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PROTECTIVE CAPPING LAYER FOR AREA SELECTIVE DEPOSITION

TECHNICAL FIELD

{00011 Embodiments of the disclosure relate fo methods for forming a protective
capping layver on a metal laver so that area selective deposition (ASD) can be
performed. In particular, embodiments of the disclosure are directed o methods of
depositing a protective capping layer at the end of the atomic layer deposition {ALD) of
the film it profects.

BACKGROUND

{00027 The semiconducior processing industry continues o strive for larger
production yields while increasing the uniformity of layers deposited on subsirates
having larger surface areas. These same factors in combination with new materials also
provide higher integration of circuits per unit area of the substrate. As circuit integration
increases, the need for greater uniformity and process control regarding layer thickness
rises. As a result, various technologies have been developed o deposit layers on
substrates in a cost-effective manner, while maintaining control over the characteristics
of the fayer.

{0003] The semiconductor induslry faces many challenges in the pursuit of device
miniaturization which involves rapid scaling of nanoscale Teatures. Such issues include
the infroduction of complex fabrication steps such as multiple lithography steps and
integration of high-performance materials. Traditional spacer fabrication processes
include conformal film deposition on 30 structures (e.g., fins, mandrel, and the like}
followed by directional plasma dry efching to remove the top and bottom layer while
keeping the sidewall film as a spacer. However, it has been found that the dry eich
process could insidiously damage the sidewall surface and change the fiim properiies;
eveniually affecting device performance and yield,

{00041 7o maintain the cadence of device miniaturization, selective deposition has
shown promise as it has the potential to remove costly lithographic steps by simplifying
integration schemes.

[0005] Selective deposition of materials can be accomplished in a variety of ways. A

chemical precursor may react selectively with cne surface relative t¢ another surface
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{metallic or dielectric). Process parameters such as pressure, subsirate temperature,
precursor partial pressures, and/or gas flows might be modulated to modulaie the
chemical kinetics of & particular surface reaction. Another possible scheme involves
surface pretreatments that can be used {0 aclivate or deaclivale a surface of interest to
an incoming Titm deposition precursor.

{0008] Arsa-selective atomic layer deposition (AS-ALD} can be used for selective
deposition of material. During AS-ALD, SAM deposition on nitrides, oxides, and
silicides requires the development of a molecule able 1o bind selectively o the surface
of the formed layer with high surface coverage. In many cases this requires cleaning or
pre-treatment of the surfaces. Selectivity is often challenging when more films are
exposed. There is an ongeing need in the art, therefore, for methods to improve
deposition selectivity and o avoid the problems encouniered during AS-ALD.

SUMMARY

{00071 One or more embodimemts of the disclosure are directed o a method of
forming a semiconducior film. In one or more embodiments, the method comprises
forming a metal layer on a substrale surface by exposing the substrate surface to a
metal precursor and a reactant, the meial layer having a reactive surface; and forming
a proiective capping layer on the metal layer by exposing the metal layer o the metal
precursor and a second precursor, the second precursor comprising a functional group
and a carbon chain having from 2 to 20 carbon atoms, the functional group selected
from the group consisting of a primary amine, a thiol, a phosphine, an alcohol, and a
selenol.

{0008] Additional embodiments of the disclosure are directed 1o a method of forming
a semiconductor film. In one or more embodiments, the method comprises: performing
a first process cycle comprising exposing a substrate surface o a metal precursor and
a reactant to form a metal layer on the substrate surface, the metal layer having &
reactive surface; and performing a second process cycle comprising exposing the metal
layer to the metal precursor and a second precursor to form a protective capping layer
on the metal layer, the second precursor comprising a carbon chain having from 210 20
carbon atoms and g funclional group, the funclional group selected from the group
consisting of a primary aming, a thiol, a phosphine, an alcohol, and a selenol.
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BRIEF DESCRIPTION OF THE DRAWING

{0008] So thal the manner in which the above reciled features of the present
disclosure can be understood in detail, a more particular description of the disclosure,
briefly summarized above, may be had by reference to embodiments, some of which
are flustrated in the appended drawings. 1 is o be noted, however, thal the appended
drawings illustrate only typical embodiments of this disclosure and arg therefore not o
be considered limiting of its scope, for the disclosure may admit 1o other equally effective
embodiments. The embodiments as described herein are illustrated by way of example
and not fimitation in the figures of the accompanying drawings in which like references
indicate similar elements.

[0010] FIG. 1 lustrates a process flow diagram of a method according 10 one or more
embodiments; and

{0011} FIG. 2 illustrales a cross-seclion view of a subsirale being processed

according to one or more embodimerts.

