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The method can include use of cyclic deposition techniques, such as cyclic chem-
ical vapor deposition and atomic layer deposition. The metal-containing material
can include intermetallic compounds. A structure including the metal-containing
material and a system for forming the material are also disclosed.
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CYCLIC DEPOSITION METHODS FOR FORMING METAL-CONTAINING
MATERIAL AND FILMS AND STRUCTURES INCLUDING THE METAL-
CONTAINING MATERIAL

PARTIES OF JOINT RESEARCH AGREEMENT
The invention claimed herein was made by, or on behalf of, and/or in connection with a
joint research agreement between the University ot Helsink: and ASM Microchemistry Oy. The
agreement was in effect on and before the date the claimed invention was made, and the clamed

invention was made as a result of activities undertaken within the scope of the agreement.

FIELD OF INVENTION
The present disclosure relates generally to methods for depositing a metal-containing

material on a surface of a substrate, filros and structures mcluding the metal-contamning material,

S
]

and reactors and systerns tor depositing the metal-containing material.
BACKGROUND OF THE DISCLOSURE

Depostition of metal-contamning material can be used in the manufacture of a variety of
devices, such as semiconductor devices, tiat panel display devices, photovoltaic devices,
microelectromechanical systems (MEMS), magnetoresistance devices, superconductive devices,

energy (e.g., hydrogen) storage devices, lithium or sodium ion batteries and the like and/or to

torm catalytic matemal.  For many applications, 1t 13 otten desirable to deposit the metal-
contatning material over a surface, which may include three-dimensional features, such as
trenches and/or protrusions, which can have relatively high aspect ratios, in a uniform and/or
conformal manner.

Recently, because of their relatively unique physical and chemical properties, mterest has
grown in possibly using intermetallic compounds in the formation of wvarious devices.
Intermetallic compounds generally have a specitic, ordered crystalline structure, which can be
distinct from alloys ftormed of the same metals; the specific structure can lead to material
properties that are superior to non-intermetallic compounds.  Such properties include, tor
example, magnetoresistance, superconductivity, caralytic activity, and hydrogen storage
capability. By way of ﬁxampies, intermetallic compounds containing Co or Ni and Sn with

varying stoichiometry have heen studied as anode materials for Li- and Na-ion batteries, as

- -
i

terromagnetic matenals for magnetic devices, and for catalytic purposes.
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Metal-containing material, such as Co-Sn and Ni-Sn with varying stoichiometry,
including the ntermetallic Cosdne and NizSn: phases of the matenal, have generally been
prepared by, for example, ball milling, arc melting, different solution-based techniques, solvo-

and hydrothermal routes, electrodeposition, sputtering, and electron beam evaporation.

e

[oW

Chemical vapor deposition (CVD) f

m two single-source reactants, MesSnCo(COy an

i
3]

PhssnCo{CO) 4, has been employed to deposit an alloy of Co and Sn with 1:1 storchiometry and
only a minor constituent of CosSna. NisSn, Nisbrp, and Nu:8ny have also been deposited by CVD
ing SnMey and Nt substrates followed by hydrogen treatment at high temperatures. Although
such techniques can be used to form intermetaliic compounds, such techniques are generally not
well suited for forming uniform, conformal films of interreraliic material on a surface of a
substrate.

Cyclic deposition techniques, such as atonuc layer deposition, can be used to deposit
material in a relatively uniform (e.g., uniform crystalline structure, uniform composition, and/or
ututorm thickness) and conformal manner over complex, three-dimensional structures on a
substrate surface in a controlled and reproducible manner. However, such techniques have
generally not been employed to deposit several metal-containing materials, including intermetallic
compounds. Rather, the intermetallic compounds in particular are typically formed using other
techniques and/or require additional, often high-temperature processes.

Accordingly, improved methods for forming metal-containing  matenial, such as
intermetallic compounds, are desired.  Addinonally, improved techniques for formung uniform
and/or conformal films of metal-containing material are desired.

Any discussion of problems provided in thus section bas been included 1o this disclosure
solely for the purpose of providing a context for the present invention, and should not be taken

as an admission that any or all of the discussion was known at the time the invention was made.

SUMMARY OF THE DISCLOSURHK
This summary 13 provided to introduce a selection of concepts in a simplitied torm.
These concepts are described in turther detail m the detaded description of example
embodiments of the disclosure below. This summary is not intended to necessanly identity key
teatures or essential features of the clamed subject matter, nor is it intended to be used to hmit

the scope of the claimed subject matter.

In accordance with at least one embodiment of the disclosure, a method for depositin

oQ

5

an intermetallic compound 1s disclosed.  In accordance with various aspects, the method 5 2

cyclic deposition process that includes providing a fust gas-phase reactant (also referred to herein
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as 4 precursor) compusing a tist metal to a reaction chamber to react with a surface of a
substrate to form a first metal species; and providing a second gas-phase reactant comprising a
second metal to a reaction chamber to react with the first metal species to thereby ftorm the

1

intermetallic compound.  Additional reactants can similarly be wsed to form intermetaliic
compounds inchiding more than two metals. As set forth m more detail below, a film of the
intermetallic compound can be formed on a substrate surface without additional high
temperature and/or reducing steps.  The cyclic deposition process can include, for example,
atomie layer deposition.

In accordance with at least one other embodiment of the disclosure, a method for
torming a metal-contaning matenal 18 disclosed. The metal-contamning materal can include one,
two, or three or more metals as described heremn. The method can be a cyclic deposition
process, such as an atomic layer deposition or cyclic chemical vapor deposition process. The
cyclic deposition process can include providing a tust gas-phase reactant comprising a first metal
to a reaction chamber to form a first metal species and providing a second gas-phase reactant
comprising a compound having a general formula of R-M-H (e.z., Rpco-M~H,), wherein R is an
organic group and M 1s a2 metal to react with the first metal species to thereby form the metal-
containing material. In accordance with various examples, X 13 the tormal oxidation state of M
and n can range from 1 to 5. In accordance with various aspects, the metal-containing material
comprises one or more of metal mixture, an alloy, and an intermetallic compound. A film
comprising the metal-contaming material can be menllic, conductive, non-conducuve, or
sericonductive. Exemplary films can be superconductive, magnetoresistive, ferromagnetic, or a

catalyst.

In accordance with at least one additonal embodiment of the disclosure, a method for
supplying a first gas-phase reactant comprising a first metal and a second gas-phase reactant
comprising a second metal (eg., comprising a compound having a general formula of R-M-H

(e.g., Recnr M*-H,, wherein R is an organic group, X 1s the formal oxidation state of the metal, n

-

s 1 to 5 and M 1s a metal) is provided. The method may comprise: providing a second gas-

w
e,

phase reactant source vessel configured tor contamning the second gas-phase reactant (e.g., any of
the second gas-phase reactants described heremn), fluidly connecting the second gas-phase

reactant source vessel to the reaction chamber: heating second gas-phase reactant contained in

(oY

the second gas-phase reactant source vessel to a temperature of about 0 °C to about 400 °C,

about 20 °C to about 200 °C, or about 20 °C to about 100 °C; generating a vapor pressure ot the

-

second gas-phase reactant of at least 0.001 mbar; and supplying the second gas-phase reactant to

L

the reaction chamber.
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In some ermmbodiments of the disclosure, a reactor system utidizing reactive volatile

chemicals 1s provided. The reactor system can include a reaction charmnber, a first gas-phase

reactant source vessel in fhuid communication with the reaction chamber, and a second gas-phase

reactant source vessel in fhaid communication with t chamber. The second gas-phase

reactant can include, tor example, a compound having a general formula of R-M-H-—e.g., Rocu-

5
M*-H,, wherein R is an organic group, X is the formal oxidation state of the metal, nis 1 to 5,
and M 15 a metal.

For purposes of summanzing the disclosure and the advantages achieved over the prior
art, certain objects and advantages may have been described herein above. Of course, 1t 15 to be
understood that not necessarily all such objects or advantages may be achieved 1n accordance
with any particular embodiment ot the disclosure. Thus, for example, those skiled 1o the art will
recognize that the emboduments of the disclosure may be carried out i a manner that achuieves

or optimizes one advantage or group of advantages as taught or suggested berein without

necessarily achieving other objects or advantages as may be taught or suggested herein.

BRIEF DESCRIPTION OF THE DRAWING FIGURES

The subject matter ot the present disclosure is particularly pointed out and distinctly
claimed in the concluding portion of the specitication. A more complete understanding of the
present disclosure, however, may best be obtained by referning to the detailed description and

claims when considered in connection with the drawing figures, wherein hike numerals denote

like elements and wherein:

FIG. 1 illustrates a process tlow of an exemplary cyclical deposition method according to
at least one embodiment of the disclosure;

FIG. 2 illustrates another process flow of an exemplary cyclical deposition method
according to at least one embodiment of the disclosure;

FIG. 3 ihustrates a schematic diagram of an exemplary device structure including a metal-

i
3]
i

contaming film deposited according to at least one embediment of the disclosure;

FIG. 4 llustrates an example of 2 metal halide compound utihized in a cyclical deposition
process according to at least one embodiment ot the disclosure;

FIG. 5 tllustrares a schermatic diagram of an exemplary reactor system according to at
least one embodiment of the disclosure; and

FIG. 6 dlustrates an exeroplary second gas-phase reactant according to at Jeast one

embodiment of the disclosure.



W

10

15

20

[\
W

30

WO 2020/003000 PCT/IB2019/000817

It will be appreciated that elements in the figures are dlustrated tor simplicity and clasity
and bave not necessanly been drawn to scale. For example, the dimensions of some of the
I

elements i the figures may be exaggerated relative to other elements to help to improve

understanding ot Hhustrated emmbodiments of the present mvention.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS
The description of exemplary embodiments of the present disclosure provided below 1s

3

1 tor purposes of illustration only: the following description is

o

merely exemplary and 1s intende
not intended o limit the scope of the invention. Moreover, recitation of multiple embodiments
having stated features 1s not intended to exclude other embodiments having additional teatures
or other embodirments incorporating different corabinations of the stated features.

As set forth 1 more detall below, exemplary embodiments of the disclosure relate to
methods and apparatus tor depositing mefal-contaming matertal, such as intermetallic
compounds, and to tilms and structures that include the metal-containing material. While the
ways in which the present disclosure addresses various drawbacks of prior systerns and methods
are described in more detadl below, in general, various systerns and methods described herein

employ improved reactants (sometimes generally referred to as precursors) and/or umproved
deposition techniques to deposit metal-containing matertal with desired properties.

As used herein, the terms “precursor” and/or “reactant” may refer to one or more
gases/vapors that take part in a chemical reaction or from which a gas-phase substance that rakes
part in a reaction 18 derived. The chernical reaction can ke place in the gas phase and/or
between a gas phase and a surface of a substrate and/or a species on a surface of a substrate.

As used herein, the teem “cyclic deposition” may refer to the sequential introduction of
reactants into a reaction chamber to deposit a film over a substrate and includes deposition
techniques such as atomic layer deposition and cyclical chemical vapor deposition

As used herein, the term “cychical chemical vapor deposition” may refer to any process
wherein a substrate is sequentially exposed to two or more volatile reactants, which react and/or
decompose on a substrate to produce a desired material.

(13

As used herein, the term “atomuc layer deposition” (ALD) may refer to a vapor

deposition process in which deposition cydles, e.g., a plurality of consecutive deposition cycles,
are conducted 1n a reaction chamber. Typically, during each cycle, a first reactant is chernisorbed
to a surface of a substrate, forming a monolayer or sub-monolayer that does not readily react

with additional first reactant (i.c., a self-imifing reaction). Thereafter, another, second reactant

or a reaction gas may subsequently be introduced mto the process chamber for use n converting
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1

the chemisorbed substance to the desired material.  Further, purging steps may also be utilized
during each deposition cycle to remove excess first reactant from the reaction chamber and/or
remove excess second reactant, reaction gas, and/or reaction byproducts from the reaction
chamber after conversion of the chemisorbed first and/or second reactant. Further, the term

1

“atomuc layer « as used herein, is also meant to include processes designated by

refated terms, such as chemical vapor atomic layer deposition, atomic layer epitaxy (ALE),
molecular beam epitaxy (MBE), gas source MBE, organometallic MBE, and chemical beamn
epitaxy, when performed with alternating pulses of reactants, reactive gas, and/or purge {e.g.,
inert carrier) gas.

