transport properties and grain-boundary scattering in thin films of the
topological semimetals CoSi and CoGe using first-principles calculations combined with the nonequi-
librium Green’s function (NEGF) technique. Unlike conventional interconnect metals such as Cu and
Al, we find that CoSi and CoGe conduct primarily through topologically protected surface states in
thin-film structures even in the presence of grain boundaries. The area-normalized resistance decreases
with decreasing film thickness for CoSi and CoGe thin films both with and without grain boundaries;
a trend opposite to that of the conventional metals Cu and Al. The surface-dominated transport mecha-
nisms in thin films of topological semimetals with grain boundaries does not follow the classic resistivity
size effect, and suggests that these materials may be promising candidates for applications as nanoin-
terconnects where high electrical resistivity acts as a major bottleneck limiting semiconductor device
performance.
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I. INTRODUCTION

Interconnects in advanced technology nodes are sub-
ject to ever-increasing electrical resistivity as physical
dimensions continue to aggressively shrink. This so-called
resistivity size effect is driven in large part by grain-
boundary scattering and surface scattering as interconnect
dimensions shrink below the bulk electron mean free path
[1–4]. High interconnect resistance acts as a bottleneck
in achieving favorable semiconductor device performance
and has motivated the search for alternative metals in
next-generation logic technologies [5–8]. While elemental
metals such as Co, Ru, Mo, and Pt have received consider-
able attention as potential replacements for state-of-the-art
Cu interconnects, topological semimetals have recently
been identified as promising candidates for interconnect
applications due to their unusual scaling properties [9].

Topological semimetals are a class of matter, which
possess nontrivial bulk band-structure topology, yield-
ing disorder-tolerant surface states passing through the
band crossing points [10–13]. Unlike conventional met-
als, in topological semimetals the conduction and valence
bands touch only at discrete nodal points (called Weyl
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nodes when they are twofold degenerate) or along one-
dimensional lines in the Brillouin zone. The band crossing
points in topological semimetals appear in pairs with oppo-
site chirality that are connected to surface states called
Fermi arcs, which are a defining feature of this class of
material [11].

The surface states of topological semimetals can con-
tribute to electron conduction with the same order of
magnitude as bulk states [14], while being robust against
small perturbations such as local defects, impurities, and
minor structural distortions [9]. In thin-film samples of
certain topological semimetals such as CoSi, the surface
conduction dominates over the bulk conduction, result-
ing in a different paradigm of resistivity scaling in sharp
contrast to conventional metals [9].

In conventional metals, electron scattering increases as
thin-film thickness decreases due to the increased contri-
butions of surface scattering and grain boundaries, giving
rise to an increase in resistivity. In topological semimetals,
e.g., CoSi and CoGe, however, we find that the resistivity
decreases with decreasing film thickness, even in the pres-
ence of grain boundaries, owing to their surface-dominated
transport channels. This trend, which is opposite to the
well-known resistivity size effect of conventional met-
als, makes topological semimetals of particular inter-
est for technological applications where conductors with
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critically small dimensions are faced with ever-increasing
electrical resistivity [1,2,4,15]. For this reason, topological
semimetals such as CoSi and NbAs are being explored as
potential replacements for conventional metals such as Cu
in advanced interconnect technology [9,16].

In this paper, we evaluate the electron scattering char-
acteristics at grain boundaries in thin films of two repre-
sentative topological semimetals (CoSi and CoGe, both
of which are prototypical multifold fermion semimet-
als [17–21]) relative to two conventional interconnect
metals (Cu and Al) whose grain-boundary scattering is
already well understood from a theoretical point of view
[22–24]. We find that total electron transmission decreases
with decreasing film thicknesses in conventional metals
as well as topological semimetals whether or not a grain
boundary is present, but with different rates for topolog-
ical versus conventional metals. As a result, in the cases
of CoSi and CoGe, we find that grain-boundary-specific
resistivity (γGB) actually decreases with decreasing film
thickness, whereas the opposite trend is observed for Cu
and Al. This is attributed to the topologically protected
surface states in CoSi and CoGe, which are not as suscep-
tible to the bulklike grain-boundary scattering mechanism
observed in both Cu and Al. These results suggest that
topological semimetals may be promising candidates for
next-generation interconnects with critically small feature
size.

