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(57) Abstract: The present disclosure relates to a film formed with a tantalum-based precursor, as well as methods for forming and
employing such films. The film can be employed as a photopatternable film or a radiation-sensitive film. In non-limiting embodiments,
the radiation can include extreme ultraviolet (EUV) or deep ultraviolet (DU V) radiation.
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PHOTORESISTS CONTAINING TANTALUM

INCORPORATION BY REFERENCE

{6001} A PCT Request Form is filed concurrently with this specification as part of the
present application. Each application that the present application claims benefit of or priority
to as identified in the concurrently filed PCT Request Form is incorporated by reference
herein in their entireties and for all purposes. This application claims the benefit ot US.
Provisional Patent Application No. 62/705,853, filed July 17, 2020, which is incorporated

herein by reference 1n its entirety.

FIELD
{0062} The present disclosure relates to a film formed with a tantalum-based precursor, as
well as methods for forming and employing such films. The film can be employed as a

photopatternable film or a radiation-sensitive film. In non-limiting embodiments, the

radiation can include extreme ultraviolet (EUV) or deep uitraviolet (DUV ) radiation,

BACKGROUND

{60031 The background description provided herein is for the purpose of generally
presenting the context of the present technology. Work of the presently named mventors, to
the extent it 1s described in this background section, as well as aspects of the description that
may not otherwise qualify as prior art at the time of filing, are neither expressly nor impliedly

admitted as prior art against the present technology.

[0004]  Patterning of thin films in semiconductor processing is often an important step in
the fabrication of semiconductors. Patterning involves lithography. In photolithography,
such as 193 nm photolithography, patterns are printed by emitting photons from a photon
source onto a mask and printing the pattern onto a photosensitive photoresist, thereby causing
a chemical reaction in the photoresist that, after development, removes certain portions of the

photoresist to form the pattern.

{60051 Advanced technology nodes (as defined by the International Technology Roadmap
for Semiconductors) include nodes 22 nm, 16 nm, and beyond. In the 16 nm node, for
example, the width of a typical via or line in a Damascene structure is typically no greater
than about 30 nmm. Scaling of features on advanced semiconductor integrated circuits (ICs)

and other devices 1s driving lithography to timprove resolution.
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{0006]  Extreme ultraviolet (EUV) hithography can extend lithography technology by
moving to smaller imaging source wavelengths than would be achievable with other
photolithography methods. EUV light sources at approximately 10-20 nm, or 11-14 am
wavelength, for example 13.5 nm wavelength, can be used for leading-edge lithography tools,
also referred to as scanvers. EUV radiation is strongly absorbed in a wide range of solid and

fluid materials including quartz and water vapor, and so operates in a vacuum.

SUMMARY

{0067} The present disclosure relates to use of a tantalum (Ta)-based precursor to provide a
patterning radiation-sensitive filro (e.g., an EUV-sensitive film}. In one embodiment, the Ta-
based precursor is an EUV-active organotantalum compound, which can be used alone to
deposit a photoresist (PR) fil. Alternatively, the Ta-based precursor is used in conjunction
with another organometal compound (e.g., an organotin compound) to provide a mixed metal
EUV-sensitive PR filro. Such filrus can be vapor deposited and capable of wet or dry

development.

{0008] Tantalum nitride (TaN} is a widely used hardmask during semiconductor
processing, largely due to 1ts mechanical stability while tts high EUV absorptivity allows for
use as an absorber in EUV lithography masks. As used herein, TaN refers to any useful
stoichiometric arnount in the composition, including TaN, TazN, TasNs, TaaNs, TasN, TasNe,

and TasNz s, as well as mixtures thereof.

180091  Accordingly, in one non-limiting instance, the Ta-based precursor herein can be an
organotantalum nitrogen-containing compound, which in turo can provide a TaN-based PR
film. Such TaN-based PRs could exhibit enhanced stability, which can provide thicker PR
films; withstand harsh development chemistries that might otherwise damage tin (Sn)-only
based PR films; and/or resist etch chemistries that might otherwise damage Sn-only based PR
films. Furthermore, such Ta-based precursors allow for filims capable of being

photopatterned, thus facilitating use of such Ta-based films as a patterned hardmask.

