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TOPOLOGICAL SEMI-METAL INTERCONNECTS

BACKGROUND

[0001] The present disclosure relates to the electrical, electronic, and computer fields. In
particular, the present disclosure relates to topological semi-metal interconnects and methods of
manufacturing the same.

[0002] In semiconductor fabrication, after the semiconductor devices have been created, they
are connected to each other to form the desired electrical circuits. This is done in a series of steps
that are collectively referred to as back-end-of-line (BEOL) processing. BEOL processing
involves creating various metal interconnects (e.g., wires and vias), isolated from each other by

dielectric layers, to connect the semiconductor devices together.

SUMMARY
[0003] Embodiments of the present disclosure include a method for fabricating an interconnect.
The method comprises forming a topological semi-metal layer. The method further comprises
patterning the topological semi-metal layer to form one or more interconnects. The method further
comprises forming a dielectric layer between the one or more interconnects. The method further
comprises forming a hermetic dielectric cap layer on top of the one or more interconnects and the
dielectric layer.
[0004] Additional embodiments of the present disclosure include a semiconductor device. The
semiconductor device comprises one or more back-end-of-line interconnects. The one or more
back-end-of-line interconnects include a topological semi-metal conductor.
[0005] Additional embodiments of the present disclosure include an interconnect. The
interconnect comprises a topological semi-metal material.
[0006] The above summary is not intended to describe each illustrated embodiment or every

implementation of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] The drawings included in the present disclosure are incorporated into, and form part of,

the specification. They illustrate embodiments of the present disclosure and, along with the
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description, serve to explain the principles of the disclosure. The drawings are only illustrative of
typical embodiments and do not limit the disclosure.

[0008] FIG. 1A is a cross-sectional view depicting a topological interconnect at an
intermediate stage of the manufacturing process, in accordance with embodiments of the present
disclosure.

[0009] FIG. 1B is a plan view depicting the topological interconnect of FIG. 1A, in accordance
with embodiments of the present disclosure.

[0010] FIG. 2A 1s a cross-sectional view of the topological interconnect of FIG. 1A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0011] FIG. 2B is a plan view depicting the topological interconnect of FIG. 2A, in accordance
with embodiments of the present disclosure.

[0012] FIG. 2C is a side view of the topological interconnect of FIG 2A, in accordance with
embodiments of the present disclosure.

[0013] FIG. 3A is a cross-sectional view of the topological interconnect of FIG. 2A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0014] FIG. 3B is a plan view depicting the topological interconnect of FIG. 3A, in accordance
with embodiments of the present disclosure.

[0015] FIG. 3C is a side view of the topological interconnect of FIG 3A, in accordance with
embodiments of the present disclosure.

[0016] FIG. 4A i1s a cross-sectional view of the topological interconnect of FIG. 3A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0017] FIG. 4B is a plan view depicting the topological interconnect of FIG. 4A, in accordance
with embodiments of the present disclosure.

[0018] FIG. 4C is a side view of the topological interconnect of FIG 4A, in accordance with
embodiments of the present disclosure.

[0019] FIG. 5A is a cross-sectional view of the topological interconnect of FIG. 4A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0020] FIG. 5B is a plan view depicting the topological interconnect of FIG. SA, in accordance
with embodiments of the present disclosure.

[0021] FIG. 5C is a side view of the topological interconnect of FIG SA, in accordance with

embodiments of the present disclosure.
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[0022] FIG. 6A is a cross-sectional view of the topological interconnect of FIG. 5A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0023] FIG. 6B is a plan view depicting the topological interconnect of FIG. 6A, in accordance
with embodiments of the present disclosure.

[0024] FIG. 6C is a side view of the topological interconnect of FIG 6A, in accordance with
embodiments of the present disclosure.

[0025] FIG. 7A is a cross-sectional view depicting a topological interconnect at an
intermediate stage of the manufacturing process, in accordance with embodiments of the present
disclosure.

[0026] FIG. 7B is a plan view depicting the topological interconnect of FIG. 7A, in accordance
with embodiments of the present disclosure.

[0027] FIG. 8A is a cross-sectional view of the topological interconnect of FIG. 7A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0028] FIG. 8B is a plan view depicting the topological interconnect of FIG. 8A, in accordance
with embodiments of the present disclosure.

[0029] FIG. 9A is a cross-sectional view of the topological interconnect of FIG. 8A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0030] FIG. 9B is a plan view depicting the topological interconnect of FIG. 9A, in accordance
with embodiments of the present disclosure.

[0031] FIG. 10A is a cross-sectional view of the topological interconnect of FIG. 9A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0032] FIG. 10B is a plan view depicting the topological interconnect of FIG. 10A, in
accordance with embodiments of the present disclosure.

[0033] FIG. 11A is a cross-sectional view of the topological interconnect of FIG. 10A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0034] FIG. 11B is a plan view depicting the topological interconnect of FIG. 11A, in
accordance with embodiments of the present disclosure.

[0035] FIG. 12A is a cross-sectional view of the topological interconnect of FIG. 11A after
additional fabrication processes, in accordance with embodiments of the present disclosure.
[0036] FIG. 12B is a plan view depicting the topological interconnect of FIG. 12A, in

accordance with embodiments of the present disclosure.
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[0037] FIG. 13A is a graph showing the surface state contribution and bulk state contribution
to total conductance of CoSi at various line thicknesses, in accordance with embodiments of the
present disclosure.

[0038] FIG. 13B is a diagram illustrating carrier conduction of surface states for CoSi, in
accordance with embodiments of the present disclosure.

[0039] FIG. 14A is a graph illustrating the resistance-area product scaling of Cu and CoSi
along the [001] direction at various slab thicknesses, in accordance with embodiments of the
present disclosure.

[0040] FIG. 14B is a graph illustrating the resistance-area product scaling of Cu and CoSi
along the [010] direction at various slab thicknesses, in accordance with embodiments of the
present disclosure.