This paper is organized as follows: In Sec. II we discuss
the computational methods employed in our study. In Sec.
III(A), we discuss grain-boundary scattering in the bulk for
conventional metals and topological semimetals. In Sec.
III(B), we then discuss grain-boundary scattering in thin
films of conventional metals and topological semimetals.
Finally, we have concluding remarks in Sec. IV.

II. METHODS

We perform simulations based on density-functional
theory (DFT) as implemented in the Synopsys Quantu-
mATK software package [25]. The generalized gradient
approximation (GGA) is employed for the exchange-
correlation functional [26] and we use a cutoff energy of
75.0 Eh for all elements as well as the double-ζ polarized
basis set, which has been demonstrated to give accurate
results for the metallic elements considered here [27–31].
Spin-orbit interactions are small in these materials, so they
have been neglected in our calculations.

We consider both Cu and Al in the face-centered-cubic
crystal structure with equilibrium lattice constants of 3.61
and 4.05 Å, respectively. We take the simple cubic crystal
structure of both CoSi and CoGe with lattice constants of
4.443 and 4.653 Å, respectively (see Fig. 1 below.) For
ease of comparison, we consider twin (100)/(100) grain
boundaries in all four structures, consisting of two (100)
surfaces with normal vectors antiparallel to one another
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FIG. 1. (a) Unit cell depicting the simple cubic crystal struc-
ture of CoSi and CoGe. (b) Brillouin zone depicting points of
high symmetry. (c) Electronic band structure of bulk CoSi and
(d) CoGe.

(shown later in Sec. II.) Relaxed grain-boundary struc-
tures are obtained by fixing all atoms except for the four
atomic layers closest to the grain-boundary interface. The
fixed atoms are allowed to move as a rigid unit but cannot
relax individually. Lastly, the geometries of all structures
are relaxed until the forces acting on the ions are less than
0.05 eV/Å prior to transport calculations.

We consider unstrained crystals. Recent electronic struc-
ture calculations [32] show that in the presence of biaxial
strain, the multifold fermions of CoSi split into multiple
Weyl fermions. The Fermi arcs located on the (001) sur-
face are found to be robust under strain, at least up to 2%.
Based on this finding, we anticipate that strain will have a
quantitative, but not qualitative, impact on our results.

Quantum transport calculations are carried out using the
nonequilibrium Green’s function (NEGF) approach [33].
Structures used for transport consist of semi-infinite left
or right electrode regions and a central scattering region.
For bulk transport calculations, we use k-point sampling of
11 × 11 × 301 for Cu and Al and sampling of 5 × 5 × 301
for CoSi and CoGe. For thin-film calculations we use k-
point sampling of 1 × 7 × 301 for all structures. We check
that increasing the number of k points affects the calculated
values of transmission by less than 2%.

In the NEGF formalism employed in this work, the
electronic conductance G (per spin channel) is calculated
using the linear-response expression for the electronic cur-
rent I = GV, where V is the small externally applied bias
voltage. In such a scenario

G = 1
R

= e2

h
T(EF), (1)
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where T(EF) = ∑
i Ti(EF) is the total electron transmis-

sion obtained as a sum over Ti(EF) that represents the
electron transmission for a transport channel i; EF is
the Fermi energy of the system; and R is the corre-
sponding resistance. For the thin films considered in our
work, the resistance R helps us to evaluate the so-called
grain-boundary-specific resistivity γGB defined using the
well-established convention [8,22,24,34].

γGB = Athin film(RGB − Rpristine), (2)

where Athin film is the area of cross section of the thin film,
RGB is its resistance in the presence of a grain boundary,
and Rpristine is the corresponding resistance for a pristine
sample where the grain boundary is absent. Equation (2)
allows one to isolate the resistance contribution that orig-
inates solely due to the grain boundary by subtracting out
the Sharvin resistance [35] of the pristine thin films where
grain boundary is absent.

III. RESULTS AND DISCUSSION

We first characterize bulk grain-boundary scattering
in both conventional metals (Cu, Al) and topological
semimetals (CoSi, CoGe) at a representative grain bound-
ary. Since Cu, Al, CoSi, and CoGe all share a cubic crystal
structure, we construct the (100)/(100) grain boundary for
all of them, followed by a characterization of electron
transport across the (100)/(100) grain boundary. We find
the (100) surface of CoSi has the lowest surface energy
(12.8 eV/nm2) relative to other possible surface termi-
nations, which motivates the choice of the (100)/(100)
grain boundary, and the same grain boundary is chosen for
the conventional metals (which have a face-centered-cubic
lattice) for ease of comparison.

