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SINGLE PHASE HIGH ENTROPY INTERMETALLICS AND METHOD
FOR MANUFACTURING

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0001] This application claims the benefit of priority to U.S. Provisional Patent
Application No. 63/110,666, filed November 6, 2020, which is incorporated herein by

reference in its entirety.
TECHNICAL FIELD

[0002] The present technology relates generally to high entropy materials, high
entropy ceramics, high entropy silicides, CALPHAD, and thin films. More specifically, the
present technology is related to a CALPHAD-guided prediction and thin film fabrication
methodology.

BACKGROUND

[0003] The field of high entropy materials design represents a departure from
conventional materials design by enabling a vast and mostly unexplored compositional
space. The high entropy design concept was first introduced in high entropy alloys (HEAs),
alternatively called multi-principal element alloys or complex concentrated alloys [1,2].
HEAs are generally comprised of five or more principal elements in near equiatomic
(“containing equal numbers of two or more atoms”) compositions. Some HEA systems
achieve a single solid solution phase with a random distribution of the constituents on a
crystalline lattice, which leads to interesting properties [3]. HEA research has unlocked an
immense compositional space, which was previously unexplored by conventional alloy

design based on a single principal element.

[0004] The high entropy materials design concept has also been applied to other
materials systems, including high entropy oxides [4], high entropy borides [5], and high
entropy carbides [6], where the high configurational entropy stabilizes structures with
properties unattainable by the constituent materials [7]. Recently, a new class of high
entropy materials — high entropy silicides (HES) — has been demonstrated [8,9].
Development of HES is particularly exciting due to their potential applications in

microelectronics, where use of silicides is common. For example, silicides are used as
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insulation in metal-oxide-semiconductor field-effect-transistors (MOSFETS) at the gate,
source, and drain terminals [10]. To date, only two HES compositions — (MoNbTaTiW)Si2
[9] and (MoNbTaCrW)Siz [8] — have been reported. Both materials were synthesized in
bulk form via mechanical alloying followed by spark plasma sintering (SPS). Although
these studies set out to identify compositions with a single stable silicide structure, both
(MoNbTaTiW)Si2 and (MoNbTaCrW)Siz exhibited multiple phases, with either oxides [9]
or intermetallics [8] present, making it essential to develop a deeper understanding of phase
formation and evolution in HES materials. Additionally, previous work on HES materials
has only considered bulk samples, and an investigation into the viability of thin film HES is

required to expand these materials into IC and device applications.

[0005] The primary challenge in probing the extensive compositional space allowed

by high entropy stabilization is effective screening and validation of candidate

compositions.
[0006] Accordingly, there is a need to address these and other challenges.
[0007] Relatedly, silicides are commonly used in microelectronics, for example, as

insulation in metal-oxide-semiconductor field-effect-transistors (MOSFETS) at the gate,
source, and drain terminals. Ongoing innovation in microelectronics and constantly
increasing density of devices require introduction of novel materials with improved
properties. High temperature structural silicides represent an important new class of
structural materials, with significant potential applications in the range of 1200-1600 °C
under oxidizing and aggressive environments. Silicides, particularly those based on MoSiz,
for example, are attractive because of their combination of high melting point, elevated
temperature oxidation resistance, brittle-to-ductile transition, and electrical conductivity.
Possible structural uses for silicides include their application as matrices in structural
silicide composites, as reinforcements for structural ceramic matrix composites, as high
temperature joining materials for structural ceramic components, and as oxidation-resistant

coatings for refractory metals and carbon-based materials.

[0008] High-entropy ceramics (HECs) are gaining significant interest due to their
huge compositional space, unique microstructure, and adjustable properties. Previously
reported studies focus mainly on HECs which have a multi-cationic structure, while HECs

with more than one anion are rarely studied. High-entropy alumino-silicides
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(Mo00.25Nbo.25Ta0.25Voas)(AlosSios)2 (HEAS-1) with multi-cationic and -anionic structures,

also fall in this category.

[0009] Recently, a new class of high entropy materials — high entropy silicides
(HES) — has been demonstrated. To date, only two HES compositions - (MoNbTaTiW)Siz
and (MoNbTaCrW)Siz - have been reported. Both materials were synthesized in bulk form
via mechanical alloying followed by spark plasma sintering (SPS). It is important to note
that both (MoNbTaTiW)Si2 and (MoNbTaCrW)Siz exhibited secondary oxide or
intermetallic phases, making it essential to develop a deeper understanding of phase
formation and evolution in HES. Our invention will also apply to other silicide
compositions such as: (Ti0.2Zr02Nbo.2Mo00.2Wo.2)Si2, and also

(Ti0.22Zr0.06Nbo.29Mo00.22Wo.21)Si2 with zirconium partially oxidized into zirconia.

[0010] High Entropy Intermetallics (HEIs) are important in structural and energy
applications; to date HEIs have only been fabricated as secondary phases in other matrices,

and have been shown to have unique combinations of physical and mechanical attributes.

[0011] Additionally, previous work on HES materials has only considered bulk
samples, and development of thin film fabrication methods for HES is required for

integrated circuit and device applications.
SUMMARY

[0012] In one aspect, which may be combined with any other aspect or embodiment,
a method of forming a single-phase high entropy silicide material is provided, the method
comprises, consists essentially of, or consists of depositing at least two metal layers onto a
silicon substrate to form a multilayer film and heat treating the multilayer film at a
sufficient temperature to promote interdiffusion of the metal layer and the silicon substrate
to form the single-phase high entropy silicide material. In some aspects, the depositing step

and the heat treating step are performed sequentially or concurrently.

[0013] In another aspect, the step of depositing at least two metal layer comprises,
consists essentially of, or consists of electron beam evaporating at least two metals onto the
silicon substrate. In some aspects, the at least one metal comprises, consists essentially of,
or consists of Mo, Cr, Ta, Nb or V. In yet another aspect, the at least two metal layers

comprises, consists essentially of, or consists of, in no particular order a first layer
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comprising Cr, a second layer comprising Mo, and a third layer comprising Ta. In some
aspects, the Cr, Mo, and Ta are deposited onto the Si substrate in an approximately
equiatomic ratio. In some aspects the depositing comprises sequentially depositing the metal
layers onto the silicon substrate. In some aspects, the at least two metal layers comprise,
consist essentially of, or consist of, in no particular order, a first layer comprising Cr, a
second layer comprising Mo, a third layer comprising Ta, a fourth layer comprising Nb, and

a fifth layer comprising V.