{0010} In a first aspect, the present invention features a stack including: a semiconductor
substrate having a top surface; and a patterning radiation-sensitive film disposed on the top
surface of the semiconductor substrate, wherein the film includes Ta. In other embodiments,
the film further includes Sn. Tn yet other embodiments, the film further includes nitrogen

{N}. In some embodiments, the film includes tantalum nitride and/or tin oxide.
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{0811}  In some embodiments, the patterning radiation-sensitive film includes a mixed
organometal flm including Ta and Sn. In other embodiments, the film includes a tantalum-
containing layer disposed on a top surface or a bottom surface of a Sn-containing layer. In
yet other embodiments, the film includes a plurality of alternating Ta-containing layers and
tn~containing layers. Non-hmiting Ta-containing layer can include tantalum nitride, and

non-limiting Sn-containing layers can include organctin oxide.

166121 In a second aspect, the present disclosure features a method (e g, of forming a tilm)
including: depositing a Ta-based precursor on a surface of a substrate to provide a patterning
radiation-sensitive film, wherein the Ta-based precursor includes a patterning radiation-
sensitive motety. In some embodiments, the patterning radiation-seusitive motety of the Ta-
based precursor includes an EUV labile group. In other embodiments, the patterning

radiation-sensitive moiety of the Ta-based precursor includes an imido group.

{8013 In some embodiments, the Ta-based precursor includes a structure having formula
(B

TaRele (1),
wherein: each R is, independently, an EUV labile group, halo, optionally substituted alkyl,
optionally substituted arvl, optionally substituted amino, optionally substituted imino, or
optionally substituted alkylene; each L is, independently, a ligand or other motety that is

reactive with a reducing gas or an alkyne; b > O and ¢ > 1

10014} In other embodiments, the Ta-based precursor includes a structure having formula
{-A)

R=Ta(Lw (I-A)},
wherein: R is =NR! or =CRRY, each L is, independently, halo, optionally substituted alkyl,
optionally substituted aryl, optionally substituted amino, optionally substituted
bis(trialkyisilyDamine, optionally substituted trialkylsilyl, or a bivalent ligand that is bound
to Ta and the bivalent ligand is -NR-Ak-NR'-; each R' and R¥ is, independently, H,
optionally substituted linear alkyl, optionally substituted branched alkyl, or optionally
substituted cycloalkyl; Ak is optionally substituted alkyiene or optionally substituted

alkenyiene; and b > 1.

10015} In some embodiments, said depositing further includes an organometal compound.
in other embodiments, the Ta-based precursor and the organometal compound can be

deposited together or deposited sequentially in a sequence (e g, in alternating cycles). In
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some embodiments, said depositing further includes adjusting a relative amount of the Ta-
based precursor and the organometal compound to be deposited in the film. In other
embodiments, said adjusting includes changing a fiow rate and/or a deposition fime of the

tartalum-based precursor and the organometal compound.

{0016} In some embodiments, said depositing further includes the Ta-based precursor and
the organometal compound to be deposited sequentially in a sequence. In particular
embodiments, the sequence includes depositing the Ta-based precursor followed by or
preceded by the organometal compound. In other embodiments, said depositing further
includes adjusting a number or order of sequence of the Ta-based precursor followed by or

preceded by the organometal compound.

