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SEMICONDUCTOR DEVICES HAVING RUTHENIUM PHOSPHORUS THIN FILMS
Field

Embodiments of the present disciosure generally relate to semiconductor

devices having ruthenium phosphorus thin films.
Background

Thin films are used in semiconductor devicas 1o provide a number of
different properties. Generally, the design and deposition of a thin film may be a
compromise between some properties such as film resistivity, thickness, and the ability
of the film to server as a metal diffusion barrier, as well as a nucleation laver. ldeally, a
thin film may be a conformal film; however, real films generally exhibit some degres of
thickness variation. Currently available thin films may not have sufficiently low resistivity,
may have too much thickness variability, may have insufficient metal diffusion
resistance, and/or may not provide good nucleation for additional layers. For example,
currently available films may not have sufficient metal diffusion resistance o
interconnect metals such as copper, 1o strong N-type metals such as titanium aluminum
alloys and aluminum for silicon-based n-lype metal oxide semiconductor (NMOS,
transistor devices, and for group -V based NMOS transistor devices. As another
axample, currently available films, such as tifanium nitride or tantalum nidride, may not
serve as a good nucleation layer for chemical vapor deposition of aluminum or titanium,

as well as their alloys.
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Brief Description of the Drawings

Embodiments will be readily understood by the following detailed
description in conjunclion with the accompanying drawings. To facilitate this description,
fike reference numerals designate like structural elements. Embodiments are illustrated
by way of example and not by way of imitation in the figures of the accompanying
drawings.

FiG. 1 schematically lliustratas a top view of an exampla die in wafer form
and in singulated form, in accordance with some embodimeants.

FiG. 2 schematically Hllustrates a cross-section side view of an integrated
circuit {1C) assembly, in accordance with some embodiments.

FIG. 3 schematically fliustrates a cross-section of a gate region of a tri-
gate transistor having a thin film of ruthenium-phosphorus deposited on a high-kappa
diglectric material layer, in accordance with some embodiments.

FIG. 4 schematically lllustrates a cross-section of a gate region of a tri-
gate transistor having a thin film of ruthenium-phosphorus deposited on a liner material
laver, in accordance with some embodiments.

FiG. 8 schematically Hllustrates a cross-section of a gate region of a tri-
gate transistor having a thin film of ruthenium-phosphorus deposited on a high-kappa
dislectric maternial layer, in accordance with some embodiments.

FIG. 8 schematically lliusirates a cross-section of an interconnect structure
of a semiconductor device with a ruthenium phosphorus thin film, in accordance with

some ambadiments.
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FIG. 7 schematically Hllustrates a cross-section of a gate region of a
fransistor having a thin film of ruthenium-phosphorus on s nanowire structure, in
accordance with some embodiments.

FIG. 8 schematically lliustrates a process for making a transistor gate
stack of a semiconductor device including a thin Tilm composed of ruthenium
phosphorus, in accordance with some embodiments.

FiG. 9 schematically Hliustratas a process for making an interconnect
structure of g semiconductor device including a thin film composed of ruthenium
phosphorus, in accordance with some embodiments.

FiG. 10 illustrates a system with a semiconductor device with a ruthenium-
phosphorus alloy film deposited on the device, in accordance with some embodiments.

Detatled Description

Embodiments of the present disclosure describe semiconductior devices
having a ruthenium-phosphorus alloy film deposited thergon. Further described are
systems with a semiconductor davice with a ruthenium-phosphorus alioy film deposited
on the device.

in the following detailed description, reference is made to the
accompanying drawings that form a part hereof, wherein like numerals designate like
parts throughout, and in which is shown by way of dlustration embodiments in which the
subject matter of the present disclosure may be practiced. it is {0 be understood that
other embodiments may be utilized and structural or logical changes may be made

without departing from the scope of the present disclosure. Therefore, the following



WO 2017/099770 PCT/US2015/064844

detailed description is not {0 be taken in a limiting sense, and the scope of embodiments
18 defined by the appended claims and their equivalents.

For the purposeas of the presant disclosurg, the phrase “A and/or B means
(A}, (B), or (A and B). For the purposas of the present disclosure, the phrase A B,
andfor C" means (A), (B), (C), (Aand B), (Aand C), B and C), or {A B and C).

The description may use perspective-based descriptions such as
topibottom, side, overfunder, and the like. Such descriptions are merely usad (o
facilitate the discussion and are not intended {o restrict the application of embodiments
described herein to any particular orientation.

The description may use the phrases “in an embpodiment,” or “in
ambaodiments,” which may each refer to ong or more of the same or different
embodiments. Furthermore, the terms “comprising,” “including,” “having,” and the like,
as used with respect to embodiments of the present disclosure, are synonymous. The
term “coupled” may refer to a direct connection, an indirect connaction, or an indirect
commurnication.

The term “coupled with,” along with its derivatives, may be used hersin.
“‘Coupled” may mean one or more of the following. "Coupled” may mean that two or
more elements are in direct physical or electrical contact. However, “coupled” may aiso
mean that two or more slements indirectly contact each other, but yet still cooperate or
taract with each other, and may mean that one or more other elements are coupled or
connecied between the elements that are said to be coupled with each other. The term
“directly coupled” may mean that two or more gelemenis are in direct contact. By way of

example and not limitation, “coupled” may mean two or more slements or devices arg
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coupled by elecirical connections on a printed circuit board such as a motherboard, for
example. By way of example and not limitation, “coupled” may mean two or more
slements/devices cooperate and/or interact through ong or more natwork linkages such
as wired and/or wirgless networks. By way of example and not fimitation, a computing
apparatus may include two or more computing devices “coupled” by one or more
network linkages.

in various embodiments, the phrase “a first faature formed, deposited, or
otherwise disposed on a second featurg” may mean that the first feature is formed,
deposited, or disposed over the second feature, and at least a part of the first feature
may be in direct contact {g.g., direct physical and/or electrical contact) or indirect
contact (2.g., having one or more other features between the first fealure and the
second feature) with at least a part of the second feature.

As used herein, the term “circuliry” may refer to, be part of, or include an
Application Specific Integrated Circuit {ASIC), an slectronic circuit, 8 processor (shared,
dadicated, or group) and/or memory (shared, dadicated, or group) that exacute one or
more saftware or firmware programs, a combinational logic circult, state machine,
and/or other suitable components that provide the described functionality.

Generally, thin films on semiconductor devices may provide selectad
functionality such as a speacific resistivity and may be a metal diffusion barrier. To
provide a needed functionality, a thin film may need {0 have good conformal propertias
and may need to be very thin to meet certain design and performance crileria.
Moreover, thin films may need {0 have further layers attached o the film, and thus such

films may naed to have suitable nucleation properties for forming additional fayers. The
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materials used for a thin film and the deposition method may be factors in achieving a
film that is very thin, has proper conductivity/resistivity, serves as a good diffusion
barrier against certain metals, is conformal, and has good nucleation properties for
other lavers {0 be attached to the film. Thin films may be composed of metals or metal
alloys and may include selected metals and other atoms and/or compounds in selected
proportions to impart desired properties 1o a semiconductor device. Thin metal films
may be fractions of a nanometer (monolayer) up 1o several micrometers, depending on
the desired properties,

in various embodiments, the thin metal films may be formed on
semiconductor devices by one or more deposition methods, such as atomic layer
deposition {ALD), chemical vapor depasition (CVD), physical vapor deposition {(PVD),
The ong or more deposition methods, optionally, may include plasma enhanced
deposition. Other methods may be used to form such films. Some methods may be
used with other methods for sequential formation of a film on ancther film. Forming a
metal film may require several processing steps, which may include use of various
gases and/or co-reactants. In deposition procasses, a precursor typically is usad and
may be comprised of a melal that is complexed with, or bound o, an organic
compound. A metal-organic compilex may include numerous organic moleculas bound
{0 a single metal atom. The precursor may be subsequently deposited on a surface o
form a thin film, which may be further processed to form a film comprised of the metal
component of the precursor or an alioy of the metal. There may be some residual
amount of the organic component attached ¢ the film. The organic compound used to

form a complex with a metal of a precursor may be referred to as a ligand. The choice
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of a ligand generally may have an impact on the ability o effectively form a metal film
via deposition processes with the desired properties and performance.

Regarding ALD, this method generally is a self-limiting thin film growth
process in which a haated substrate may be repeatedly and separataly exposed o a
precursor molecule and, optionally, a covreactant in a seguential manner in a gas
phase. The process is self-limiting because reaction stops after all reactive sites of a
substrate are reacted during a cycle. ALD may provide highly conformal and uniform
films and further may aliow the manufacture of ulirathin (less than 300 A) films at a
relatively low deposition temperature. ALD temperature may be from approximately
80 °C 10 450 °C, depending on precursor characteristics such as volatility.

Ragarding CVD, this method generally s a chemical process that may be
used to produce thin films of various compositions. I typical CVD, a substrate may be
exposed to a volatile precursor that may react and/or decompose on the subsirate
surface o produce a thin film, including a thin metal film. There may be volatile by-
praducts produced during the CVD process. Thase by-products may be removed by gas
flow through the CVD reaction chamber. A VD process may be a plasma enhanced
CVD process.

To form a thin film of a metal or a metal-containing material on a
saemiconductor substrate via a deposition process, selected materials may be used
ncluding precursors, co-reactants, and/or gases, as previously indicated. The
precursors generally are comprised of a metal that is complexed with an organic
compound-—a ligand, as previously described. To form the organic-metal compley, the

Hgand neads (o have certain bonding abilities that allow it to coordinate with the metal
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The number of ligands coordinated with a selected metal depends on the coordination
number of the metal. For example, a ligand-metal complex may be comprised of
rpumarous ligands for each metal atom, depanding on the coordination numbaer of the
metal.