[0014] In another aspect, the single-phase silicide material is (CtMoTa)Siz2. In some

aspects, the single-phase silicide material is (CrMoTaVNDb)Siz

[0015] In yet another aspect, a method of identify a candidate single-phase high
entropy silicide is provided, the method comprising, consisting essentially of, or consisting
of using the CALculation of PHAse Diagrams (CALPHAD) approach to identify two
candidate single-phase high entropy silicides (HES): the ternary (CrMoTa)Si2 and the
quinary (CrtMoTaVNb)Siz.

[0016] In another aspect, the method further comprises, consists essentially or, or
consists of experimentally synthesizing both candidate compositions via electron beam
evaporation followed by heat treatment in vacuum, so as to facilitate the solid-state reaction

and formation of a single-phase.

[0017] In another aspects, both the ternary (CrMoTa)Si2 and the quinary
(CrMoTaVND)Si2 HES films form a single phase with a C40 hexagonal crystal structure.

[0018] In yet another aspect, a thin film high entropy silicide material is provided by
using the CALculation of PHAse Diagrams (CALPHAD) approach to identify two
candidate single-phase high entropy silicides (HES): the ternary (CrMoTa)Si2 and the
quinary (CrMoTaVND)Si2 and experimentally synthesizing both candidate compositions via
electron beam evaporation followed by heat treatment in vacuum, so as to facilitate the

solid-state reaction and formation of a single-phase.

[0019] In another aspect, a method of forming a single-phase high entropy
comprises, consists essentially of, or consists of depositing at least one metal layer onto a
silicon substrate to form a multilayer film and heat treating the multilayer film to promote

interdiffusion of the metal layer and the silicon substrate to form a single-phase silicide
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material. In some aspects, the depositing step and the heat treating step are performed

sequentially or concurrently.

[0020] In another aspects the step of depositing at least one metal layer comprises,
consists essentially of, or consists of electron beam evaporating at least one metal onto the
silicon substrate. In some aspects, the at least one metal comprises, consists essentially of,

or consists of Mo, Cr, Ta, Nb or V,

[0021] In yet another aspect, the depositing step comprises, consists essentially of,
or consists of sequentially depositing a plurality of metal layers onto the silicon substrate. In
some aspects, the metal layers comprises, consists essentially of, or consist of Cr, Mo, and
Ta. In some aspects, Cr, Mo, and Ta are deposited onto the Si substrate with an equiatomic

ratio.
BRIEF DESCRIPTION OF THE DRAWINGS

[0022] These and other aspects and features of the present embodiments will
become apparent to those ordinarily skilled in the art upon review of the following

description of specific embodiments in conjunction with the accompanying figures.

[0023] FIG. 1A is a schematic of the electron beam evaporation process used to
fabricate multilayer films. FIG 1B is a schematic of multilayer films heat treated at
temperature Tur in a vacuum furnace to facilitate a solid-state transformation to a single-

phase silicide material following the deposition.

[0024] FIG. 2A is a calculated equilibrium step diagram of the ternary (CrMoTa)Si2
HES, showing the equilibrium phases over a range of temperatures (left). A schematic unit
cell of ternary (CrMoTa)Si2 HES with a C40 hexagonal crystal structure, showing equal
probability of site occupation by Cr, Mo and Ta atoms on the metal cation sublattice as
predicted by CALPHAD (right). FIG. 2B is a calculated equilibrium step diagram for the
quinary (CrMoTaVNb)Si2 HES, showing the equilibrium phases over a range of
temperatures (left). A schematic unit cell of the quinary (CrMoTaVNb)Si2 HES with a C40
hexagonal crystal structure, showing equal probability of site occupation by Cr, Mo, Ta, V

and Nb atoms on the metal sublattice as predicted by CALPHAD (right).
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[0025] FIG. 3A illustrates grazing incidence X-ray diffraction (GIXRD) patterns
collected from the as-deposited multilayer Cr, Mo and Ta film reveal a broad peak
attributed to the (110) planes of the elemental BCC Cr, Mo and Ta (indicated with dashed
lines). FIG.3B illustrates GIXRD patterns collected from the ternary (CrMoTa)Si2 HES thin
film after heat treatment at 900 °C for 30 min reveal a single-phase material with a C40
hexagonal crystal structure with some surface oxidation. FIG. 3C is a SEM micrograph of a
fracture cross-section of the ternary (CrMoTa)Siz silicide thin film on Si substrate. FIG. 3D
is a top-down SEM micrograph showing the nanocrystalline ternary (CrMoTa)Si2 HES thin
film.

[0026] FIG. 4A illustrates grazing incidence X-ray diffraction (GIXRD) patterns
collected from the as-deposited multilayer film reveal peaks attributed to the (110) planes of
the elemental Cr, Mo, Ta, V, Nb (indicated with dashed lines). FIG. 4B illustrates GIXRD
patterns collected from the reacted quinary (CrMoTaVNb)Si2 HES film after heat treatment
at 900 °C for 30 min demonstrate a single-phase material with a C40 hexagonal crystal
structure. FIG. 4C is a cross-sectional SEM micrograph showing the reacted quinary
(CrMoTaVND)Si2 HES film on a Si substrate. FIG. 4D is a top-down SEM micrograph
showing the reacted quinary (CrMoTaVNDb)Si2 HES thin film.

[0027] FIG. 5A illustrates calculated equilibrium step diagrams of recently reported
high entropy silicide materials suggested by Liu et al. Materials suggested by Liu et al. [1]

exhibit secondary phase formation, as compared to the material suggested in this work. FIG.
5B illustrates calculated equilibrium step diagrams of recently reported high entropy silicide
materials suggested by Gild et al. [2] exhibit secondary phase formation, as compared to the

material suggested in this work.