DETAILED DESCRIPTION

{0012] Before describing several exemplary embodiments of the invention, itis to be
understood that the invention is notlimited 1o the details of construction or process steps
set forth in the following description. The invention is capabie of other embodiments and
of being practiced or being carried out in various ways.

{0013} The term "about” as used herein means approximately or nearly and in the
context of g numerical value or range set forth means g variation of £15%, or less, of
the numerical value. For example, a value differing by £14%, $10%, £8%, £2%, or £1%,
would satisty the definition of about.

{0014]  As used in this specification and the appended claims, the term "substrale” or
"wafer” refers to a surface, or portion of a surface, upon which a process acts. i will
also be undersiood by those skilled in the art that reference 10 a substrate can refer to
only a portion of the substrate uniess the context clearly indicates otherwise.
Additionally, reference to depositing on a substrate can mean both a bare substrate and

a subsirate with one or more films or features deposited or formed thereon.
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{00158] A "substrate” or "substrate surface”, as used herein, refers to any portion of a
substrate or portion of a material surface formed on a substrate upon which film
processing is performed. For example, a substrate surface on which processing can be
performed includes materials such as silicon, silicon oxide, silicon nitride, doped silicon,
germanium, gallium arsenide, glass, sapphire, and any other materials, depending on
the application. Substrates include, without limitation, semiconductor walers.
Substrates may be exposed 1o a pretreatment process o polish, eich, reduce, oxidize,
hydroxylate, anneal, UV cure, e-beam cure and/or bake the subsirale surface. In
addition to film processing directly on the surface of the substrate itself, in the present
disclosure, any of the Bim processing steps disclosed may aiso be performed on an
underlayer formed on the substrate as disclosed in more detail below, and the term
"subsirate surface” is intended 1o include such underlayer as the context indicates.
Thus, for example, where a film/dayer or partial film/layer has been deposited onto a
substrate surface, the exposed surface of the newly deposited filrm/layer becomes the
substrate. Substrates may have various dimensions, such as 200 mm or 300 mm
diameter wafers, as well as rectangular or square panes. In some embodiments, the
substrate comprises a rigid discrete material.

{00187 The term "on" indicates that there is direct contact between elements. The
term “directly on" indicates thal there is direct confact between elements with no
intervening elements.

{00171 According 1o one or more embodiments, the method uses an atomic layer
deposition (ALD) process to form a metal layer on a subsirate surface, followed by
formation of a protective capping layer on the metal layer. In such embodimenits, the
substrate surface is exposed o precursors {or reactive gases) sequentially or
substantially sequentially. As used herein throughout the specification, "substantially
sequentially” means that a majority of the duration of a precursor exposure does not
overlap with the exposure 1o a co-reagent, although there may be some overlap.
{0018] As used in this specification and the appended claims, the terms "reactive
compound”, "reactive gas”, "reaclive species”, "precursor”, "process gas” and the like
are used interchangeably to mean a substance with a species capable of reacting with
the substrate or material on the substrate in a surface reaction {(e.g., chemisorption,
oxidation, reduction, cycloaddition). The subsirate, or portion of the substrate, is
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exposed sequentially 1o the two or more reactive compounds which are infroduced into
a reaction zone of a processing chamber.

{00191  “Atomic laver deposilion”™ or "cyclical deposiiion™ as used herein refers to the
sequential exposure of two or more reactive compounds to deposit a layer of material
on a substirate surface. As used in this specification and the appended claims, the terms
“reactive compound”, “reactive gas”, "reactive species”, “‘precursor”, “process gas” and
the like are used interchangeably to mean a subsiance with a species capable of
reacting with the substrate surface or material on the substrale surface in a surface
reaction (e.g., chemisorption, oxidation, reduction). The substrate, or portion of the
substrate is exposed sequentially {0 the two or more reactive compounds which are
introduced into a reaction zone of a processing chamber. In a time-domain ALD
process, exposure to each reactive compound is separated by a time delay to allow
each compound to adhere and/or react on the substrate surface. in a spatial ALD
process, different portions of the substrale surface, or malerial on the substrate surface,
are exposed simultanecusly to the two or more reactive compounds so that any given
point on the substrate is substantiaily not exposed fo maore than one reactive compound
simultaneously. As used in this specification and the appended claims, the term
“substantially” used in this respect means, as will be understood by those skilled in the
art, that there is the possibility that a small portion of the substrate may be exposed to
muliiple reactive gases simultaneously due to diffusion, and that the simullaneous
exposure is unintended.