[0041] FIG. 15 is a graph illustrating the resistance-area product scaling of TaAs along the
[001] direction at various slab thicknesses, in accordance with embodiments of the present
disclosure.

[0042] FIG. 16 is a graph showing relative line resistance projections for 5 nm technology
nodes using topological semi-metal interconnects as compared to copper interconnects, in
accordance with embodiments of the present disclosure.

[0043] FIG. 17 is a graph showing relative line resistance projections for 3 nm technology
nodes using topological semi-metal interconnects as compared to copper interconnects, in
accordance with embodiments of the present disclosure.

[0044] FIG. 18 1s a graph showing the relative contributions of line resistance, line capacitance,
and via resistance to the total back-end-of-line (BEOL) loading, in accordance with embodiments
of the present disclosure.

[0045] FIG. 19 is a graph showing the effect of reduced line resistance on maximum frequency
and power usage, in accordance with embodiments of the present disclosure.

[0046] FIG. 20 is a graph showing the relative maximum frequencies attainable using
topological semi-metal interconnects as compared to copper interconnects, in accordance with
embodiments of the present disclosure.

[0047] While the embodiments described herein are amenable to various modifications and
alternative forms, specifics thereof have been shown by way of example in the drawings and will

be described in detail. It should be understood, however, that the particular embodiments described
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are not to be taken in a limiting sense. On the contrary, the intention is to cover all modifications,

equivalents, and alternatives falling within the scope of the invention.

DETAILED DESCRIPTION

[0048] Aspects of the present disclosure relate generally to the electrical, electronic, and
computer fields, and in particular to topological semi-metal interconnects and methods of
manufacturing the same. While the present disclosure is not necessarily limited to such
applications, various aspects of the disclosure may be appreciated through a discussion of various
examples using this context.

[0049] Various embodiments of the present disclosure are described herein with reference to
the related drawings. Alternative embodiments can be devised without departing from the scope
of the present disclosure. It is noted that various connections and positional relationships (e.g.,
over, below, adjacent, etc.) are set forth between elements in the following description and in the
drawings. These connections and/or positional relationships, unless specified otherwise, can be
direct or indirect, and the present disclosure is not intended to be limiting in this respect.
Accordingly, a coupling of entities can refer to either a direct or an indirect coupling, and a
positional relationship between entities can be a direct or indirect positional relationship. As an
example of an indirect positional relationship, references in the present description to forming
layer “A” over layer “B” include situations in which one or more intermediate layers (e.g., layer
“C”) 1s between layer “A” and layer “B” as long as the relevant characteristics and functionalities
of layer “A” and layer “B” are not substantially changed by the intermediate layer(s).

[0050] The following definitions and abbreviations are to be used for the interpretation of the

EEINT EERNT3

claims and the specification. As used herein, the terms “comprises,” “comprising,” “includes,”

%«

“including,” “has,” “having,” “contains” or “containing,” or any other variation thereof, are

intended to cover a non-exclusive inclusion. For example, a composition, a mixture, process,
method, article, or apparatus that comprises a list of elements is not necessarily limited to only
those elements but can include other elements not expressly listed or inherent to such composition,
mixture, process, method, article, or apparatus.

[0051] For purposes of the description hereinafter, the terms “upper,” “lower,” “right,” “left,”

>

“vertical,” “horizontal,” “top,” “bottom,” and derivatives thereof shall relate to the described

EENNT3 2

structures and methods, as oriented in the drawing figures. The terms “overlying,” “atop,” “on
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EEINT3

top,” “positioned on” or “positioned atop” mean that a first element, such as a first structure, is
present on a second element, such as a second structure, wherein intervening elements such as an
interface structure can be present between the first element and the second element. The term
“direct contact” means that a first element, such as a first structure, and a second element, such as
a second structure, are connected without any intermediary conducting, insulating or
semiconductor layers at the interface of the two elements. It should be noted, the term “selective
to,” such as, for example, “a first element selective to a second element,” means that a first element
can be etched, and the second element can act as an etch stop.

[0052] For the sake of brevity, conventional techniques related to semiconductor device and
integrated circuit (IC) fabrication may or may not be described in detail herein. Moreover, the
various tasks and process steps described herein can be incorporated into a more comprehensive
procedure or process having additional steps or functionality not described in detail herein. In
particular, various steps in the manufacture of semiconductor devices and semiconductor-based
ICs are well known and so, in the interest of brevity, many conventional steps will only be
mentioned briefly herein or will be omitted entirely without providing the well-known process
details.

[0053] In general, the various processes used to form a micro-chip that will be packaged into
an IC fall into four general categories, namely, film deposition, removal/etching, semiconductor
doping and patterning/lithography.

[0054] Deposition is any process that grows, coats, or otherwise transfers a material onto the
wafer. Available technologies include physical vapor deposition (PVD), chemical vapor
deposition (CVD), electrochemical deposition (ECD), molecular beam epitaxy (MBE) and more
recently, atomic layer deposition (ALD) among others. Another deposition technology is plasma
enhanced chemical vapor deposition (PECVD), which is a process which uses the energy within
the plasma to induce reactions at the wafer surface that would otherwise require higher
temperatures associated with conventional CVD. Energetic ion bombardment during PECVD
deposition can also improve the film’s electrical and mechanical properties.

[0055] Removal/etching is any process that removes material from the wafer. Examples
include etch processes (either wet or dry), chemical-mechanical planarization (CMP), and the like.
One example of a removal process is ion beam etching (IBE). In general, IBE (or milling) refers

to a dry plasma etch method which utilizes a remote broad beam ion/plasma source to remove
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substrate material by physical inert gas and/or chemical reactive gas means. Like other dry plasma
etch techniques, IBE has benefits such as etch rate, anisotropy, selectivity, uniformity, aspect ratio,
and minimization of substrate damage. Another example of a dry removal process is reactive ion
etching (RIE). In general, RIE uses chemically reactive plasma to remove material deposited on
wafers. With RIE the plasma is generated under low pressure (vacuum) by an electromagnetic
field. High-energy ions from the RIE plasma attack the wafer surface and react with it to remove
material.