A. Electron scattering at grain boundaries in bulk
metals

We begin by characterizing the bulk electronic structure
of our two representative topological semimetals: CoSi
and CoGe. Both semimetals have a simple cubic crystal
structure and the corresponding Brillouin zone, as depicted
in Figs. 1(a) and 1(b), respectively. The electronic band
structures of CoSi and CoGe are shown in Figs. 1(c) and
1(d), respectively. We see that both semimetals have bands
crossing near the Fermi energy. The band crossing at the
zone center (� point) and at the zone corner (R point) form
a pair of topological band crossings. The associated Chern
numbers of ±2 guarantee that there are two surface bands
per spin and per surface connecting between the nodes,
providing additional conducting channels in conjunction to
channels from bulk bands.

For the case of Cu as a representative conventional
metal, an atomic scale representation of the (100)/(100)
grain boundary is shown in Fig. 2(a) with the electrodes
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FIG. 2. Impact of grain boundary on electron scattering in
Cu. (a) Depiction of a (100)/(100) grain boundary in bulk Cu.
(b) Momentum-resolved transmission spectra per spin for elec-
tron transport along bulk Cu(100) without a grain boundary. (c)
Momentum-resolved transmission spectra per spin for electron
transport across a bulk Cu (100)/(100) grain boundary. In (b),(c),
kA and kB denote the momenta in the plane perpendicular to the
transport direction. Each k point contributes only one channel of
transmission (per spin) in the forward direction because only one
spin-degenerate band crosses the Fermi level.

for NEGF calculations shown on either side. We consider
electron transmission across this interface (TGB) as well
as transport along the (100) direction in a pristine sam-
ple (Tpristine) where the grain boundary is absent. Values
of transmission are converted to resistance using Eq. (1)
such that G = 2e2/hTtotal = 1/R where Ttotal = ∑

i Ti. The
k-resolved electron transmission for both the pristine (100)
case and the (100)/(100) grain boundary in bulk Cu are
shown in Figs. 2(b) and 2(c), respectively. For electron
transport along (100) in pristine Cu, we see essentially
uniform electron transmission with T(kA, kB) = 1 through-
out the Brillouin zone, as shown in Fig. 2(b), which is
consistent with the nearly isotropic Fermi surface in Cu.
However, when the (100)/(100) grain boundary is intro-
duced [as shown in Fig. 2(c)] we see localized regions in
the Brillouin zone with lower transmission, but most of the
other regions are undisturbed.

Next, we turn to the electron transmission across the
(100)/(100) grain boundary in bulk CoSi. An atomic scale
representation of the grain boundary as well as the elec-
trode regions for NEGF calculations is shown in Fig. 3(a).
In stark contrast to the case of Cu in Fig. 2, we see that
the k-resolved electron transmission for transport along
the (100) direction in bulk CoSi is essentially zero every-
where in the Brillouin zone except at the pockets in the
corners where the bulk bands cross the Fermi level [as
seen in Fig. 1(c)]. This is because in contrast to normal
metals, the bulk bands in CoSi cross the Fermi level only
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FIG. 3. Impact of grain boundary on electron scattering in
CoSi (a) Depiction of a (100)/(100) grain boundary in bulk
CoSi. (b) Momentum-resolved transmission spectra for electron
transport along bulk CoSi(100) without a grain boundary. (c)
Momentum-resolved transmission spectra for electron transport
across a bulk CoSi (100)/(100) grain boundary. Here, kA and kB
denote the momenta in the plane perpendicular to the transport
direction. In contrast to Cu, each k point near the zone cor-
ners contributes two channels of transmission (per spin) in the
forward direction because two spin-degenerate bands cross the
Fermi level.

near the zone center and the zone corners, with a negli-
gible density of states (DOS) near the � point [as seen
in Fig. 1(c)], resulting in a significantly smaller number
of bulk states available for transport. On the other hand,
for transport across the (100)/(100) grain boundary in bulk
CoSi, we see that the electron transmission at the pock-
ets in the corners of the Brillouin zone is sustained but
its magnitude is reduced from a value of 2.0 to 1.0 [Figs.
3(b) and 3(c)], consistent with a roughly 50% reduction
of average transmission in CoSi when a grain bound-
ary is introduced (Table I.) The properties related to bulk
grain-boundary scattering for our conventional metals and
topological semimetals are listed in Table I.