{00201 In one aspect of a time-domain ALD process, a first reactive gas {i.e., a first
precursor or compound A} is pulsed into the reaction zone followed by a first ime-delay.
Next, a second precursor or compound B is pulsed into the reaction zone followed by a
second delay. During each time delay a purge gas, such as argon, is introduced into
the processing chamber to purge the reaction zone or otherwise remove any residual
reactive compound or by-products from the reaction zone. Alternatively, the purge gas
may flow continuously throughout the deposition process so that only the purge gas
flows during the time delay between pulses of reactive compounds. The reaclive
compounds are alternatively pulsed uniil a desired film or film thickness is formed on
the substrale surface. In either scenario, the ALD process of pulsing compound A, purge
gas, compound B and purge gas is a cycle. A cycle can start with either compound A
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or compound B and continue the respective order of the cycle until achieving a film with
the desired thickness. in some smbodiments, there may be two reactanis, A and B,
which are alternatingly pulsed and purged. In other embodiments, there may be three
or more reactants, A, B, and C, which are alfernatingly pulsed and purged.

{00211  In an aspect of a spatial ALD process, a first reactive gas and second reactive
gas {e.g., hydrogen radicals} are delivered simultaneously o the reaclion zone but are
separated by an inert gas curlain and/or a vacuum curtain. The substrate is moved
relative 1o the gas delivery apparatus so that any given point on the substrate is exposed
to the first reactive gas and the second reactive gas.

{00221 I one or more embodiments, a strong protective film for area selective
deposition (ASD) which is deposited as the last stage of the alomic layer deposition
(ALD) of the layer it is meant to protect is formed. A suilable precursor, e.g., a long-
chain amine or alcohol, is used in the last 1-5 cycles of an ALD process instead of NHa
or Hz(. This results in a protective tayer, like a SAM, but that is strongly bound to the
surface and has high coverage.

{00231 Inone or more embodiments, a strongly bound SAM-like protective layer, i.e.,
protective capping layer, is deposited at the end of the ALD of the film it protects, taking
advantage of the reactivity of the ALD precursors. The film requires harsher conditions
than a regular SAM to be removed, allowing for the protective film to withstand a wider
range of process conditions, and 1o be used in conjunction with other processes using
SAMs.

{0024] In one or more embodiments, a metal layer is deposited using a metal
precursor and a reactant pulsed io form the metal layer having a reactive surface. The
number of cycles is idealiy one but canbe inarange of from 1 to 10 cycles orfrom 2 to
5 cycles or from 2 fo 100 cycles. In one or more embodiments, the metal layer is then
exposed o a long chain precursor (8.g., primary amines, alcohols, thiols, phosphines,
selenols) and the metal precursor to form 3 protective capping layer on the metal layer.
The number of cycles again is ideally one but can be in a range of from 1 10 10 cycles
or from 2 1o 5 cycles, depending upon the desired thickness of the proteclive capping
layer.

{0025} The embodiments of the disclosure are described by way of the Figures, which
iHlustrate devices {e.q., transistors) and processes for forming semiconductor structures
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in accordance with one or more embodimenis of the disclosure. The processes shown
are merely ilusirative possible uses for the disclosed processes, and the skilied artisan
will recognize that the disclosed processes are not limiled 10 the Hustrated applications.
{00281 FIG. 1 lustrates a process flow diagram of a method 10 according o one or
more embodiments. FIG. 2 iHlustrates cross-sectional views of a semiconductor
substrate 100 being processed according o the method of one or more embodiments.
Referring to FIGS. 1 and 2, in one or more embodiments, at operation 12, a substrale
102 is provided. As used in this specification and the appended claims, the term
"provided” means that the substrate 102 is made available for processing {e.g.,
positicned in a processing chamber).

{00271 With reference to FIG. 2, in ong or more embodiments, the substrate 102 can
be any suilable material known 1o the skilled artisan. As used in this specification and
the appended claims, the term "subsirate” refers 1o a surface, or portion of a surface,
upon which a process acts. it will also be undersiood by those skilled in the art that
reference to a subsirate can refer {0 only a portion of the substiraie unless the context
ciearly indicates otherwise. Additionally, reference o depositing on a substrate can
mean both a bare substrate and a substrate with one or more films or features deposited
or formed therson.

{00281 A "substrate” as used herein, refers to any substraie or material surface
formed on a substrate upon which film processing is performed during a fabrication
process. For example, a substrate surface on which processing can be performed
include materials such as silicon, silicon oxide, strained silicon, silicon on insulator
(SO, carbon doped silicon oxides, amorphous silicon, doped silicon, germanium,
galium arsenide, glass, sapphire, and any other materials such as mestals, metal
nitrides, metal alloys, and other conductive malerials, depending on the application.
Substrates include, without limitation, semiconductor wafers. Substrates may be
exposed {0 a pretreaiment process (o polish, etch, reduce, oxidize, hydroxylate, anneal
and/or bake the substrate surface. In addition to film processing directly on the surface
of the substrate itself, in the present disclosure, any of the film processing sieps
disclosed may also be performed on an under-laver formed on the substraie as
disclosed in more detail below, and the term "subsirate surface” is intended to include
such under-layer as the coniext indicates. Thus, for example, where a film/ayer or
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partial film/ayer has been deposited onio a substrate surface, the exposed surface of
the newly deposited filnviayer becomes the substrate surface.