[0056] Semiconductor doping is the modification of electrical properties by doping, for
example, transistor sources and drains, generally by diffusion and/or by ion implantation. These
doping processes are followed by furnace annealing or by rapid thermal annealing (“RTA”).
Annealing serves to activate the implanted dopants. Films of both conductors (e.g., poly-silicon,
aluminum, copper, etc.) and insulators (e.g., various forms of silicon dioxide, silicon nitride, etc.)
are used to connect and isolate transistors and their components. Selective doping of various
regions of the semiconductor substrate allows the conductivity of the substrate to be changed with
the application of voltage. By creating structures of these various components, millions of
transistors can be built and wired together to form the complex circuitry of a modern
microelectronic device.

[0057] Semiconductor lithography is the formation of three-dimensional relief images or
patterns on the semiconductor substrate for subsequent transfer of the pattern to the substrate. In
semiconductor lithography, the patterns are formed by a light sensitive polymer called a photo-
resist. To build the complex structures that make up a transistor and the many wires that connect
the millions of transistors of a circuit, lithography and etch pattern transfer steps are repeated
multiple times. Each pattern being printed on the wafer is aligned to the previously formed patterns
and gradually the conductors, insulators and selectively doped regions are built up to form the final
device.

[0058] In semiconductor fabrication, after the semiconductor devices (e.g., transistors,
capacitors, resistors, etc.) have been created, they are connected to each other to form the desired
electrical circuits. This is done in a series of steps that are collectively referred to as back-end-of-
line (BEOL) processing. BEOL processing involves creating various metal interconnects (e.g.,
wires and vias), isolated from each other by dielectric layers, to connect the semiconductor devices

together. Historically, BEOL interconnects were made out of aluminum. However, most modern
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microprocessors use copper (Cu) as the wiring material of choice (along with newer, low-k
dielectrics) due to its enhanced conductivity and the associated reduction in timing delays in the
wiring.

[0059] As interconnect dimensions continue to shrink beyond the 7 nm node, large increases
in line resistance significantly degrades the total circuit performance, despite the advancement in
transistor technology. Specifically, the extendibility of Cu interconnects is questionable since Cu
requires thick barrier layers & adhesion layers, reducing Cu volume and increasing resistance. In
addition, the detrimental effect of grain-boundary scattering and surface-roughness scattering
grows with decreasing Cu linewidth, resulting in polynomial increase in resistivity.

[0060] To combat this, alternative conductors have been researched. For example, other
conventional metals, such as Co and Ru, have been under considerable investigations, but they
also suffer from the increasing resistivity for the similar reasons as Cu. On the other hand, alternate
materials — like topological insulators — show little/no resistivity size effect. They nevertheless
show low carrier densities, making realistic integration unlikely.

[0061] Recognizing the need for a conductive material that can scale down to smaller nodes,
and recognizing that currently researched materials may not outperform Cu, embodiments of the
present disclosure include structures for topological interconnects based on bulk topological semi-
metal materials, and method of manufacturing the same. As discovered by the inventors, the bulk
topological semi-metal materials exhibit improved resistivity size effect compared to current
interconnect materials, particularly at small (e.g., 5 nm and 3 nm) nodes. In some cases, the
topological semi-metal materials exhibit positive resistivity size effects (e.g., as the nodes become
smaller, the resistivity of the metal decreases).

[0062] In other words, the inventors, using material-specific quantum transport simulation, are
the first to have discovered, and herein disclosed, that the resistance-area scaling of topological
semi-metals are qualitatively different from conventional metals, such as Cu. In short, in Cu thin
films with decreasing thickness, the resistance-area product rises above the bulk value in the
presence of disorder. In contrast, in the prototypical topological semimetal CoSi, for example, the
resistance-area product decreases with film thickness even in the presence of disorder. This
unexpected property of topological semi-metals was not previously known to those of skill in the

art. Additionally, the inventors have discovered that the semi-metal materials have sufficiently
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high carrier density at the Fermi level, which makes them practical for the proposed application.
These findings are shown and discussed in more detail with respect to FIGS. 13-20 below.

[0063] Topological semi-metals refer to a new class of materials in which conduction and
valence bands touch at discrete nodal points or along a loop in the first Brillouin zone near the
Fermi energy. Such band-crossing points are robust in 3D materials with either broken inversion
symmetry or broken time-reversal symmetry, namely, in 3D non-centrosymmetric or 3D magnetic
materials. The band-crossing point locations may shift in the Brillouin zone, but they cannot be
removed by perturbations in material parameters.

[0064] These band-crossing points are generally referred to as the Weyl nodes. One can define
an integer-value topological invariant (called Chern number) for each Weyl node as the flux of its
“Berry curvature,” where Berry curvature is the momentum-space analogue of the magnetic field.
The Weyl nodes thus correspond to the momentum-space magnetic monopoles, namely, the
sources or sinks of the Berry curvature. Just as magnetic flux lines must form closed loops, Weyl
nodes with opposite Chern numbers must appear in pairs in the Brillouin zone. Furthermore, they
can only be removed by annihilation with each other.

[0065] Another defining attribute of the topological semi-metals is the presence of topological
surface states connecting the two Weyl nodes in pairs, forming open Fermi arcs at the Fermi energy.
The number of surface bands emanating from one Weyl node to the other is equal to the Chern
number associated with the Weyl nodes. Again, perturbations in structural or material parameters
cannot remove the Fermi arcs unless pairs of Weyl nodes annihilate each other, which implies that
the topology of the material band structure must change for this to happen. Therefore, both the
Weyl nodes and the Fermi arcs are said to be topologically protected.

[0066] There are many types of topological semi-metals. We roughly categorize them
according to the dimensionality of the band crossings and band degeneracies at the nodes.