{00171 In particular embodiments, said depositing includes: depostting the Ta-based
precursor and the organometal compound in the optional presence of a reducing gas or an
alkyne, thereby providing the patterning radiation-sensitive film including a mixed
organometal film having two or more different metals. In some embodiments, the
organometal corapound includes a Sn-based precursor, and the mixed organometal film
includes Ta and Sn. In particular embodiments, said depositing includes depositing by way
of chemical vapor deposition {CVD) at a temperature tess than about 250°C or less than
about 100°C or from 0°C to about 250°C (e.g., from about 0°C 1o 50°C, 0°C to 80°C, 0°C to
90°C, 0°C to 95°C, 10°C to S0°C, 10°C 10 BO°C, 10°C 10 90°C, 10°C 10 95°C, 10°C 1o
160°C, 10°C to 130°C, 10°C to 150°C, 10°C to 180°C, 10°C to 200°C, 20°C to 50°C, 20°C
to R0°C, 20°C to 90°C, 20°C to 95°C, 20°C to 100°C, 20°C to 130°C, 20°C to 150°C, 20°C
to 180°C, 20°C to 200°C, 20°C to 230°C, 20°C to 250°C, 25°C to 50°C, 25°C to 80°C, 25°C
to 90°C, 25°C to 95°C, 25°C to 100°C, 25°C to 130°C, 25°C to 150°C, 25°C to 180°C, 25°C
to 200°C, 25°C 10 230°C, 25°C to 250°C, 30°C 10 50°C, 30°C to 80°C, 30°C to 90°C, 30°C
to 95°C, 30°C to 100°C, 30°C to 130°C, 30°C to 150°C, 30°C to 180°C, 36°C to 200°C,
30°C 10 230°C, or 30°C to 250°C). In particular embodiments, deposition by CVID s

performed at a lower temperature to ensure retaining of the EUV-sensitive moiety in the film.

{0018} In other embodiments, said depositing includes: depositing the organometal
compound in the optional presence of a counter-reactant inn a chamber, thereby providing an
organometal-containing layer; purging the chamber with a purge gas {e.g., an inert gas, such
as any described herein); depositing the Ta-based precursor in the chamber, thereby
providing a Ta-containing layer disposed on a top surface of the organometal-containing

layer, purging the charber with another purge gas {(e.g., an inert gas, such as any described
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herein}, and exposing the Ta-containing lfaver to a reducing gas or an alkyne. In some
embodiments, the organometal compound include a Sn-based precursor, and the
organometal-containing layer includes Sn. In particular embodiments, said depositing

includes depositing by way of atomic layer deposition.

10019} In some embodiments, the organometal compound 1ncludes a structure having
formula (1)

MaRbLo (ID),
wherein: M is a metal {e.g., any described herein), each R 18, independently, an EUV labile
figand, halo, optionally substituted alloyl, optionally substituted aryl, optionally substituted
aming, optionally substituted alkoxy, or L; each L 15, independently, a ligand, ion, or other
moiety that is reactive with a counter-reactant, in which R and L with M, taken together, can
optionally torm a heterocycelyl group or in which R and L, taken together, can optionally form
a heterocyclyl group; a > 1, b > 1, and ¢ > 1. In other embodiments, R s optionally
substituted alkyl, and M is tin. In yet other embodiments, each L is, independently, H, halo,
optionally substituted alkyl, optionally substituted aryi, optionally substituted amino,
optionally substituted bis(trialkylsilyllaming, optionally substituted trialkylsilyl, or optionally

substituted alkoxy.

{8028} In other embodiments, said depositing further includes one or more counter-
reactants. Non-limiting counter-reactants include an oxygen-containing counter-reactant,
including Oz, O3, water, a peroxide, hydrogen peroxide, oxygen plasma, water plasma, an
alcohol, a dihydroxy alcohel, a polyhydroxy alcohol, a fluorinated dihydroxy alcohol, a
fluorinated polyhydroxy alcohol, a fluorinated glycol, formic acid, and other sources of

hydroxyl moieties, as well as combinations thereof.

10021} In some embodiments, said depositing further includes a reducing gas, a hydrogen
gas, or an alkyne. Non-limiting reducing gases and alkynes include hydrogen (Hz), anmioe
{INH3), a trialkylamine {e.g., NRs, in which each R is, independently, optionally substituted

alkyl), and acetylene.