In some embodiments, a ruthenium (Ru)-phosphorus (P} film may be
formed on semiconductor devices o provide desirable properties o the devices. A Ru-P
film may be referred {0 as a Ru-F alloy film. The film may be formed by different
gmbodiments of one or more deposition processes such as ALD and/or CVD. in some
ambodiments, the films may be ultrathin, on the order of approximalely 1to 5
nanometers, and may be used as effective diffusion barriers against other metals. In
some ambaodiments, the films may be highly conformal and may provide effective
adhesion layers in transistor device contacts, gate struciures, or the back end of line
interconnects. in some embodiments, the fiims may be effective as conductive liners. In
some ambodiments, Ru-P films may be conformal, ulirathin, a conductive liner, a work
function metal, a good diffusion barrier, and/or a good adhasion layer/nucleation layer.

in some embodiments, a Ru-P film may be deposited on a substrate by
CVD in a vacuum chamber. The deposition may be performed by heating the subsirate
at s temperature of approximately 200 °C 0 450 °C. The temperaiure may depend on
the precursor usad for deposition. The deposition may occur at a prassure of
approximately 0.1 to 20 mm Hg. Deposition of a precursar may be by a continuous
method or by a pulsed method, or a combination thereof. In addition to a precursor, a

deposition process may include a carrier gas, such as nitrogen {Ng) or argon (Ar), by

s
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way of example and not limitation. Other carrier gases, such as inert gases, may be
used.

A co-reactant may be used during deposition. Co-reactants may include
one or more compounds such as hydrogen (M) ammonia (NHs);, phosphine (PHz), an
aikylphosphine such as a monoalkyiphosphine (H;PR), a dialkkyiphosphine (HPRRYor a
frigikylphosphine (PRR'R"ywhere R, R and R” may be meathyl, ethyl, propyl, isopropyl,
or t-butyl, and/or a substituted or unsubstituted hydrazine (NaHs) whers one or more of
the hydrogens may be substituted with various groups including, by way of example and
not imitation, alky! groups. In some embodiments, a precursor for deposition of a Ru-P
film may include P in the precursor. in some embodiments, a precursor for deposition of
a Ru-P film may not include P and may contain only Ru, which may be bound by a
figand compound for example. For precursors without P, a Ru-P film may be formed by
including a co-reactant containing P. In some embodimentis where the precursor
ncludes P, a co-reactant with P may be included {¢ further adjust the amountof P ina
Ru-P film. In some embodiments, the deposition process may inciude one precursor or
may include g combination of two or more precursors, whers the precursors may or may
not include P. The term ruthenium precursor may include precursors with ruthenium
and/or precursors with ruthenium and phosphorus.

In soms embodiments, a precursor may thermally decomposg on a
surface of a subsirate to form a Ru-P film. One or more co-reactants may be included {o
form the Ru-P film, where the co-reactants may include P, as previously discussed. In
some ambodiments, the film may contain approximately 5 1o 30 atomic percent P In

some embodiments where a co-reactant gas s used o deposit a Ru-P film, the co-
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reactart gas may be provided continuously o the surface of the substrate or may be
provided as an intermittent pulse of gas. In some embodiments, a co-reactant gas may
be provided in its molecular form or may be provided in a plasma-activated form. In
embodimeants where the precursor is a Ru precursor, a Ru-P film may be deposited on a
substrate using a co-flow of PHa or an alkyiphoshine such as a monoalkyiphosphine
(HoPR), a dialkylphosphine (HPRR’) or an trislkyiphosphing (PRR'R”) where K, R and
R” may be alkyl groups, alone or in combpination with one or mors co-reactants. The
aikyl group may be methyl, ethyl propyl, isopropyl or t-butyl, by way of example and not
Hmitation. In some embodiments, a co-flow of PH: or an alkylphosphine alone or in
combination with one or more co-reactants may be used o deposit Ru-P films where
the precursor contains Ru and P in order to provide further control of the amount of P in
the film.

in some embodiments, precursors for Ru-P films may contain phosphorus
(Ru-P precursors) and may include Ru bound in a compound such as Ru{PkaidH and
cis-HaRU(P{CHals)s, by way of example and nat limitation. Ru-P precursors may include
Ru bound by a bidentate ligand containing P, such as RyPCHCHLPR,, for example, or
Ru bound by a iridentate ligand containing P, such a8 RyPCHCHNHCHCHPR,, Tor
gxample. The R group may be methyl, sthyl, propyl, isopropyl, or t-butyt or various
cambinations thereof.

In some embodiments, the one or more precursors for the Ru-P film may
not contain P and may include Ru bound by a ligand compound. For example, the
precursors for the Ru-P film may include bis{cyclopentadienyl) ruthenium, bis{alkyl-

cyclopentadienyl} ruthenium, ruthenium amidinate complexes, ruthenium diazadiense

~ 40 -
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complexes, or ruthenium carbonyl complexes. The alkyi group of bis(alkyl-
cyclopentadienyl) ruthenium may be methyl, ethyl, t-bulyl, or isopropyl.

In soms embodimeants, a Ru-P film may be deposited on a substrate of a
semiconductor device, whers the substrate may include Hydrogen (H)-terminated
silicon; silicon; silicon-germanium, germanium; a compound semiconductor of Group Hi-
V. a main-group oxide such as tin oxide, germanium oxide, or germanium silicon oxide;
a metal oxide,; a low-kappa (k) gate dielectric; silicon oxide; a binary or mixed matal
oxide; or silicate. In some embodiments, the substrate may be implanted/doped with an
element such as carbon, phosphorus, boron, or beryllium, for example. Group -V
semiconductors may include boron nitride, boron phosphide, boron arsenide, aluminium
ritride, aluminium phosphide, aluminium arsenide, aluminium antimonide, gallium
nitride, gallium phosphide, gallium arsenide, gallium antimonide, indium nitride, indium
phosphide, ndium arsenide, and indium antimonide. A low-kappa dielectric material
may mean a material having a low dislectric constant in comparison (o silicon dioxide. A
low-Kappa dielectric material may bea an inferlayer dielectne material.

in some embodimeants, the subsirate may be activated prior to deposition
by exposure (o an organic or inorganic nucleation promoting substance. In some
embodiments, the deposition may be by CVD, and the nucieation promoting substance
may ba deposited by ALD.

A thin film of Ru-P may be deposited on substrates of various
semiconductor devices, as previously described. For example, in some embodiments, a
thin film of Ru-P may be deposited between a high-kappa diglectric material layer and a

work function metal in a gate stack of a silicon, silicon germanium, or germanium-based

~11 -
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transistor device. A high-kappa diglectric material layer may be composed of, for
example, hafnium-based high-kappa diglectrics, nitrided hafnium silicates (HISION)
diglectric, hafnium silicate, zirconium silicate, hafhium dioxids, zirconium dioxide, andfor
another suitable material. A high-kappa dislectric material layer may be deposited using
ALD or CVD, for example. A high-kappa dielectric may refer 1o a malerial having a value
of a dislectric constant more than that of silicon nitride, which may have a value of about
7. Alow-kappa dislectric refer 1o & material having a value of a dielectric constant less
than that of silicon dioxide, which may have a value of about 3.9,

in some embodiments, a thin film of Ru-P may be deposiied between a
iner material and a work function metal in a gate stack of a silicon-, silicon germanium-,
or germanium-based transistor device. The liner maternial may be deposied on a high-
kappa dislectric material laver of the device. The liner material may be a diglectric
material such as a nitride of silicon, titanium, or tantalum. The liner material may be
approximately 5100 Angstroms thick,

in some ambodiments, a thin film of Ru-F may be deposited on a high-
kappa dieleciric material layer in the gate region of a Group Hi-V based transisior
device. The film may function as a work function metal In this embodiment, there may
be no need o have a separate diffusion barrier.

In soms embodimeants, a thin film of Ru-P may be deposited on a low-
kappa dislectric material laver in an interconnect structure of a semiconductor device.
The low-kappa disleciric material laver may be composed of a buiid-up malerial or a

silicon oxide material.
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in some embodiments, a gate material may be deposited on a Ru-P thin
film to form a gate stack. The gate material may be a metal, such as aluminum, for
axample. The gate matenial may be doped polysilicon. In some embodiments, the
doped polysilicon may be highly doped with donors or acceptors.

FiG. 1 schematically Hllustrates a {op view of an example die 102 in wafer
form 10 and in singulated form 100, in accordance with some embodiments. in soms
embodimeants, the die 102 may bea one of a plurality of dies (s.g., dies 102, 103a, 1430L)
of a wafer 11 composed of semiconductor material such as, for example, silicon or other
suitable material. The plurality of dies may be formed on a surface of the wafer 11. Each
of the dies may be a repeating unit of a semiconductor product that includes one or
mare transistor assemblias and/or other device assembilies that include Ru-F thin films
formed by a deposition process as disclosed herein. For example, the die 102 may
include circuitry having transistor structures 104 andfor other device structures with Ru-
P thin films deposited using the materials and processes described herein. The Ru-P
thin fiims may provide advantages over other thin films, where the advantages may
nclude one or more of the following: highly conformal, ultrathin, a good conductive liner,
a good work function metal, a good diffusion barrier, andfor a good adhesion
layerinucleation layer.

Although the transistor structures 104 are depicted in rows that traverse a
substantial portion of the die 102 in FIG. 1 for the sake of simplicity, # is to be
undersiood that the transistor structures 104 may be configured in any of a8 wide varisty
of other suitable arrangements on the die 102 in other embodiments, including, for

example, vertical and horizontal featuras having much smaller dimensions than

~13 -
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depicted. After a fabrication process of the semiconductor product embodied in the dies
is complete, the wafer 11 may undergo a singuistion process in which each of the dies
(a.q., die 102) is separated from one another to provide discrata “chips” of the
semiconductor product. The wafer 11 may be any of a variety of sizes. In some
embodiments, the wafer 11 has a diameter ranging from approximately 254 mm {o
approximately 450 mm. The wafer 11 may include other sizes and/or other shapes in
othar embodiments. According to vanious embodiments, the transistor structures 104
may be disposed on a semiconductor substrate in wafer form 10 or singuisted form 100
The transistor structures 104 described herein may be incorporated in a die 102 for
logic or memaory, or combinations thereof. In some embodiments, the transistor
structures 104 may be part of a system-on-chip {(SoC) assembly.