14

As used herein, the term “substrate” may refer to any material having a surface onto
which a material can be deposited. A substrate can include a bulk matenal such as silicon {e.g,,
single crystal silicony, and may include one or more layers overlying the bulk material, 1ocluding,

for example, a chenusorbed species. Further, the substrate can include various features, such as

enches, vias, lines, and the like tormed within or on at least a portion of the substrate. The

-t

=y

catures can have an aspect ratio, defined as a feature’s height divided by the teature’s width, of,

~

=t

or example, greater than or equal to 5, greater than or equal to 10, greater than or equal to 15, or

greater than or equal to 20.

i
3]
i

As used heremn, the term “hilm,” “thin tlm)” “layer,

32

and “thin layer” may reter to any

continuous or non-continuous material deposited—e.g.

P

by methods disclosed herein.  For
example, “film,” “thin tdm.” “layer,” and “thin layer” can include 2D materials, nanorods,
nanotubes, or nanoparticles or even partial or full molecular layers or partial or full atomic layers
32

or clusters of atoms and/or molecules.  “Film,” “thin film,” “layer,” and “thin layer” may

J 3 7/

22

comprise material or a layer with pinholes, but still be at least partially continuous.

As used heretn, the term “metal-contamning film” and “metal-containing matertal” may
reter to 2 film or material that contains at least one metal species.

As used herein, the term “metal” can mclude a semimetal or metalloid.

As used herein, an “intermetallic” or an “intermetallic compound” may refer to a
compound that includes two or more metal elements with a detined stotchiometry and an
ordered crystal structure. Intermetallic compounds differ trom metal alloys by their crystal

structure; the crystalline structures of intermefallic compounds are arranged 1n a specific

structure, whereas alloys typically exhibir the crystal structure of one of the participating metal
components. An intermetallic compound s formed when the bonds between the unlike atoms

are stronger than the honds between the atoms of the same element.
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A number of example materials are given throughout the current disclosure; it should he
noted that the chemucal formulas given for each of the example materials should not be
construed as limiting, and that the non-hmiting exaraple materials given should not be limited by
a given exampie stotchiometry.

The present disclosure includes methods for depositing metal-containing material—e.g.,
tilms of the metal-containing matertal—onto a substrate. The methods can be carried out using
a cyclical deposttion process to depostt the metal-containing material to, for example, form a
metal-contamning film on the substrate. Exemplary methods can deposit metal-containing tilms,
such as films comprised, consisting essentially of, or consistng of an intermetallic compound at
relatively low temperatures.  Additionally or alternatively, the methods can deposit metal-
containing material with large-area thickness, crystallinity, and/or composition uniformity of film
comprising, consisting essentially of, or consisting of the metal-containing material.

Turning now to the tigures, FIG. 1 iustrates a cyclic deposition method 100 n
accordance with at least one embodiment of the disclosure. Method 100 can be used to form an
intermetallic compound, such as a film of the mtermetallic compound on a substrate surface.

Method 100 begins with a step 110 which comprises providing at least one substrate into
a reaction chamber and heating the substrate to a deposition temperature. The deposition
ternperature may depend on, for example, one or more reactants used to form the mtermetallic
compound. By way of examples, the reaction chamber can be heated to greater than 0 °C and
less than 600 °C, less than 300 °C, less than 400 °C, less than 300 °C or less than 250 °C, or
between about 20 °C to about 700 °C, about 50 °C to about 500 °C, or about 50 °C to about 400
°C, about 75 °C to about 300 °C or about 100 °C to about 250 °C. By way of particular

examples, the intermetallic compound can include CosSra, and, m this case, the teraperature can

range from about 170 °C to about 200 °C; sumularly, when the intermetallic compound includes

NisSr, the temperature can range from about 125 °C to about 175 °C, or about 140 °C to about
160 °C. A pressure within the reaction chamber may be controlled to provide a desired pressure

i
3]
i

i the reaction chamber for a deposition process. For example, the pressure within the reaction

chamber during the cyclical deposition process may be less than 1000 mbar, or less than 100

mbar, or less than 10 mbar, or less than 5 mbar, or even, in some instances, less than 1 mbar, or

from about 10® mbar to about 1000 mbar, from about 107 mbar to about 100 mbar, from about
107 mbar to about 50 mbar, or from about 0.1 mbar to about 10 mbar.

Method 100 may contirue with a step 120, which includes providing a first gas-phase

reactant cormprising a first metal to the reaction charmber to react with a surface of a substrate

form a first metal species. This step may be at the same pressure and teroperature noted above
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i connection with step 110. A pulse time or a time that the first gas-phase reactant is provided

to the reaction charober can range frorm, for exarple, between about 0.01 seconds and about 60

seconds, or between about 0.05 seconds and al
and about 5 seconds. During step 120, a flowrate of the first gas-phase reactant may be less than
2000 scem, or less than 1000 scom, or less than 500 scom, or less than 200 scemy, or even less
than 100 scem, or may range trom about 1 to about 5000 scem, trom about 5 to about 2000
scem, or from about 10 to abouat 1000 scem.

/

Atter the step of providing a first gas-phase reactant, any excess tirst gas-phase reactant

and any reaction byproducts may be removed from the reaction chamber by a purge/pump

process (step 125). A duration of step 125 can be, for example, between about 0.01 seconds and
about 60 seconds, or between about 0.05 seconds and abour 10 seconds, or between about 0.1
seconds and about 5 seconds. A flow of a purge gas during step 125 may be less than 2000
scem, or less than 1000 scom, or less than 500 scom, or less than 200 scem, or even less than 100
scem, or may range from about 1 to about 5000 scom, trom about 5 to about 2000 scem, or
trom about 10 to about 1000 scem. Although separately dlustrated, step 125 can be considered
part of step 120,

Method 100 may continue with step 130 of providing a second gas-phase reactant
comprising a second metal to the reaction chamber to react with the tirst metal species to
thereby form the mntermetallic compound. This step may be at the same or different pressure
and/or temperature noted above tn connection with step 110, A pulse fime or a time that the
second gas-phase reactant 15 provided to the reachon chamber can range from between about
0.01 seconds and about 60 seconds, or between about 0.05 seconds and about 10 seconds, or
between about 0.1 seconds and about 5 seconds. Duning step 130, the tlowrate of the second

1

gas-phase reactant may be the same or similar as the flowrates noted above during step 120,

As illustrated m FIG. 1, as the second gas-phase reactant reacts with species on the

substrate surtace, an intermetallic compound-——e.g., a tidm comprising, consisting essentially of,

an

intermetallic compound 1s formed {step 140).

Atter step 140, any excess second gas-phase reactant and any reaction byproducts may be
removed from the reaction chamber by a purge/pump process (step 145). A flow and/or
duration of a purge gas i this step can be the same or similar to those noted above in step 125.
Further, although separately illustrated, step 145 can be considered part of step 130.

Steps 120 and 130 (and optionally purge steps 125 and/or 145) may constitute one

deposition cycle. In some embodiments of the disclosure, method 100 may coraprise repeating

the deposition cycle one or more times. For example, method 100 may continue with a decsion
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gate 150, which determines if the cyclical deposition method 100 continues or exits via step 160.
Diecision gate 150 can be determined based on the thickness of or an amount of the deposited

ntermetallic compound.  For example, if the thickness of the intermetallic compound is
insufticient tor the desired device structure, then the method 100 may return to step 120, and
steps 120-145 may be repeated. Once the intermetallic compound has been deposited to a
desired thickness or amount, the method may end at step 160, and the substrate may be
subjected to additional processes to form one or more devices or device structures.

In accordance with various aspects of method 100, the intermeraliic compound forms
upon reacting the second gas-phase reactant with a first metal species that forms on a surface

during step 120, Thus, the mtermetallic compound or layer or film comprising, consisting

essentially of, or consisting ot the mtermetallic compound can be formed without an additional
reduction step and/or heating step. Further, as set forth above, the intermetallic compound can

be formed at relatively low teraperatures.

The first gas-phase reactant can include any first metal that s different from the second

c

metal. By way of examples, the tirst metal can be or include a transition metal (e.g.,, a group 3-12

metal), a group 3-6 metal, a group 7-12 metal, a lanthanide metal, a group 8-11 metal, and/or a
group 9-10 metal.

In accordance with alternative embodiments, such as those described below in
connection with FIG. 2, the first gas-phase reactant can include a first metal that 13 the same as
the second metal. When the first metal and the second metal are the same, an elemental merallic
film can be formed. As noted above, such elemental metallic films can include semimetals or
metalloids.

The tust gas-phase reactant can be or include a metal halide compound, wherein the
metal 15 or includes the first metal. The metal halide compound may comprise a metal chlonide,
a metal odide, a metal fluoride, or a metal bromide. In some embodimnents of the disclosure, the
metal halide compound may comprise a metal species, including, but not limited to, at least one
of cobalt, nickel, or copper. In some embodiments of the disclosure, the metal halide compound
may comprise at least one of a cobalt chloride, a nickel chloride, and a copper chloride. In some
embodiments, the metal halide compound may comprise a bidentate nitrogen containing adduct
torming ligand.  In some embodiments, the metfal halide compound may comprise an adduct
forming ligand including two mitrogen atoms, wherein each of the mtrogen atoms are bonded to

least one carbon atorn. In sorne embodiments of the disclosure, the metal halide compound

=

o
a

comprises one or more nitrogen atoms bonded to a central metal atom thereby forming a metal
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complex. An example of such a compound 1s llustrated m FIG. 4. Additonal first gas-phase
reactants can fnclude adduct forming ligands that include phosphorous, oxygen, and/or sulfur.

~

In some embodiments, the first gas-phase reactant may comprise a transition metal

comgp with an adduct forming ligand. In some embodiments, the first gas-phase phase
reactant may comprise a transition rmetal compound. In some embodiments, the first gas-phase
reactant may comprise a transition metal halide compound. In some embodiments, the tirst gas-
phase reactant may comprise a transition metal compound with an adduct torming higand, such
as monodentate, bidentare, or multidentate adduct forming higand. In some embodiments, the
first gas-phase reactant may comprise a transifion metal halide compound with adduct torming
ligand, such as monodentate, bidentate, or multidentate adduct forming ligand.  In some
ernbodiments, the first gas-phase reactant may comprse a transiion metal compound with
adduct formmng ligand compﬁsing nitrogen, such as monodentate, bidentate, or multidentate
adduct torming ligand comprsing nitrogen. In some ernbodiments, the first gas-phase reactant
may comprise a transition metal compound with adduct fornung ligand comprising
phosphorous, oxygen, or sulfur, such as monodentate, bidentate, or multidentate adduct forming
ligand comprising phosphorous, oxygen or sultur. For example, in some embodiments, the
transition metal halide compound may comprise a transition metal chicoride, a transition metal
todide, a transition metal fluoride, or a transitton metal bromide. In some embodiments of the
disclosure, the transition metal halide compound may compuse a transition metal species,
including, but not limited to, at least one of cobalt, nickel, or copper. In some embodiments of
the disclosure, the fransition metal halide compound may comprise at least one of a cobalt
chloride, a nickel chloride, or a copper chlonde. In some embodiments, the transition metal
halide compound may comprise a bidentate nitrogen containing adduct forming ligand. In some
embodiment, the transition metal halide compound may comprise an adduct forming ligand
including two nitrogen atorns, wherein each of the nitrogen atoms are bonded to at least one
carbon atom. In some embodiments of the disclosure, the transition metal halide cornpound
comprises one or more nitrogen atoms bonded to a central transition metal atom thereby
torming a metal complex.
In some embodiments of the disclosure, the tirst gas-phase reactant may comprise a
transition metal compound having the formula:
(adduct)-M-Xa
wherein each of the “adducts” s an adduct forming ligand and can be independently
selected to be a mono-, a bi-, or 3 multidentate adduct forming ligand or mxtures thereof: n is

from 1 to 4 10 case of monodentate forming ligand, nis from 1 to 2 mn case of bi- or multidentate
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adduct forming higand; M is a transition metal, such as, for exaraple, cobalt (Co), copper (Cuj, or

nickel (Ni): wherein each of Xa s another ligand, and can be independently selected to be a
halide or other ligand; wherein a is trom 1 to 4, and some mstances a is 2.