B. Electron scattering at grain boundaries in thin films

Next, we investigate electron scattering in thin-film
structures both with and without grain boundaries. These
films are intended to be representative of ultrascaled inter-
connects used in advanced semiconductor technologies,
where conductor feature size is on the order of a few
nanometers and nonidealities such as grain boundaries are
expected to be prevalent. For the cases of Cu and Al, we
construct thin-film unit cells with film thickness varying
between three atomic layers (less than 1 nm) and 15 atomic
layers (more than 4 nm) and the electron transport direction
is oriented along (100) direction in all cases [the z axis is
parallel to (100) in Figs. 4 and 5.] For a given thin-film
thickness, we consider the pristine structures as well as
the structures with a (100)/(100) grain boundary present.
Atomic scale representations of the thin-film structures for
the case of Cu are shown in Fig. 4. The supercells for Al
are identical except for the lattice constant. All four struc-
tures are cubic, which implies that the surface termination
of the thin films is such that the normal vector also points
along the (100) direction. We find no appreciable geomet-
ric relaxation in any of the Cu or Al thin-film structures
other than the few atomic layers immediately surrounding
the grain boundary. In a similar fashion, we constructed
supercells for CoSi and CoGe thin films ranging from three
atomic layers to 15 atomic layers. Atomic scale images of
the supercells for the case of CoSi are shown in Fig. 5. Sim-
ilar to the cases of Cu and Al, we find only minor geometric
relaxation in the immediate vicinity of the grain boundary,
and the atoms remain in their bulklike configuration.

For each thin film, we calculate the electron transmis-
sion using the NEGF formalism described in Sec. II. The
calculated values of electron transmission for each thin-
film structure both with and without a grain boundary are
plotted in Fig. 6. We see that for our conventional met-
als [Figs. 6(a) and 6(b)] as well as topological semimetals
[Figs. 6(c) and 6(d)], the electron transmission increases
linearly with thin-film thickness. For the case of the con-
ventional metals Cu and Al, this is consistent with previous
reports in the literature in which the number of conducting
channels has been found to increase linearly with conduc-
tor cross-section area, indicative of the increasing number

TABLE I. Summary of the transmission calculations for bulk Cu, Al, CoSi, and CoGe. P, pristine; GB, grain boundary. A refers to
the cross-section area of the supercell and is in units of Å2, transmission is dimensionless, and both RA and γGB are in units of 1 ×
10−12� cm2. Average transmission is defined as the transmission per spin averaged over the k points in the projected two-dimensional
Brillouin zone perpendicular to the transport direction.

Cu Al CoSi CoGe

Metal P GB P GB P GB P GB

Area (A) 6.53 6.53 8.18 8.18 19.69 19.69 21.62 21.62
T 0.92 0.80 1.63 1.01 0.09 0.05 0.21 0.06
RA 9.16 10.53 6.47 10.45 282.37 508.26 132.87 465.07
γGB 1.37 3.97 225.89 332.19
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FIG. 4. Cu thin-film structures used for transport calculations,
ranging from the thinnest, three-atomic-layer-thick structures
without (a) and with (b) a (100)/(100) grain boundary, as well
as the thickest, 15-atomic-layer-thick structures without (c) and
with (d) a (100)/(100) grain boundary. The dotted lines denote
the semi-infinite electrode regions. The transport direction (100)
is oriented along the z axis.

of quantum well (bulk) states in the thin films [29,36–38].
Furthermore, we perform a straight-line fit (y = mx + b) to
the electron transmission curves in Fig. 6, where the slope
of the straight lines for CoSi and CoGe are an order of
magnitude smaller than the slopes for Cu and Al, indicat-
ing that the electron transmission grows more slowly as a
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FIG. 5. CoSi thin-film structures used for transport calcula-
tions, ranging from the thinnest, three-atomic-layer-thick struc-
tures without (a) and with (b) a (100)/(100) grain boundary,
as well as the thickest, 15-atomic-layer-thick structures without
(c) and with (d) a (100)/(100) grain boundary. The dotted lines
denote the semi-infinite electrode regions.
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FIG. 6. Electron transmission as a function of thin-film thick-
ness for (a) Cu, (b) Al, (c) CoSi, and (d) CoGe. The black lines
are for pristine thin films and the blue lines are for thin films
with (100)/(100) grain boundaries. The equations of the best fit
straight lines are included for each case.

function of film thickness. We attribute this to the compar-
atively low bulk electronic DOS in CoSi and CoGe at the
Fermi level [as discussed in Figs. 3(b) and 3(c)].