{80221 In athird aspect, the present disclosure encompasses a method {e.g, of employing a
resist) including: depositing a Ta-based precursor on a surface of a substrate to provide a
patteroing radiation-sensitive film as a resist filiny patterning the resist film by a patterning
radiation exposure, thereby providing an exposed film having radiation exposed areas and

radiation unexposed areas; and developing the exposed film, thereby removing the radiation
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exposed areas to provide a pattern within a positive tone resist film or removing the radiation
unexposed areas to provide a pattern within a negative tone resist. In some embodiments,
said depositing includes use of a counter-reactant {e.g., an oxygen-containing counter-

reactant, such as any described herein).

100231  In some embodirents, the method includes {e.g., after said depositing): patterning
the photoresist layer by an EUV exposure, thereby providing an exposed film having EUV
exposed areas and EUV unexposed areas. In some embodiments, the photoresist layer
underlies the capping faver. In other embodiments, the EUV radiation has a wavelength in

the range of about 10 nm to about 20 nm in a vacuum ambient.

10024] In some embodiments, said developing includes dry developing chemistry or wet
developing chemistry. In particular embodiments, the dry developing chemistry includes one
or more halides or other gases {e. g, HCl, HBr, HI, HF, Cl;, Bry, BCh3, BF;, NF3, NH;3, SOCH,
NFe, CF4, CHEF3, CHzFo, CHsF, and the like, as well as combinations thereot, such as with No,
Oy, and the like} optionally provided as a plasma. In other embodiments, the wet developing
chervistry includes an organic developer, such as a ketone (e.g., 2-heptanone, cyclohexanone,
or acetone), an ester {e.g., y-butyrolactone, n-butyl acetate, or ethyl 3-ethoxypropionate
(EEP)), an alcohol {e.g., isopropyl alcohol (JPA)), ot an ether, such as a glycol ether (e g.,
propylene glycol methyl ether (PGME) or propyliene glveol methyl ether acetate (PGMEA}),

as well as combinations thereof,

{0025]  Ina fourth aspect, the present disclosure features an apparatus for forming a resist
film. In some embodiments, the apparatus includes: a deposition module; a patterning
module; a development module; and a controller including one or more memory devices, one
or more processors, and system control software coded with instructions including machine-

readable instructions.

[0026] In some embodiments, the deposition module includes a chamber for depositing a
patterning radiation-sensitive film (e.g., an EUV-sensitive film). In other embodiments, the
patterning module includes a photolithography tool with a source of sub-300 nm wavelength
radiation {e.g., in which the source can be a source of sub-30 nm wavelength radiation}. In
yet other embodiments, the development module includes a chamber for developing the resist

film.

{00271 In some embodiments, the instructions include machine-readable instructions for

{e.g., i the deposition module) causing deposition of a Ta-based precursor on a top surface
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of a semiconductor substrate to form the patterning radiation-sensitive film as a resist film,

wherein the Ta-based precursor includes a patterning radiation-sensitive moiety.

{6028] In further embodiments, the instructions include machine-readable mstructions for
{e.g., in the deposition module) causing further deposition of an organometal compound in
the optional presence of a reducing gas, an alkyne, and/or a counter-reactant. In particular
embodiments, the Ta-based precursor and the organometal compound are deposited together
to provide a mixed organometal film having two or more ditfferent metals. In some
embodiments, the resist film inchudes a mixed organometal film including both Ta and Sn. In
other embodiments, the Ta-based precursor and the organometal compound are deposited in
alternating cycles to provide an organometal-containing layer and a Ta~containing layer
disposed on a top surface of the organometal-containing laver. In some embodiments, the

resist film includes a plurality of Ta-containing layers and Sn-containing layer,