In socme embodiments of the disclosure, the adduct formung ligand in the transition
metal compound, such as a transition metal halide compound, may comprise a2 monodentate,
bidentate, or multidentate adduct forming ligand which coordinates to the transition metal atom,
of the transition metal compound, through at least one of a nitrogen atom, a phosphorous atom,
an oxygen atom, or a sulfur atom. In some embodiments of the disclosure, the adduct forming
higand 1 the wansition metal compound may comprise a cyclic adduct ligand.  In some
embodiments of the disclosure, the adduct forming ligand in the transition metal compound may
comprise mono, di-, or polyamines. In some embodiments of the disclosure, the adduct formung
ligand n the transition metal compound may comprise
mono-, di-, or polyethers. In some embodiments, the adduct forming ligand in the transition
metal compound may comprise mono-, di-, or polyphosphines. In some embodiments, the
adduct forming ligand in the transition metal compound may comprise carbon and/or in
additton to the nitrogen, oxygen, phosphoreous, or sulfur in the adduct forming ligand.

In some embodiments of the disclosure, the adduct formung hgand in the transition
metal compound may comprise one monodentate adduct forming ligand. In some embodiments
of the disclosure, the adduct forming ligand 1n the transinon metal compound may comprise two
monodentate adduct forming higands. In some embodiments of the disclosure, the adduct
torming higand 1n the tansittion metal compound may comprise three monodentate adduct
torming ligands. In some embodiments of the disclosure, the adduct forming ligand in the
transition roetal compound may comprise four monodentate adduct forming hgands. Tn some

emnbodiments of the disclosure, the adduct forming ligand in the transition metal compound may

comprise one bidentate adduct torming ligand. In some embodiments of the disclosure, the
adduct forming ligand in the transition metal compound may comprise two bidentate adduct
forming ligands. In some embodiments of the disclosure, the adduct torming ligand m the
transition metal compound may comprise one multidentate adduct torming hgand. In some
embodiments of the disclosure, the adduct forming ligand i the transition metal compound may
comprise two multidentare adduct forming ligands.

In some embodiments ot the disclosure, the adduct forming ligand comprises mitrogen,
such as an amine, 3 diamine, or a polyamine adduct forming ligand. To such embodiments, the

transition metal compound may comprise at least one of, tuethylamune (TEA), NN, N’-

tetramethyl-1,2-ethylenedianmine (CAS: £10-18-9) (TMEDA), NONN N
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tetracthylethylenediamine (CAS: 150-77-6) (TEEDA), NN-diethyl-1,2-ethylenedianmine (CAS:
111-74-0)  (DEEDA), N,N’-dusopropylethylenediamine  (CAS: 4013-94-9),  NN,NN’-

/

tetramethyl-1,3-propanediamine (CAS: 110-95-2) (TMPDA), NN IN N -
tetramethylmethanediamine (CAS: 51-80-9) (IMMDA), ININON, N N

pentamethyldiethylenetriamine (CAS: 3030-47-5) (PMDETA), diethylenetriamine {(CAS: 111-40-
) (DIEN), triethylenetetraamine (CAS: 112-24-3) (IRIEN), tris(Z-aminoethyljamine {(CAS:
4097-89-6) (TREN, TAEA), 1,1,4,7,1(),1{}»-hexamet'hyltriethy enetetramine (CAS: 3083-10-1)
(HMTETA), 14,8, 11-tetraazacyclotetradecane (CAS: 295-37-4) (Cyclam), 1,4,7-trimethyl-1,4.7-
triazacyclononane (CAS: 96556-05-7), or 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane
(CAS: 41203-22-9).

In some embodiments of the disclosure, the adduct forming hgand comprises
phosphorous, such as a phosphine, a diphosphine, or a polyphosphine adduct forming hgand.
For example, the transition retal compound may comprise at least one of, triethylphosphune
(CAS: 554-70-1), trimethyl phosphite (CAS: 121-45-), 1,2--bis(dieﬂay]phosp incjethane (CAS:
6411-21-8) (BDEPL), or 1,3-bis{diethylphosphino)propane (CAS: 29149-9

In some embodiments of the disclosure, the adduct forming ligand camprﬁses oxygen,
such as an ether, a diether, or a polyether adduct forming hgand. For example, the transition
metal compound may comprise at least one of, 14-dioxane (CAS: 123-91-1), 1,2-
dimethoxyethane (CAS: 110-71-4) (DME, monoglyme), diethylene glycol dimethyl ether (CAS:
111-96-6) (diglyme), triethylene glycol dimethyl ether (CAS: 112-49-2) {miglyme), or 1,4,7,10-
tetraoxacyclododecane (CAS: 294-93-9) (12-Crown-4).

In some embodiments of the disclosure, the adduct forming ligand reay comprise a
thiother, or mixed ether amine, such as, tor exaraple, at least one of 1,7-diaza-12-crown-4: 1,7-
dioxa-4,10-diazacyclododecane (CAS: 294-92-8), or 1,2-his{methylthio)ethane (CAS: 6628-18-8).

In some embodiments, the transition metal halide compound may comprise cobalt

chloride NN, N’ WN’-tetramethiyl-1,2-ethylenediamine (CoCL{TMEDA)}. In some embodiments,
the transition metal halide compound may comprise cobalt bromide tetramethylethylenediamine
(CoBr(TMEDA)). In some embodiments, the transition metal halide compound may comprise
cobalt 1odide tetramethylethylenediamme (Col(IMEDA).  In some embodiments, the
transition metal halide compound may comprise cobalt chlonde NN,MN' N’-tetramethyl-1,3-
propanediamine {CoCL(TMPDA)). In some embodiments of the disclosure, the transition metal
halide compound rmay comprise at least one of cobalt chloride NN,N N’-tetramethyl-1,2-
ethylenediamine (CoCLIMEDA)), nickel  chlonde  tetramethyl-1,3-propanediamine

(NICL{TMPIAY), or ruckel 1odide tetrarnethyl-1,3-propanediamine (Nd(TMPDA)).
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Other suitable tirst gas-phase reactants may be substantially free of halogen species. First
gas-phase reactants that are substantially free of halogen species (non-halogen contaning metal
precursors) include M{dmap)x (dmap = dimethylamino-2-propoxide), wherein M is a metal, 3-
diketonate, amidinate, and other typical ALD metal precursors. In some embodiments, the non-
halogen contamning metal precursor may comprise at least one ot copper, cobalt and nickel. The
non-halegen contamning metal precursor may therefore comprise at least one of Cuf{dmap),,
Ni{dmap}): or Co(dmap)..

In some embodiments the non-halogen containing metal precursor may therefore
comprise at least one bidentate ligand mn which the metal center atom 1s bonded through at least
one oxygen and at least one nitrogen atom in the bidentate higand. In some embodiments the

non-halogen contamning metal precursor may therefore coraprise at least one hidentate ligand in

which the metal center atom 8 honded through at least one nitrogen atom in the bidentate

ligand.  In some embodiments the non-halogen contavung metal precursor may therefore
comprise at least one bidentate ligand and at least one other ligand, such as monodentate hgand.
In some embodiments the non-halogen containing metal precursor may therefore comprise at
least one bidentate ligand and at least two other ligands, such as monodentate ligands. In some
embodiments the non-halogen containing metal precursor may therefore comprise at least one
brdentate ligand and at least one other ligand, such as monodentate ligand, which 13 bonded
through N or O to the metal center atom.  In some embodiments the non-halogen contamning
metal precursor may therefore cornpnse at least one bidentate ligand 1 which the metal center
atom is bonded through at least one nitrogen atom and bonded through at least one other atom

than nitrogen 1n the bidentate igand. To some embodiments the non-halogen containing metal

precursor may theretore comprise at least one bidentate ligand in which the metal center atom s
bonded through at least two nitrogen atoms in the bidentate ligand. In some embodiments the

non-halogen containing metal precursor comprises at least two bidentante higands. In some
ernbodiments the non-halogen containing metal precursor includes two bidentante ligands.
Some examples of suitable non-halide contaming betadiketiminato {e.g., Ni{pda)z), (pda

= pentane-2,4,-diketimmato) compounds include at least one B-diketimunato ligand, and have the

general tormula:

- » v
R, RsBy /RS
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whereinn M s a metal selected from nuckel, cobalt, ruthenium, nidiur, palladium, platinum, sitver

and gold. Each of R'%is an orgmic ligand inde pmriem‘i 7 selected from H; and 2 C-Cylinear or

Fach L s iﬁdependenﬂy selected trom: a hydrocarbon; an oxygen-containing hydrocarbon; an
amine; a polyamine; a bipyridine; an oxygen containing heterocycle; a mutrogen contamning
heterocycle: and combinations thereot; and n i3 an integer ranging from 0 to 4, inclusive. A
particular example includes MNi{pda)s.

Some examples of suttable non-halide containing amidinate compounds (e.g., MNi{iPr-
AMD);) include compounds_having a formula selected from the group consisting of M{I)AMD,
MOIDAMD: and MIIDAMD; and oligomers thereof, where M 13 a meral and AMD © an
araidinate molety, such as copper(l) amidinates, cobalt(ll) anudinates, or amidinates of ruckel,
won, ruthenium, manganese, chromuum, vacadum, miobmm, fantshim, tranmm and/or
banthamm.

In one or more embodiments, precursors for monovalent metals include volatile metal(l)

arnidinates, [M{D(AMD)ix, where x=2, 3. Some of these compounds have a dimeric structure 1,
1
R? R*

Rl R]'
in which R, R®, R, R", R¥ and R are groups made from one or more non-metal atoms. In some
embodiments, R', R? R’ R", R” and R” may be chosen independently from hydrogen, alk "
atkenyl, alkynyl, talkylsilyl or fluorcalkyl groups or other non-metal atoms or groups. In some

1%

embodiments, R, R% RY, R, R* and R are each independently alkyl or fluoroalkyl or silylaiky

groups contaning 1 to 4 carbon aroms. Suitable monovalent merals include copper(l), silver(),

g
gold(), and indium(D). In one or more embodiments, the metal anudinate 1 a copper amudinate,
and the copper amidinate comprises copper(l) N,N'-diisopropylacetamidinate, corresponding to
taking R', R%, R" and R as isopropyl groups, and R and R” as methyl groups in the general
tormuta 1. In one or more embodiments, the metal(l) aoudinate is a trimer having the general
Formula [M(I)(AMDY]5.