{0028] Referring to FIGS. 1 and 2, at operation 14, the substrate 102 is exposed io &
metal precursor and a reactant to form a metal layer 104 on the substrate surface. The
metal layer 104 has a reactive surface 106, The metal layer 104 can be any suitable
material known 1o the skilled artisan. In one or more embodiments, the metal layer 104
is one or more of a metal nilride, a metal oxide, a metal sulfide, a metal phosphide, and
a meial selenide,

{00301 I one or more emboediments, the reactant used to form the metal layer 104
can be any suitable reactant known ¢ the skilled arlisan. In one or more embodiments,
the reactant comprises one or more of ammonia (NHs), water (Hz0}, hydrogen sulfide
{H28), phosphine (PHa), ozone (Qs), hydrogen peroxide {(H202), nitrous oxide (N0},
and hydrogen selenide (HzSe).

{0031]  In one or more embodiments, the metal precursor that reacts with the reactant
o form the metal layer 104, comprises a metal and a reaclive species. in ong or more
embodiments, the reaclive gspecies is any suilable reactive species. In some
embodiments, the reaclive species is selected from the group consisting of halide, alkyl,
arene, cyclopeniadienyl, alkyne, diene, diketonate, amido, imido, alkoxa, oxo, carbonyl,
amidinate, guanidinate, and formamidinate.

{00321 In one or more embodiments, the metal of the metal precursor may be any
suitable transition metal. In one or more embodiments, the metal of the metal precursor
is selected from one or more of titanium (T3}, silicon (Si}, molybdenum (Mo}, halnium
{Hf}, zirconium {Zr), aluminum (Al), antimony (8b), boron (B}, gallium (Ga), germanium
{Ge), indium (in}, niobium (Nb}, rhenium (Re), lantalum (Ta), tin (8n), tungsten (W}, and
zinc {Zn).

{00331  Inone or more embodiments, the metal precursor used to form the metal laver
104 can be any suitable metal precursor known to the skilled arlisan. The metal
precursor may be any inorganic or organometaliic precursor. The method of one or
more embodiments is generally applicable to most binary and/or ternary metal films.
{00341  In one or more embodiments, the metal precursor used 1o form the metlal layer
104 may be any suilable metal precursor known to the skilled artisan. In one or more

embodiments, the metal precursor comprises one or more of, aluminum chioride,
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aluminum bromide, aluminum iodide, boron irichloride, boron tribromide, gallium
trichioride, germanium tetrachioride, antimony trichioride, antimony pentachloride,
indium trichloride, silicon letrachloride, silicon telrabromide, silicon telraiodide,
hexachiorodisilane, titanium tetrachioride, lilanium tetrabromide, fitanium ielraiodide,
zZirconium tetrachioride, hafnium  tetrachioride, niobium  pentachioride, niobium
pentabromide, tantalum  pentachloride, lantalum  pentabromide, molybdenum
pentachioride, tungsten hexachloride, rhenium pentachloride, zinc chloride, tin

chioride, frimethyl aluminum, tetrakis{dimethylamidojtitanium,
tetrakis{dimethylamido)jzirconium, tetrakis{dimethylamido)hatnium, -
butylimidoris(diethylamino)niobium, {-butylimidotris{diethylaminoantalum,

pentakis{dimethylamidoifantalum, bis{ethylbenzenemolybdenum, maolybdenum
hexacarbonyl, ungsien hexacarbonyl, and diethyizine.

{0035] Referring to FIGS. 1 and 2, at operation 16, the metal layer 104 having the
regctive surface 108 is exposed to a metal precursor and a second precursor o form a
protective capping layer 108. The protective capping layer 108 may have any suitable
thickness. in one or more embodiments, the protective capping layer 108 has a
thickness in a range of from 0.5 nm to 5 nm.

{0836] The second precursor can be any suitable precursor known {o the skilled
artisan. In one or more embodimenis, the second precursor comprises a funclion group
and a carbon chain having from 2 to 20 carbon atoms. In one or more embodiments,
the functional group is selected from the group consisting of a primary amine, a thiol, a
phosphine, an alcohol, and a selenol.