Typically, as the film thickness increases, the bulk-
like contribution plays a larger role, but this impact is
muted in the topological semimetals relative to the con-
ventional metals. In contrast, we see that while the y
intercepts (representing the transmission at zero-film thick-
ness) for the two conventional metals is nearly zero, it
almost exactly approaches a value of 2 for the pristine
topological semimetals CoSi and CoGe [Figs. 6(c) and
6(d)]. This indicates that there are two channels of surface
states (per spin) contributing to the electron transmission
in pristine CoSi and CoGe slabs. The surface states are the
only remaining contribution to transport in the limit of a
very thin film; as long as the film thickness is larger than
the total penetration depth of the surface states of approxi-
mately equal to five atomic layers (see Fig. 7 for the local
density of states of CoSi at the Fermi level as a function of
depth from the surface), contributions of the surface states
to transmission remain largely constant. Furthermore, in
the thickness range under study, the surface-state contribu-
tion to the total transmission dominates over the bulk-state
contribution in CoSi and CoGe thin films, which reflects
that the Fermi arcs of the topological surface states span a
much larger region in k space than the Fermi surfaces of
the bulk states [9].

For our conventional metals as well as topological
semimetals, the slopes of the curves representing elec-
tron transmission across a (100)/(100) grain boundary are
less than the corresponding curves for pristine samples.
This is due to grain-boundary scattering. There is again an
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(a) (b)

FIG. 7. Two-dimensional projection of the local density of
states (LDOS) at the Fermi level for ten-atomic-layer-thick thin
films of (a) Cu and (b) CoSi.

order-of-magnitude difference in the slope between grain-
boundary transmission curves for conventional metals rel-
ative to CoSi and CoGe, reflecting the order-of-magnitude
difference in their bulk DOS. Furthermore, in CoSi and
CoGe, the y intercepts of transmission per spin also reduce,
indicative of grain-boundary scattering of the topological
surface-state electrons.

To better illustrate the contrasting bulk-dominated ver-
sus surface-dominated transport in conventional metals
versus topological semimetals, we plot the local electronic
density of states (LDOS) for ten-atomic-layer-thick thin
films of both Cu and CoSi with grain boundaries in Fig. 7.
It is immediately clear upon inspection of Fig. 7 that Cu
has a relatively uniform LDOS at the Fermi level through-
out the interior of the thin film with a slight increase toward
the surfaces, while the CoSi thin film has a significantly
higher LDOS at the surfaces compared to the interior of the
thin film. The CoSi thin film also shows increased LDOS
in the region immediately surrounding the grain boundary,
providing pathways for backscattering of the topological
surface states, consistent with the reduced y intercepts in
Figs. 6(c) and 6(d).

Next, we discuss the k-resolved transmission for thin
films of Cu and CoSi as representative conventional metals
and topological semimetals, respectively. The k-resolved
transmission for thin films with thicknesses of 5, 10, and
15 atomic layers of both Cu and CoSi are shown in
Fig. 8, where black lines correspond to pristine thin films
and blue lines correspond to thin films with (100)/(100)
grain boundaries present. The x axis is the Brillouin-zone
momentum kA, which is perpendicular to the transport
direction and parallel to the film surface. For the case of
CoSi [Figs. 8(a) through 8(c)] we observe only discrete
values of electron transmission along kA in the pristine thin
films, demonstrating the quantized nature of electron trans-
port in a defect-free structure. We also observe that as the
thin-film thickness increases, the two localized peaks in
Fig. 8(a) with the highest electron transmission gradually
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FIG. 8. k-resolved transmission spectra for Cu and CoSi thin-
film structure, ranging from five-atomic-layers thick, ten-atomic-
layers thick and 15-atomic-layers thick. Black curves are for
pristine thin films while blue curves are for thin films with
(100)/(100) grain boundaries.

shift toward the boundaries of the Brillouin zone, where
kx = 0.5. This trend originates from the increasing num-
ber of bulk quantum well states near the zone corner with
film thickness. Most of the bulk bands crossing the Fermi
level emanate from the zone corner because the topologi-
cal band crossing at the R point [Fig. 1(c)] is approximately
150 meV below the Fermi level.