FiGs. 2 schematically lliustratas a cross-section side view of an integrated
circuit (1C) assembly 200, in accordance with some embodiments. In some
ambodiments, the IC assambly 200 may include one or more dies (hereinafter “die
1027 electrically andfor physically coupled with a package substrate 121, In some
gmbodiments, the package substrate 121 may be electrically coupled with a circuit
board 122, as can be seen. In some embodiments, an integrated circuit (I0) assembly
200 may include one or more of the die 102, package substrate 121 and/or circuit board
122, according {0 various embodiments. Embodiments described herein for Ru-P thin
metal films may be incorporated in the one or more die 102, according o various
embodiments. The Ru-P thin metal films may be formed as described and disclosed
herain. The Ru-P thin films may provide advantages over other thin films, where the

advantages may include one or more of the following: highiy conformal, ultrathin, a good

~ 14 -
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conductive liner, a good work function metal, a good diffusion barrier, and/or a good
adhesion layer/nucleation laver.

The die 102 may represent a discrete product made from a semiconductor
material {e.g., siicon) using semiconductor fabrication techriques such as thin film
deposition, lithography, etching and the like used in connection with forming
complementary metal oxide semiconductor {CMOS) devices. In some embodiments, the
die 102 may be, include, or be a part of a procassor, memory, SoC or ASIC. In some
gmbaodiments, an electrically insulative material such as, for exampie, molding
compound or underfill material (not shown) may encapsulate at least a portion of the die
102 andfor die-level interconneact structures 106,

The die 102 can be alfached 1o the package substrate 121 according to a
wide variety of suitable configurations including, for example, being directly coupled with
ihe package subsirate 121 in a flip-chip configuration, as depicied. In the flip-chip
configuration, an active side, 81, of the dis 102 including circuitry is attached o a
surface of the package substrate 121 using die-level interconnect structures 106 such
as bumps, pillars, or other suitable structures that may also slectrically couple the die
102 with the package substrate 121, The active side §1 of the die 102 may include
active devices such as, for example, transistor devices. An inactive side, 82, may be
disposed opposite o the active side S1, as can be ssen.

The die 102 may generally include a semiconductor substrate 102a, one
or more device layers (hereinafter "device layer 10207} and one or more interconnect
tayers (hereinafter “interconnect layer 102¢7). The semiconductor substrate 102a may

ba substantially composead of a bulk semiconductor material such as, for exampis,

~ 15 .



WO 2017/099770 PCT/US2015/064844

silicon, in some embodiments. The device layer 102b may represent a region where
active devices such as transistor devices are formed on the semiconducior substrate.
The device layer 102b may includs, for example, transistor structures such as channel
bodies and/or source/drain regions of transistor devices. The interconnect layer 102¢
may include interconnect structures {@.¢., slectrode terminals) that are configured to
route electrical signals 1o or from the active devices in the device layer 102b. For
example, the interconnact laver 10Z¢ may include horizontal lines (g.g., renches)
and/or vertical plugs {e.q., vias) or other suitable features to provide electrical routing
and/or contacts.

in some embodiments, the die-level interconnect structures 106 may be
aglectrically coupled with the interconnect layer 102¢ and configured to route slectncal
signals between the die 102 and other slectrical devices. The electrical signals may
include, Tor example, inputfoutput (¥0O) signals and/or power/ground signals that are
used in connection with operation of the die 102,

in some embodiments, the package substrate 121 is an epoxy-basad
laminate substrate having a core and/or build-up layers such as, for example, an
Arinomoto Build-up Film (ABF) substrate. The package substrate 121 may include other
suitable types of subsirates in other embodiments including, for example, substrates
formed from glass, ceramic, or semiconductor materials.

The package subsirate 121 may include slectrical routing features
configured to route electrical signals to or from the die 102, The slectrical routing
features may include, for example, pads or traces (not shown) disposed on one or more

surfaces of the package substrate 121 and/or internal routing features (not shown) such
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as, for example, trenches, vias or other interconnect structures (o route electrical signals
through the package substrate 121, For example, in some embodiments, the package
substrate 121 may include electrical routing features such as pads {(not shown)
configured to receive the respective die-level inferconnect structures 108 of the die 102

The circuit board 122 may be a printed circuit board (PCB) composed of
an electrically insulative material such as an epoxy laminate. For example, the circuit
board 122 may include elecirically insulating layers composed of materials such as, for
example, polytetrafluorosthylens, phenolic cotion papsr malerials such as Flame
Retardant 4 (FR-4), FR-~1, cotion paper and epoxy materials such as CEM-1 or CEM-3,
or woven glass malerials that are laminated togethear using an epoxy resin praprag
material. Inferconnedt structures (not shown) such as traces, trenches, or vias may be
formed through the electrically insulating layers 10 route the electrical signals of the die
102 through the circuit board 122, The circuit board 122 may be composed of other
suitable materiais in other embaodiments. In some embodiments, the circuit board 122 s
a motherboard.

Package-level interconnects such as, for example, solder balls 112 may
be coupled to one or more pads (hereinafier "pads 1107} on the package substrate 121
and/or on the circuit board 122 to form corresponding solder joints that are configured (o
further route the slactrical signals between the package subsirate 121 and the circuit
board 122, The pads 110 may be composead of any suitable electrically conductive
material such as metal including, Tor example, nickel (N}, palladium (Pd), goid (Au),

silver {(Ag), copper {Cu), and combinations thereof. Other suitable techniques to
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physicaily and/or electrically couple the package substraie 121 with the circuit board
122 may be used in other embodiments.

The IC assembly 200 may include a wide variety of other suitable
configurations in other embodiments including, for example, suitable combinations of
flip-chip and/or wirg-bonding configurations, interposers, mulli-chip package
configurations including system-in-package {SiP) and/or package-on-packags (PoP)
conffigurations. Other suitable techniques to routs slectrical signals betwaen the die 102
and other componernts of the IC assembly 200 may be used in some embodiments.

FIG. 3 schematically Hllustrates a cross-section of a gate region of a tri-
gate transistor 300 having a thin film of ruthenium-phosphorus 306 deposited on a high-
kappa dielectric material layer 304, in accordance with some embodiments. In some
embodiments, the tri-gate transistor 300 may be a silicon-, silicon germanium-, or
germanium-~-based transistor. In some embodiments, the tri-gate transistor 300 may
have a fin 302 comprised of a substrate material, as illustrated. The substrate material
may be silicon, sthcon garmanium, germanium, or ancther suitable matenal, and may be
freated and/or doped as previously discussed.

in some embodiments, the fin 302 may have a high-kappa dielectric
material layer 304 coupled 1o the fin 302, The high-kappa diglectric material may be one
ar mora of the previously disclosed materials, and may be daposited via any suilable
process, such as ALD or CVDL

in some embodiments, the high-kappa dislectric material layer 304 may
have a Ru-P thin film 306 coupled to the high-kappa dielectric material layer 304, The

Ru-F thin film 306 may be formed by a deposition method using a precursor containing
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Ru or Ru and P, as previously discussed. The deposition method may include any of
the methods disclosed herein, including CVD or PVD. The deposition method may be a
plasma enhanced deposition method. The deposition method may use the methods and
materials as previously discussed. In some embodiments, the Ru-P thin film 306 may
be approximately 1 t0 5 nanometers thick. The Ru-P thin film 306 may function as a
metal diffusion barrier, a nucleation promotor, and/or an adhesion layer.

in some embodiments, the Ru-P thin film 306 may have a gate material
laver {work function layer) 308 coupled o the Ru-P thin film 306. The gate material layer
308 may be composed of aluminum or some other conducting metal. The gate material
layer may allernatively or additionally include doped polysilicon.

The Ru-P thin films may provide advantages over other thin films, whare
the advantages may include ang or more of the following: highly conformal, ultrathin, a
good conductive liner, a good work function metal, a good diffusion barrier, andfor a
good adhaesion layer/nucieation layer.

FIG. 4 schematically Hliustratas a cross-saction of a gate region of a tri-
gate transistor 400 having a thin film of ruthenium-phosphorus 406 deposited on a liner
material layer 410, in accordance with some embodiments. In some embodiments, the
fri-gate transistor 400 may be a silicon-, silicon germanium-, or germanium-based
fransistor. in some embodiments, the tri-gate transistor 400 may have a fin 402
comprised of a substrate material, as dllustrated. The substrate material may be any
suitable malerial, such as silicon, silicon germanium, or germanium and may be treated

and/or doped as previously discussed.
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in some embodiments, the fin 402 may have a high-kappa dielectric
material layer 404 coupled 1o the fin 402, The high-kappa dislectric matenal may be a
material as previously described and may be deposited via any suilable process, such
as ALD or CVD.

in some embodiments, the high-kappa dielectric material layer 404 may
have a liner material layer 410 coupled 1o the high-kappa dislectric matenial layer 404,
The liner matanial may be a dislectric maternial such as a nitride of silicon, titanium, or
tantalum. The liner material may be approximately 5100 Angstroms thick.

in some embodiments, the liner material layer 410 may have a Ru-P thin
film 406 coupled o the iner material fayer 410, The Ru-P thin film 406 may be formed
by a deposition mathod using a precursor containing Ru or Ru and P, as praviously
discussed. The deposition method may include any ong or more of the meathods
disclosed herein, including CVD or PVD. The deposition method may use the methods
and materials as previously discussed. The deposition method may be a plasma
enhanced deposition method. In some embodiments, the Ru-P thin film 408 may be
approximately 1 {0 5 nanometers thick. The Ru-P thin film 408 may function as a matal
diffusion barrier, a nucleation promotor, and/or an adhesion layer.

in some embodiments, the Ru-P thin film 406 may have a gate matenial
fayer {work function layer) 408 coupled o the Ru-P thin film 408. The gate material layer
408 may be composed of aluminum or some other conducting metal. The gate matenal
tlayer 408 may alternatively or additionally include doped polysilicon.