{00371  In one or more embodiments, the second comprises one or more of a
compound selected from

i, Wy PO N
S a 1\; HE (\\{*/I}S
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wherein n is an integer in a range of from 1 1o 20.
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{08381 In one or more embodiments, the second precursor reacts with g metal
precursor o form the prolective capping layer 108 on the metal layer 104, In one or

more embodimentis, the metal precursor may be the same metal precursor as that used
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to form the metal layer 104, In other embodiments, the metal precursor used o the form
the protective capping layer 108 is different from the metal precursor used to form the
metal layer 104,

{00331  In one or more embodiments, the metal of the metal precursor may be any
suitable transition metal. In one or more embodiments, the metal of the metal precursor
iz selected from one or more of titanium (T3}, silicon (51}, molybdenum (Mo}, halnium
{Hf), zirconium {Zr), aluminum (Al), antimony (8b), boron (B}, gallium (Ga), germanium
{Ge), indium {In}, nicbium (N}, rhenium (Re), fantalum (Ta), tin (8n), tungsten (W), and
zinc {Zn).

{00401 I one or more embodiments, the melal precursor used fo react with the
second precursor to form the prolective capping layer 108 can be any suilable metal
precursor known to the skilled artisan. The metal precursor may be any inorganic or
organometaliic precursor. The method of one or more embodiments is generally
applicable {o most binary and/or ternary metal lilms.

{00411 In one or more embodiments, the metal precursor used o form protective
capping laver 108 may be any suilable melal precursor known {o the skilled artisan. In
one or more embodiments, the metal precursor comprises one or more of, aluminum
chioride, aluminum bromide, aluminum iodide, boron irichloride, boron tribromide,
galkum  trichloride, germanium  tetrachloride, antimony  trichloride, antimony
pentachioride, indium trichloride, silicon teirachloride, silicon tetrabromide, silicon
tetraindide, hexachiorodisilane, titanium tetrachloride, titanium tetrabromide, titanium
tetraiodide, zirconium tetrachioride, hafnium tetrachioride, niobium pentachioride,
piobium pentabromide, lantalum pentachioride, tantalum pentabromide, molybdenum
pentachionide, tungsten hexachloride, rhenium pentachloride, zinc chioride, tin

chioride, frimethyl aluminum, tetrakis{dimethylamidofitanium,
tetrakis{dimethylamido)zirconium, tetrakis{dimethylamidojhainium, {t-
butyvlimidotris{diethylamino)niobium, {i-buiylimidojtris{diethylaminojiantalum,

pentakis{dimethylamido}tantalum, bis{ethylbenzene)molyhdenum, maolybdenum
hexacarbonyl, ungsten hexacarbonyl, and disthyizine.

{00421 In other embodimenis, the method of forming a semiconductor film involves
performing a firsi process cycle and a second process cycle (o form a profective capping
fayer 108 on a metal layer 104 on a substrate. The metal layer 104 can be any suitable
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material known to the skilled artisan. In one or more embodiments, the metal layer 104
is one or more of a metal nitride, a metal oxide, a metal sulfide, a metal sulfide, a metal
sulfide, a metal sulfide, and a metal selenide.

{00431 In one or more embodiments, in the first process cycle, the substrate 102 is
exposed {0 a metal precursor and a reaciant to form a metal layer 104 on the subsirate
surface. The metal layer 104 has a reactive surface 106. in ong or more embodiments,
the metal layer 104 comprises one or more of a melal nitride, a metal oxide, a metal
sulfide, a metal phosphide, and a metal selenide.

{08441 I one or more embodiments, the reactant used to form the metal layer 104
can be any suitable reactant known ¢ the skilled arlisan. In one or more embodiments,
the reactant comprises one or more of ammonia (NHz), water (Hz0), hydrogen suffide
{H28), phosphine (PHa), ozone (Qs), hydrogen peroxide (H202), nitrous oxide (N2O),
and hydrogen selenide (HzSe).

{0045] In one or more embodiments, the metal precursor that reacts with the reactant
o form the metal layer 104, comprises a metal and a reactlive species. in ong or more
embodiments, the reaclive gspecies is any suilable reactive species. In some
embodiments, the reaclive species is selected from the group consisting of halide, alkyl,
arene, cyclopeniadienyl, alkyne, diene, diketonate, amido, imido, alkoxa, oxo, carbonyl,
amidinate, guanidinate, and formamidinate.

{0048} In one or more embodiments, the metal of the metal precursor may be any
suitable transition metal. In one or more embodiments, the metal of the metal precursor
is selected from one or more of titanium (T1), silicon (81}, molybdenum (Mo}, halnium
{Hf}, zirconium {Zr), aluminum (Al), antimony (8b), boron (B}, gallium (Ga), germanium
{Ge), indium (In}, niobium (N}, rhenium (Re), tantalum (Ta), tin (Sn), tungsten (W}, and
zinc {Zn}.

{00471 The melal precursor used to form the metal layer 104 can be any suilable
metal precursor known to the skilled artisan. The metal precursor may be any inorganic
or organometallic precursor. The method of one or more embodiments is generally
applicable to most binary and/or ternary metal films.