[0067] Those with 0D band crossings include Weyl semi-metals and multifold-fermion semi-
metals. The former has a 2-fold band degeneracy, while the latter can have 3-, 4-, 6-, or 8-fold
band degeneracies at the nodes. The non-magnetic, non-centrosymmetric Weyl semi-metals
include the TaAs, TaP, NbAs, NbP family, (Mo,W)Tez, LaAlGe, and TalrTes. The magnetic Weyl
semi-metals include: Co3Sn2S2, Mns«Sni1x, EuCd2As2, RAIGe (where R is a rare earth metal),
and PrAlGe. The multifold-fermion semi-metals include CoSi, RhS1, CoGe, RhGe, and AIPt. The

double-Weyl fermion may also be used in some embodiments.
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[0068] Weyl nodes and Fermi arcs also exist in non-magnetic chiral crystals with relevant
spin-orbit coupling. Candidates of these so-called Kramers-Weyl fermion topological semi-metals
include: AgsBO3 (SG-156), TITe206 (SG-150), AgaSe (SG-19), etc., where SG = space group.
[0069] Topological semi-metals with 1D band crossings are called topological nodal-line
semi-metals. These semi-metals include: Co:MnGa, and XY crystals (X =1Ir, Ta, Re; Y=F, Cl,
Br, I) with lattices formed of octahedra, similar to IrF4.

[0070] Besides the topological semi-metals described above, there is yet another distinct type
of topological conducting materials — the triple-point topological metals. They feature
topologically protected Weyl nodes of three bands, two of which are degenerate along a high-
symmetry direction in the Brillouin zone. They are distinct from the topological semi-metals in
that the band gap between the conduction and the valence bands closes along this high-symmetry
line. Examples of triple-point topological metals include WC, MoC, MoP, MoN, ZrTe, etc.
[0071] Unlike topological insulators, topological semi-metals have a much higher carrier
density at the Fermi level and also high carrier mobility, enabling high current-carrying capacity.
As the dimension of the topological semi-metal scales below ~10 nm, carrier transport via the
Fermi-arc states becomes pronounced, potentially dominating over the bulk-state transport.
Depending on the types of impurity scattering and the type of topological semi-metals, significant
surface-state transport may persist up to ~100 pm.

[0072] Electron transmission via the Fermi-arc states are robust against defects and impurities
if the film thickness exceeds the material-dependent threshold value, e.g., ~2.5 nm in CoSi, which
ensures high mobility for Fermi-arc surface electrons, even at very small thicknesses. Additionally,
the scattering of bulk electrons is generally suppressed because the multiple bands that cross the
Weyl nodes are orthogonal to each other, which ensures high mobility for bulk-state electrons near
the Weyl nodes. These considerations mean that topological semi-metals with (1) a high Chern
number, (2) many pairs of Weyl nodes, and (3) very few or no topologically trivial bulk bands near
the Fermi level are preferred materials for scaled BEOL interconnect applications.

[0073] As an example, the Weyl semi-metal NbAs has shown a lower resistivity (1-5 pQ-cm)
at the sub-micron scale than its bulk resistivity (~35 pQ-cm) , enabling potential >50% resistance-
capacitance product (RC) reductions at 5 nm node dimensions. Extremely low resistivity is also
observed in topological metal MoP (~9 nQ-cm at 2 K and 8.2 pQ-cm at 300 K). As a comparison,

Cu bulk resistivity is ~ 2 pQ-cm, increasing to ~15 pQ-cm at the 15-18 nm scale.
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[0074] Embodiments of the present disclosure include process flows for both single damascene
and via-last integration schemes based on blanket deposition of a topological semi-metal. As
discussed herein, embodiments of topological semi-metals and topological metals include (but are
not limited to) Weyl semi-metals NbAs, TaAs, NbP, TaP, (Mo,W)Te: etc.; multi-fold fermion
systems RhS1, CoSi etc., magnetic Weyl semi-metals Co3sSn2Sz, Mns+xSnix, PrAlGe etc.; Kramers-
Weyl fermions AgaSe etc., and triple-point topological metals MoP, WC, etc.

[0075] Embodiments of the present disclosure include methods and structures that utilize
topological semi-metals as the material of BEOL interconnects (e.g., wires and vias) between
individual semiconductor devices (e.g., transistors, capacitors, resistors, etc.). A topological semi-
metal 1s deposited as a thin film. The topological semi-metal is then subtractively patterned to
form lines and/or vias. This may be done using any suitable fabrication process (e.g., an etching
process). Regions of exposed, oxidized topological semi-metal and/or topological metals are then
removed by etching.

[0076] In some embodiments, after removing the oxidized topological semi-metal, thin
protective material may be deposited. Embodiments of said protective layer may include, for
example, a dielectric (SiCN, SiN, SiC), a metal (ALD=TaN, TiN), graphene, etc. A dielectric
material is then deposited on top of interconnect lines and vias with the protective layer. The
dielectric material is chemical-mechanical polished (CMP) to expose the top surface of the lines
and/or vias. Once the top surface of the lines and/or vias is exposed, a hermetic dielectric cap layer
is deposited.

[0077] In some embodiments, the topological semi-metal includes pairs of bulk band-
crossings (called Weyl nodes) with non-zero topological invariant Chern numbers (C) with
opposite electron chiralities =C defined for each Weyl node. Additionally, the topological semi-
metal has robust gapless surface bands (called Fermi arcs) emanating from the Weyl nodes; the
number of Fermi arcs equals the Chern number of each associated Weyl node. In some
embodiments, the Fermi Energy of the topological semi-metal lies within ~25 meV from the
energy of its Weyl nodes.

[0078] In some embodiments, the topological semi-metal exhibits suppressed bulk carrier
scattering near the Weyl nodes due to band orthogonality and high conductivity with significant

contributions from the surface Fermi arc states, giving rise to resistivity reduction with decreasing
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dimensions. The topological semi-metal may have large spin-orbit coupling, yielding bulk bands
and Fermi arcs with nontrivial spin textures.