In one or more embodiments, divalent metal precursors include volatile metal(Il) bis-
aroidinates, ML AMD):],, where x=1, 2. These compounds may have a monomeric structure

2

e

14



WO 2020/003000 PCT/IB2019/000817

in which R, R%, R’, R", R" and R” are groups made from one or more non-metal atoms. In one
or more embodiments, dimers of this structure, e.g., [MID{AMD):}, may also be used. In some

/“

embodiments, RY, R?, R, R“, R* and R” may be chosen independently from hydrogen, alkyl, aryl,

W

».)
(g}

alkenyl, alkynyl, triatkylsilyl, or flucroalkyl groups or other non-metal atoms or groups. In son
embodiments, R, R, R, R", R¥ and R” are each independently alkyl or fluoroalkyl or sitylalkyl
groups containing 1 to 4 carbon atoms. Suitable divalent metals include cobalt, iron, mickel,
manganese, ruthentum, zinc, titanmm, vanadium, chromum, esropium, magnesmum and calcium.
In one or more embodiments, the metal(Il) amidinate 13 a cobalt amidinate, and the cobalt
10 amudinate comprises cobalt(IT) bis(N,IN'-dusopropylacetamidinate), corresponding to taking R,
R? R"and R” as isopropyl groups, and R? and R™ as methyl groups in the general formula 2

In one or more embodiments, precursors for trivalent metals include volatile metal(F1T)

tris-anudinates, MIID{AMD);. Typically, these compounds have a monomeric structure 3,

3
RY
e R
\ g
™ N
_RZH \\ 7 /:RZ

Rl” R*

15 in which R}, R® RY R, R¥, RV, R™, R™ and R™ are groups made from one or more non-metal
atoms. In some embodiments, R, R°, RY, R", R¥, R*, R" R™ and R™ may be chosen
ndependently from hydrogen, alkyl, aryl, alkenyl alkynyl, walkylalyl, halogen or partly
fluorinared alkyl groups. In some embodiments, RY, R%, R, R, R*, R, R, R and R™ are each
mndependently alkyl groups contaming 1 to 4 carbon atoms. Suitable trivalent metals nclude

20 lanthanum, praseodymium and the other lanthanide metals, vttrium, scandium, tiraniim,

vanadium, niobium, tantalum, chronuum, won, mthenmum, cobalt, rhodium, tridium, aluminum,

callium, ndium, and bismuth.  In one or more embodiments, the metal(Ill) anudinate is a
%’ > S
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lanthanum amidinate, and the lanthanum anidinate comprises lanthanum(1) tas(NN'-di-tert-
butylacetamidinate), corresponding to taking R', R%, R", R, R" and R” as tert-butyl groups and
R7, R¥ and R™ as methyl groups in the general formula 3.

As used herein, metal amidinates having the same ratic of metal to amidinate as the

in

monomer, but varying in the total number of metallamidinate units in the compound are reterred

to as “oligomers” of the monomer compound. Thus, oligomers of the monomer compound

A

MEPYAMD: include [MIB(AMD)|,, where = 13 2, 3, etc. Similarly, oligomers of the monomer

compound M{DHAMD include [M(AMD],, where x 15 2, 3, etc

\

Particular examples include (N,N'-dusopropylacetamidinatojcopper (JCu(iPr-AMID) ),
bis(IN,N'-duisopropylacetamidinato)cobalt ({Co(Pr-AMD)2]), cobalt bis(N,N'-di-tert-
butylacetamidinate) ((Co(tBu-AMD),]), lanthanum tris(N,N'-dusopropylacetamidinate) {({La(iPe-
AMID]), lanthanum trisIN,N'-diisopropyl-2-tert-butylamudinate) ([LaliPr-tBuAMD)s). Y2CHu),
bis(IN,N'-disse propyhceram dinato)iron  ([Fe(iPr-AMD),]z), bis(IN,N'-di-tert-butylacetamidinate)
([Fe(Bu-AMDY]),  bis(N,N-diisopropylacetarnidinato)nickel  (INi(Pr-AMD)af),  bis(NN'

dusopra -pv'acctamzd natc)manganese (IMn(Pr-AMD):2}),  manganese  bis(IN,IN-di-tert-

butylacetamidinate)  ([Mn{Bu-AMD).f), tris(N,N'-diisopropylacetamidinato)titanium (11 Pr-
AMDY)),  eris(N N'-ditsopropylacetamidinato)vanadium  {[V(Pr-AMD)]), stlver  (NN'-di-
isopropylacetamidinate) ([Ag(Pr-AMD)|(x=2 and x=3), lithium N N'-di-sec-butylacetamidinate,
cobalt  bis(N,N'-di-sec-butylacetamidinate)  ({Cofsec-Bu-AMD).)),  copper(l) N N'-di-sec-
butylacetamidinate  dimer ([Cufsec-Bu-AMD)}), bismuth  wris{IN,N'-di-tert-butylacetamidinate)
dimer (B Bu-AME)4]o), strontium  bis(NN'-di-tert-butylacetammudinate)  ({Se('Bu-AMD)z},),
bismuth oxide, BOs, and tris(N,N-diisopropylacetamidinato) ruthentum ([Ru{Pr-AMD);s]).

Some examples of swtable non-halide contaning imincalkoxide compounds are

ol
¢
[€2]
o

ed by the formula:

(D
. Rl RS
RL /
_________ {
A}
e} N e Q_-l
A N £
~.
M
RE—1T 0
L/
/ ™
7 PR
b
R R2

wheremn M s a metal selected from Groups 2 to 12 of the Periodic Table; and R1, R2, R3, and

R4 are cach independently H or C1-C8 alkyl. In a refinement, R1, R2, R3, and R4 are each

independently methyl, ethy},, n--pt'@pyi, isopropyl, n-butyl, sec-butyl, sobutyl, or t-butyl. In

7
.

another refinement, M is Cu, Cr, Mn, Fe, Co, or Ni. Specific examples of compounds having this
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tormuta  nclude, but are not limired to, bis(t-{tert-butylimine)-2,3,3-tnmethylbutan-2-

olate)nickel(IT), bis(1-(tert-butylimino)-2,3,3-trimethylbutan-2-olatejcobalt(E1), bis(1-(tert-

\

1

butylinuno)-2.3,3-trimethylbutan-Z-olate)iron(Il), bis(1-{tert-butylimine)-2,3,3-trimethylbutan-2-

2700

olateymanganese(1l}, bis(1-(tert-butylimino)-2,3,3-trimethylbutan-2-clate)chromium(li), bis(l-

(tert-butylimino)-2,3 3-trimethylbutan-2-olate)copper(Il), bis{1-(tert-butylimino)-2.3-
dimethylbutan-2-clateynickel(H), bis(1-(tert-butylimine)-2,3-dimethylbutan-2-olate)cobalt(1l),
bis(1-(tert-butylimmo)-2,3-dimethylbutan-2-olatejiron(il), bis{1-(tert-butylimino)-2,3-

dimethylbutan-2-olatejcopper(1l},  bis(3-((tert-butyhmino)methyl)-2,2,4 4-tetramethylpentan-3-

olate)manganese(1l), bis(3-((tert-butylimmo)methyl)-2,2,4 4-tetramethylpentan-3-olate)copper (1),

/
bis(3-(sopropylimino)-2-methylbutan-2-olate)nickel(I), bis(3-(sopropylimino)-2-methytbutan-2-

N

olate)cobalt(1T), his{(3-(sopropylimino)-2-methylbutan-2-olatejiron{ll), bis(3-(isopropylimino)-2-

X

~

methylbutan-2-clateymanganese(Il), his{3-(sopropylimino)-2-methylbutan-2-olatejchromium(Il),
bis(3-(isopropylimino)-2-methylbutan-2-olate)copper(1l, bis(3-(2,2-dimethylhydrazono)-2-
methyltbutan-2-clatejnickel(If),  bis(3-(2,2-dimethylhydrazono)-2-methylbutan-2-olate)cobalt(dl),

bis(3-(2,2-dimethylhydrazono)-2-methylbutan-2-clatejiron(ll), bis(3-(2,2-dimethylthydrazono)-2-

methylbutan-2-clateymanganese(1l), b13(3-(2,2-dimethythydrazono)-2-methylbutan-2-
olate)chrolium({li), and bis(3-(2,2-dimethylhydrazono)-2-methylbutan-2-olate)copper(1l).
Particular examples mclude bis(1-(tert-butylimino)-2,3,3-trmethylbutan-2-olate)nickel (H), bis(1-
(tert-butylimino)-2.3 3-trimethytbutan-2-olatejcobalt{I1), bis(1-{tert-butylimine)-2,3,3-

trimethylbutan-2-olate)ron(Il), bis(1-{rert-butylimine)-2,3.3-tnmethylbutan-2-

olate)manganese(Il), bus(t-fert-butylirmine)-23, 3-trimethyibutan-2-clatejchromium(il),  bua{l-

(rert-butylinmoe}-2,3 3-nmethylbutan-2-olate)copper(i), bis{1-(tert-butyiiramno;-2,3-
dimethyiburan-2-clatejruckel(I), bis(1-{rect-butylinine}-2,3-dimethylbutan-2-olate) cobalt (11,
bis(1-{tert-butyliming)-2,2-dimethytbutan-2-olatejiron(il), bis{1-(tert-butyliromno}-2,3-

dimethyibutan-2-clateicoppear(ll),  bs(G-({tert-hbutvbmino)methyl}-2,2.4,4-tetrarethylpentan-3-

N
({5,

.+

olateymanganese(1l}, bis(3-{(tert-i

iylmninciraethyl)-2,2.4 4-tetraroethylpentan-3-olate) copy

bz (3-(sepropylimuno)-2-methyibutan-2-olate)cobalt(Il), bis{3-(sopropylimmne}-Z-methvibutan-2-

/

o'ia‘te) tron(il), bir(3-(sepropylnuno)-2-methylbutan-2-olate)manganese (i), b1 (3-

isopropyhming)-Z-methyibutan-2-olate}chiromum(i), b3 (3-(2,2-dirnethylhydrazong)-2

A

methytbutan-2-olarenickel(ll),  bi(3-(2 2-dimethyvlhvdrazono;-2-methylbutan-2-olate) cobalt{il),

bia(3-(2,2-dimethyihydrazono)-2-methyibutan-2-olatejiron (1D,  bis(3-(2,2-dimethyihydrazono)-2-

racthytbutan-2-clatejmanganese{Il), bis(3-(2,2-dirnethvthydrazono)-Z-methytbutan-2-

N

ofate)chrobum(di), bis(3-(2,2-dimethylhvdrazono)-Z-methylbutan-2-clate)copper(Hl),
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In some embodiments the non-halogen contamning metal precursor does not comprse
other metal atoms than the desired metal (e.g., Co, Ny, Cu). In some erobodiments the metal in
the non-halogen containing metal precurscr has oxidation state of 0. In some embodiments the
metal in the non-halogen contaning metal precursor has oxidation state of +I. In some

mbodiments the metal 1 the non-halogen containing metal precursor has oxidation state of
+II.  In some embodiments the metal in the non-halogen contaming metal precursor has
oxidation state of +1I. In some embodiments the oxidation state ts the oxidation state of the
metal i the precursor at room temperature. The oxidation state may change mn different
conditions, such as in different pressures, temperatures and/or atmospheres as well as when
contacted with different surface matertals at the said different conditions. In some embodiments
the non-halogen containing metal precursor does not comprise halides, such as ¥, CI, Bror 1. In
some embodiments the non-halogen containing metal precursor comprises carbon, hydrogen
and nitrogen and optionally oxygen

In some embodiments the non-halide containing copper precursor may comprise, for

example, Cu(dmap)z or copper(l) N N'-ditsopropylacetanudinate. In some embodiments, copper

precursors can be selected trom the group consisting of copper betadiketonate compounds,

i
iy
i

copper betadiketiminato compounds, copper amincalkoxide compounds, such as Cu{dmae),

i
3]
i

Cu(deap), or Cu <LJ1’13,II1‘D>2, copper amidinate compounds, such as Cu(sBu-amd)l, copper
cvclopentadienyl compounds, copper carbonyl compounds and combinations thereof. In some

5\

embodiments, X(acac)y or X{thd)y compounds are used, where X s copper, v 1s generally, but

not necessarily 2 or 3 and thd 15 2,2,6,6-tetramethyl-3,5-heptanedionato. In some embodiments
the non-halide containing  copper precursor s copper(iDacetate, [Cu(HMDS)s  or
Cu(choyBMIS (1,3-di-sopropyi-imidazolin-2-yvlidene copper hexamethyl disilazide) or Cu-
betadiketiminates, such as Cu(dky) VIMS (dki = diketiminate).