{0048] In one or more embodiments, the metal precursor used 1o form the metlal layer
104 may be any suitable metal precursor known {o the skilled artisan. In one or more

embodiments, the metal precursor comprises one or more of, aluminum chioride,
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aluminum bromide, aluminum iodide, boron irichloride, boron iribromide, gallium
frichioride, germanium tefrachloride, antimony trichioride, antimony pentachloride,
indium trichloride, silicon tetrachloride, silicon telrabromide, silicon tefraiodide,
hexachlorodisilane, titanium tetrachloride, tianium tetrabromide, titanium tetraiodide,
Zirconium tetrachioride, hafnium  fetrachioride, niobium  pentachloride, niokium
pentabromide, tantalum  peniachloride, tantalum  pentabromide, molybdenum
pentachioride, tungsien hexachloride, rhenium pentachloride, zinc chloride, tin

chiloride, frimethyl aluminum, tetrakis{dimethylamidoitanium,
tetrakis{dimethylamido)zirconium, tetrakis{dimethylamidohainium, {t-
butylimidofris(diethylamino)niobium, {-butylimidoris{diethylaminoantalum,

pentakis{dimethylamidoifantalum, bis(ethylbenzeneimolybdenum, molybdenum
hexacarbonyl, iungsien hexacarbonyl, and diethylzinc.

{00481 The first process cycle can be repeated any number of times depending upon
the desired thickness of the melal layer 104, In one or more embodiments, the first
process cycle is repeated from 2 to 200 times, or from 2 to 100 times, or from 2 to 50
times.

{00501 I one or more embodiments, in the secand process ¢ycle, the metal layer 104
having the regclive surface 106 is exposed to a metal precursor and a second precursor
to form a proiective capping layer 108 on the metal layer 104. The proiective capping
layer 108 may have any suitable thickness. In one or more embodiments, the protective
capping laver 108 has a thickness in a range of from 0.5 nm 1o 5 nm.

{0051] The second precursor can be any suitable precursor known o the skilled
artisan. In one or more embodiments, the second precursor comprises a function group
and a carbon chain having from 2 to 20 carbon atoms. In one or more embodiments,
the functional group is selected from the group consisting of a primary amine, a thiol, a
phosphine, an alcohol, and a selencl.

{00521 In one or more embodimentis, the second comprises one or more of g

compound selected from
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wherein n is an infeger in a range of from 1 10 2C.

{0883] In one or more embodiments, the second precursor reacts with any suitable
metal precursor known o the skilled artisan. In one or more embodiments, the metal
precursor may be the same metal precurser as that used to form the metal layer 104.
in other embodiments, the metal precursor used to the form the protective capping laver
108 is different from the metal precursor used fo form the metal layer 104,

{00841 In one or more embodiments, the metal of the metal precursor may be any
suitabie fransition metal. In one or more embodiments, the metal of the metal precursor
is selected from one or more of titanium (T3}, silicon (851}, molybdenum (Mo}, halnium
{Hf), zirconium {Zr), aluminum (Al}, antimony (8b), boron (B}, gallium (Ga), germanium
{Ge), indium (In), niobium (N}, rhenium (Re), tantalum (Ta), tin (Sn), tungsten (W), and
zinc {Zn).

{0855] In one or more embodiments, the melal precursor used o react with the
second precursor to form the prolective capping layer 108 can be any suilable metal
precursor known to the skilled artisan. The metal precursor may be any inorganic or
organometaliic precursor. The method of one or more embodiments is generally
applicable {o most binary and/or fernary metal lilms.

{00561 In one or more embodiments, the metal precursor used to form protective
capping layer 108 may be any suitable metal precursor known o the skilled artisan. In
one or more embodiments, the metal precursor comprises one or more of, aluminum
chioride, aluminum bromide, aluminum iodide, boron trichloride, boron tribromide,
galkum  trichloride, germanium  tetrachloride, antimony  trichloride, antimony
pentachioride, indium trichloride, sHlicon teirachionide, silicon tetrabromide, silicon
tetraindide, hexachiorodisilane, titanium tetrachloride, titanium tetrabromide, fitanium
tefraiodide, zirconium fetrachloride, hafnium telrachioride, niobium pentachloride,
niobium pentabromide, tantalum pentachioride, tantalum pentabromide, molvbdenum
pentachionide, tungsten hexachloride, rhenium pentachloride, zinc chioride, tin
chloride, frimethyl aluminum, tetrakis{dimethylamidojtitanium,
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tetrakis{dimethyiamido)zirconium, tetrakis(dimethylamidoihafnium, {t-
butylimidoftris(diethylamino)niobium, {t-butylimidotris{diethylaminoHantalum,
pentakis{dimethylamidojfantalum,  bis{ethylbenzeneimolybdenum, maolybdenum
hexacarbonyl, tungsten hexacarbonyl, and diethylzine.