[0079] Representative embodiments of a topological semi-metal include Weyl semi-metals
NbAs, TaAs, NbP, TaP, (Mo,W)Tez; Dirac semi-metals CdAs; multifold fermions CoSi, RhS;,
magnetic Weyl semi-metals Co3Sn2Sa, Mn3+xSnix, Kramers-Weyl fermions AgzBOs, Aga:Se.
Representative embodiments of a topological metal include triple-point topological metals MoP,
WC, etc. The thickness of the topological semi-metals may range from 2 — 100 nm, with a
preferred range of thickness between 3 — 10 nm in some embodiments.

[0080] Turning now to the figures, FIGS. 1A-6C depict the process of creating a single
damascene using topological semi-metals at various stages of the manufacturing process, in
accordance with embodiments of the present disclosure. In particular, FIG. 1A is a cross-sectional
view depicting a topological interconnect 100 (single damascene) at an intermediate stage of the
manufacturing process. FIG. 1A shows the topological interconnect 100 after the initial formation
of a topological semi-metal 104 on top of a substrate or dielectric 102.

[0081] The topological semi-metal 104 may be any suitable topological semi-metal, as
discussed herein. For example, the topological semi-metal 104 may be NbAs. Additionally,
forming the topological semi-metal 104 on the substrate or dielectric 102 may be done using any
suitable fabrication process for depositing a semi-metal on a semi-conductor. For example, blanket
deposition techniques (e.g., PVD or CVD) may be used to deposit NbAs on the substrate or
dielectric 102.

[0082] Referring now to FIG. 1B, shown is a plan (top down) view depicting the topological
interconnect of FIG. 1A, in accordance with embodiments of the present disclosure. As shown in
FIG. 1B, the topological semi-metal 104 is deposited over an area of the substrate or dielectric 102
such that there are initially no gaps in the topological semi-metal 104 where the damascene (e.g.,
topological interconnect 100) is being formed.

[0083] Referring now to FIGS. 2A-2C, subtractive line patterning is performed to create one
or more lines of topological semi-metal 104 with gaps between them. The subtractive line
patterning may utilize any suitable fabrication process for removing part of the topological semi-
metal 104. For example, etching may be used to remove portions of the topological semi-metal
104. The etching may remove portions in the gaps all the way down to the substrate or dielectric

102. This is best shown in the plan view of FIG. 2B, which shows the gaps of substrate or dielectric
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102 between the topological semi-metal 104, and FIG. 2C, which shows a side view of the
topological interconnect 100 (e.g., looking at FIG. 2A from the right).

[0084] Referring now to FIGS. 3A-3C, oxidized portions of the topological semi-metal 104
are removed, and a protective layer 106 is formed on the tops and sides of the topological semi-
metal 104, as well as on top of the substrate or dielectric 102 between the topological semi-metal
104 lines. The protective layer 106 may be any suitable layer that protects the topological semi-
metal 104 from oxidation. For example, the protective layer 106 may be a dielectric (e.g., SICN,
SiN, SiC) or metal (e.g., ALD=TaN, TiN). The oxidized layer of the topological semi-metal 104
can be removed using any suitable fabrication process (e.g., a CMP polishing process). Similarly,
the protective layer 106 may be formed on the topological semi-metal 104 and the
substrate/dielectric using any suitable fabrication process. For example, a proactive metal layer
may be formed using a deposition technique.

[0085] As shown in FIGS. 3B and 3C, the protective layer blankets both the topological semi-
metal 104 and the top of the previously exposed parts of the substrate or dielectric 102. However,
the protective layer is sufficiently thin that gaps 107 between the individual layers of the
topological semi-metal 104 remain.

[0086] Referring now to FIGS. 4A-4C, a dielectric layer 108 is formed on top of the protective
layer 106. The dielectric layer 108 may be formed using any suitable dielectric material and
fabrication technique. As shown in FIG. 4C, the dielectric layer 108 fills in the gaps 107 between
the topological semi-metal 104 lines. Additionally, the dielectric layer 108 is formed on top of the
protective layer 106.

[0087] Referring now to FIGS. 5A-5C, the dielectric layer 108 undergoes a polishing process
(e.g., a dielectric CMP process). The dielectric layer 108 may be removed such that it only fills
the gaps 107 between the topological semi-metal 104 lines. For example, as shown in FIGS. 5B
and 5C, the dielectric layer 108 is removed such that the top parts of the dielectric layer 108 is
flush with the highest parts of the protective layer 106 (i.e., the parts that are on top of the
topological semi-metal 104 and not the substrate or dielectric 102).

[0088] Referring now to FIGS. 6A-6C, a dielectric cap 110 is formed on top of the exposed
parts of the protective layer 106 and the dielectric layer 108. The dielectric cap 110 may be formed

using any suitable fabrication process. For example, forming the dielectric cap 110 may include

13



10

15

20

25

30

WO 2022/105639 PCT/CN2021/129432

depositing a dielectric (e.g., low-k) material on top of the protective layer 106 and the dielectric
layer 108.

[0089] FIGS. 7A-12B depict the process of creating vias using topological semi-metals at
various stages of the manufacturing process, in accordance with embodiments of the present
disclosure. In particular, FIG. 7A is a cross-sectional view depicting a topological interconnect
700 (comprising a set of vias) at an intermediate stage of the manufacturing process. FIG. 7A
shows the topological interconnect 700 after the initial formation of a topological semi-metal 704
on top of a substrate or dielectric 702.

[0090] The topological semi-metal 704 may be any suitable topological semi-metal, as
discussed herein. For example, the topological semi-metal 704 may be NbAs. Additionally,
forming the topological semi-metal 704 on the substrate or dielectric 702 may be done using any
suitable fabrication process for depositing a semi-metal on a semi-conductor. For example, blanket
deposition techniques (e.g., PVD or CVD) may be used to deposit NbAs on the substrate or
dielectric 702.

[0091] Referring now to FIG. 7B, shown is a plan (top down) view depicting the topological
interconnect of FIG. 7A, in accordance with embodiments of the present disclosure. As shown in
FIG. 7B, the topological semi-metal 704 is deposited over an area of the substrate or dielectric 702
such that there are initially no gaps in the topological semi-metal 704 where the vias (e.g.,
topological interconnect 700) are being formed.