The Ru-P thin films may provide advantages over other thin films, whare

the advantages may include ong or more of the following: highly conformal, ultrathin, a
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good conductive liner, a good work function metal, a good diffusion barrier, and/or a
good adhesion layer/nucieation layer.

FIG. § schematically fliustrates a cross-section of a gate region of a tri-
gate transistor 500 having a thin film of ruthenium-phosphorus 506 deposited on a high-
kappa dieleciric material layer 504, in accordance with some embodiments. In some
ambodiments, the tri-gate transistor 500 may be a Group IV based transistor. In some
embodimants, the tri-gate transistor 500 may have a fin 502 comprisad of a subsirate
material, as illustraled. The substrate material may be a Group -V semiconductor
material. The Group HI-V semiconductor material may be any of the materiais previously
discussed.

In soms embodimeants, the fin 502 may have a high-kappa dislectric
material layer 504 coupled to the fin 5302, The high-kappa diglectric material may be a
material as previcusly described and deposited via ALD or CVD.

in some embodiments, the high-kappa dislectric material layer 504 may
have a Ru-P thin film 506 coupled to the high-kappa dislectric matearnial layer 504, The
Ru-P thin film 506 may be formed by a deposition method using a precursor containing
Ru or Ru and P, as previously discussed. The deposition method may include any of
the methods disclosed herein, including CVD or PVD. The deposition method may use
the methods and materials as previously discussed. The deposition method may be a
plasma enhanced deposition method. In some embodiments, the Ru-P thin film 5068
may be approximately 1 1o 5 nanometers thick. The Ru-P thin film 506 may function as

a metal diffusion barrier, a nucieation promotor, and/or an adhesion layer. The Ru-P thin
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film 506 may function as a work function meial, where there may be no need to have a
separate diffusion barrier.

FIG. 8 schematically dliustrates a cross-section 800 of an interconnect
structure of a sermiconducior device with a ruthenium phosphorus thin film 606, in
accordance with some embodiments. In some smbodiments, the cross-section 800 of
the interconnect structure may have substrate 602 composed of silicon dioxide or doped
siicon dioxkida. The substrate 602 may be an interlayer diglectric. In some
gmbaodiments, the cross-section 800 of the interconnect structure may have a substrate
802 composed of a low-Kappa dislectric. A low-kappa diglectric material may include,
for example, carbon infusedidoped silicon dioxide or fluorinated silicon dioxide.

In soms embodimeants, the subsirate 602 may have an underiving metal
fayer 612 coupled {0 the subsirate 602, The underlying metal layer 612 may be
composed of aluminum, copper, nickel, coball, ruthenium, palladium or some other
conducting metal or alloy.

in some embodiments, as llustrated by interconnect 820, the substrate
802 may have a Ru-P thin film 806 coupled to the substrate 802, The Ru-P thin film 606
may be formed by a deposition method using a precursor cortaining Ru or Ruand P, as
previously discussed. The deposition method may include any of the methods disciosed
hersin, including CVD or PVD. Tha deposition method may use the methods and
materials as previously discussed. The deposition method may be a plasma enhanced
deposition method. In some embodimentis, the Ru-P thin film 606 may be approximately
1 10 5 nanometers thick. The Ru-P thin film 606 may funcltion as a metal diffusion barrier

for an interconnact metal, a nucieation promotor, and/or an adhesion layer. In some
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embodiments, the Ru-P thin film 606 may have an interconnect metal feature 608
coupled to the Ru-P thin film 806. The interconnect metal feature 808 may be
composad of aluminum, copper, nickal, coball, ruthenium, palladium or some other
conducting metal or alloy.

in some embodiments, as lustrated by interconnect 830, the subsirate
802 may have a liner layer 810, which may be an adhesion fayer. The liner layer 610
may be composed of nitride such as manganase nitride,  titanium nitride or tantalum
ritrite or the like. In some embodiments, the liner laver 810 may have a Ru-P thin film
806 coupled to the liner layer 810, The Ru-P thin film 606 may be formed by a
deposition method using a precursor containing Ru or Ru and P, as previously
discussed. The depasition method may include any of the meathods disclosed herein,
ncluding CVD or PVD. The deposition method may use the methods and malerials as
previously discussed. The deposition method may be a plasma enhanced deposition
method. In some embodiments, the Ru-P thin film 808 may be approximatsly 1 1o 5
nanometers thick. The Ru-P thin film 606 may function as a metal diffusion barrier for an
interconnect metal, a nucleation promotor, and/or an adhasion layer. In some
embodiments, the Ru-P thin film 606 may have an interconnect metal feature 608
coupled to the Ru-P thin film 806. The interconnect metal feature 808 may be
composad of aluminum, copper, nickal, coball, ruthenium, palladium or some other
conducting metal or alloy.

The Ru-P thin films may provide advaniages over other thin films, wherse

the advantages may include one or maore of the following: highly conformal, ultrathin, a
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good conductive liner, a good work function metal, a good diffusion barrier, and/or a
good adhesion layer/nucieation layer.

FIG. 7 schematically diustrates a cross-section of a gate region of a
transistor 700 having a thin film of ruthenium-phosphorus 708 on a nanowire structure,
in accordance with some embodiments. In some embodiments, the transistor 700 may
be a silicon-, a silicon germanium-, or a germanium-based transistor. In some
embodimants, the tfransistor may have a nanowire core 702 comprised of a substrate
material, as illustrated. The substrate material may be any suitable matenal, such as
silicon, silicon germanium, or germanium and may be treated and/or doped as
previously discussed.

In soms embodimants, the nanowire core 702 may have a high-kappa
dielectric material layer 704 coupled to and surrcunding the nanowire core 702, The
high-kappa dieleciric material may be a malerial as previously described.

in some embodiments, the high-kappa dislectric material layer 704 may
have a Ru-P thin film 706 coupled to and surrcunding the high-kappa dislectric material
laver 704, The Ru-P thin film 708 may be foarmed by a deposition method using a
precursor containing Ru or Ru and P, as previously discussed. The deposition method
may include any of the methods disclosed herein, including CVD or PVD. The
deposition method may use the methods and malerials as previously discussed. The
deposition method may be a plasma enhanced deposition meathod. In some
embodiments, the Ru-P thin film 706 may be approximately 1 {0 5 nanometers thick.
The Ru-P thin film 706 may function as a metal diffusion barrier, a nucleation promotor,

and/or an adheasion layer.
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in some embodiments, the Ru-P thin film 706 may have a gate materiai
layer {(work function layer) 708 coupled 1o and surrounding the Ru-P thin film 708, The
gate material layer 708 may be composed of aluminum or some other conducting metal
The gate material layer may be doped polysilicon. in some embuodiments, the nanowire
lavered structure described above may include more than one nanowire structure, with
the additional structures surrounded by the gate material layer 708, as illustrated.

in some ambodiments, the high-kappa diglectric matenal layer 704 may
have a liner material layer 710 coupled o and surrounding the high-kappa diglectric
material layer 704, The liner material may be a dielectric material such as a nitride of
silicon, titanium, or tantalum. The liner material may be approximately 5-100 Angstroms
thick. In some embodiments, the liner material layer 710 may have a Ru-P thin film 708
coupled to and surrocunding the liner material layer 710, as fllustrated.

The Ru-P thin films may provide advaniages over other thin films, wherse
the advantages may include one or maore of the following: highly conformal, ultrathin, a
good conductive linar, a good work function metal, a good diffusion barrier, and/or a
good adhasion layer/nucieation layer.

FiG. 8 schematically Hllustrates a process 800 for making a transisior gate
stack of a semiconductor device including a thin film composed of ruthenium
phosphorus, in accordance with some embodimeants.

At 802 of the process 800, a high-kappa dielectric material layer may be
formed on a substrate of one or more gate regions of a transistor gate. The gate stack
may be for a multigate transistor. The multigate transistor may be a tri-gale transistor

and may have mulliple gates. The substrate may be one or mors fins of the tri-gate
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transistor. The substrate may be composed of any suilable material, such as silicon,
silicon germanium, germanium, or a group Hi-V based semiconductor material. A high-
kappa dielectric material layer may be composed of, for example, hafnium-based high-
kappa diglectrics, nitrided hafnium silicates (HISION) disleciric, hafnium silicate,
zirconium silicate, hafnium dioxide and zirconium dioxide. A high-kappa dislectric
material layer may be formed using any suitable process, such as ALD or CVD.

Al 804 of the process 800, a liner, optionally, may bea deposited in some
gmbodiments on the high-kappa dislectric matenial layer. The liner may be composed of
a dielectric material such as a nitride of silicon, titanium, or tantalum. The liner material
may be approximately 5-100 Angstroms thick.