{00871 The second process cycle can be repeated any number of times depending
upon the desired thickness of the protective capping layer 108, In one or more
embodiments, the second process cycle is repeated from 2 [o 20 times, or from 2 10 10
times, or from 210 5 fimes.

{00587 The use of the terms "a" and "an” and "the” and similar referents in the context
of describing the materials and methods discussed herein (especially in the context of
the following claims) are 1o be construed o cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by contexi. Recifation of ranges of
values herein are merely intended to serve as a shorthand method of referring
individually to each separate value falling within the range, unless otherwise indicated
herein, and each separale value is incorporated into the specificalion as i it were
individually recited herein. All methods described herein can be performed in any
suitable order unless otherwise indicated herein or otherwise cleardy contradicted by
context. The use of any and all examples, or exemplary language {(e.g., "such as™
provided herein, is infended merely o better iluminate the malterials and methods and
does not pose a limitation on the scope unless otherwise claimed. No language in the
specification shouid be construed as indicating any non-claimead element as essential
o the practice of the disclosed materials and methods.

{00591 Reference ihroughout this specificalion 1o "one embodiment,” “certain
embodiments,” "one or more embodiments” or "an embodiment” means that a particular
teature, structure, material, or charactenstic described in connection with the
smbodiment is included in at least one embodiment of the disclosure. Thus, the
appearances of the phrases such as "in one or more embodiments,” "in certain
embodiments,” "in one embodiment” or "in an embodiment” in various places
throughout this specification are not necessarily referring {0 the same embodiment of
the disclosure. Furthermore, the particular fealures, structures, malerials, or

characteristics may be combined in any suitable manner in one or more embodiments.
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{00601 Although the disclosure herein has been described with reference to particular
smbodiments, it is to be undersiood that these embodimenis are merely illustrative of
the principles and applications of the present disclosure. It will be apparent to those
skilled in the art that various modifications and variations can be made to the method
and apparatus of the present disclosure without departing from the spirit and scope of
the disclosure. Thus, # is intended that the present disclosure include modifications and
varigtions that are within the scope of the appended claims and their equivalents.
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What is claimed is:

1.

(o]

(611

~

A method of forming a semiconductor film, the method comprising:

form a metal layer on a substrate surface by exposing the subsirate
surface to a metal precursor and a reactant, the metal layer having a reactive
surface; and

form a protective capping layer on the metal layer by exposing the metlal
layer to a second metal precursor and a second precursor, the second precursor
comprising a functional group and a carbon chain having from 2 {o 20 carbon
atoms, the functional group selected from the group consisting of a primary
amine, a thiol, a phosphine, an alcohol, and a selenol.

The method of claim 1, wherein the reactant comprises one or more of ammonia
{NH3), water (Hz0), hydrogen sulfide (Hz8), phosphine (PHs), orone (Oa),
hydrogen peroxide (H20g), nitrous oxide (N2}, and hydrogen selenide {HzSe).

The method of claim 1, wherein the metal precursor and the second metal
precursor independently comprise a metal and a reactive species.

The method of claim 3, wherein the metal is a transition metal.

The method of claim 4, wherein the metal is selected from one or more of titanium
{Th), silicon (81, molybdenum (Mo}, hafnium (HD, zirconium (Zr), aluminum (Al),
antimony (Sb), boron (B}, gallium (Ga), germanium (Ge), indium {in}, niobium

{Nb), rhenium (Re), tantalum (Ta), tin (8n}, tungsten (W), and zinc (Zn).

The method of claim 3, wherein the reactive species is selected from the group
consisting of halide, alkyl, arene, cyclopentadienyl, alkyne, diene, diketonate,

amido, imido, alkoxo, oxo, carbonyl, amidinate, guanidinale, and formamidinate.

The method of claim 2, wherein the metal precursor and the second metal
precursor independently comprise oneg or more of, aluminum chioride, aluminum
bromide, aluminum iodide, boron trichioride, boron tribromide, gallium trichioride,

germanium teitrachloride, antimony trichloride, antimony pentachioride, indium
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trichloride, silicon tetrachloride, silicon telrabromide, silicon tetraiodide,
hexachiorodisiiane, titanium i{elrachloride, fitanium tletrabromide, fitanium
tetraiodide,  zirconium  tetrachioride, hafnium  letrachlioride, niobium
pentachloride, niobium  peniabromide, lantalum  pentachioride, tantalum
pentabromide, molybdenum pentachioride, iungsien hexachloride, rhenium
pentachioride, zing  chioride, tin chioride, trimethyi aluminum,
tetrakis{dimethylamido)titanium, tetrakis{dimethylamidojzirconium,
tetrakis{dimethylamidojhainium,  (-butylimido}iris(diethylamino)niobium, (-
butylimidojtris(diethvlamine)tantalum, pertakis{dimethylamidoiantaium,
bis{ethylbenzeneg)molybdenum, molybdenum hexacarbonyl,  iungsten
hexacarbonyl, and diethyizinc.