[0028] FIG. 6 is a cross-sectional SEM micrograph of the as-deposited Cr, Mo, Ta

multilayer film.

[0029] FIG. 7 illustrates heat treatment optimization on the ternary (CrMoTa)Si2
high entropy material. GIXRD patterns collected at @ = 0.5° indicate that heat treatment at
900 °C for 30 min yields a single-phase medium entropy silicide with a C40 crystal

structure.
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[0030] FIG. 8 is a cross-sectional SEM micrograph of an as-deposited Cr, Mo, Ta,
V and Nb multilayer film.
[0031] FIG. 9 is EDS mapping of the reacted quinary (CrMoTaVNb)Si2 high

entropy silicide. a) A secondary electron image, b) EDS spectrum. FIGS. C-H are elemental

maps.
DETAILED DESCRIPTION

[0032] The present embodiments will now be described in detail with reference to
the drawings, which are provided as illustrative examples of the embodiments so as to
enable those skilled in the art to practice the embodiments and alternatives apparent to those
skilled in the art. Notably, the figures and examples below are not meant to limit the scope
of the present embodiments to a single embodiment, but other embodiments are possible by
way of interchange of some or all of the described or illustrated elements. Moreover, where
certain elements of the present embodiments can be partially or fully implemented using
known components, only those portions of such known components that are necessary for
an understanding of the present embodiments will be described, and detailed descriptions of
other portions of such known components will be omitted so as not to obscure the present
embodiments. Embodiments described as being implemented in software should not be
limited thereto, but can include embodiments implemented in hardware, or combinations of
software and hardware, and vice-versa, as will be apparent to those skilled in the art, unless
otherwise specified herein. In the present specification, an embodiment showing a singular
component should not be considered limiting; rather, the present disclosure is intended to
encompass other embodiments including a plurality of the same component, and vice-versa,
unless explicitly stated otherwise herein. Moreover, applicants do not intend for any term in
the specification or claims to be ascribed an uncommon or special meaning unless explicitly
set forth as such. Further, the present embodiments encompass present and future known

equivalents to the known components referred to herein by way of illustration.

[0033] As utilized herein with respect to numerical ranges, the terms

29 CC 29 CC

“approximately,” “about,” “substantially,” and similar terms will be understood by persons
of ordinary skill in the art and will vary to some extent depending upon the context in which
itis used. If there are uses of the terms that are not clear to persons of ordinary skill in the

art, given the context in which it is used, the terms will be plus or minus 10% of the
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29 CC 2%

disclosed values. When “approximately,” “about,” “substantially,” and similar terms are
applied to a structural feature (e.g., to describe its shape, size, orientation, direction, etc.),
these terms are meant to cover minor variations in structure that may result from, for
example, the manufacturing or assembly process and are intended to have a broad meaning
in harmony with the common and accepted usage by those of ordinary skill in the art to
which the subject matter pertains. Accordingly, these terms should be interpreted as
indicating that insubstantial or inconsequential modifications or alterations of the subject
matter described and claimed are considered to be within the scope of the disclosure as

recited in the appended claims.

[0034] The use of the terms “a” and “an” and “the” and similar referents in the
context of describing the elements (especially in the context of the following claims) are to
be construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. Recitation of ranges of values herein are merely intended
to serve as a shorthand method of referring individually to each separate value falling within
the range, unless otherwise indicated herein, and each separate value is incorporated into the
specification as if it were individually recited herein. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language (e.g.,
“such as”) provided herein, is intended merely to better illuminate the embodiments and
does not pose a limitation on the scope of the claims unless otherwise stated. No language

in the specification should be construed as indicating any non-claimed element as essential.

[0035] It has now been found that, among other things, computational
thermodynamics techniques, such as the CALculation of PHAse Diagrams (CALPHAD)
approach, can be used to predict the phase stability of a given composition and reveal
promising candidate compositions. Advancements in the underlying thermodynamic
databases used with the CALPHAD approach have made prediction of the phase formation
in multiple high entropy silicides (HEA) materials more reliable [11-13], and have the
extension of the CALPHAD approach directly to the development of complex HES

compositions with targeted phase stability.

[0036] In this disclosure, the CALPHAD approach is used to identify two single-
phase HES materials: the ternary (CrMoTa)Si2 and quinary (CrMoTaVNDb)Si2. Such single-

phase HES materials may be prepared using thin film formation through electron beam

8
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evaporation of the metal constituents onto a Si substrate, followed by a heat treatment to
induce a solid-state reaction between the Si substrate, and the metal constituents. In addition
to electron beam evaporation, some embodiments may utilize pulsed laser deposition or
sputtering techniques to prepare the metal constituents onto the Si substrate. Furthermore,
the preparation of the single-phase HES materials may include co-deposition of multiple
elements simultaneously using a pre-alloyed target or multiple targets. In yet further
embodiments, the preparation of single-phase HES materials may include the deposition of

Si rather than diffusion from the substrate.

[0037] Finally, the present Applicants use grazing incidence X-ray diffraction
(GIXRD) depth profiling and scanning electron microscopy (SEM) to evaluate the phase
composition and microstructure of the ternary (CrMoTa)Si2 and quinary (CrMoTaVNDb)Siz
HES thin films. Both (CrMoTa)Si2 and (CrMoTaVNDb)Siz exhibit a single-phase state with a
C40 hexagonal crystal structure, which is consistent with the CALPHAD predictions.

[0038] The CALPHAD approach is employed to identify candidate silicide
compositions that are predicted to form a single phase with a C40 hexagonal crystal
structure. The CALPHAD approach involves thermodynamic calculation of the free energy
of the system. The calculations of the free energy of the system are used to evaluate the
phase formation that may yield the lowest free energy at a given temperature. From these
calculations, a prediction of the thermodynamically stable phase of the material composition
is identified. As seen in FIGS. 2A-B and 5A-B illustrating the equilibrium step diagrams,
the the ternary (CrMoTa)Si2 and quinary (CrMoTaVNDb)Si2 HES compositions exhibit a
single-phase in the solid state, while other compositions may yield multiple phases in the

solid state (See FIG. 5).