Al 806 of the process 800, a ruthenium-phosphorus (Ru-P) thin film may
be deposited on the high-kappa dielectric material layer or may be deposited on the
Hner if the liner is deposited on the high-kappa dielectric material laver. The Ru-P film
may be deposited by a chemical vapor deposition {CVD) process, wherein the CVD
process may including placing the semiconductor device in a vacuum chamber, healing
the semiconductor device at a temperature of approximately 200 {o 450 degress
Celsius, depositing a ruthenium precursor on the high-kappa dielectric material layer,
and curing the ruthenium precursor to form the Ru-P thin film. The Ru-P thin film may
be approximately 1 to 5 nanometers thick. The precursor may include Ru(PFiidH,, cis-
HoRU(P(CH3)a)s, RoPCHRCHPR,, RyPCHCHNHCH,CHLPR,, whersin the R group is
methyl, ethyl, propyl, isopropyl or -butyl, or a bidentate ligand containing phosphorus, a
fridentate ligand containing phosphorus, bis{cyciopentadienyt) ruthenium, a ruthenium

amidinate complex, a ruthanium diazadiene complex, a ruthenium carbonyt complex, or
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bis{alkyi-cyciopentadienyh) ruthenium, wherein the alkyl group is methyl, ethyl, propyl,
isopropyi or t-butyl. The depositing of the ruthenium containing precursor may include
co-flow of a co-reactant, wherain the co-reactant includes hydrogen (M), ammonia
{(NH3); phosphing (PHs), an alkyiphoshine such as a monoalkyiphosphing (HPR), a
dialkyiphosphine (HPRR) or an irialkyiphosphine (PRR'R”) where R, R and R” may be
methyl, ethyi, propyl, isopropyi, or t-bulyl or a substituted or unsubstituted hydrazine.
The depositing of the ruthenium containing precursar may include plasma enhancad
CVD and co-flow of co-reactant ammonia.

Al 808 of the process 800, a gate material may be coupled o the Ru-P
thin film o form the gate stack. The gate material may be a metal, such as aluminum.
Alternatively, the gate material may be doped polysiicon. In some embodimeants, the
gate material may not be deposited, and the Ru-P film may be a work function metal for
a transistor gate.

The Ru-P thin films may provide advantages over other thin films, whare
the advantages may include ong or more of the following: highly conformal, ultrathin, a
good conductive liner, a good work function metal, a good diffusion barrier, and/or a
good adhesion laver/nucieation laver.

Various operations arg described as multiple discrete operations in tum, in
a manner that is most helpful in understanding the claimed subjact matter. However, the

order of description should not be construed as to imply that these operations are

necessarily order dependent.
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FiG. 8 schematically Hllustrates a process 900 for making an interconnect
structure of a semiconductor device including a thin film composed of ruthenium
phosphorus, in accordance with some embodiments.

At 802 of process 800, a low-kappa dielectric material layer may be
formed on a substrate. The subsirate may be a semiconducior substrate. The subsirate
may be silicon, silicon germanium, germanium, and/or a group -V semiconductor
material. The low-kappa dislectric material layer may be an interlayer dislectric material
(ILD) such as a build-up material. A low-kappa dislectric material may include, for
axample, carbon infused/doped silicon dioxide or fluorinated silicon dioxide,

Al 804 of the process 800, a hiner, optionally, may be deposited in some
ambaodiments on the low-kappa dislectric material layer. The liner may be composad of
a conductive material such as a nitride of manganese, ttanium, or tantalum. The liner
material may be approximately 5-100 Angstroms thick.

Al 808 of process 800, a ruthenium-phosphorus (Ru-P) thin film may be
daposited on the low-kappa dielectric material laver when the liner is not deposited on
the low-kappa dielectric material layer. if the liner is deposited at 804 of process 800,
then the Ru-P film may be deposited on the liner. The Ru-P film may be deposited by a
chamical vapor deposition (CVD) process, wherein the CVD process may include
placing the semiconductor device in a vacuum chamber, heating the semiconductor
device at a temperature of approximately 200 to 450 degrees Celsius, depositing a
ruthenium precursor on the low-kappa diglectric material layer, and curing the ruthenium
precursor to form the Ru-P thin film. The Ru-P thin film may be approximately 110 5

nanometers thick. The precursor may include Ru{FFa)aHs, cis-HaRWP{CHa)s),
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RyPCHCHLPR,, RoPCHLCHNHCHCHAPR,, wherein the R group is methyl, ethyi,
propyi, isopropyi or t-butyl, or a bidentate ligand containing phosphorus, a tridentate
figand containing phosphaorus, bis{cyclopentadieny) ruthenium, a ruthanium amidinate
complex, a ruthenium digzadiens complex, a ruthenium carbony! complex, or bis{alkyl-
cyclopentadienyl) ruthenium, and wherein the alkyi group is methyl, ethyl, propyl, t-butyl,
or isopropyl. The depositing of the ruthenium containing precursor may include co-flow
of a co-reactant, whersin the co-reactant includes hydrogen (Hy), ammonia (NH;),
chosphine (PHa), an alkyiphoshine such as a monoalkylphosphine (HPR), a
dialkylphosphine (HPRR') or an triakyiphosphine (PRR'Rywhere R, R and R” may be
methyl, ethyl, propyl, isopropyi, or t-butyl; or a substituted or unsubstituted hydrazine.
The depositing of the ruthenium containing precursor may include plasma enhanced
CVD and co-flow of co-reactant ammonia.

At 808 of process 800, a metal feature may be formed on the Ru-P thin
film. The metal Tealure may be a semiconductor interconnect structure. The metal
feature may be composad of copper, aluminum, nickel, coball, ruthenium, palladium or
some cther metal or alloy. Allernatively, the metal feature may be composed of dopsed
polysiiicon.

The Ru-P thin films may provide advaniages over other thin films, where
the advantageas may include one or maore of the following: highly conformal, ultrathin, a
good conductive lingr, a good work function metal, a good diffusion barrier, andfor a
good adhesion layer/nucieation layer.

Various operations are described as multiple discrete operations in turn, in

a manner that is most helpful in understanding the claimed subject matter. However, the
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order of description should not be construed as to imply that these operations are
necessarily order dependent.

Embodiments of the presant disclosura may be implamented info a
system using any suitable hardware andf/or software to configure as desired. FIG, 10
Hlustrates a system with a semiconductor device with a Ru-P thin film, in accordance
with some embodiments.

The computing device 1000 may house a board such as motharboard
1002 {e.9., in housing 1008). The muotherboard 1002 may include a number of
components, including but not limited {0 a processor 1004 and at least one
communication chip 1006, The processor 1004 may be physically and electrically
coupled 1o the motherboard 1002, In some implementations, the at lsast one
communication chip 1006 may aiso be physically and elecirically coupled to the
motherboard 1002, In further implementations, the communication chip 1006 may be
part of the processor 1004,

Depending on its applications, computing device 1000 may includs other
componeants that may or may not be physically and slectrically coupled to the
motherboard 1002, These other components may include, but are not imited 1o, volatile
memory (2.g., dynamic random access mamory {DRAM) 1014}, non-voliatile memory
{2.g., read only memaory (ROM) 1018}, flash memory, random access mamory (RAM)
1016, a graphics processor 1028, a digial signal processor, a orypto processor, a
chipset 1012, an antenna 1032, a display, a touchscreen display 10306, a touchscreen
controller 1028, a battery 1044, an audio codec, a video codec, a power amplifier 1024,

a global positioning system {(GPS) davice 1020, a compass 1022,
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microglectromechanical systems (MEMS) sensor 1042, a Geiger counter, an
accelerometer, a gyroscope, a speaker 1034, a camera 1010, and a mass storage
device {such as hard disk drive), compact disk {CD), digital versatile disk {DVD),
controliers 1030, microphone 1038, andfor jacks 1040, and so forth, Not all of these
components are illustrated in the figure.

The communication chip 1006 may enable wireless communications for
the transfer of data {o and from the computing device 1000, The term "wirgless” and is
derivatives may be used to describe circuils, devices, systems, methods, techniques,
communications channels, ste,, thal may communicate data through the use of
moduiated electromagnetic radiation through a non-solid medium. The term does not
imply that the associated davices do not contain any wires, although in some
embodiments they might not. The communication chip 1006 may implement any of a
number of wireless standards or protocols, including but not limited to institule for
Electrical and Electronic Engineers (IEEE) standards including WiGig, Wi-Fi (IEEE
80211 family), IEEE 80216 standards {e.g., IEEE 802.18-2005 Amendmaent), Long-
Term Evolution (LTE) project along with any amendments, updates, and/or revisions
{e.g., advanced LTE project, ultra mobile breoadband (UMB) project {also referred to as
3GPPR2Y, ete) IEEE 802,16 compatible broadband wireless access (BWA) networks
are generally referred to as WIMAX networks, an acronym that stands for Worldwide
interoperability for Microwave Access, which is a certification mark for products that
pass conformity and interoperability tests for the IEEE 80210 standards. The
communication chip 1008 may operate in accordance with a Global System for Mobile

Communication {GSM), General Packet Radio Service (GPRS), Universal Mobile
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Telecommunications System (UMTS), High Speed Packst Access (HSPA), Evolved
HSPA (E-HSPA), or LTE network. The communication chip 1008 may operaie in
accordance with Enhanced Data for GEM Evolution (EDGE), GSM EDGE Radio Access
Network (GERAN), Universal Terrestrial Radio Access Network (UTRAN), or Evolved
UTRAN (E-UTRAN). The communication chip 1006 may operate in accordance with
Code Division Multiple Access (CDMA}, Time Division Multiple Access (TDMA), Digital
Enhanced Cordiess Telecommunications (DECT), Evolution-Data Optimized (EV-DQO),
derivatives thereof, as well as any other wireless protocols that are designated as 3G,
4G, 50, and beyond. The communication chip 1006 may operate in accordance with
other wireless protocois in other embodiments.

The computing device 1000 may include a plurality of communication
chips 1006, For instance, a first communication chip 1006 may be dedicated {o shorler
range wirgless communications such as WiGig, Wi-Fi and Bluetooth and a sscond
communication chip 1006 may be dedicated o longer range wireless communications
such as GPS, EDGE, GPRS, COMA, WIMAX, LTE, EV-DQ, and others.