[0092] Referring now to FIGS. 8A-8B, subtractive line patterning is performed to create one
or more lines of topological semi-metal 704 with gaps between them. The subtractive line
patterning may utilize any suitable fabrication process for removing part of the topological semi-
metal 704. For example, etching may be used to remove portions of the topological semi-metal
704. The etching may remove portions in the gaps all the way down to the substrate or dielectric
702. This is best shown in the plan view of FIG. 8B, which shows the gaps of substrate or dielectric
702 between the topological semi-metal 704.

[0093] Additionally, via patterning is performed to create multiple vias 705 (e.g., extrusions
in the topological semi-metal 704). Any suitable fabrication process for via patterning may be
performed. For example, masks may be used during the etching process to prevent etching (or

substantially etching) topological semi-metal 704 where the vias 705 are to be formed.
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[0094] Referring now to FIGS. 9A-9B, oxidized portions of the topological semi-metal 704
are removed, and a protective layer 706 is formed on the tops and sides of the topological semi-
metal 704. In some embodiments (not shown), the protective layer 706 may also be formed on top
of the substrate or dielectric 702 between the topological semi-metal 704 lines. The protective
layer 706 may be any suitable layer that protects the topological semi-metal 704 from oxidation.
For example, the protective layer 706 may be a dielectric (e.g., SICN, SiN, SiC) or metal (e.g,,
ALD=TaN, TiN). The oxidized layer of the topological semi-metal 704 can be removed using any
suitable fabrication process (e.g., a CMP polishing process). Similarly, the protective layer 706
may be formed on the topological semi-metal 704 and the substrate/dielectric using any suitable
fabrication process. For example, a proactive metal layer may be formed using a deposition
technique.

[0095] As shown in FIG. 9B, the protective layer 706 may only be deposited on top of the
topological semi-metal 704. The protective layer 706 may be deposited on top of the entire
topological semi-metal 704, not just on top of the vias 705. Additionally, the protective layer 706
may be deposited on the sides of the vias 705, as shown in FIG. 9A. In some embodiments, the
protective layer 706 is also deposited on top of the previously exposed parts of the substrate or
dielectric 702. However, the protective layer is sufficiently thin that gaps between the individual
layers of the topological semi-metal 704 may remain.

[0096] Referring now to FIGS. 10A-10B, a dielectric layer 708 is formed on top of the
protective layer 706. The dielectric layer 708 may be formed using any suitable dielectric material
and fabrication technique. As shown in FIG. 10B, the dielectric layer 708 fills in the gaps between
the topological semi-metal 704 lines. Additionally, the dielectric layer 708 is formed on top of the
vias 705.

[0097] Referring now to FIGS. 11A-11B, the dielectric layer 708 undergoes a polishing
process (e.g., a dielectric CMP process). The dielectric layer 708 may be removed such that it fills
the gaps between the vias 705. For example, as shown in FIG. 11B, the dielectric layer 708 is
removed such that the top parts of the dielectric layer 708 is flush with the highest parts of the
protective layer 706 (i.e., the parts that are on top of the vias 705 and not the rest of the topological
semi-metal 704). This results in the protective layer 706 on top of the vias 705 being exposed.
[0098] Referring now to FIGS. 12A-12B, a dielectric cap 710 is formed on top of the exposed
parts of the protective layer 706 and the dielectric layer 708. The dielectric cap 710 may be formed
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using any suitable fabrication process. For example, forming the dielectric cap 710 may include
depositing a dielectric (e.g., low-k) material on top of the protective layer 706 and the dielectric
layer 708.

[0099] Referring now to FIG. 13A, shown is a graph 1300 showing the surface state
contribution 1302 and the bulk state contribution 1304 to total conductance of CoSi at various line
thicknesses, in accordance with embodiments of the present disclosure. In particular, the surface
state contribution 1302 and bulk state contribution 1304 shown in FIG. 13A are normalized such
that the combination of the two contributes add up to 100% of the total conductance per unit length
(G/L).

[0100] As shown in FIG. 13A, for CoSi slabs or films with a thickness between 20 and 45
atomic-layer thickness (A), the surface state is responsible for the vast majority of the of the
conductance of the CoSi slab. Additionally, as the slab thickness decreases, the contribution of
the surface state to the total conductance increases. For example, at a slab thickness of 40 A, the
surface state is responsible for slightly over 80% of the total conductance. As the slab thickness
decreases to 22 A, this contribution increases to greater than 90% of the total conductance.
[0101] Referring now to FIG. 13B, shown is a diagram 1350 illustrating carrier conduction of
surface states for CoSi, in accordance with embodiments of the present disclosure. Specifically,
FIG. 13B shows a schematic of topological protection of the surface-state transmission in slabs
1352 with a notch 1354 on the top surface and the bottom surface. Lines 1 and 2 show how
electrons are able to move around the notches 1354 with little added resistance.

[0102] As shown in FIG. 13B, carrier conduction of surface states preserves at least one
quantum of lossless transmission. In the presence of a surface defect, such as notch 1354, the
surface-state electrons would bend around the notch 1354, instead of back-scatter. This explains
why the resistance-area (RA) product trends down with decreasing thickness, even in the presence
of disorder, which is shown in FIGS. 14A and 14B.

[0103] FIG. 14A is a graph 1400 illustrating the resistance-area (RA) product scaling of Cu
and CoSi along the [001] direction at various slab thicknesses, in accordance with embodiments
of the present disclosure. Specifically, the graph 1400 shows the RA product of CoSi slabs and
Cu slabs, with and without a surface notch to simulate strong surface disorder.