[0039] ThermoCalc Software equipped with the TCHEA3 HEA thermodynamic
database was used for the CALPHAD calculations. The TCHEA3 database produced by
ThermoCalc contains the necessary models for silicide structures and constituent elements

to assess the phase stability in refractory metal silicide systems [14].
Methods for Fabrication of Silicide Thin Films

[0040] Referring to FIGS. 1A and 1B, the silicide thin films are fabricated via a
two-step process. First, metal layers (Cr, Mo and Ta for (CrMoTa)Siz; Ta, V, Nb, Cr, and
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Mo for (CtMoTaVNDb)Siz) are sequentially deposited onto a Silicon substrate (FIG. 1A). In
some embodiments, the order in which the metals layers are deposited may vary and may
depend upon the particular metals being deposited. In some embodiments, the metals may
be deposited in an order in which metals with a higher propensity for oxidation are
deposited first and on the bottom, with the metals having the lowest propensity for
oxidation deposited last and on the top of the film. Including the metals with the lowest
propensity to oxidize may minimize the contamination of the end product. However, this
ordering does not necessarily enable the formation of the single phase silicide film and
different ordering of the metal layers are possible depending upon the desired features of the
single-phase high entropy silicide material. Furthermore, co-deposition of various metal
layers simultaneously is a demonstrably viable route as well in the formation of single-

phase materials.

[0041] The thicknesses of the individual metal layers (Table 2) may be selected to
obtain the desired silicide composition after full reaction with Si. The as-deposited
multilayer films of metals are then heat treated to facilitate the interdiffusion of the metals
and Si and further enhance the solid-state transformation to a single-phase silicide material

(FIG. 1B).

[0042] Metal pellets of V, Nb, Cr, Ta and Mo, with >99.7% purity (Kurt J. Lesker
Company, Jefferson Hills, PA, USA), were used for electron beam evaporation. Thin films
of each of these metals were deposited in an electron beam evaporator (Angstrom
Engineering EvoVac Glovebox) with the pressure maintained at <2.9-10” Torr during the
deposition. The evaporation parameters, including power and deposition rate for each layer,
are summarized in Table 2. The deposition rates were measured with a quartz crystal
monitor (QCM). Films were deposited onto undoped Si <100> wafers (University Wafer,
South Boston, MA, USA). Heat treatment was performed using a vacuum furnace (Centrorr
M60) under a pressure of <1x107 Torr. During heat treatment, samples were placed inside a
graphite crucible and heated to 800-900 °C for 30-60 min with a heating rate of 10 °C/min.

The furnace was turned off at the end of the heat treatment and allowed to cool naturally.

[0043] GIXRD diffraction patterns were collected with a diffractometer equipped
with a 2.2 kW Cu-Ka X-ray source with A = 1.54187 A (Rigaku Smartlab). The
diffractometer was configured in parallel beam geometry and ®-26 mode, with the

incidence angle o set to 0.2°, 0.4°, 0.55°, 0.6°, 0.8° and 1.2° to facilitate depth profiling.

10
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The patterns were collected in the 26 range of 20-50° with 0.05° step and at a scan speed of
0.65 °/s. PDF cards No. 00-004-0809, 00-006-0694, 00-004-0788, 00-034-0370, 00-022-
1058 were used to identify the (110) peak position for Mo, Cr, Ta, Nb and V, respectively.
Lattice parameters for the (CrMoTa)Si2 and (CrMoTaVNDb)Siz thin film samples were
determined by performing full-pattern Rietveld refinement using the GSAS-II software
package [15].

[0044] Secondary electron micrographs were obtained with a scanning electron
microscope (SEM, FEI Magellan 400) equipped with a through-the-lens (TLD) detector
operated in immersion mode. Cross-sectional imaging was performed by fracturing the
samples, and film thicknesses were measured from the fracture cross-section micrographs
using ImageJ [16]. Average grain sizes were measured from the top-down SEM
micrographs according to the Abrams three-circle procedure described in ASTM E112-13
[17]. Energy-dispersive X-ray spectroscopy (EDS) was performed with a silicon drift
detector (Oxford Instruments X-Max) at an accelerating voltage of 5 kV and a beam current

of 0.2 nA.
Identification of Single-phase Silicide Compositions

[0045] Candidate single-phase silicide compositions are identified by conducting a
systematic evaluation of phase stability using the CALPHAD approach. Equilibrium step
diagrams produced by the CALPHAD approach, which show the relative amount of each
stable phase calculated as a function of temperature, are used to assess a composition’s
propensity to form a single-phase state. By comparing the equilibrium step diagrams for a
variety of silicide compositions containing three or more refractory metal elements in
equiatomic ratios, i.e., (M1, M2, M, ... , Mx)Si2, two candidate single-phase HES
compositions were identified: the ternary (CrMoTa)Si2 and the quinary (CtMoTaVNDb)Siz.
Both the ternary (CrMoTa)Si2 (FIG. 2A) and the quinary (CtMoTaVNb)Siz (FIG. 2B) are
predicted to exhibit a single phase with a C40 hexagonal crystal structure.

[0046] Stability of the high entropy C40 phase predicted by CALPHAD is in
agreement with previous studies on phase stability in MoSiz-based ternary silicides, where
the presence of the C40 phase was shown to be ubiquitous [18]. Moreover, the (CrMoTa)Si2
and (CrMoTaVNb)Si2 compositions are unique in their predicted single C40 phase

formation as compared to the previously reported HES materials. Figure 5 illustrates the

11
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equilibrium step diagrams for the (MoNbTaTiW)Si2 [9] and (MoNbTaCrW)Siz [8], which
are predicted to exhibit multiple phases at equilibrium, confirming previously reported
observations of secondary phases. FIG. 2 illustrates the CALPHAD prediction of the two

candidate silicides.
Methods of Manufacturing Single-phase High Entropy Silicide Materials

[0047] In one aspect, the present disclosure relates to a novel single-phase high
entropy silicide material (CrMoTaVNb)Si2 and a manufacturing method to produce this
material as a thin film. The proposed method is applicable to other HES and HEC
compositions, as described above. In a more general sense, the embodiments will also apply
to all High Entropy Intermetallic (HEI) single-phase materials. The term “high entropy”
may be used to describe materials having of multiple constituents, wherein the constituents

include near equiatomic ratios within a composition.