In the limit of infinite film thickness, we expect these
peaks to become localized near the Brillouin-zone cor-
ner, which is precisely what we observe in the bulk
k-resolved transmission shown in Fig. 3(b), where we see
only pockets of high transmission in the corners of the
two-dimensional Brillouin zone. We also note that the
transmission plateaus of T = 1, T = 2, and T = 3 per spin
for the pristine films do not change as the thin-film thick-
ness is modulated, which is because the transmission in
this region originates from the surface-state transmission.
When a grain boundary is introduced in the thin films, the
surface states are no longer topologically protected and
can travel along the grain boundary to the opposite sur-
face. This opens up backscattering channels and results in
degraded electron transmission observed in the blue curves
in Figs. 8(a)–8(c).

The k-resolved transmission of the Cu thin films shows
different behavior than the CoSi thin films. While the val-
ues of transmission [indicated by the peaks and valleys in
Fig. 8(c) through 8(e)] are still quantized at integer values
of electron transmission, we see many more peaks and val-
leys, as well as significantly higher electronic density of
states in Cu relative to CoSi due to the significantly higher
DOS at the Fermi level. In addition, we see that the average
magnitude of the electron transmission rapidly increases as
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the film becomes thicker, which is the result of more bulk-
like channels becoming available as the thin-film thickness
increases. This is in stark contrast with the CoSi case,
where the total transmission remains nearly unchanged
with varying film thickness because electrons predomi-
nantly conduct through surface states, whereas bulk states
contribute only through small pockets in the corners of the
Brillouin zone.

Lastly, we quantify the impact of grain-boundary scat-
tering in thin-film structures by calculating the specific
resistivity of each grain boundary (γGB) as a function of
film thickness. The calculation of γGB is given in Eq. (2).
The values of γGB for Cu, Al, CoSi, and CoGe thin films
are plotted as a function of film thickness up to 5 nm
in Fig. 9. We see that the values of γGB are essentially
flat for the conventional metals Cu and Al until the film
thickness becomes extremely small (< 2 nm), in which
case the values start to increase. For the cases of CoSi
and CoGe, on the other hand, we see that the values of
γGB decrease significantly as the film thickness decreases;
behavior opposite to what is observed in the conventional
metals. In bulk CoSi and CoGe, where transport is dom-
inated by the bulk states, grain-boundary scattering has a
significant impact on electron transmission and on the bulk
RA product. In thin films, however, the surface-to-bulk
ratio gets larger and the topologically protected surface
states dominate the overall electron transport. The total
transmission of the topological surface states across the
grain boundary remains nearly constant regardless of the
film thickness. Therefore, the total conductance per unit
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FIG. 9. Grain-boundary-specific resistivity as a function of
thin-film thickness for (a) Cu, (b) Al, (c) CoSi, and (d) CoGe.
Note that, with decreasing film thickness, γGB increases in Cu
and Al, while it decreases in CoSi and CoGe. Besides, the bulk
limit of grain-boundary-specific resistivity is reached at a much
smaller thickness in Cu and Al because their carrier densities are
much higher and, thus, the Fermi wavelengths are much smaller
than in CoSi and CoGe.

area increases with decreasing film thickness even in the
presence of grain boundaries, giving rise to decreasing γGB
[cf. Figs. 9(c) and 9(d)].

While prior studies have shown that ultrathin films of
topological insulators and certain topological semimetals
eventually self-gap as the result of quantum confinement
and coupling and overlap between Dirac states on opposite
surfaces [39–41], others have observed robust gapless sur-
face states and remnant conductivity in the zero-thickness
limit in topological semimetal Sb [42]. Our simulation
results for CoSi and CoGe indicate that these materi-
als retain conducting surface states even in the ultrathin
limit. This can be seen in Figs. 6(c) and 6(d), where
the nonzero y intercept represents remnant conductivity
in the zero-thickness limit, consistent with the decreased
grain-boundary-specific resistivity in Figs. 9(c) and 9(d).
In contrast, in the presence of an ultrathin-film-induced
band-gap opening, we would expect the grain-boundary-
specific resistivity curves in Figs. 9(c) and 9(d) to increase
rather than decrease as thickness approaches zero. As
a final confirmation, we calculate the two-dimensional
Fermi surface for four-atomic-layer-thick CoSi, where we
see that the surface states persist. Since these conducting
states originate from the topological surface states (not the
bulk states), the number of conducting channels does not
extrapolate to zero in the zero-thickness limit.