The processor 1004, communication chip 1008, chipset 1012, memory
chips 1014, 1016, 1018, andfor other devices with chips shown in computing device
1000 may contain one or more thin metal films as described herein. The term
‘procaessor’ may rafer to any device or portion of a device that processes electronic data
from registers and/or meamory to transform that electronic data into other electronic data
that may be stored in registers and/or memaory.

in various implementations, the computing device 1000 may be a laptop, a

natbook, a notebook, an ultrabook, a smartphoneg, a tablet, a personal digital assistant
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(PDA), an ultra mobile PC, a mobile phone, a desktop computer, a server, a printer, a
scanner, & monitor, a sel-lop box, an entertainment control unit, a digital camera, a
portable music player, or a digital video recorder. The computing device 1000 may be a
mobile computing device in some embodiments. in further implementations, the
computing device 1000 may be any other electronic device that processes data.

Computing device 1000 including one or more [C's with the Ru-P thin films
may have performance advantages over IC's having other thin films. The performance
advantages provided by the Ru-P thin films may relate {0 one or more of the following
advantages of the Ru-P thin films over other thin films: highly conformal, ulirathin, a
good conductive liner, a good work function metal, a good diffusion barrier, and/or a
good adhasion layer/nucieation layer.

EXAMPLES

According to various embodiments, the present disclosure describes
saemiconductor devices with ruthenium phosphorus thin films deposited in a gate stack
of a transistor device or in an interconnect structure and further describes the processeas
to deposit the thin films.

Exampie 1 of a semiconductor device may comprise one or more
fransistors with a gate having a gate stack including a semiconductor substrate, a high-
kappa dieleciric material layer coupled to a surface of the semiconductor substrate, a
ruthenium-phosphorus (Ru-P) thin film coupled to the high-kappa dielectric material
laver, and a gate material coupled to the Ru-P thin film; and electrical circuitry coupled

to the one or more transistors.
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Example 2 may include the subject matter of Example 1 and other
gxamples herein, wherein the one or more transistors include a mulligate transistor.

Example 3 may include the subject matter of Exampls 2 and other
examples hersin, wherein the multigate transistor is a tri-gate transistor and the
semiconductor substrate is a fin of the iri-gate fransistor.

Example 4 may include the subject matter of Example 1 and other
examples hersin, wherein the semiconductor substrate s composed of silicon, silicon
germanium, or germanium.

Example 5 may include the subject matter of Example 1 and other
gxamples herein, wherein the Ru-P thin film is approximately 1 1o 5 nanometers thick.

Example 6 may include the subject matter of Exampls 1 and other
examples hersin, wherein the Ru-P thin film is deposited by a chemical vapor deposition
(CVD) process, wherein the CVD process includes: placing the semiconductor device in
a vacuum chamber, heating the semiconductor device at a temperature of
approximately 200 to 450 degrees Celsius, depositing a ruthanium precursor on the
high-kappa dislectric material laver, and curing the ruthanium precursor o form the Ru-
P thin film.

Example 7 may include the subject matter of bExample & and other
axamplas herein, wherain the precursor includes Ru(PFalaH,, cis-HaRU{P{CHa)ale,
RoPCHCHLPR,, RoPCHCHNHCHCHLPR,, a bidentate ligand containing
phosphorus, a tridentate ligand containing phosphorus, bis{cyclopentadienyl) ruthenium,
a ruthenium amidinate complex, a ruthenium diazadiene complex, a ruthenium carbonyl

complax, or bis{R-cyclopentadianyl) ruthenium, and wherein R s methyl, ethyl, propyi,
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isopropyi, or t-buiyl,

Example 8 may include the subject matter of bExample & and other
axamplas herein, wherain the depositing of the ruthenium precursor includes co-flow of
a co-reactant, wheregin the co-reactant includes hydrogen (M), ammonia (NHs),
phosphine {(PHj), monoalkviphosphineg (HxPR), dialkyiphosphineg (HPRR), or
trigikyiphosphine (PRR'R}, or a substituted or unsubstituted hydrazine, wherein R, R
and R are methyl, sthyl, propyi, isopropyl, or t-butyl

Example 9 may include the subject matter of Example 6 and other
axamples herein, wherein the depositing of the ruthenium precursor includes plasma
enhanced CVD and co-flow of co-resctant ammonis.

Exampile 10 may includs the subject matter of any one of Examples 1-8
and other examples herein, wherein the examples further may comprise a liner
disposed between and coupled to the high-kappa dislectric material layer and the Ru-P
thin film.

Exampie 11 of a semiconductor device may comprise one or more
fransistors with a gate having a gate stack inciuding a group -V based semiconductor
substrate, a high-kKappa dieleciric material layer coupled to a surface of the
semiconductor substrate, and a ruthenium-phosphorus (Ru-P) thin film coupled to the
high-kappa dielectric material laver; and electrical circuitry coupled to the one or moreg
transistors,

Example 12 may include the subject matter of Example 11 and other
axamples herein, wherein the one or more transistors includes a multigate transistor.

Example 13 may include the subject matier of Example 12 and other
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axamples herein, wherthe muttigate transistor is a tri-gate fransistor and the
semiconductor substrate is a fin of the iri-gate transistor.

Example 14 may includs the subject matter of Example 11 and other
examples hersin, wherthe Ru-P thin film is approximately 1 1o © nanometers thick

Example 15 may include the subject matter of Example 11 and other
axamples herein, wherthe Ru-P thin film s deposited by a chemical vapor deposition
(CVD) process, wherein the CVD process includes: placing the semiconductor device in
a vacuum chamber, heating the semiconductor device at a temperature of
approximately 200 to 450 degrees Celsius, deposiling a ruthenium precursor on the
high-kappa disleciric matenal layer, and curing the ruthenium precursor {o form the Ru-
P thin film.

Example 18 may include the subject matier of Example 15 and other
examples herein, wherein the precursor includes Ru(PFalH,, cis-HaRU{P{CHs),
RoPCHCHLPR,, RoPCH:CHNHCHCHLPR,, a bidentate ligand containing
phosphaorus, a tridentate ligand containing phaosphorus, bis{cyclopentadienyl} ruthenium,
a ruthenium amidinate complex, a ruthenium digzadiens complex, a ruthenium carbonyl
complex, or bis{R-cyclopentadienyl) ruthenium, and wherein R is methyl, ethyl, propyl,
isopropyi or t-butvl.

Example 17 may includs the subject matter of Example 15 and other
examples hersin, wherein the depositing of the ruthenium precursor includes co-flow of
a co-reaciant, wherein the co-reactant includes hydrogen (Hy), ammonia (NHa),
phosphing {(PHs), monoalkyiphosphine (HaPR), dialkyiphosphine (HPRR'), or

triaikylphosphine (PRR'R”), or a substituted or unsubstituted hydrazine, wherain R, R
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and R7 are methyi, ethyl, propyi, isopropyl, or t-butyl

Exampie 18 may include the subject matter of Example 15 and other
axamplas harein, wherain the depositing of the ruthenium pracursor includes plasma
enhancaed CVD and co-flow of co-reactant ammaonia.

Example 19 may include the subject matter of any one of Examples 11-18
and other examples herein, whereain the examples further may comprise a liner
disposed between and coupled to the high-kappa dislactric material layer and the Ru-P
thin film,

Exampie 20 of a semiconductor device may comprise an interconnect
structure, including a low-kappa dislectric semiconductor substrate, a ruthenium-
phosphorus {(Ru-P} thin film coupled 1o the semiconducior substrate, a metal deposited
on the Ru-P thin film; and electrical circuitry coupled o the interconneact structure.

Example 21 may include the subject matter of Example 20 and other
axamples herein, wherein the Ru-P thin film 18 approximately 1 {0 & nanometers thick

Example 22 may include the subject matier of Example 20 and other
gxamples herein, wherein the Ru-P thin film is deposited by a chemical vapor deposition
(CVD) process, wherein the CVD process includes: placing the semiconducior device in
a vacuum chamber, heating the semiconductor device at a temperature of
approximately 200 to 450 degrees Celsius, depositing a ruthenium precursor on the
low-kappa disleciric material laver, and curing the ruthenium precursor to form the Ru-P
thin film.

Example 23 may include the subject matier of Example 22 and other

examples herain, wherein the precursor includes Ru{PF;eHs, cis-HaRUu{F{CHz)a)4,
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RoPCHCHLPR,, RoPCHLCHNHCHCHLPR,, a bidentate ligand containing
phosphorus, a tridentate ligand containing phosphorus, bis{cyclopentadienyl) ruthenium,
a ruthenium amidinate complex, a ruthenium diazadiens complex, a ruthenium carbonyl
complex, or bis{R-cyclopentadienyl) ruthenium, and wherein R is methyl, ethyl, propyl,
isopropyi or t-butvl.

Example 24 may include the subject matier of Example 22 and other
examples hersin, wherein the depositing of the ruthenium precursor includes co-flow of
a co~reactant, wherein the co-reactant includes hydrogen (Hy), ammonia (NHa),
phosphing (PHs), monoalkyliphosphine (HPR), dialkyiphosphine (HPRR'), or
tfrialkyiphosphine (PRR'R”), or a substituted or unsubstituted hydrazine, wherain |, R
and R are methyl, ethvl, propyi, isopropyl, or t-butyl

Example 25 may include the subject matier of Example 22 and other
examples herein, wherein the depositing of the ruthenium precursor includes plasma
enhanced CVD and co-flow of co-reactant ammonia.

Example 26 may include the subject matier of any one of Examples 20-25
and other examples herein, whersin the examples further may comprise a lingr
disposed between and coupled to the low-kappa diglectric material layer and the Ru-P
thin film.

Example 27 of a semiconductor device may comprise a nanowire
substrate; a high-Kappa dielectric material layer coupled 1o and surrounding the
nanowire substrate; a ruthenium-phosphorus {(Ru-P) thin film coupled to and
surrounding the high-kappa dislectric material laver; and a metal coupled to and

surrounding the ruthenium-phosphorus thin film.
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Example 28 may include the subject matier of Example 27 and other
egxamples herein, wherein the nanowire substrate is composed of silicon, silicon
germanium, germanium, or a Group [V semiconductor.

Example 29 may include the subject matier of Example 27 and other
examples herein, wherein the Ru-P thin film is approximatlely 1 {0 5 nanometers thick.