[0104] In 8 — 40 atomic-layer (AL) CoSi slabs, (RA)siab 1s significantly lower than (RA)vuik, in

sharp contrast to Cu, and it continues to drop till ~2 nm. This holds true regardless of whether the
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slabs contain a notch. In particular, the CoSi slabs without a notch 1408 have a somewhat smaller
(RA)siab/(RA)wuik ratio than CoSi slabs with a notch 1406. However, CoSi slabs with a notch 1406
and without a notch 1408 have a considerably smaller (RA)siab/(RA)buik ratio than Cu slabs with a
notch 1402 or Cu slabs without a notch 1404.

[0105] This relationship between slab RA and bulk RA also holds true in other transport
directions, such as along [010], as shown in the graph 1450 in FIG. 14B.

[0106] FIG. 15 is a graph 1500 illustrating the resistance-area product scaling of TaAs, with
and without notches, along the [001] direction at various slab thicknesses, in accordance with
embodiments of the present disclosure. As shown in FIG. 15, TaAs, a Weyl semi-metal, exhibits
improved characteristics compared to Cu (shown in FIGS. 14A and 14B) at small slab thicknesses,
with the (RA)siab/(RA)buik ratio of TaAs generally falling between CoSi and Cu. This is especially
true of TaAs without a notch, as shown by data points 1504. Even with a notch (as shown by data
points 1502), TaAs shows comparable, and sometimes better, (RA)siab/(RA)buik ratio than Cu at
smaller slab thicknesses.

[0107] As aresult of the different characteristics of semi-metals discussed with respect to FIGS.
13-15, topological semi-metal interconnects have reduced line resistances when compared to
traditional Cu interconnects. This is shown in FIGS. 16 and 17. Referring first to FIG. 16,
illustrated is a graph 1600 showing relative line resistance projections for 5 nm technology nodes
using topological semi-metal NbAs interconnects as compared to copper interconnects, in
accordance with embodiments of the present disclosure. FIG. 16 assumes a 5 nm node dimension
with a 30 nm BEOL pitch. For Cu, FIG. 16 also assumes that there is a 2 nm PVD TaN barrier
layer and a 2 nm CVD Co wetting layer, with the line resistance for Cu being approximately
normalized to 1.

[0108] The graph 1600 also includes the projected relative line resistances of topological semi-
metals (in this case, NbAs) under various conditions. Specifically, the graph 1600 shows the
projected line resistances of topological semi-metals with resistivity (p) in the range of 1 uQ-cm
to 5 uQ-cm. This range is consistent with experimental values for NbAs topological semi-metals.
Additionally, the graph 1600 shows these projected line resistances with various wetting layer
requirements, ranging from a 0 nm wetting layer to a 2 nm wetting layer, which is consistent with
expected requirements. Specific wetting layer requirements may depend on various aspects of a

given implementation, including, for example, which specific topological semi-metal is used.
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[0109] As shown in FIG. 16, for 5 nm node dimensions, the use of NbAs in interconnects
instead of Cu can reduce the line RC to between approximately 10% (with p =1 pQ-cmand a 0
nm wetting layer) and 60% (conservative, with p =5 uQ-cm and a 2 nm wetting layer) of the line
resistance of a 5 nm Cu wire.

[0110] Referring now to FIG. 17, illustrated is a graph 1700 showing relative line resistance
projections for 3 nm technology nodes using topological semi-metal NbAs interconnects as
compared to copper interconnects, in accordance with embodiments of the present disclosure. The
graph 1700 includes the same assumptions as the graph 1600 in FIG. 16. As shown in FIG. 17,
for 3 nm node dimensions, the use of NbAs in interconnects instead of Cu can reduce the line
resistance to between approximately 6% (with p =1 pQ-cm and a O nm wetting layer) and 47%
(conservative, with p =5 uQ-cm and a 2 nm wetting layer) of the line resistance of a 3 nm Cu wire.
[0111] FIG. 18 is a graph 1800 showing the relative contributions of line resistance, line
capacitance, and via resistance to the total back-end-of-line (BEOL) loading, in accordance with
embodiments of the present disclosure. As shown in FIG. 18, there are 3 contributors to BEOL
parasitic loading, which ultimately limit chip performance: line resistance, line capacitance, via
resistance. Performance (quantified in terms of frequency) is most sensitive to line resistance,
followed by line capacitance and lastly by via resistance. Accordingly, eliminating or reducing
line resistance can increase chip frequency by more than 2x. Meanwhile, eliminating line
capacitance or via resistance only increases chip frequency by ~24% and ~10%, respectively.
[0112] The effects that a 30%, 50%, and 90% reduction in the line resistance have are shown
in FIGS. 19 and 20. In particular, FIGS. 19 and 20 show how the 30%, 50%, and 90% reduction
in line resistance that may be attainable using semi-metals (as shown in FIGS. 16-17), along with
the fact that line resistance is the primary contributor to full BEOL parasitic loading (as shown in
FIG. 18), can result in a substantial performance boost.

[0113] Referring first to FIG. 19, illustrated is a graph 1900 showing the effect of reduced line
resistance on maximum frequency and power usage, in accordance with embodiments of the
present disclosure. In particular, the power vs. frequency lines are shown for the Cu reference
1902, a 30% line resistance reduction 1904, a 50% line resistance reduction 1906, and a 90% line
resistance reduction 1908. The graphs have been normalized such that the frequency of Cu at

maximum operational power is 1, and the maximum operational power of Cu is also 1.

18



10

15

20

25

WO 2022/105639 PCT/CN2021/129432

[0114] Referring now to FIG. 20, illustrated is a graph 2000 showing the relative maximum
frequencies attainable using topological semi-metal interconnects as compared to copper
interconnects, in accordance with embodiments of the present disclosure. In particular, the graph
2000 shows the maximum frequency uplift of a 30% line resistance reduction, a 50% line
resistance reduction, and a 90% line resistance reduction, as compared to a normalized Cu
reference.