{00291 In some embodiments, the instructions include machine-readable instructions for
{e.g., in the patterning module) causing patterning of the resist film with sub-300 nm
resolution {e.g., or with sub-30 nm resolution) directly by patierning radiation exposure {e.g.,
by EUV exposure), thereby forming an exposed film having radiation exposed areas and
radiation unexposed areas. In other embodiments, the exposed film has EUV exposed areas
and EUV unexposed areas. In vet other embodiments, the instructions include machine-
readable instructions for {¢.g., in the development module) causing development of the
exposed film to remove the radiation exposed areas or the radiation unexposed areas to
provide a pattern within the resist film. In particular embodiments, the machine-readable
instructions include instructions for causing removal of the EUV exposed areas or the EUV

unexposed areas.

[0030]  In any embodiment heretn, the patierning radiation-sensitive filvo includes an
extreme uitraviolet (EUV)-sensitive filim, a deep-ultraviolet (DUV)-seusitive film, a
photoresist film, or a photopatternable film.

{00311  In any embodiment herein, the patterning radiation~-seunsitive film includes an
organometallic material, an organometal oxide material, a tantalum nitride maternial, a tin
oxide matenial, and/or an organoctin oxide material.

{00321  Inany embodiment herein, the patierning radiation-sensitive filyo has a thickness of

from about 5 nm to about 50 nm (e.¢., about 5 nm to 10 nm, 5 nm to 20 nm, 5 nm to 30 am, 5
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nm to 40 nm, & nm {0 20 am, 8 nm 10 30 nm, & nm to 40 nm, 8 nm to S0 nm, 10 nm to 20 nm,

10 nm to 30 nm, 10 nm to 40 nm, or 10 nm to 50 am),

{00331  In any embodiment herein, the Ta-based precursor includes a structure having

formula (1) or (~A), as described herein.

{0034} In any embodiment herein, the organometal compound includes a structure having

formula (1), (H1-A), (FRE), (AV), (V), (VI), (VID), (VIR or (IX), as described herein.

{60351 In any embodiment heretn, depositing includes providing or depositing the Ta-based
precursor and/or the organometal compound in vapor forrn. In other embodiments,
depositing includes providing a reducing gas, a hydrocarbon, an alkyne, and/or a counter-
reactant in vapor form. In particular embodiments, depositing includes chemical vapor
deposition (CVD), atomic fayer deposition {ALD), or molecular Tayer deposition (MLD), and

plasma-enhanced forms thereof.

{0036} In any embodiment herein, depositing of the Ta-based precursor further includes
providing a reducing gas, a hydrocarbon, or an altkyne. In some embodiments, the alkyne is

acetylene.

{0037} In any embodiment herein, depositing of the organometal compound further
inchudes providing a counter-reactant. Non-limiting counter-reactants include an oxygen-
containing counter-reactant, including O, O3, water, a peroxide, hydrogen peroxide, oxygen
plasma, water plasma, an alcohol, a dihvdroxy alcohol, a polvhydroxy alcohol, a fluorinated
dihydroxy alcohol, a fluorinated polyhydroxy alcohol, a fluorinated glycol, formic acid, and

other sources of hydroxyl moieties, as well as corobinations thereof.

{6038]  In any embodiment herein, after depositing of the Ta-based precursor or the
organometal compound, the method turther includes purging a chamber with a purge gas
{e.g., an inert gas of & carrier gas, such as argon (Ar), nitrogen (N2}, oxygen ({2}, ambient air,

or mixture thereof). Additional details follow.

Definitions

180397 By “acyloxy” or “alkanoyloxy,” as used interchangeably herein, 1s meant an acyl or
alkanoy! group, as defined herein, attached to the parent molecular group through an oxy
group. In particular embodiments, the alkanovloxy is -G-C(0)-Ak, in which Ak is an alkyl
group, as defined herein. In some embodiments, an unsubstituted alkanovloxy 15 a o

alkanoyloxy group. Exemplary atkanovloxy groups include acetoxy.
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{60401 By “alkenyl” is meant an optionally substituted Cz4 alkyl group having one or
more double bonds. The alkenyl group can be cyclic {e.g , Csaa cycloalkenyl) or acychic.
The alkenyl group can also be substituted or unsubstituted. For example, the alkenyl group

can be substituted with one or more substitution groups, as described herein for alkyl.