In some embodiments the non-halide containing nickel precursor may be, for example,

bis(4-MN-ethylamnino-3-penten-2-N-ethylminatojnickel (). In some embodiments, nickel

precursors can be selected from the group conssting of nickel betadiketonate compounds, nickel

5
betadiketiminato compounds, nickel aminoalkoxide compounds, nickel amidinate compounds,
nickel cyclopentadienyl compounds, nickel carbonyl compounds and combinations thereof. In
some embodiments, X(acac)y or X{thd)y compounds are used, where X is nickel, v is generaily,
but not necessanly 2 or 3 and thd 1s 2,2,6,6-tetramethyl-3,5-heptanedionato.

In some ermnbodiments the Co precursor is a Co beta-diketourinato compound. In some

ernbodiments the Co precursor is a Co ketotrninate compound. In some embodiments the Co

precursor s a Co amudinate compound. In some embodiments the Co precursor 13 a Co beta-
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diketonate compound. In some embodiments the Co precursor contains at least one ketoimine
ligand or a derivative thereotf. In some embodiments the Co precursor contamns at least one

amidine ligand or a derivative thereof. In some embodiments the Co precursor contains at least

1

one ketonate ligand or a denivative thereot. In some embodiments the Co precursor is Coa(CO)s,
CCTBA, CoCpz, Co(Cp-amd), Co(Cp{CO)y), tBu-AllylCo(CO); or CoHMDS)..  Alternatively,
metal hydrides and/or alanes may be used as a first gas-phase reactant (e.g, for hydnde-hydrd
type reactions).

The second gas-phase reactant used i method 100 can include a2 metal-containing
organic compound. For example, second gas-phase reactant can include a compound selected
from the group consisting of compounds having formula of R-M-H (e.g., Rixo-M*-H,,), wherein
R s an organic group and M 1s a metal to react with the first metal species to thereby form the
metal-containing material. In accordance with varous examples, X is the formal oxidation state
of M and n can range from 1 to 5. By way of particular examples, M can be or include Sn, In,
Ga, Ge, As, Sb, Pb and Bi. Or, M could include Al. For example, M can include Sn, In, or Ga.
R can be or include an alkyl group or cyclopentadienyl, amido, alkoxy, amidmato, guanidinato,
imido, carboxylato, §-diketonato, 3-ketoiminato, malonato, B-diketiminato group with or without
additional donor functionalittes. Exemplary alkyl groups can be independently selected from the

7/

group of C1-C5 alkyl groups. In some cases, the second gas-phase reactant {e.g., the R-M-H

compound) can be a metal reducing agent.  FIG. 6 illustrates the particular second gas-phase
reactant example of tributyltin hydrnide (FBTH).

Intermetallic films comprised, consisting essentially of, or consisting of the intermetailic
compound, such as CosSnz or NSy, as described herain can exhibit magnetic hysteresis with
high coercivity values exceeding 500 Oe. The ressstivity values of such films (as well as film
formed according to method 200) can range from about 10 to about 10° pQcm, from 20 to 10

ufem, or from 58 to 1000 uf2cm, tor exarmnple, 80 to 180 ulicm, depending on tilm thickness
and/or stoichiometry.  Also, NS, thin films formed according to method 100 exhibit an
mntermetallic crystal structure and high purity. Exemplary intermetallic compounds and films can
be used 1n a vanety of applications, including, for example, magnetoresistive devices,
superconductive devices, as catalysts, as energy (e.g., hydrogen) storage, and the like.

FIG. 2 illustrates another cyclic deposition method 200 in accordance with ar least one
embodiment of the disclosure. Method 200 can be used to deposit metal-containing material to,
tor example, form a flm or layer comprising, consisting essentially of, or consisting of the metal-
contating material.  The metal-containing material can include any of the intermetallic

compounds described above, as well as other metal-containing compounds described herein.
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When tims {(c.g., formed via either method 100 or 200) consist essentially of or consist of an
tntermetallic compound, the film may exhibit superior properties as described herein.
Method 200 begins with step 210, which can be the same or similar to step 110. For

example, the temperature and pressures within the reaction chamber can be the same or similar
to those set forth in step 110,

Method 200 may continue with step 220, which includes providing a tirst gas-phase, such

'u

as any of the first gas-phase reactants described above. This step may be at the same pressure
and temperature noted above mn connection with step 210. A pulse time or a time that the first
gas-phase reactant 13 provided to the reaction chamber can range tfrom between about 0.01

3

seconds and about 60 seconds, or between about (.05 seconds and about 10 seconds, or

between about 0.1 seconds and about 5 seconds. Duning step 220, a flowrate of the first gas-
phase reactant may be less than 2000 scom, or less than 1000 scom, or less than 500 scom, or less

than 200 scem, or even less than 100 scom, or may range from about 1 to about 5000 scem, from

about 5 to about 2000 scem, or from about 10 to about 1604 scom.

Atter step 220 of providing a first gas-phase reactant, any excess tirst reactant

';l.)

@]

as-phase

UO

o

and any reaction byproducts may be removed from the reaction chamber by a purge/pump
process (step 225). A tlow of a purge gas during step 225 may be less than 2000 scem, or less
than 1000 scem, or less than 500 scam, or less than 200 scom, or even less than 100 scem, or

e

may range from about 1 to about 5000 scem, from about 5 to about 2000 scem, or from about
10 to about 1000 scem. Although separately dlustrated, step 125 can be considered part of step
120.

Method 200 may continue with step 230, which includes providing a second gas-phase

reactant corprising a compound having a general formula of R-M-H, wherein R 1s an organic

CJ"

group and M is a metal to react with the first metal species (e.g,, on the substrate surface) to
thereby torm the metal-contamning material. The compound having a general formula of R-M-H
can be the same as described above. A pulse time or a tirne that the second gas-phase reactant is
provided to the reaction chamber can range trom between about 0.01 seconds and about 60
seconds, or between about .05 seconds and about 10 seconds, or between about 0.1 seconds
and about 5 seconds. During step 230, a flowrate of the second gas-phase reactant may be less
than 2000 scem, or less than 1000 scem, or less than 500 scom, or less than 200 scom, or even
less than 100 scom, or may range from about 1 to about 5000 scem, from about 5 to about 2000
scem, or from about 10 to about 1000 scom.  Although separately illustrated, step 225 can he

considered part of step 220.
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As dlustrated 1 FIG. 2, as the second gas-phase reactant reacts with species on the
substrate surtace, a metal-containing material—e.z., a film compunsing, consisting essentially of,
or consisting of the metal-containing matenial is tormed.

Atter step 230, any excess second gas-phase reactant and any reaction byproducts may be

removed from the reaction chamber by a purge/pump process (step 245). A flowrate of a purge

gas can be the same as noted above in step 225, Further, although separately illustrated, step 245

¢

can be considered part of step 230.
Steps 220-245 can be repeared as desired in the same or similar manner as steps 120-145
described above m connection with FIG. 1. For example, the steps can be repeated untid a
desired film thickness or amount of metal-contaimning material 13 deposited onto the substrate.
First gas-phase reactant used n step 220 can be or mchude any of the first gas-phase
reactants described heremn.  As noted above, the furst gas-phase reactant and the second gas-
phase reactant can include the same or different metals. For example, by corabining a first gas-
phase reactants, such as GeCl3{dioxane) or some other Ge precursor with R;GeH, an elemental
se tilm can be formed. Other elemental films (or multi-metal films) can similarly be formed.
Second gas-phase reactant comprising a compound having a general tormula of R-M-H,
wherem R 13 an organic group and M 1s a metal can be or include any of the R-M-H compounds
described herein, such as those described above in connection with method 100.
In accordance with some embodiments of the disclosure, method 100 and/or method
200 can include atomic layver deposition (ALD). ALD 13 based on typically self-hmiting reactions,
whereby sequential and alternating pulses of reactants are used to deposit about one atormc {or

molecular) monolayer of material per deposition cycle. The deposition conditions and reactants

are typically selected to provide self-saturating reactions, such that an adsorbed layer of one
reactant leaves a surtace termination that 1s non-reactive with the gas phase reactants of the same
reactant. ‘The substrate i1s subsequently contacted with a different reactant that reacts with the

previous termination to enable continued deposition. Thus, each cycle of alternated pulses
] ; : T

typically leaves no more than about one monolayer of the desired material.  However, as
mentioned above, 1 one or more AL cycles, more than one monolayer of material may be
deposited, for ezample, if some gas phase reactions occur despite the alternating nature of the
process.

In some embodiments, the cyclical deposition processes are used to form metal-
contaning fms on a substrate and the cyclical deposition process may be an ALD-type process.

In some embodiments, the cyclical deposition may be a hybrid ALD/CVD or cyclical CVD

process. For example, 1n some emboduments, the growth rate of the ALDD process may be low
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compared with a CVID process. One approach to increase the growth rate may be that of

operating at a higher substrate temperature than that typically employed o an ALD process,

resulting 1n a chemical vapor deposits vantage of the sequential

introduc of reactants. Such a process may be reterred to as cyclical CVD.
The cyclical deposition processes described herein may be performed in an ALD or
CVD deposition system with a heated substrate. For example, in some embodiments, methods

may comprise heating the substrate to a temperature of between approximately 80 °C and

approximately 150 °C, or even heating the substrate to a temperature of between approximately

80 °C and approximately 120 °C. Of course, the appropriate temperature window for any given
cvclical deposition process, such as tor an ALD reaction, will depend upon the surface
terraination and reactant species involved.  Here, the temperature varies depending on the
reactants being used and is generally ar or below about 700 °C. In some embodiments, the
deposition temperature s generally at or above about 100 °C for vapor deposition processes, in
some embodiments, the deposition temperature 1s between about 100 °C and about 300 °C, and
in some embodiments, the deposition temperature s between about 120 °C and about 200 °C.

In some embodiments, the deposition temperature 1s less than about 500 °C, or less than below

about 400 °C, or less than about 350 °C, or below about 300 °C. In some instances, the

3

deposition temperature can be below about 300 °C, below about 200 °C or below about 106 °C.

3

In some instances, the deposition temperature can be above about 20 °C, above about 50 °C and

above about 75 °C. In some embodiments of the disclosure, the deposition temperature, i.¢., the
temperature of the substrate during deposition, 1s the same or similar to the temperatures noted
above 10 connection with methods 100 and 200.

As dhustrated 1 FIGS. 1 a0d 2

3

cyc}ic processes, including ALDY processes

purge steps, such as purge steps 1 45, 225, and 245 described above. Purge gases used

s, Loty

Ty

during such steps can include one or more mnert gases, such as argon (Ar) or nitrogen (N2}, to
prevent or mitigate gas-phase reactions between reactants, between process steps and to enable
self-saturating surface reactions. In some embodiments, however, the substrate may additionally
or alternatively be moved {e.g., to another reaction chamber) to separately contact a first gas-
phase reactant and a second gas-phase reactant. Thus, steps 120/130 and/or steps 220/230

need not be performed in the same reaction chamber. Additionally or alternatively, 2 vacuum

pump may be used to as

st 1n the purging.
It should be appreciated that in some embodiments of the disclosure, the order of
providing a first

gas-phase reactant and providing a second gas-phase reactant may be such that

L
¥

the substrate 13 first contacted with the second gas-phase reactant tollowed by the fiest gas-phase
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reactant. In other words, steps 120, 130 and 220, 230 can be reversed. In addition, in some
ernbodiments, the cyclical deposition process may comprise contacting the substeate with first
gas-phase reactant cone or more fimes prior to contacting the substrate with second gas-phase
reactant one or more times and sinularly may alternatively comprise contacting the substrate with

the second gas-phase reactant one or more times prior to contacting the substrate with the first
gas-phase reactant one or more times.
At least some embodiments of the disclosure {e.g., method 100 and/or method 200) may

comprise non-plasma reactants, e.g., the tirst and second gas-phase reactants are substantially

-ty

free of 1onized reactive species. In some embodiments, the first and second gas-phase reactants
are substantially free of sonized reactive species, excited species or radical species. For example,
both the first gas—phase reactant and the second gas-phase reactant may comprise non-plasma
reactants to prevent joruzation damage to the underlying substrate and the associated detects
thereby created. The use of non-plasma reactants may be especially useful when the underlying
substrate contains fragile tabricated, or least partially fabricated, semiconductor device structures,
as the high energy plasma species may damage and/or deteriorate device performance
characteristics.