[0048] The manufacturing method includes two steps: (1) thin film deposition (e.g.,
physical vapor deposition) and (2) heat treatment. These two steps can be performed either
concurrently or sequentially. This manufacturing method is compatible with industry-
standard microelectronics processing techniques (e.g., the salicide process). It is expected
that the (CrMoTaVNDb)Si2 material can be used in microelectronics. For example, in
contrast to previously reported high entropy silicides, this (CrMoTaVNDb)Si2 material is
single-phase, which is desirable for applications in microelectronics. Additionally, this
manufacturing method based on physical vapor deposition is compatible with
microelectronics processing, in contrast to mechanical alloying and spark plasma sintering
used in prior art. Still further, this manufacturing process is facile, and does not require
additional instrumentation compared to mechanical alloying and spark plasma sintering

reported in prior art.

In some aspects, the field of high entropy materials provides a vast, multicomponent
compositional space, where scientifically interesting and technologically important
materials with novel properties can be identified. Recently, the design methodologies that
are traditionally used for high entropy alloys have been extended to silicide materials, which
are particularly promising due to their potential applications in microelectronics. In aspects,
the CALculation of PHAse Diagrams (CALPHAD) approach is used to identify two
candidate single-phase high entropy silicides (HES): the ternary (CrMoTa)Si2 and the
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quinary (CtMoTaVNb)Siz. Both candidate compositions are experimentally synthesized via
electron beam evaporation followed by heat treatment in vacuum, which facilitates the
solid-state reaction and formation of a single-phase. Both the ternary (CrMoTa)Si2 and the
quinary (CrMoTaVNDb)Si2 HES films formed a single phase with a C40 hexagonal crystal
structure, validating the CALPHAD phase formation predictions. This disclosure reports the

first experimental realization of a thin film, high entropy, silicide material.

[0049] The present invention, thus generally described, will be understood more
readily by reference to the following examples, which are provided by way of illustration

and are not intended to be limiting of the present invention.
EXAMPLES

[0050] Example 1. Fabrication of Ternary Silicide Compositions. To fabricate the
ternary (CrMoTa)Siz silicide, layers of Cr, Mo, and Ta are sequentially deposited onto a Si
substrate with an equiatomic ratio of each constituent metal. The total thickness of the as-
deposited ternary multilayer film was about 25 nm, as determined by cross-sectional SEM
micrography (FIG. 6). GIXRD patterns for the as-deposited ternary multilayer thin film
exhibit a broad peak centered around ~37° (FIG. 3A), which is indexed to the (110) peak of
the body-centered cubic (BCC) structures of Cr, Mo, and Ta.

[0051] To determine the appropriate heat treatment conditions for fully reacting the
multilayer film, several discrete temperature/time combinations are evaluated between 800-
900 °C and 30-60 min, and corresponding GIXRD patterns collected from the heat-treated
samples are shown in FIG. 7. It was found that heat treating the multilayer structure at 900
°C for 30 min yielded a single-phase material with a C40 hexagonal crystal structure with
no extraneous peaks, indicating a complete transformation of the multilayer structure to the
single (CrMoTa)Si2 phase. Formation of a single phase with a C40 hexagonal crystal
structure in (CrMoTa)Si2 is not surprising given that the constituent silicides CrSiz and
MoSi:z both stabilize in a hexagonal C40 structure [19], and the C40 B-MoSiz phase is
metastable relative to the tetragonal a-MoSi2 C11b phase [20]. Additionally, (MoTa)Si2
stabilizes a single C40 phase at ~0.45-1.0 mole fractions of TaSi2, and (CrMo)Si2 stabilizes
a single C40 phase at ~0.65-1.0 mole fractions of CrSi2 [18]. The (CtMoTa)Si2 ternary has
also been shown to form a single C40 phase at approximately equiatomic compositions

[18]
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[0052] GIXRD depth profiling is used to confirm the phase uniformity of the
reacted ternary (CrMoTa)Siz silicide thin film after heat treatment at 900 °C for 30 min
(FIG. 3B). All GIXRD patterns are indexed to a hexagonal C40 crystal structure,
confirming that the solid-state reaction yielded a uniform single-phase state throughout the
thickness of the film. A single extraneous peak observed in the @ = 0.2° pattern at ~33.6°
may correspond to surface oxidation of the Ta layer and formation of Ta;Os [21]. The
oxidation may be attributed to the fact that the Ta layer was deposited last and, therefore,
exposed to air during sample manipulation. Observation of the single C40 phase in the

(CrMoTa)Siz silicide film confirms our CALPHAD predictions (FIG. 2A).

[0053] An SEM micrograph of the fracture cross-section of the reacted ternary
(CrMoTa)Siz silicide film is presented in FIG. 3C. The reacted ternary (CrMoTa)Siz film is
~42 nm in thickness, which constituted a ~70% increase in thickness compared to the as-
deposited multilayer film. The growth of the film after heat treatment is indicative of Si
incorporation into the metal film during the heat treatment. Voids are observed distributed
uniformly along the interface between the ternary (CrMoTa)Si2 HES film and the Si
substrate. The void formation is attributed to the Kirkendall effect, which occurs due to the

majority atoms (Si) being more mobile than the minority atoms (Cr, Mo and Ta) [22].

[0054] The thickness of the reacted film is in line with the ~37 nm thickness
predicted from the theoretical density of 6.97 g/cm®. Theoretical density was calculated
based on the lattice parameters obtained from full-pattern refinement (Table 1) for the C40
hexagonal crystal structure with equal probability of site occupation by Cr, Mo and Ta

atoms assuming ideal stoichiometry.

[0055] The film exhibits a uniform microstructure (FIG. 3D), with an average grain
size of 40 + 3 nm. Additionally, no obvious cracks or pores are observed on the surface of
the film. The Kirkendall voids under the film appear as dark regions in the top-down

micrograph due to fewer emitted secondary electrons (FIG. 3D).