Example 30 may include the subject matier of Example 27 and other
examples hersin, wherein the Ru-P thin film is deposited by a chemical vapor daposition
(CVD) process, whersin the CVD process includes: placing the semiconductor device in
a vacuum chamber, heating the semiconducior device at a temperature of
approximately 200 to 450 degrees Celsius, depositing a ruthenium precursor on the
high-kappa dielectric material laver, and curing the ruthanium precursor o form the Ru-
P thin film.

Example 31 may include the subject matter of Example 30 and other
axamplaes herein, wherein the precursor includes Ru{PF3lH,, cis-HaRUWP{CHa)a)s,
RoPCHRCHLPR,, RoPOHCHNHCHCHIPR,, a bidentate ligand containing
chosphorus, a tridentate ligand containing phosphorus, bis{cyclopentadienyl) ruthenium,
a ruthenium amidinate complex, a ruthenium diazadiene complex, a ruthenium carbonyl
complex, or bis{R-cyclopertadienyl} ruthenium, and wherain R is methyl, ethyl, propyl, t-
butyl, or isopropyl.

Example 32 may include the subject matier of Example 30 and other
examples herein, wherein the depositing of the ruthenium precursor includes co-flow of
a co-reactant, wherein the co-reactant includes hydrogen (Hs), ammonia {(NHa),

phosphine {(PHs), monoalkyiphosphine (HxFPR), dislkyiphosphing (HPRR'Y, or
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triaikylphosphine (PRR'RY), or a substituted or unsubstituted hydrazine, wherein R, R
and R are methyl, sthyl, propyi, isopropyl, or t-butyl

Example 33 may includs the subject matter of Example 30 and other
examples hersin, wherein the depositing of the ruthenium precursor includes plasma
gnhanced CVD and co-flow of co-reactant ammonia.

Exampie 34 may include the subject matter of any one of Examples 27-33
and other examples herain, wharein the examples further may comprise a liner
disposed betweaen and coupled to the high-kappa dislectric material layer and the Ru-P
thin film, the liner surrounding the high-kappa dielectric material laver, and the Ru-P thin
film surrounding the liner.

Exampile 35 of a process for making a transistor gate stack of a
semiconductor device may comprise forming a high-kappa dieleciric material layeron a
substrate of one or more gate regions of a transistor gate,; depositing a ruthenium-
phosphorus (Ru-P) thin film on the high-kappa dielectric material layer; and coupling a
gate material to the Ru-P thin film {o form the gate stack.

Example 30 may include the subject matter of Example 35 and other
axamples herein, wherein the one or more gate regions inciudes a gate region of a
mulligaie transistor.

Exampile 37 may includs the subject matter of Example 36 and other
examples hersin, wherein the multigate transistor is a tri-gate transistor and the
substrate is a fin of the tri-gate transistor.

Example 38 may include the subject matier of Example 35 and other

examples herein, wherein the substrate is composed of silicon, silicon germanium, or
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germanium.

Example 38 may include the subject matter of Example 35 and other
axamplas herein, wherain the Ru-F thin film 1s approximately 1 {0 5 nanomaetears thick.

Example 40 may include the subject matier of Example 35 and other
examples herein, wherein the Ru-P thin film is deposited by a chemical vapor deposition
(CVD) process, wherein the CVD process includes: placing the semiconductor device in
a vacuum chamber, heating the semiconductor device at a temperature of
approximately 200 to 450 degrees Celsius, depositing a ruthenium precursor on the
high-kappa dielectric material layer, and curing the ruthenium precursor to form the Ru-
P thin film.

Example 41 may includs the subject matter of Example 40 and other
examples hergin, wherein the precursor includes Ru(PF;)Hs, cis-HaRu{P{CHa)s)4,
R2PCHCHoPR,, RPCHCHNHCHCHPR,, & bidentate ligand containing
phosphorus, a tridentate ligand containing phosphorus, bis{oyclopentadienyl) ruthenium,
a ruthenium amidinate complex, a ruthenium diazadiens complex, a ruthenium carbonyl
complex, or bis{R-cyclopentadienyl) ruthenium, and wherein R is methyl, ethyl propyl,
isopropyi or t-butyl.

Example 42 may include the subject matter of Example 40 and other
axamplas herein, wherain the depositing of the ruthenium precursor includes co-flow of
a co-reactant, whergin the co-reactant includes hydrogen (M), ammonia (NHs),
phosphine {(PHj), monoalkviphosphineg (HxPR), dialkyiphosphineg (HPRR), or
trigikyiphosphine (PRR'R}, or a substituted or unsubstituted hydrazine, wherein R, R

and R are methyl, sthyl, propyi, isopropyl, or t-butyl
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Example 43 may include the subject matier of Exampie 40 and other
egxamples herain, wherein the depositing of the ruthenium precursor includes plasma
enhanced CVD and co-flow of co-reactant ammonia,

Example 44 may include the subject matier of any one of Examples 3543
and other examples herein, wherein the examples further may comprise depositing a
iner betweean the high-kappa dielectric material layer and the Ru-P thin film.

Exampie 45 of a process for making a transisior gate stack of a
semiconductor device may comprise forming a high-kappa dislectnic matenal laver on a
group Hi-V based semiconductor substrate of one or more gate regions of a transisior
gate; depositing a ruthenium-phosphorus (Ru-P} thin film on the high-kappa dislectric
material layer.

Example 48 may include the subject matier of Example 45 and other
examples herein, wherein the one or more gate regions includes a gate region of a
muitigate transistor.

Exampie 47 may include the subject matter of Example 48 and other
gxamples herein, wherein the multigate transistor is 3 tri-gate transistor and the
semiconductor subsirate is a fin of the tri~gate transisior.

Example 48 may include the subject matter of Example 45 and other
axamplas herein, wherain the Ru-F thin film 1s approximately 1 {0 5 nanomaetears thick.

Example 49 may include the subject matier of Example 45 and other
examples herein, wherein the Ru-P thin film is deposited by a chemical vapor deposition
(CVD) process, wherein the CVD process includes: placing the semiconductor device in

a vacuum chamber, heating the semiconductor device at a temperature of
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approximately 200 to 450 degrees Celsius, deposiling a ruthenium precursor on the
high-kappa disleciric matenal layer, and curing the ruthenium precursor {o form the Ru-
P thin film.

Example 50 may include the subject matier of Example 49 and other
examples herein, wherein the precursor includes Ru(PFalH,, cis-HaRU{P{CHs),
RoPCHCHLPR,, RoPCH:CHNHCHCHLPR,, a bidentate ligand containing
phosphaorus, a tridentate ligand containing phaosphorus, bis{cyclopentadienyl} ruthenium,
a ruthenium amidinate complex, a ruthenium digzadiens complex, a ruthenium carbonyl
complex, or bis{R-cyclopentadienyl) ruthenium, and wherein R is methyl, ethyl, propyl,
isopropyi or t-butvl.

Example 51 may includs the subject matter of Example 49 and other
examples hersin, wherein the depositing of the ruthenium precursor includes co-flow of
a co-reaciant, wherein the co-reactant includes hydrogen (Hy), ammonia (NHa),
phosphing {(PHs), monoalkyiphosphine (HaPR), dialkyiphosphine (HPRR'), or
triaikylphosphine (PRR'R”), or a substituted or unsubstituted hydrazine, wherain R, R
and R are methyl, sthyl, propyi, isopropyl, or {-butyl

Example 52 may include the subject matier of Examplie 49 and other
gxamples herain, wherein the depositing of the ruthenium precursor includes plasma
enhanced CVD and co-flow of co-reactant ammonia,

Example 53 may include the subject matier of any one of Examples 45-52
and other examples herein, wherein the examples further may comprise depositing a
iner betweean the high-kappa dielectric material layer and the Ru-P thin film.

Exampie 54 of a process for making an interconnedct of a semiconductor
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device may comprise forming a low-kappa diglectric material layer on a substraile;
depositing a ruthenium-phosphorus (Ru-P) thin film on the low-kappa dielectric material
fayer, and forming a metal feature on the Ru-P thin film.

Example 55 may include the subject matier of Example 54 and other
examples herein, wherein the low-kappa dieleclric material layer is an interlayer
dielectric matenal.

Example 56 may include the subject matier of Example 54 and other
gxamples herein, wherein the Ru-F thin film is approximately 1 {0 5 nanometers thick,

Example 57 may include the subject matier of Example 54 and other
gxamples hereain, wherein the Ru-P thin film is deposited by a chemical vapor deposition
(CVD) process, wherain the CVD process includes: placing the semiconductor devics in
a vacuum chamber, heating the semiconducior device at a temperature of
approximately 200 to 450 degrees Celsius, depositing a ruthenium precursor on the
low-kappa dislectric material laver, and curing the ruthenium precursor 1o form the Ru-P
thin film,

Example 58 may include the subject matter of Example 57 and other
examples hergin, wherein the precursor includes Ru{PF;3)sHy, cis-HaRu{P{CH3la)s,
RoPOHCHoPR,, RoPCHCHNHCHCHPR,, a bidentate ligand coniaining
phosphorus, a tridentate ligand containing phosphorug, bis{oyclopentadienyl) ruthemum,
a ruthenium amidinate complex, a ruthenium diazadiene complex, a ruthenium carbonyl
complex, or bis{R-cyclopertadienyl} ruthenium, and wherein R is methyl, ethyl propyl,
isopropyi or t-butyl.

Example 59 may include the subject matier of Example 57 and other
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axamples herein, wherein the depositing of the ruthenium precursor inciudes co-flow of
a co-reactant, wherein the co-reactant includes hydrogen (Hp), ammaonia (NHa},
phosphing (PHa), monoalkyiphosphine (HxPR), dialkyiphosphine (HPRR'), or
triaikylphosphine (PRR'R”), or a substituted or unsubstituted hydrazine, wherein R, R
and R are methyl, ethyl, propyi, isopropyl, or -butyl

Example 60 may include the subject matier of Example 57 and other
examples hersin, wherein the depositing of the ruthenium precursor includes plasma
gnhanced CVD and co-flow of co-reactant ammonia.