8. The method of claim 1, wherein the metal layer comprises one or more of a metal

nitride, a melal oxide, a metal sulfide, a metal phosphide, and a metal selenide.

9. The method of claim 1, wherein the protective capping layer has a thickness in

a range of from 0.5 nmto 5 nm.

10.The method of claim 1, wherein the second precursor comprises one or more of
a compound selected from

& » ¢ . N . < A o g 3
RN Hs ™ mp ) HO T Hee ™

% T a

0 ) ) (V) W)

wherein n is an integer in a range of from 1 to 20.

11. A& method of forming a semiconductor film, the method comprising:
performing a first process cycle comprising exposing a substrate surface
o a metal precursor and a reactant o form a metal layer on the substrale surface,
the metal fayver having a reactive surface; and
performing a second process cycle comprising exposing the metal layer

to a second metal precursor and a second precursor to form a protective capping



10

20

25

30

WO 2024/206261 PCT/US2024/021403

18

layer on the metal layer, the second precursor comprising a carbon chain having
from 2 to 20 carbon atoms and a functional group, the functional group selected
from the group consisiing of a primary amine, a thiol, a phosphine, an alcohol,

and a selenol.

12. The method of claim 11, wherein the metal precursor and the second meial
precursor independently comprise g metal and a reactive species and wherein
the reactant comprises one or more of ammaonia (NHs), water {(H0), hydrogen
sulfide (Hs), phosphine (PHs), ozone (Ga), hydrogen peroxide {Hz02), nitrous

oxide (N20}, and hydrogen selenide (H:Se).

13. The method of claim 12, wherein the metal is selecled from one or more of

fitanium (T1), silicon (Si), molybdenum (Mo}, hafnium (Hf}, zirconium (4},
aluminum (Al), antimony (8b}, boron {B), gallium (Ga), germanium {Ge), indium
{Iry}, niobium {Nb), rhenium (Re}, tantalum (Ta), tin (Sn), tungsten (W), and zinc

(Zn).

14. The method of claim 12, wherein the reactive species is selected from the group
consisting of halide, alkyl, arene, cyclopeniadienyl, alkyne, diene, dikelonale,

amido, imido, alkoxo, oxo, carbonyl, amidinate, guanidinate, and formamidinaie.

15.The method of claim 12, wherein the metal precursor and the second metal
precursor independently comprise one or more of aluminum chioride, aluminum
bromide, aluminum iodide, boron trichioride, boron tribromide, gallium trichioride,
germanium tetrachloride, antimony trichloride, antimony pentachioride, indium
trichloride, silicon iefrachloride, silicon tetrabromide, silicon ietraiodide,
hexachlorodisilaneg, iilanium  lelrachloride, titanium fetrabromide, titanium
tefraicdide, zirconium  iefrachioride, hafnium  istrachloride, nicbium
pentachloride, niobium  pentabromide, tantalum  pentachioride, tantalum
pentabromide, molvbdenum pentachloride, tungsten hexachioride, rhenium
peniachloride,  zinc  chioride, tin  chioride,  trimethyl aluminum,

tetrakis{dimethylamido)iitanium, tetrakis{dimethylamido)zirconium,
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tetrakis{dimethylamidojhainium,  ({-butylimido)iris(diethylaminoiniobium, (-
butylimidojtris(diethylamino)jtantalum, pentakis{dimethylamidoitantalum,
bis{ethylbenzene)molybdenum, molybdenum hexacarbonyl, fungsten
hexacarbonyl, and disthylzinc.

5
16.The method of claim 11, wherein the metal layer comprises one or more of a
metal nitride, a metal oxide, a metal sulfide, a metal phosphide, and a metal
selenide,
10 17.The method of claim 11, wherein the protective capping layer has a thickness in
arange of from 0.5 nm o 5 nm.
18.The method of claim 11, wherein the second precursor comprises one or more
of a compound selected from
N - T WO S ol e s ™
HNTE He T PR BT Hse
LN \ ":“v 0 N AN RN
{ (i {i) {1V} (V)
15 )
wherein n is an integer in a range of from 1 {0 20.
18.The method of claim 11, wherein the first process cycle is repeated from 2 1o 100
times.
20

20.The method of claim 11, wherein the second process cycle is repeated from 2 o

10 times.