[0056] Example 2: Fabrication of Quinary Silicide Compositions. The same
approach developed for the ternary (CrMoTa)Si2 HES film may be utilized to fabricate a
quinary (CrMoTaVNDb)Si2 HES. To avoid the surface oxidation observed in the ternary
(CrMoTa)Siz film (FIG. 3B at o = 0.2°), the deposition order of the constituent metals was

revised. The five metals are deposited according to their room temperature Gibbs free
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energy of oxide formation (AGrs): the Ta layer was deposited first (AGr=-1911 kJ/mol),
followed by V (AGr = -1803 kJ/mol), Nb (AGr = -1766 kJ/mol), Cr (AGs = -1053 kJ/mol),
and, finally, Mo (AGr = -668 kJ/mol) [23]. The metals are deposited in equiatomic ratios,
and the thickness of the as-deposited multilayer film, as determined from an SEM
micrograph of the fracture cross-section, is ~42 nm (FIG. 8). GIXRD patterns obtained from
the as-deposited multilayer thin film (FIG. 4A) exhibit a broad peak at ~38°, which is
indexed to the (110) peaks of Ta, Nb and Mo. Another peak present at ~42° is attributed to
the (110) lattice planes of elemental V.

[0057] Following the procedure previously established for the ternary (CrMoTa)Si2
film, the as-deposited Cr, Mo, Ta, V, Nb multilayer film is then heat treated at 900 °C for
30 minutes, and its phase composition was evaluated through GIXRD (FIG. 4B). The
diffraction patterns exhibited peaks indexed to the C40 hexagonal crystal structure
throughout the entire thickness of the film, confirming the CALPHAD predictions of phase
formation in (CrMoTaVNDb)Siz. Similar to the ternary (CrMoTa)Siz2, formation of a single
phase with a C40 hexagonal crystal structure is expected in (CrMoTaVNDb)Si2 due to the
prevalence of the C40 crystal structure in the constituent silicides CrSi2, MoSiz, TaSi2, VSiz
and NbSi2 [18]. Formation of a single phase with a C40 hexagonal crystal structure in the
(CrMoTa)Siz2 ternary silicide discussed above also supports this finding. No secondary
phases were evident from the diffraction patterns, indicating a complete reaction to the high
entropy (CtMoTaVNb)Siz phase. In contrast to the ternary (CrMoTa)Siz silicide (FIG. 3B),

no surface oxidation was observed in the (CrMoTaVND)Siz film.

[0058] A cross-sectional SEM micrograph of the reacted quinary (CrMoTaVNDb)Siz
HES film (FIG. 4C) revealed that the film grew to ~101 nm in thickness after heat
treatment. The ~143% increase in thickness is attributed to the incorporation of Si atoms
from the substrate during the reaction process. The thickness of the reacted film is ~21%
larger than the ~80 nm thickness predicted from the theoretical density of 6.25 g/cm®. The
deviation from the predicted thickness can be attributed to film porosity, as well as potential
errors in thickness measurements of metal layers during electron beam evaporation.
Kirkendall voids were observed at the interface between the film and the substrate,
indicating a similar reaction process to the ternary (CrMoTa)Siz sample. However, these
voids were not observed from a top-down view due to the thickness of the film (FIG. 4D).

A nonuniform grain size distribution was observed in the quinary (CrMoTaVNb)Si2 HES
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film, with grains ranging from ~145 nm to ~280 nm and an average grain size of 198 + 13
nm. The increase in grain size compared to the ternary film can be attributed to abnormal
grain growth associated with the more complex solid-state reaction process required to form
the quinary sample. A homogenous elemental distribution was confirmed through EDS
mapping (FIG. 9) of the reacted quinary (CrMoTaVNDb)Siz2 film, which revealed no large-

scale segregation nor secondary phases.

[0059] Quantitative analysis using Rietveld refinement was performed on the
diffraction patterns obtained from both silicide materials at @ = 0.55°. The measured lattice
parameters a and ¢ were compared to the lattice parameters calculated from Vegard’s law
[24] (Table 1). The difference between the measured and the calculated lattice parameters is
<0.35% for a and <1.5% for c¢. The close correspondence of the measured and calculated
lattice parameters indicates that both the ternary and quinary silicide materials fabricated in
this work follow the ideal rule of mixing and have solid-solution structures. The present
Applicants interpret this agreement with Vegard’s law as a confirmation that all of the
constituent metal elements have been incorporated on the cation sublattice of the C40

hexagonal solid-solution structure

[0060] Table 1. Lattice parameters of (CrMoTa)Siz and (CtMoTaVNb)Si2 HES with

C40 hexagonal crystal structure.

Material a (nm) ¢ (nm) Axial ratio Reference
c/a

CrSiz 0.4428 0.6368 1.438 [19]

(experimental)

B-MoSi» 0.4596 06550  1.425 [19]

(experimental)

TaSiz 0.4784 0.6570 1.373 [19]

(experimental)

VSiz 0.4572 0.6373 1.394 [19]

(experimental)

NbSiz 0.4797 0.6592 1.374 [19]

(experimental)

(CrMoTa)Si2 Rietveld 0.4618 0.6423 1.391 This work

(experimental)

(CrMoTa)Si2 Vegard’s Law  0.4602 0.6496 1.411 This work

(calculated)

(CrMoTaVND)Siz2 Rietveld 0.4644 0.6437 1.386 This work

(experimental)
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(CrMoTaVNDb)Si2 Vegard’s  0.4635 0.6491 1.400 This work
Law (calculated)

[0061] Table 2. Electron beam evaporation parameters

Layer Material Target Crucible Ratio  Quartz Crystal Power

No. layer Liner Monitor (%)

thickness Material (QCM)

(nm) Deposition

Rate (A/s)
(CrMoTa)Si:
1 Cr 4.00 Graphite 1.15 0.50 1.7
2 Mo 5.21 Graphite 1.23 0.26 23.0
3 Ta 6.00 Graphite 1.50 0.51 19.8
(CrMoTaVNb)Si:
1 Ta 7.19 Graphite 1.50 0.15 20.0
2 A% 5.63 Tungsten 1.13 0.49 2.8
3 Nb 7.19 Fabmate 1.42 0.30 253
4 Cr 4.80 Graphite 1.15 0.50 22
5 Mo 6.24 Graphite 1.23 0.60 10.0
[0062] These examples demonstrate the successful implementation of the

CALPHAD approach to the design of compositionally complex high entropy silicide
systems. The present Applicants identified two single-phase HES materials: the ternary
(CrMoTa)Si2 and quinary (CrMoTaVND)Sia.