{0041} By “alkenylene” is meant a multivalent {(e.g , bivalent} form of an alkenyl group,
which is an optionally substituted Cz24 alkyl group having one or more double bonds. The
alkenyiene group can be cychic (e g, Ci24 cycloalkenyly or acyclic. The alkenylene group
can be substituted or unsubstituted. For example, the alkenylene group can be substituted
with one or more substitution groups, as described herein for alkyl. Exemplary, non-limiting

alkenylene groups include ~CH=CH- or -CH=CHCHa-.

{60421 By “alkoxy” 1s meant ~OR, where R is an optionally substituted alkyl group, as
described herein. Exemplary alkoxy groups include methoxy, ethoxy, butoxy, trihaloalkoxy,
such as trifluoromethoxy, etc. The alkoxy group can be substituted or unsubstituted. For
example, the alkoxy group can be substituted with one or more substitution groups, as
described herein for alkyl. Exemplary unsubstituted alkoxy groups 1uclude Cia, Crs, Cron,

Chreie, Crore, Crae, or Ciaoa alkoxy groups.

{6043} By “alkyl” and the prefix “alk” 1s meant a branched or unbranched saturated
hydrocarbon group of 1 to 24 carbon atoms, such as methyt (Me), ethvl (Et), n-propyl (n-Pr},
isopropyl (7-Pr), eyvclopropyl, s-butyl (m-Bu), isobutyl (7-Bu), s-butyl (s-Bu), +-butyl (+-Bu),
cyclobutyl, n-pentyl, tsopentyl, s~pentyl, neopentyi, hexyl, heptyl, octyl, nonyl, decyl,
dodecyl, tetradecyl, hexadecyl, eicosyl, tetracosyl, and the like. The alky! group can be
cyclic {e.g., Csa4 cycloatkyl)y or acyclic. The alkyl group can be branched or unbranched.
The alky! group can also be substituted or unsubstituted. For example, the alkyi group can
include haloalkyl, in which the alkyl group is substituted by one or more halo groups, as
described herein. In another example, the alkyl group can be substituted with one, two, three
or, int the case of alkyl groups of two carbons or more, four substituents independently
selected from the group consisting oft (1) Cis alkoxy (e.g., -O-Ak, wherein Ak is optionally
substituted Cr.s alkyl); (2} amino (e.g., -NR¥R™  where each of RM! and R™ s,

N and R™ taken together with the

independently, H or optionally substituted alkyl, or
nitrogen atom to which each are attached, form a heterocyelyl group); (3} aryl; (4) arylalkoxy
{e.g., ~O-Lk-Ar, wherein Lk is a bivalent form of optionally substituted alkyl and Aris
optionally substituted aryl); (5} arvloyl (e g, -C(O)-Ar, wherein Ar is optionally substituted

aryl);, (6) cvano {e.g., -CN}, (7) carboxyaldehyde (e.g., -C{OMHy, (R) carboxyl {e.g., -COH),
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{9) Cs-8 cycloalkyl {(e.g., a monovalent saturated or unsaturated non-aromatic cyclic CUsx
hydrocarbon group); (10} halo (e.g., F, Cl, Br, or I; (11) heterocyelyl (e.g, a 5-, 6~ or 7-
membered ring, unless otherwise specified, containing one, two, three, or four non-carbon
hetercatoms, such as nitrogen, oxygen, phosphorous, sulfur, or halo}); {12} heterocyelvioxy
{e.g., -0O-Het, wherein Het is heterocycelyl, as described herein); (13) heterocyclyloyl