Although not ilustrated in FIG. 2, in some embodiments of the disclosure, exemplary
methods of the disclosure may comprise an additional process step comprising contacting the

substrate with a third vapor phase reactant comprising a reducing agent. In some embodiments

5

gen (Hp) plasma,

e \

the reducing agent may comprise at least one of hydrogen (Hy), a hydro

5\

ammonia {INHs), an ammonia (INH;)

(I plasma, hydrazine (NoH,), sifane (SiHy), disdlane (Si2H),

trisdane (Si;Hg),

( germane {GeHy), digermane (GeaHg), borane (BH,), diborane (B:Hg), tertiary

butyl hydrazine (CsHlNz), a selentum reactant, a boron reactant, a phosphorous reactant, a
sulfur reactant, an organic reactant (e.g., alcohols, aldehydes, or carboxylic acids) or a hydrogen
reactant. In some embodiments of the disclosure, exemplary cyclical deposition methods of the
disclosure may comprise contacting the substrate with a second vapor phase reactant which is a
. - g / X L N K

reducing agent (without any additional precursor/reactant contacting steps). However, as noted
above, in accordance with at least some examples, no reducing agent or reduction reaction is
required to form the desired material, such as mtermetallic material.

vl

It used, the third vapor phase reactant comprsing a reducing agent may be introduced

=

into the reaction chamber and contact the substrate at a number of process stages in an
exemnplary cyclical deposition method. In some embodiments of the disclosure, the reducing
agent may be introduced into the reaction chamber and contact the substrate separately from the

first gas-phase reacrant and/or separately from the second gas-phase reactant. For example, the
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reducing agent may be introduced into the reaction charmber and contact the substrate prior to

contacting the substrate with the fusst gas-phase reactant, after contacting the substrate with the

3

1
N

-

irst gas-phase reactant and prior to contacting the substrate with the second gas-phase reactant,

el

and/or after contacting the substrate with the second gas-phase reactant. In some embodiments
of the disclosure, the reducing agent may be introduced mto the reaction chamber and contact
the substrate simultaneously with the first gas-phase reactant and/or simultaneously with the
second gas-phase reactant. For example, the reducing agent and the tirst gas-phase reactant may
be co-tlowed into the reaction chamber and simultaneously contact the substrate, and/or the
reducing agent and the second gas-phase reactant may be co-tlowed 1nto the reaction chamber
and simulraneously contact the substrate.

In some embodiments, the growth rate of the metal-containing material and/or
intermetallic compound is from about 0.005 A/cycle to about 5 A/cydle, from about 0.01
A/cycle to about 2.0 A/cycle. In some embodiments, the growth rate of metal-containing
material and/or intermetallic <:ompouﬁd is more than about 0.05 A/c cycle, more than about 0.1
A/ cycle, more than about 0.1 5 A/c cycle, more than about 0.20 A,/cycle, more than about .25
A/cycle, or more than about 0.3 A/cycle. In some embodiments, the growth rate of the metal-
containing material and/or intermetallic compound is less than about 2.0 A/cycle, less than
about 1.0 A/cyde, less than about 0.75 A/cyde, less than about 0.5 A/ cycle, or less than about
0.2 A/cycle. In some embodiments of the disclosure, the growth rate of the metal-containing
material and/or intermetailic compound may be approximately 0.4 A/cycle. By way of particular
examples, 1n the case of CosSny, the growth ranged from about 0.7 and 1.3 A/cyde at deposition
temperatures of about 170-200 °C, and in the case of NisSn,, a growth rate of about 1.3 A/ cye
at 160 °C was observed when MNiICL(TMPDA) was used as a first gas-phase reactant.

FIG. 3 illustrates a structure 300 that includes a substrate 302 and a layer or film 304.
Structure 300 can be or include a partialiy-fabricated device structure. As noted above, substrate

~
+
o

302 can include bulk material, such as bulk semuconductor matertal, and layers formed thereon
and/or therein. Film 302 can include an intermetallic compound or a metal-containing material,
such as mntermetallic compound or metal-containimg material deposited according to the

embodiments described heremn.  In some embodiments, film 304 may be continuous at a

thickness below approsimately 100 nanometers, or below approximately 60 nanometers, or
below approximately 50 nanometers, or below approximately 40 nanometers, or below
approsimately 30 nanometers, or below approximately 25 nanometers, or below approzimately
20 nanometers, or below approximately 15 nanometers, or below approximately 10 nanometers,

or below approximately 5 nanometers, or lower. The continuity referred to herein can be
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physical continuity or electrical continuity. To some embodiments, the thickness at which film
304 may be physically continuous may not be the same as the thickness at which a film is
electrically continuous, and the thickness at which a film 304 may be electrically continuous may

not be the same as the thickness at which a film 1s physically continuous.

In some embodiments, the intermetallic and/or metal-containing Glm (e.g., film 304)

deposited according to some of the embodiments described herein may have a thickness trom
about 20 nanometers to about 100 nanometers. In some embodiments, the intermetallic and/or
metal-contaming tilm deposited according to some of the embodiments described heremn may
have 2 thickness from about 20 nanometers to about 60 nanometers. In some embodiments, the
intermetallic and/or metal-containing film deposited according to some of the embodiments

described herein may have a thuckness greater than about 20 nanometers, or greater than about

g

30 nanorneters, or greater than about 40 nanoroeters, or greater than about 50 nanometers, or
greater r than about 60 nanometers, or greate than about 100 nanometers, or greater than about
250 nanometers, or greater than about 500 nanometers. In some embodiments, the intermetaliic
and/or metal-containing film deposited according to some of the embodiments described herein
may have a thickness of less than about 50 nanometers, less than about 30 nanometers, less than
about 20 nanometers, less than about 15 nanometers, less than about 10 nancmeters, less than
about 5 nanometers, less than about 3 nanometers, less than about 2 nanometers, or even less
than about 1 nanometer.

In some embodiments of the disclosure, the intermeraliic and/or metal-containing film
may be deposited on a three-dimensional structure, e.g., a non-planar substrate comprising high
aspect ratio features. In some embodiments, the step coverage of the intermetallic and/or metal-
contaning flm may be equal to or greater than about 50%, or greater than about 80%, or greater
than about 90%, or greater than about 95%, or greater than about 98%, or greater than about
99%, or greater in structures having aspect ratios (height/width) of more than about 2, more
thar about 5, more than about 10, more than about 25, more than about 50, or even more than
about 100.

The intermetallic compound and/or metal-contaning materal or corresponding tilms

thereot comprises the tirst metal and the second metal as described herein. By way of particular

examples, the first metal can include Co, Ni, Pt, or any of the other first metals noted herein and

the second metal can include Sn, In, Ga, Ge, As, Sb

5, Pband Bi (e.g., Sn, In, or Fe) or any of the

5 9 s /
other sccond metals noted herein, including Al Exemplary intermetallic and/or meral-

contining compounds include (hexagonal) CosSn, or NisSne.  Intermetallic and/or metal-

contaning compounds could also have other stoichuometry or other crystal structure, which can
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be obtained by, for exarmple, heat treatroent or by tuning the deposition conditions.  Other
exemplary intermetallic compounds and/or metal-containing materials comprise compounds of
in-Sh, Pt-In, Pt-Sn, Pt-dr, Pd-Pt, Ru-Pt, Ru, Co, Co-W, Ru-Mn, Cu-Mn, and Co-Pt. Other
particular examples of intermetallic compounds and/or metal-containing materials include Co,
N1, Cu, and/or Pt and one or more of Sn, In, Ga, Ge, As, Sh, Pb, Al and Bi. In some cases, a
film including the intermetallic compound and/or metal-containing material does not include Al
(Ga, and/or In and a transition metal.

In some embodiments of the disclosure, intermetaliic compound and/or mertal-
containing material and/or films including same, as described herein, may comprise less than
about 5 atomic % oxygen, less than about 2 atomic % oxygen, less than about 1 atomic %

oxygen, ot less than about 0.5 atomic % oxygen. In turther embodmments, the compounds,
materials, or films may comprise less than about 5 atomic % hydrogen, or less than about 2
atornic % hydrogen, or less than about 1 atomuc % hydrogen, or even less than about 0.5 atomic
% hydrogen. In yet further embodiments, the compounds, materials, or films may comprise less
than about 5 atomic % carbon, or less than about 2 atomic % carbon, or less than about 1

tomic Yo carbon, or even less than about 0.5 atomic % carbon. In vet turther embodiments, the
compounds, matertals, and films may comprise less than about 5 atomic % halide species, or less
than about 2 atomic % halide species, or less than about 1 atormmuc % halide species, or even less

0/

than about (.5 atomic % halide species. In some embodiments, the atomuc % composition of

the mtermetallic compounds, metal-containing materials, and films including same may be
determuned utilizing timne of tlight elastic recoil detection analysis (ToF-ERDA).

Reactors capable ot being used to deposit metal-containing films can be used to form the
mtermetallic compounds, metal-confaining materials, and filros described herein. Such reactors
include ALD reactors, as well as CVD reactors equipped with appropriate equipment and means
for providing the reactants. According to some embodiments, a hot-walled, cross-flow reactor
can be used. According to some embodiments, other cross-flow, batch, minibatch, or spatial
ALD reactors may be used.

Examples of suitable reactors that may be used include commercially available single
substrate {or single wafer) deposition equipment such as Pulsar® reactors (such as the Pulsar®
2000 and the Pulsar® 3000 and Pulsar® XP ALD), and EmerALD® XP and the EmerALD®
reactors, avaiiable from ASM America, Inc. of Phoenix, Arizona and ASM Europe B.V., Almere,
Metherlands.  Other commercially avadable reactors include those trom ASM Japan K.K.

(Tokyo, Japan) under the tradename Eagle® XP and XP8. In some embodiments, the reactor 8

a spatial ALD reactor, n which the substrate moves or rotates during processing.
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In some embodiments of the disclosure, a batch reactor may be used. Suitable batch
reactors include, but are not limited to, Advance® 400 Series reactors commercially available
from ASM Europe B.V. (Almere, Netherlands) under the trade names A400 and A412 PLUS. In

some embodiments, the wafers rotate during processing. In other embodiments, the batch

reactor comprises a minibatch reactor configured to accommodate 10 or fewer substrates {(e.g.,
sermiconductor wafters), 8 or fewer substrates, 6 or fewer substrates, 4 or fewer substrates, or 2 or
fewer substrates. In some embodiments in which a batch reactor is used, wafer-to-water non-
uniformﬁ,y is less than 3% (\’”isigﬂm}, less than 2%, less than 1% or even less than 0.5%.

I'he deposition processes described herein can optionally be carried out in a reactor or a
reaction chamber connected to a cluster tool. In a cluster tool, because each reaction chamber s
dedicated to one type of process, the temperature of the reaction charober 1o each module can be
kept constant, which improves the throughput corapared to a reactor i which the substrate is
heated up to the process temperature before each run.  Additionall

y, i a cluster too] it s

possible to reduce the time to pump the reaction chamber to the desired process pressure levels

between substrates. e, the deposition process may be
performed in a cluster tool comprising multiple reaction chambers, wherein each indwvidual
reaction chamber may be utilized to expose the substrate to an individual reactant gas and the
substrate may be transterred between the different reaction chambers for exposure to multiple
reactant gases, the transfer of the substrate being performed under a controlled environment to
prevent oxidation/contamination of the substrate. In some embodiments of the disclosure, the
deposition process may be pertormed in a cluster tool comprising multiple reaction chambers,
wherem each individual reaction chamber may be configured to heat the substrate to a different

deposition temperature.