Example 61 may include the subject matier of any one of Examples 54-60
and other examples herein, wherein the examples further may comprise depositing a
finer between the low-kappa dielectric material layer and the Ru-P thin film.

Varicus embaodiments may include any suitable combination of the above-
described embodiments inciuding alternative {or) embodiments of embodiments that are
described in conjunctive form {(and) above {2.q., the "and” may be "and/or”).
Furtharmore, somes embodiments may include one or more articles of manufacture
(e.g., nor-transifory computer-readable media) having instructions, stored therson, that
when executed result in actions of any of the above-described embodiments. Moreover,
some embodiments may include apparatuses or systems having any suitable means for
carrying out the various operations of the above-described embadiments. The above
dascription of illustrated implementations, including what is described in the Absiract, is
not intended {0 be exhaustive or to iimit the embodiments of the present disclosure (o
the precise forms disclosed. While specific implementations and examples are

dascribed herein for illustrative purposeas, various squivalient modifications are possible
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within the scope of the present disclosure, as those skilled in the relevant art will
recognize. These modifications may be made to embodiments of the present disclosure
in light of the above detailed dascription. The terms used in the following claims should
not be construad {o limit various embodimeants of the present disclosure to the specific
implementations disclosed in the specification and the claims. Rather, the scops is to be
determined entirely by the following claims, which are to be construed in accordance

with establishad doctrines of claim interpretation.
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Claims
What is claimed is:
1. A semiconductor device, comprising:
one or more transistors with 3 gate having a gate stack including

a semiconductor substrate,

a high-kappa dislectnc material layer coupled 1o a surface of the
semiconductor substrate,

a ruthenium-phiosphorus (Ru-P) thin film coupled to the high-kappa
dielectric material laver, and

a gate material coupled o the Ru-P thin film; and

electrical circuitry coupled to the one or more transistors.

2. The semiconductor device of claim 1, wherein the one or transisiors are ons or
more iri-gate transistors, and the semiconductor substrate is a fin of the iri-gate
transistor.
3. The semiconducior device of claim 1, whearein the semiconductar substrate is
composed of silicon, silicon germanium, oF gammanium.
4. The semiconductor device of claim 1, wherein the Ru-P thin film is approximately
110 5 nanometers thick
5. The semiconductor device of claim 1, wherain the Ru-P thin film is deposited by
a chemical vapor deposition (CVD) process, whearein the CVD process includes: placing
the semiconductor device in a vacuum chamber, heating the semiconductor device at a
tempersature of approximately 200 o 450 degress Ceisius, depositing a ruthenium

pracursor on the high-kappa dislectric material layer, and curing the ruthenium
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precursor to form the Ru-P thin film.
6. The semiconductor device of claim 6, wherein the precursor includes
Ru(PFalaHy, cis-HaRu{P{CHalals, RoPCHCHPR,, RoPCHCHNHCHCHLPR,, a
bidentate ligand cortaining phosphorus, a tridentate ligand containing phosphorus,
bis{cyclopentadienyh) ruthenium, a ruthenium amidinate complex, a ruthenium
diazadiene complex, a ruthenium carbonyi complex, or bis(R-cyclopentadienyl)
ruthenium, and wherein R 8 methyi, athyl, propyl, isopropyl, or t-butyl.
7. The semiconductor device of claim 6, wherein the depaositing of the ruthenium
precursor includes co-flow of a co-reactant, wherein the co-reactant includes hydrogen
{Hz}), ammonia (NH), phosphine (PH;), monoalkyiphosphine (HoPR), dialkyiphosphine
(HPRR), or trialkyiphosphine (FRR'R), or a substituted or unsubstituted hydrazing,
wherain R, R and R” are methyl, ethyl, propyl, isopropyl, or t-butyl
8. The semiconductor device of claim 6, wherein the depositing of the ruthenium
precursor includes plasma enhanced CVD and co-flow of co-reactant ammaonia.
9. The semiconductor device of any one of claims 1-8, further comprising:

a liner disposed betwesn and coupled to the high-kappa dielectric material layer
and the Ru-P thin film,
10, A semiconductor device, comprising:

one or more transistors with a gate having a gate stack including

a group -V based semiconductor substrate,
a high-kappa dielectric material layer coupied to a surface of the

semiconductor subsirate, and

a ruthenium-phosphorus (Ru-P} thin film coupled to the high-kappa
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dielectric material laver; and

slectncal circuitry coupled 10 the one or more transistors.
11, The semiconductor davice of claim 10, wherein the ong or more transistors are
one or mare tri-gate transistors, and the semiconductar substrate is a fin of the tri-gate
iransistor.
12. The semiconductor device of claim 10, wherein the Ru-P thinfilm is
approximately 1 to 5 nanometers thick, wherein the Ru-P thin film is deposited by &
chemical vapor deposition (CVD) process, whersin the CVD process includes: placing
the semiconductor device in a vacuum chamber, heating the semiconductor device at a
temperature of approximately 200 o 450 degrees Celsius, depositing a ruthenium
precursor on the high-kappa dislectric material layer, and curing the ruthenium
precursor to form the Ru-F thin film.
13. The semiconductor device of claim 12, wherein the precursor inciudes
Ru(PFalaHz, cis-HoRu{P(CHalals, RePCHLCHLPR,, RPCHCHNHCHCH PR, 8
bidentate ligand containing phosphorus, a tridentate ligand containing phosphorus,
bis(cyclopentadienyh) ruthenium, a ruthenium amidinate complex, a ruthenium
diazadiene complex, a ruthenium carbonyi complex, or bis(R-cyclopentadienyl)
ruthenium, and wherein R is methyi, ethyl, propyl, isopropyt or t-butyl.
14, The semiconductor davice of claim 12, whearein the depositing of the ruthenium
precursor includes co-flow of a co-reactant, wherein the co-reactant includes hydrogen
(M2}, ammonia (NH3), phosphine (PHa), monoalkylphosphine (HaPR), dialkyiphosphine
(HPRR), or triglkkylphosphine (PRR'RY), or a substituted or unsubstituted hydrazine,

wherain B, R and R are mathyl, ethyl, propyl, isopropyl, or t-butyl
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15, The semiconducior device of claim 12, wherein the depositing of the ruthenium
pracursor includes plasma enhanced CVD and co-flow of co-reactant ammonia,
16. The semiconductor davice of any one of claims 1015, further comprising:
a liner disposed between and coupled o the high-kappa dislectric material layer
and the Ru-P thin film,
17, A semiconductor device, comprising:
an interconnect structure, including
a low-kappa dislectric semiconductor substrate,
a ruthenium-phosphorus (Ru-P) thin film coupled to the semiconductor
substrate,
a metal deposited on the Ru-P thin film; and
electrical circuitry coupled to the interconnect structure.
18. The semiconductor device of claim 17, wherein the Ru-P thin film is
approximately 1 {0 5 nanometers thick, whearein the Ru-P thin film is deposited by a
chamical vapor deposition (CVD) process, wherein the CVD process includes: placing
the semiconductor device in 8 vacuum chamber, heating the semiconductor device at a
temperature of approximately 200 to 450 degrees Celsius, depositing a ruthenium
precursor on the low-kappa dielectric matenal layer, and curing the ruthenium precursor
to form the Ru-P thin film.
19, The semiconducior device of claim 18, wherain the precursor includes
Ru{PFaaby, cis-HaRu(P{CH3zlals, RoPCHLCH PRy, RyPCHCHNHCHCHLPR;,, a
bidentate ligand containing phosphorus, a tridentate ligand coniaining phosphorus,

bis{cyclopentadienyl) ruthenium, a ruthenium amidinate complex, a ruthenium
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diazadiene complex, a ruthenium carbonyi complex, or bis(R-cyclopentadienyl)
ruthenium, and wherein R is meathyi, ethyl, propyl, isopropyt or t-butyl.
20, The semiconductor davice of claim 18, wharein the depositing of the ruthenium
precursor includes co-flow of a co-reactant, wherein the co-reactant includes hydrogen
(M2}, ammonia (NH3), phosphine (PHa), monoalkylphosphine (HaPR), dialkyiphosphine
(HPRR), or triglkkylphosphine (PRR'RY), or a substituted or unsubstituted hydrazine,
wherain B, R and R are mathyl, ethyl, propyl, isopropyl, or t-butyl
21, The semiconductor davice of claim 18, wharein the depositing of the ruthernium
precursor includes plasma enhanced CVD and co-flow of co-reactant ammonia.
22, The semiconductor device of any one of claims 17-21, further comprising:

a liner disposed betwesn and coupled to the low-kappa dielectric material layer
and the Ru-P thin film,
23, A semiconducior device, comprising:

a nanowire substrats;

a high-kappa diglectric matenial layer coupled o and surrounding the nanowire
substrate;

a ruthenium-phosphorus {Ru-P) thin film coupled to and surrounding the high-~
kappa dislectric matenial layer; and

a matal coupled {0 and surrounding the ruthenium-phosphorus thin film.
24 The semiconducior device of claim 23, wherein the nanowire subsirats is
composed of silicon, silicon germanium, germanium, or a Group H-V semiconductor.

25, The semiconductor device of claim 23, wherein the Ru-P thinfilm is

approximately 1 to 5 nanometers thick, wherein the Ru-P thin film 8 deposited by &
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chemical vapor deposition (CVD) process, wherein the CVD process includes: placing
the semiconductor device in a vacuum chambaer, heating the semiconductor device at a
temperature of approximately 200 o 450 degrees Ceisius, depositing a ruthenium
precursor on the high-kappa dielectric material layer, and curing the ruthenium

precursor io form the Ru-P thin film.
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