[0063] In some embodiments, silicide materials can be fabricated via electron beam
evaporation followed by a solid-state reaction facilitated by heat treatment in vacuum. As
evidenced by GIXRD, both (CrMoTa)Siz2 and (CrMoTaVNDb)Siz exhibit a single phase with
a C40 hexagonal crystal structure, corroborating our CALPHAD predictions. Lattice
parameters obtained from the experimental GIXRD patterns after full pattern refinement are
in close alignment with lattice parameters calculated from Vegard’s law, indicating
incorporation of all constituent elements onto the metal sublattice of the C40 hexagonal

phase.

[0064] In some embodiments, the fabrication process is compatible with industry-
standard deposition processes used in microelectronics, and can therefore be implemented

in device fabrication.
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[0065] The thin film fabrication process is compatible with high throughput
materials synthesis and characterization techniques, potentially enabling fast and facile
screening of novel scientifically interesting HES materials. The disclosure exhibits a

rationally selected, experimentally synthesized thin film single-phase high entropy silicide.
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[0092] While certain embodiments have been illustrated and described, it should be
understood that changes and modifications can be made therein in accordance with ordinary
skill in the art without departing from the technology in its broader aspects as defined in the

following claims.

[0093] The embodiments, illustratively described herein may suitably be practiced
in the absence of any element or elements, limitation or limitations, not specifically

2% ¢

disclosed herein. Thus, for example, the terms “comprising,” “including,

29 CC

containing,”

etc. shall be read expansively and without limitation. Additionally, the terms and
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expressions employed herein have been used as terms of description and not of limitation,
and there is no intention in the use of such terms and expressions of excluding any
equivalents of the features shown and described or portions thereof, but it is recognized that
various modifications are possible within the scope of the claimed technology.
Additionally, the phrase “consisting essentially of” will be understood to include those
elements specifically recited and those additional elements that do not materially affect the
basic and novel characteristics of the claimed technology. The phrase “consisting of”

excludes any element not specified.

[0094] The present disclosure is not to be limited in terms of the particular
embodiments described in this application. Many modifications and variations can be made
without departing from its spirit and scope, as will be apparent to those skilled in the art.
Functionally equivalent methods and compositions within the scope of the disclosure, in
addition to those enumerated herein, will be apparent to those skilled in the art from the
foregoing descriptions. Such modifications and variations are intended to fall within the
scope of the appended claims. The present disclosure is to be limited only by the terms of
the appended claims, along with the full scope of equivalents to which such claims are
entitled. It is to be understood that this disclosure is not limited to particular methods,
reagents, compounds, compositions, or biological systems, which can of course vary. It is
also to be understood that the terminology used herein is for the purpose of describing

particular embodiments only, and is not intended to be limiting.

[0095] In addition, where features or aspects of the disclosure are described in terms
of Markush groups, those skilled in the art will recognize that the disclosure is also thereby

described in terms of any individual member or subgroup of members of the Markush

group.

[0096] As will be understood by one skilled in the art, for any and all purposes,
particularly in terms of providing a written description, all ranges disclosed herein also
encompass any and all possible subranges and combinations of subranges thereof. Any
listed range can be easily recognized as sufficiently describing and enabling the same range
being broken down into at least equal halves, thirds, quarters, fifths, tenths, efc. As a non-
limiting example, each range discussed herein can be readily broken down into a lower

third, middle third and upper third, efc. As will also be understood by one skilled in the art

2% 29 CC

all language such as “up to,” “at least,” “greater than,” “less than,” and the like, include the
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number recited and refer to ranges which can be subsequently broken down into subranges
as discussed above. Finally, as will be understood by one skilled in the art, a range includes

each individual member.

[0097] All publications, patent applications, issued patents, and other documents
referred to in this specification are herein incorporated by reference as if each individual
publication, patent application, issued patent, or other document was specifically and
individually indicated to be incorporated by reference in its entirety. Definitions that are
contained in text incorporated by reference are excluded to the extent that they contradict

definitions in this disclosure.

[0098] Other embodiments are set forth in the following claims.
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WHAT IS CLAIMED IS:

1. A method of forming a single-phase high entropy silicide material, the method
comprising:
depositing at least two metal layers onto a silicon substrate to form a multilayer film;
and
heat treating the multilayer film at a sufficient temperature to promote interdiffusion
of the metal layer and the silicon substrate to form the single-phase high

entropy silicide material.

2. The method of claim 1, wherein the depositing comprises electron beam evaporation of

at least two metals onto the silicon substrate.
3. The method of claim 2, wherein the at least two metals comprise Cr, Mo, Ta, Nb, or V.

4. The method of claim 1, wherein the depositing comprises sequentially depositing the

metal layers onto the silicon substrate.

5. The method of claim 3, wherein the at least two metal layers comprise, in no particular
order, a first layer comprising Cr, a second layer comprising Mo, and a third layer

comprising Ta.

6. The method of claim 5, wherein the Cr, Mo, and Ta are deposited onto the Si substrate in

an approximately equiatomic ratio.
7. The method of claim 1, wherein the single-phase silicide material is (CrMoTa)Siz.

8. The method of claim 2, wherein the at least two metal layers comprise, in no particular
order, a first layer comprising Cr, a second layer comprising Mo, a third layer

comprising Ta, a fourth layer comprising Nb, and a fifth layer comprising V.

9. The method of claim 8, wherein the Mo, Cr, Ta, Nb, and V are deposited onto the Si

substrate in an approximately equiatomic ratio.
10. The method of claim 1, wherein the single-phase silicide material is (CrMoTaVNDb)Siz.