[0115] As shown in FIGS. 19 and 20, the performance impact of a 30-50% line resistance
reduction at 5 nm is a 10-18% uplift in frequency at isopower (i.e., when compared to a fixed value
of chip power consumption). Meanwhile, a 90% reduction in line resistance at 5 nm results in a
37% uplift in frequency at isopower. Accordingly, the performance of semiconductor chips can
be substantially increased using topological semi-metals instead of Cu for BEOL interconnects.
[0116] The terminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting of the various embodiments. As used herein, the singular
forms “a,” “an,” and “the” are intended to include the plural forms as well, unless the context
clearly indicates otherwise. It will be further understood that the terms “includes” and/or
“including,” when used in this specification, specify the presence of the stated features, integers,
steps, operations, elements, and/or components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations, elements, components, and/or groups
thereof. In the previous detailed description of example embodiments of the various embodiments,
reference was made to the accompanying drawings (where like numbers represent like elements),
which form a part hereof, and in which is shown by way of illustration specific example
embodiments in which the various embodiments may be practiced. These embodiments were
described in sufficient detail to enable those skilled in the art to practice the embodiments, but
other embodiments may be used and logical, mechanical, electrical, and other changes may be
made without departing from the scope of the various embodiments. In the previous description,
numerous specific details were set forth to provide a thorough understanding the various
embodiments. But, the various embodiments may be practiced without these specific details. In
other instances, well-known circuits, structures, and techniques have not been shown in detail in

order not to obscure embodiments.
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[0117] As used herein, “a number of” when used with reference to items, means one or more
items. For example, “a number of different types of networks” is one or more different types of
networks.

[0118] When different reference numbers comprise a common number followed by differing
letters (e.g., 100a, 100b, 100c) or punctuation followed by differing numbers (e.g., 100-1, 100-2,
or 100.1, 100.2), use of the reference character only without the letter or following numbers (e.g.,
100) may refer to the group of elements as a whole, any subset of the group, or an example
specimen of the group.

[0119] Further, the phrase “at least one of,” when used with a list of items, means different
combinations of one or more of the listed items can be used, and only one of each item in the list
may be needed. In other words, “at least one of” means any combination of items and number of
items may be used from the list, but not all of the items in the list are required. The item can be a
particular object, a thing, or a category.

[0120] For example, without limitation, “at least one of item A, item B, or item C” may include
item A, item A and item B, or item B. This example also may include item A, item B, and item C
or item B and item C. Of course, any combinations of these items can be present. In some
illustrative examples, “at least one of” can be, for example, without limitation, two of item A; one
of item B; and ten of item C; four of item B and seven of item C; or other suitable combinations.
[0121] In the foregoing, reference is made to various embodiments. It should be understood,
however, that this disclosure is not limited to the specifically described embodiments. Instead, any
combination of the described features and elements, whether related to different embodiments or
not, 1s contemplated to implement and practice this disclosure. Many modifications, alterations,
and variations may be apparent to those of ordinary skill in the art without departing from the
scope of the described embodiments. Furthermore, although embodiments of this disclosure may
achieve advantages over other possible solutions or over the prior art, whether or not a particular
advantage is achieved by a given embodiment is not limiting of this disclosure. Thus, the described
aspects, features, embodiments, and advantages are merely illustrative and are not considered
elements or limitations of the appended claims except where explicitly recited in a claim(s).
Additionally, it is intended that the following claim(s) be interpreted as covering all such

alterations and modifications as fall within the true scope of the invention.
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CLAIMS

What is claimed is:
1. A method comprising:
forming a topological semi-metal layer;
patterning the topological semi-metal layer to form one or more interconnects;
forming a dielectric layer between the one or more interconnects; and
forming a hermetic dielectric cap layer on top of the one or more interconnects and the

dielectric layer.

2. The method of claim 1, wherein the topological semi-metal layer is NbAs.

3. The method of claim 1, wherein the method further comprises:

removing regions of oxidized topological semi-metal from the patterned topological semi-
metal layer by etching; and

depositing, after removing the regions of oxidized topological semi-metal, a protective

layer.

4. The method of claim 3, wherein the protective layer comprises one or more selected from
the group consisting of:

a dielectric;

a metal; and

graphene.

5. The method of claim 1, wherein forming the dielectric layer between the one or more

interconnects electrically isolates the one or more interconnects from each other.

6. The method of claim 1, wherein forming the dielectric layer between the one or more
interconnects further comprises:

depositing a dielectric material on top of the one or more interconnects; and

performing chemical-mechanical polishing (CMP) to a depth that exposes a top surface of

the one or more interconnects.
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7. The method of claim 1, wherein the dielectric layer comprises a low-k dielectric.

8. The method of claim 1, wherein a thickness of the one or more interconnects 1s between 1

nm and 100 nm.
9. The method of claim 1, wherein the topological semi-metal layer comprises a topological
semi-metal having a Fermi Energy that is within 25 meV of the energy of the Weyl nodes of the

topological semi-metal.

10. A semiconductor device comprising one or more back-end-of-line interconnects that

include a topological semi-metal conductor.

11. The semiconductor device of claim 10, wherein the topological semi-metal conductor

comprises non-magnetic, non-centrosymmetric Weyl semi-metals.

12. The semiconductor device of claim 10, wherein the topological semi-metal conductor

comprises magnetic Weyl semi-metals.

13. The semiconductor device of claim 10, wherein the topological semi-metal conductor

comprises multifold-fermion semi-metals.

14. The semiconductor device of claim 10, wherein the topological semi-metal conductor

comprises Kramers-Weyl semi-metals.

15. The semiconductor device of claim 10, wherein the one or more back-end-of-line

interconnects connect individual semiconductor devices to create one or more integrated circuits.

16. An interconnect comprising a topological semi-metal material.
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17. The interconnect of claim 16, wherein the Fermi Energy of the topological semi-metal

material is within 25 meV of the energy of its Weyl nodes.

18. The interconnect of claim 16, wherein a thickness of the topological semi-metal material

1s between 1 nm and 100 nm.

19. The interconnect of claim 16, wherein a thickness of the topological semi-metal material

is between 3 nm and 10 nm.

20. The interconnect of claim 16, wherein the interconnect is one of a group consisting of a

wire and a via.
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