A stand-alone reactor can be equipped with a load-lock. In that case, it s not necessary
to cool down the reaction space between each run.

FIG. 5 schematically ilustrates a reactor system 500 1n accordance with at least one
embodiment of the disclosure. Reactor system 500 can be used to, for example, perform the
cyclic deposition (e.g.,, ALD) methods as described herein and/or to form the structures, films,
compounds and/or materials as described herein.

In the illustrated example, reactor system 500 includes an optional substrate handling
systern 502, a reaction chamber 504, a gas distmbunion systemn 506, and optionally a wall 508
disposed between reaction charnber 504 and substrate handling system 502, System 500 can also
include a ficst gas-phase reactant source 512, a second gas-phase reactant source 514, and an

exhaust source 510. Although lustrated with two gas sources 512, 514, reactor system 500 can
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mnclude any suitable number of reactant gas sources. By way of examples, exerplary reactor

systerns can include at least two reactant gas sources {e.g., sources that nclude compounds that

5
become the first or second gas-phase reactant) and optionally one or more carrier and/or purge

gas sources 516. Reactor systern 500 also includes a susceptor 518 to hold one or more

substrates 520 during processing,

Reactor system 500 can include any suitable number of reaction chambers 104 and
substrate handling systems 502, By way of example, reaction chamber 504 of reactor system 500
ncludes a cross-tlow, hot-wall epitaxial reaction chamber.  An exemplary reactor system
including a honizonral Hlow reactor 1s available as 4 systermn from ASM.

It should be noted that FIG. 5 15 a simplitied schematic version of reactor system 500
and does not contain each and every clement, such as, but oot limited to, valves, electacal
connections, mass flow controllers, seals, and gas conduits, that may be utilized 10 the reactor
systern 500.

In some embodiments of the disclosure, one or more reactant source vessels 522, 524 are

fhid communication, via conduits or other appropriate means 326, 528, to the reaction
chamnber 504 and may further be coupled to gas distribution system 506 disposed between
reactant source vessels 522, 524 and reaction chamber 504, Gas distribution system 506 can
include, for example, a manitold, valve control systems, mass flow control systems, and/or other
echanism to control a gaseous reactant onginating reactant source vessels 522 or 524. Reactant

3

524 may be contigured

/

source vessels 522 for storing a metal-contamning compound (e.g., an

3

n

organometallic or metal organic compound) that 18 or that upon heating becomes the tirst gas-

phase reactant and the second gas-phase reactant, respectively.  In some embodiments, the

L

reactant source vessels 522

3

524 may comprise a quartz material, which may be substantially

chemically mert to the respective first and second reactants stored within source vessels 522, 524.

1

In alternative embodiments of the disclosure, reactant source vessels 522, 524 may be fabricated

-

trom a corrosion resistant metal or metal alloy, such as, for example, Hastelloy, Monel, or a
combination thereof.

In some embodiments of the disclosure, reactant source vessels 522, 524 may further
comprise one or more heating units 526, 528 configured tor heating the compound stored in
reactant source vessels 522, 524 to a desired temperature. In some embodiments, the one or
more heating units may be utilized to heat the compound to a temperature of approximately

greater than 0 °C, or approsumately greater than 20 °C, or approximately greater than 100 °C, or

o

approximately greater than 150 °C, or approzimately greater than 200 °C, or approximately

®]

greater than 200 °C, or approximately greater than 300 °C, or even approximately greater thao
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400 °C. In some embodiments, the one or more heating units 526, 528 may be contigured to

e}
ol
"y

heat the compound stored in the reactant source vessels 522, 524 to a temperature
approximately about 25 °C to about 200 °C, about 25 °C to about 300 °C, or about 25 °C to
about 400 °C. By way of particular exaraples, when a gas-phase reactant includes BusSnH, the
temperature could range trom about 20 °C to about 40 °C, or be about 30 °C; when a reactant
includes CoCLITMEDA), the temperature could range from about 158 °C to about 190 °C, or
be about 170 °C; when the reactant includes NiCL{IMPDA), the temperature could range from
about 140 °C to about 180 “C, or be about 157 °C; and when the reactant included Ni{dmap)s,
the temperature could range from about 50 “C to about 70 °C, or be about 62 °C.

In some embodiments, one or more heating units 526, 528 associated with reactant
source vessels 522, 524 are contigured for converting a compound from a solid to either 2 hquid
or a gas to form the first gas-phase reactant or the second gas-phase reactant.  In some
ernbodiments, the one or more heating units 526, 528 assocated with reactant source vessels

22, 524, respectively, may be utilized to control the viscosity of the reactant compound stored

Lay

in reactant source vessels 5322, 524. In some embodiments, the one or more heating units 526,
528 associated with the respective reactant source vessels 522, 524 may be contfigured for
controlling the vapor pressure generated by the compound stored within reactant source vessels
522 524, In some embodiments of the disclosure, the cumpound may have a vapor pressure
sreater than 0.01 mbar at a temperature greater than 25 °C, or greater than 30 °C, or even greater
than 100 °C. In some embodiments of the disclosure, the compound may have a vapor pressure
greater than 0.01 mbar ar a temperature of less than 350 °C, or less than 250 °C, or less than

1

200 °C, or even less than 150 °C. In some embodiments of the disclosure, the compound may

have a vapor pressure greater than 0.1 mbar at a temperature greater than 25 °C, or even greater

than 100 °C. 1n some emboduments of the disclosure, the compound may have a vapor pressure

N

greater than 0.1 mbar at a temperature of less than 400 °C, or less than 200 °C, or even less than
100 °C. In some embodiments of the disclosure, the compound may have a vapor pressure
greater than 1 mbar at a temperature of greater than 25 °C, or even greater than 100 °C. For
example, the compound may be heated to a temperature greater than 150 °C, generating a vapor
pressure of greater than 8.001 mbar.

In some embodiments of the disclosure, a vapor passageway 530 may be connected to
the reactant source vessel 522 (and/or reactant source vessel 524), such that one or more carrier
gases {e.g., from source 516 or another source) may be transported from a carrier gas storage
vessel into reactant source vessel 522 via the vapor passageway 530, In some embodiments, a

roass flow controller {not shown) may be placed on vapor passageway 5330 and disposed
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proximate to reactant source vessel 522, For example, a mass flow controlier roay be calibrated
to control the mass flux of the carrier gas entering reactant source vessel 522, thereby allowing
greater control over the subsequent tlow of the reactant vapor trom out of the reactant source
to the reaction chamber 504,

In some embodiments, the carrier gas (e.g., hydrogen, nitrogen, helium, argon, or any
muxtures thereot) may be tlowed over an exposed surtace of the compound, thereby picking up a
portion of the vapor from the compound and transporting the compound {now a tirst or second
gas-phase reactant), along with the carmer gas, to reaction chamber 504. In alternative
embodiments of the disclosure, the carrier gas may be “bubbled” through the compound, e.g., by
opuonal vapor passageway (not dlustrated), thereby agitating and picking up a portion of metal-
contatning compound and transporting metal-contatung compound vapor (now the first or
second gas-phase reactant) o reaction chamber 504 via gas conduit 526.

1

In some embodiments of the disclosure, reactor system 500 may further comprise a
system operation and control mechanism 532 that provides electronic circuitry and mechanical
components to selectively operate valves, manifold, puraps, and other equipment assoctated with
reactor system 500. Such circuitry and compounds operate to mtroduce reactants, purge gas,

r‘
i
jog

and/or carrier gases from the respective reactant source vessels, 522, 524 and purge gas vessel
534. 'The system operation and control mechanism 532 may also control the timing of gas pulse
sequences, the temperature of the substrate and/or reaction chamber, and the pressure of the
reaction chamber and various other operations necessary to provide proper operation to reactor
system 500. Operation and control mechanism 532 may include control software and electrically

or pneumatically controlled valves to control the flow of reactants, carrier gases, and/or purge

gases into and out of reaction chamber 504, System operation and control mechanism 532 can

include modules, such - hardware components, e.g., 2 FPGA or ASIC, which

b

pertorm certain tasks. A module can adversely be contigured to reside on the addressable
storage medium of system operation and control mechanism 532 and be configured to execute
Of1E OF MOLe Processes.

Various other configurations of reactor systems are possible, including different number
and kind of reactant sources and purge gas sources. Further, there are many arrangements of
valves, conduits, reactant sources, purge gas sources that may be used to accomplish the goal of

selectively feeding gases into reaction chamber 504.
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Examples
The exaroples provide below illustrate particular processes, films, and structures in

accordance with exemplary embodiments of the disclosure. These examples are illustrative and

)
¢}

are not meant to it the scope of the disclosure.
1. A cyclic deposition process for depositing an intermetallic compound, the cyclic
deposition method comprising the steps of:

providing a first gas-phase reactant comprising a first metal to a reaction chamber to
react with a surtace of a substrate to form a first metal spectes; and

pro »*‘(i‘lg; a second gas-phase reactant comprising a second metal to the reaction

chamber to react with the first meral species to thereby form the intermetallic compound.

2. The cyclic deposition process ot example 1, turther cormprising repeating the steps ot

providing the first gas-phase reactant and providing the second gas-phase reactant until a desired

film thuckness s achieved.
3. The cyclic deposttion process of example 1, further comprising one or more purging
steps, wherein at least one of the purging steps occurs after the step ot providing the first gas-

phase reactant and before the step ot providing the second gas-phase reactant.

4. The cyclic deposition process of example 1, wheremn the cyclic deposition process
comprises atomic laver deposition.
5. The cyclic deposition process ot example 1, wherein the cyclic deposition process

comprises cyclic chemical vapor deposition.

6. The cyclic deposition process of example 1, wherein a temperature within a reaction
chamber during the steps of providing the first gas-phase reactant and providing the second gas-
phase reactant is greater than 0 °C and less than 600 “C, less than 500 °C, less than 400 °C, less
than 300 °C or less than 250 °C, or between about 20 °C to about 700 °C, about 50 °C to about
500 °C, or about 30 °C to about 400 °C, about 75 °C to about 300 °C or about 100 °C to about

250 °C.

7. The cyclic deposition process of example 1, wherein the second gas-phase reactant

comprises a metal-containing organic compound
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8. The cyclic deposition process ot example 1, wherein the second gas-phase reactant is

selected from the group consisting of compounds baving formula of R-M-H wherein R 1s an

H
%
L

organic group and M 1s a metal.
a9, The cyclic deposition process of example 1, wherein the second metal s selected from

the group consisting of Sn, In, Al, Ga, Ge, As, Sb, Pb and Bu.

i0. The cyclic deposition process of example 1, wherein the second metal 1s selected from
the group consisting of Sn, , Ge, As, 8b, Pb and Bs
i1 The cyclic deposition process of example 1, wheremn the second metal comprses Sn.

i2. The cyclic deposition process of example 1, wheremn the second metal comprses To.
13. The cyclic deposition process of example 1, wherein the second metal comprises Ga
14. The cyclic deposition process of example 8, wherein the group consisting of compounds

having formula of R-M-H have formula of Rxay ML, wherein Xois the formal oxidation state

of the metal and nis 1 to 5.

15. The cyclic deposition process of any of examples 8 and 14, wherein R comprises an alkyl

group or other organic group.

16. The cyclic deposition process of any of examples 8 and 14, wherein R 1s independently
selected trom the group consisting of C1-C5 alkyl groups.

17. The cyclic deposttion process of any of examples 8 and 14, wherein R is
cyclopentadienyl, amido, alkoxy, amidinato, guanidinato, imide, carboxylate, 8-diketenato, -

ketoiminato, malonato, B-diketiminato group with or without additional donor functionalities.

-yehic deposition process of example 1, wherein the second gas-phase reactant

comprises a metallic reducing agent
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The cyclic deposition process of example 1, wherein the tust metal is s

consistin ng c of transition metals.