While the grain boundaries studied in this work are
simplified structures consisting of two antiparallel (100)
surfaces, recent studies have highlighted the impact of tilt
on grain-boundary-specific resistivity, finding correlation
between dislocation density, local strain, and resistivity
[43]. We anticipate that more complicated grain-boundary
structures in topological semimetals may have quanti-
tatively different values of specific resistivity but are
expected qualitatively to follow the same scaling trends
identified in this work.

In this work, we study only models without spin-orbit
coupling (SOC) for CoSi and CoGe. When SOC is con-
sidered, Chern numbers of � and R become ±4 [18].
The topological surface bands are split and their E-k
dispersions vary slightly. Nevertheless, the total number
of the Fermi arcs participating in transport remains the
same: again, four arcs in total, two from [0,0] to [π , π ]
and two from [0,0] to [−π , −π ]. Both the number of
conducting channels and the traveling directions of elec-
trons in the split surface bands remain the same as those
of the unsplit bands. Therefore, qualitatively the trend
of decreasing RA and decreasing grain-boundary-specific
resistivity with scaling persists in the presence of SOC.
Experimentally, since the SOC-induced energy splitting
is within the energy broadening of the CoSi samples,
ARPES cannot resolve the Fermi-arc splitting [19,20].
Thus, within the experimental tolerance, the electronic
states near the Fermi level are well described by a model
without SOC.
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Lastly, we comment on existing studies on materials
with well-documented grain boundary characterization,
which are now known to be topological in nature. A prime
example is antimony (Sb), which has been identified as a
topological semimetal [40–42]. Several studies have char-
acterized Sb thin films as polycrystalline with smaller
grains found in thinner films [44,45]. If materials such as
Sb were to be used as interconnects with very small dimen-
sions (on the order of nanometers), the grain size would be
expected to be quite small. Our results show that grain-
boundary resistivity decreases for these very thin films.
Thus, grain boundaries would be expected to become more
prevalent but less resistive in highly scaled topological
semimetals such as Sb. Since these trends are in opposite
directions, the scaling of total resistivity would ultimately
depend on the balance between the two and the details of
the surface transport.

IV. CONCLUSION

We investigate the electron scattering characteristics at
grain boundaries in thin films of two topological semimet-
als (CoSi and CoGe) evaluated as potential materials for
next-generation interconnects. We find that relative to con-
ventional interconnect metals such as Cu and Al, the bulk
grain-boundary-specific resistivity of CoSi and CoGe is
roughly 2 orders of magnitude larger due to the signifi-
cantly lower bulk DOS. On the other hand, in CoSi and
CoGe thin films with thickness up to 5 nm, we find that the
grain-boundary-specific resistivity decreases with decreas-
ing film thickness, opposite to the trend in conventional
metals Cu and Al. This is because the electron transport
in the topological semimetals CoSi and CoGe is primar-
ily surface dominated for both pristine structure and those
containing grain boundaries. This different size scaling
behavior of grain-boundary-specific resistivity in the topo-
logical semimetals sets them apart from conventional met-
als in terms of the resistivity bottleneck at critically small
dimensions, thus suggesting that they may hold promise
in advanced interconnect technologies where grain bound-
aries are prevalent and resistivity reduction is essential for
high performance. It is hence imperative that we explore a
wide variety of topological semimetals to identify materi-
als with a sufficiently large density of topological surface
states, so that not only the scaling trend, but also the mag-
nitude of the grain-boundary-specific resistivity can drop
below that of conventional interconnect metals such as Cu
for highly scaled technology applications.

Future experimental studies will focus on investigating
grain-boundary density in CoSi thin films and the impact
on resistivity scaling. Future theoretical studies should
focus on identifying topological materials with a maxi-
mum number of surface-conducting channels. This could
include materials with a maximum number of pairs of
Weyl nodes, maximum Chern number, maximum Fermi

arc length in the Brilluoin zone, or maximum density of
Fermi arcs in the Brillouin zone.
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