11. The method of claim 1, wherein the heat treating is conducted at 700 to 1000 degrees

Celsius.
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12.

13.

14.

15.

16.

17.

18.

The method of claim 1, wherein the heat treating is conducted for 30 minutes to 90

minutes.
Single-phase high entropy (CrMoTa)Siz.
Single-phase high entropy (CrMoTaVND)Sia.

A method of identifying single-phase high entropy silicides (HES) comprising using a
CALculation of PHAse Diagrams (CALPHAD) approach to identify two candidate
single-phase high entropy silicides (HES): the ternary (CrMoTa)Si2 and the quinary
(CrMoTaVND)Sia.

The method claim 15, wherein both the ternary (CrMoTa)Si2 and the quinary
(CrMoTaVND)Siz2 HES films form a single phase with a C40 hexagonal crystal

structure.

The method of claim 15, further comprising the step of synthesizing both candidate
single-phase HES via electron beam evaporation followed by heat treatment in

vacuum, to facilitate a solid-state reaction and formation of a single phase.

A thin film high entropy silicide material fabricated using the method of claim 15.
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 21/58358

A. CLASSIFICATION OF SUBJECT MATTER

IPC -

HO1L 21/02; HO1L 21/306; HO1L 21/3105 (2022.01)
CPC - HO1L 21/02164; HO1L 21/0262; HO1L 21/02631

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCIIED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Clectronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y *|CN 109,608,203 A (Donghua University) 12 April 2019 (12.04.2019) pg 2, In 14-49, pg 3, In 1- | 1-12
46,

Y -|FINSTAD, T. G. et al. The Formation of Disilicides from Bilayers of Ni/Co and Co/Ni on Silicon" | 1-12
Phase Separation and Solid Solution. Thin Solid Films. 15 January 1986, Vol. 135, No. 2, pg 1,
In 1-5, pg 2, In 26-28, pg 9, In 18-19,

Y US 2018/119255 A1 (Ohio State Innovation Foundation) 3 May 2018 (03.05.2018) para [0002], |5-10
para [0018]), para [0058], para [0061],

A 11S 5,019,752 A (Schumacher) 28 May 1991 (28.05.1991) col 5, In 45-47 5

A US 2020/308673 A1 (Select Jewelry, Inc.) 1 October 2020 (01.10.2020) para [0005], 5

A US 2016/201169 A1 (Scoperta, Inc.) 14 July 2016 (14.07.2016) entire document 1-12

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A" document defining the general state of the art which is not considered
to be of particular relevance

“D”  document cited by the applicant in the international application

“E” earlier application or patent but published on or after the international
filing date

“L” document which maK throw doubts on priority claim(s) or which
is cited to establish t c't{)ubllcatlon date of another citation or other
special reason (as specified)

“Q” documentreferringtoanoral disclosure, use, exhibition or other means

“P” document published prior to the international filing date but later than

the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step

when the document is taken alone

document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

4 January 2022

Date of mailing of the international search report

MAR 09 2027

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Kari Rodriquez

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)
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Box No. IT Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I. L—:J Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claiins Nos.:
becausc they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Scarching Authority found multiple inventions in this international application, as follows:
----------------- see supplemental box-----------e==---

As all required additional search fees were timely paid by the applicant, this international search report cavers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:

Claims 1-12

Reinark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee
I I The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

l::' No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)
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Bx. lil (Lack of Unity)

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I: Claims 1-12 is directed toward a method of forming a single-phase high entropy silicide material, the method comprising:
depositing at least two metal layers onto a silicon substrate to form a multilayer film; and heat treating the multilayer film at a sufficient
temperature to promote interdiffusion of the metal layer and the silicon substrate to form the single-phase high entropy silicide material,

Group II: Claims 13-18 is directed toward single-phase high entropy (CrMoTa)Si2; and single-phase high entropy (CrMoTaVNb)Si2; and
a method of identifying single-phase high entropy silicides (HES) comprising using a CALculation of PHAse Diagrams (CALPHAD)
approach to identify two candldate single-phase high entropy silicides (HES): the ternary (CrMoTa)Si2 and the quinary
(CrMoTaVNb)Si2.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, they lack the same
or corresponding special technical features for the following reasons:

Special Technical Features:

The invention of Group | includes the special technical feature of a method of forming a silicide material, the method comprising:
depositing at least two metal layers onto a silicon substrate to form a multilayer film; and heat treating the muitilayer film at a sufficient
temperature 10 promote interdittusion ot the metal layer and the silicon substrate to form the silicide material, not required by Group i\.

The invention of Group Il includes the special technical feature of (CrMoTa)Si2; and (CrMoTaVND)Si2; and a method of identifying single
-phase high entropy silicides (HES) comprising using a CALculation of PHAse Diagrams (CALPHAD) approach to identify two candidate
single-phase high entropy silicides (HES): the ternary (CrMoTa)Si2 and the quinary (CrMoTaVNb)Si2, not required by Group .

Shared Technical Features:
The inventions of Groups I-ll share the technical features of a single-phase high entropy silicide.

However, these shared technical features do not represent a contribution over prior art, because the shared technical feature is being
anticipated by CN 109,608,203 A to Donghua University (hereinafter "Donghua”). Donghua teaches a single-phase high entropy silicide
material (pg 2, In 44-47, The technical solution adopted by the invention is as follows: A kind of high entropy disilicide, which is
characterized in that its chemical formula is (A0.2D0.2E0.2G0.2J0.2)Si2, wherein A, D, E, G, J are any five kinds of different metallic
elements in Zr, Nb, Mo, Hf and W; and pg 3, In 46, it is seen then that obtained material is the uniform single-phase high entropy
disilicide; A disilicide Is a silicide; see instant claim 15, two candidate single-phase high entropy silicides (HES): the ternary
(CrMoTa)Si2),

As the common features were known in the art at the time of the invention, they cannot be considered special technical features that
would otherwise unify the groups.

Therefore, Groups |-l lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.

Form PCT/ISA/210 (extra sheet) (July 2019)
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