The cyclic deposition process of example 1, wherein the first metal 1s

consisting of group 3-6 metals.

The cyclic deposttion process ¢

consisting of group 7-12 metals.

of example 1, wherein the tirst metal 1s

The cyclic deposition process of example 1, wherein the tirst retal 13 3

consisting of lanthanides.

The cyclic deposition process of example 1, wheremn the ficst megal is s

consisting of group 8-11 metals.

The cyclic deposition process

consisting of group 9-10 metals.

of example 1, wherein the tirst metal 1s

selected from the

selected from the

selected from the

selected from the

clected from the

selected from the

The cyclic deposition process of example 1, wherein the tirst gas-phase reactant i3

selected from the group consisting ot metal halides

26.

comprises M

27

selected from the

28.

comprises a

comp PISES 4

The cyclic deposition process of example 1, wherein the first gas-pha

; N

The cyclic deposition process of example 1, wherein the tirst g

L

group consisting of metal hydrides and alanes.

ase reactant

{(droap)s (dmap = dirnethylarmino-2-propoxide), wherein M 1s a roetal.

as-phase reactant is

The cyclic deposition process of example 1, wherein the first gas-phase reactant

diarmine adduct of a corresponding metal chioride.

The cyclic deposition process of example 1, wheremn the first gas-phase reactant

33
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30. The cyclic deposition process ot example 29, wherein the adduct ligand compuses two

nitrogen atoms, and wheremn each of nitrogen atoms bonded to at least one carbon atom.

31 The cyclic deposition process of example 1, wherein the tfirst gas-phase reactant

comprises at least one of cobalt chloride (TMEDA) and nickel chloride (IMPDA).

32, The cyclic deposttion process of example 1, wherein the second gas-phase reactant

comprises TBTH.

33, The cyclic deposition process of example 1, wherein the intermetallic compound does

not include Al, Ga, and/or In and a transition metal.

34, A cyclic deposition process tor foromung a metal-containing matenal, the cyclic deposition
$OCESS COMPrising:
O
providing a first gas-phase precursor comprising a tirst metal to a reaction chamber to
I » )]
form a tirst metal species: and
providing a second gas-phase reactant comprising a compound having a general formula
of R-M-H, wherein R is an organic group and M is a metal to react with the first metal species to

thereby form the metal-containing matertal.

35, The cyclic deposition process of example 34, wherein the first meral and the second

metal are the 53

36, The cyclic deposition process of example 34, wherein the metal-contamning material

37. The cyclic deposttion process of example 1 or 34, wherein the metal-containing material
comprises a mixture of, for example, In and Ge or other first and/or second metals.
38. The cyclic deposition process of example 34, turther compnising repeating the steps of

providing the first gas-phase reactant and providing the second gas-phase reactant untid a desired

film thickness is achieved.
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39, The cyclic deposition process ot example 34, turther comprising one or more purging
steps, wherein at least one of the purging steps occurs atter the step ot providing the fiest gas-

phase reactant and before the step ot providing the second gas-phase reactant.

44, The cyclic deposition process of example 34, wherein the cyclic deposition process

comprises atomic layer deposition.

41. The cyclic deposition process of example 34, wherein the cychce deposition process

comprises cyclic chemical vapor deposition.

42. The cyclic deposition process of example 34, wherein a temperature within a reaction
chamber during the steps of providing the first gas-phase reactant and providing the second gas-
phase reactant 18 greater than 0 °C and less than 600 °C, less than 500 °C, less than 400 °C, less

than 300 °C or less than 250 °C, or between about 20 °C to about 700 °C, about 56 °C tc about

r‘;.

500 °C, or about 50 °C to about 400 °C, about 75 °C to about 300 °C or about 100 °C to about
250 °C.

43, The cyclic deposttion process of example 34, wherein the tirst metal is selected trom the
group consisting of Sn, In, Ga, Al, Ge, As, Sb, Pb and Br.

44, The cyclic deposition process of example 34, wherein the second metal 1s selected from
the group consisting of Sn, , Ge, As, Sb, Pb and Bi

he cyclic deposition process of example 34, wherein the second metal comprises Sn.

46. The cyclic deposition process of example 34

wherein the second metal comprises In.

47. The cyclic deposition process of example 34, wherein the second metal comprises Ga.

“

48. The cyclic deposition process of example 34, wherein the metal-containing material

comprises one or more of a metal mixture, an alloy, and an intermetallic compound.
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49. The cyclic deposition process of example 34, wherein the metal-confaining material s
one or more of metallic, conductive, non-conductive, semuconductive, superconductive, catalytic,

~ . E
ferrormagnetc and magnetoresmtlve.

50. The cyclic deposition process of example 34, wherein the compound having a general
O 1 o K -~ N M > ' 3 . :
tormula of R-M-H has formula of Reca-M™H,, wherein X is the formal oxdation state of the

metal andns 1 to 5.

-yelic deposition process of example 34, wherein R comprises an alkyl group or

other organic group.

572. The cyclic deposition process ot example 34, wherein R s independently selected from

the group consisting of C1-C5 alkyl groups.

53, The cyclic deposition process of any of examples 34-52, wherein R 13 cyclopentadienyl,
armido, alkoxy, amidinato, guanidinato, imido, carboxylato, B-diketonato, B-ketotminato,

malonato, B-dikettrunato group with or without additional donor functionalities.

54. The cyclic deposition process of example 34, wherein the second gas-phase reactant

comprises a metallic reducing agent.

55. The cyclic deposition process of example 34, wherein the first metal is selected from the

group consisting of transiion metals.

56. The cyclic deposition process of example 34, wherein the tirst metal is selected trom the

group consisting of group 3-6 metals.

1
:~J

The cyclic deposition process of example 34, wherein the first metal 13 selected from the

group conststing ot group 7-12 metals.

yehic deposition process of example 34, wherein the first metal 15 selected trom the

group consisting of Janthandes.
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59. The cyclic deposition process ot example 34, wherein the tirst metal i3 selected from the

group consisting of group 8-11 metals.

60 The cyclic deposition process of example 34, wherein the first metal is selected from the
5 group consisting of group 9-10 metals.

61, The cyclic deposttion process of example 34, wherein the tirst gas-phase reactant is

selected from the group consisting of metal halides

10 62 The cyclic deposition process of example 34, wherein the first gas-phase reactant

comprises M{dmap)x (dmap = dimethylanuno-2-propoxide), wherein M 1s 2 metal.

63. The cyclic deposition process of example 34, wherein the fiest gas-phase reactant is

selected from the group consisting of metal hydrides and alanes.

15
64. The cyclic deposttion process of example 34, wherein the tirst gas-phase reactant
comprises a diamine adduct of a corresponding metal chloride.
65. The cyclic deposition process of example 34, wherein the first gas-phase reactant

20 comprises a metal halide compound comprising a bidentate nitrogen containing adduct ligand.
G6. The cyclic deposition process of example 65, wherein the adduct igand coraprises two
nitrogen atoms, and wherein each of nitrogen atoms bonded to at least one carbon atorn.

25 67 The cyclic deposition process of example 34, wherein the tirst gas-phase reactant
comprises at least one of cobalt chionide (TMED A} and nickel chloride (FMPIDA).
68. The cyclic deposition process of example 34, wherein the second gas-phase reactant
comprises TBTH.

30
69. A film formed according to a process of any of examples 1-33.
70. The film of example 69, wherein the fm s metallic, conductive, semiconductive, or non-

conductive
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The tilm of exaraple 69, wherein the film s superconductive.

72. The tilm of exaraple 69, wherein the film is magnetoresistive.

73. The tilm of exaraple 69, wherein the film is terromagnetic.

74. The tilm of example 69, wherein the film is a catalyst.

75. A film formed according to a process of any of examples 34-68.

76. The film ot example 75, wherein the fdm comprises one or more of a metal mixture, an

alloy, and an intermetallic compound.

77 A device structure including the film according to one or more of examples 69 and 76.

The example emboediments of the disclosure described above do not imit the scope of
the invention, since these embodiments are merely examples of the embodiments of the
mnvention, which 1s defined by the appended claims and their legal equivalents. Any equuvalent
embodiments are intended to be within the scope of this invention. Indeed, vanous
modifications of the disclosure, in addition to those shown and described herein, such as

alternative useful combinations ot the elements described, may become apparent from the

< o
i

description.  Such modifications and embodiments are also mntended to fall withun the scope of

the appended claums.
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WHAT IS CLAIMED IS:

1. A cyclic deposition process for depositing an intermetallic compound, the cyclic

deposition method comprising the steps of:
providing a first gas-phase reactant comprising a first metal to a reaction chamber to
react with a surface of a substrate to form a first metal species; and

providing a second gas-phase reactant comprising a second metal to the reaction

chamber to react with the first metal species to thereby form the mtermetallic compound

2. The cyclic deposition process of claim 1, wherein the second gas-phase reactant
comprises a metal-containing organic compound.

3. The cyclic deposition process of claim 1, wherein the second gas-phase reactant is

selected from the group consisting of compounds having tormula ot R-M-H wherein R 1s an

organic group and M is a metal.

4. The cyclic deposition process of claim 1, wherein the second metal is selected from the
group conststing of 3n, In, Al Ga, Ge, As, Sb, Pb and Be.

5. The cyclic deposition process of claim 3, wherein the group consisting of compounds
having formula of R-M-H have formula of Ry -M*-H,, wherein X is the formal oxidation state

of the metal and n1s 1 to 5.

6. The cyclic deposition process of any of claims 3 and 5, wherein R 1s independently
selected trom the group consisting of C1-C5 alkyl groups.

7. The cyclic deposttion process of any of claims 3 and 5, wherein R is cyclopentadienyl,
arnido, atkoxy, amidinato, guanidmato, imido, carboxylato, B-diketonato, 3-ketoiminato,

malonato, B-diketiminato group with or without additicnal donor functionalities.

8. The cyclic deposition process of claim 1, wherein the second gas-phase reactant

comprises a metallic reducing agent
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9. The cyclic deposition process of claum 1, wherein the first gas-phase reactant comprises a

dramine adduct of a corresponding metal chlorde.

10, The cyclic deposition process of claim 1, wherein the first gas-phase reactant comprises a

metal halide compound comprising a bidentate rutrogen containing adduct ligand.

11. The cyclic deposttion process of claim 1, wherein the tirst gas-phase reactant comprises

at least one ot cobalt chlonde (TMEDA) and nickel chlonde (FMPDA).

12. The cyclic deposition process of claim 1, wherein the second gas-phase reactant

comprises TBTH.

13, A cyclic deposition process tor foromung a metal-containing matenal, the cyclic deposition
Process comprising:

providing a first gas-phase precursor comprising a tirst metal to a reaction chamber to
I » )]
form a tirst metal species: and

providing a second gas-phase reactant comprising a compound having a general formula
of R-M-H, wherein R 1s an organic group and M is a metal to react with the first metal species to
thereby form the metal-containmg matersal,

wherein a temperature within the reaction chamber is greater than 0 °C and less than 600

°C.

14. The cyclic deposition process of claim 13, wherein the metal-containing material

comprises elemental metal.

15, The cyclic deposttion process of claim 13, wherein the first metal s selected trom the
group conststing of 3n, In, Ga, Al, Ge, As, Sb, Pb and Be.
16. The cyclic deposttion process of claim 13, wherein the compound having a general

formmla of R-M- has formula of Rn-M*-T1, wherein X is the formal oxidation state of the

metal and n1s 1 to 5.

17. The cyclic deposition process of claim 13, wherein the first gas-phase reactant comprises

b

a diaraine adduct of a corresponding metal chloride.
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18. The cyclic deposition process of claum 13, wherein the first gas-phase reactant comprises
at least one of cobalt ¢

chloride (TMEDA) and nickel chlonde (ITMPDA).

19.

The cyclic deposition process of claim 13, wherein the secon
J 5
comyfises TBTH.

o,
o

gas-

-

shase reactant

28,

A device structure including the film according to one or more of claims 1-19.
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