{e.g., -C{O)-Het, wherein Het is heterocyclyl, as described herein}); (14) hydroxyl (e.g., -OH);
(15) N-protected aming; (16} nitro {e.g., -NOz}; (17) oxo (e.g., =0); (18) -CORA, where RA
is selected from the group consisting of (a) Cre alkyl, (b} Caar aryl, and (¢} {(Cs-15 aryl} Cre
alkyl {e.g., ~-Lk-Ar, wherein Lk 15 a bivalent form of optionally substituted alkyl group and Ar
is optionally substituted aryl); (19} -C(OINRPRY, where each of R¥ and RY is, independently,
selected from the group consisting of {a} hydrogen, (b) Ci alkyl, {0} Cas aryl, and (d) (Caas
aryl) Crs alkyl {e.g., -Lk-Ar, wherein Lk ts a bivalent form of optionally substituted alkyl
group and Ar is optionally substituted aryl}) and (20} -NRPR¥ where each of RS and R is,
independently, selected from the group consisting of (a) hydrogen, (b) an N-protecting group,
{c) Cis alkyl, (d) Cos alkenyi (e.g., optionally substituted alkyl having one or more double
bonds), {e) Cas alkynyl {e.g., optionally substituted alkyl having one or more triple bonds),
() Csas aryl, (g) (Caas aryl} Cio alkyl (e.g., Lk-Ar, wherein Lk is a bivalent form of
optionally substituted alkyl group and Ar is optionally substituted arvl), (h) Cs.z eycloalkyl,
and (1) {Cs.z cycloalkyly Cre alkyl {e.g., -Lk-Cy, wherein Lk is a bivalent form of optionally
substituted alkyl group and Cy 18 optionally substituted cycloalkyl, as described herein),
wherein in one embodiment no two groups are bound to the nitrogen atom through a carbonyl
group. The alkyl group can be a primary, secondary, or tertiary alkyl group substituted with
one or more substituents {e.g., one or more halo or alkoxy). In some embodiments, the

unsubstituted alkyl group is a Cia, Cre, Craz, Craes, Cras, Ciao, or Cras alkyl group.

{00447 By “alkylene” 1s meant a nultivalent (e.g., bivalent) form of an alky! group, as
described herein. Exemplary alkylene groups include methyiene, ethylene, propylene,
butyiene, etc. In some embodiments, the alkylene group is a Ci3, Cis, Ciaz, Crags, Craag, Cre
20, C124, Cra3, Cos, Cao12, Couts, Caaag, Caa0, or Caa4 alkylene group. The alkylene group can
be branched or unbranched. The alkylene group can also be substituted or unsubstituted. For
exampie, the alkylene group can be substituted with one or more substitution groups, as

described herein for alkyl.

10045] By “alkynvl” is meant an optionally substituted Cz24 alkyl group having one or

more triple bonds. The alkynyl group can be cyclic or acyclic and 1s exemplified by ethynvl,
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I~-propynyl, and the ftke. The alkynyl group can also be substituted or unsubstituted. For
example, the alkynyl group can be substituted with one or more substitution groups, as

described herein for alkyl.

10846] By “aminc” is meant -NRYR™ where each of RN and R™ s, independently, H,
5 optionally substituted alkyl, or optionally substituted aryl, or RN and R™ taken together
with the nitrogen atom to which each are attached, form a heterocyclyl group, as defined

herein.

{80471 By “aryl” 13 meant a group that contains any carbon-based aromatic group
including, but not limited to, phenyl, benzyl, anthracenyl, anthryl, benzocyclobutenyl,

10 benzocyclooctenyl, biphenylyl, chrysenyl, dihydroindenyl, fluoranthenyl, indacenyl, indenyl,
naphthyl, phenanthrvl, phenoxybenzyl, picenyl, pyrenyl, terphenyl, and the like, including
fused benzo-Cas cycloalkyl radicals (e.g , as defined herein) such as, for instance, indanyl,
tetrahydronaphthyl, flucrenyl, and the like. The term aryl also includes hetercaryl, which is
defined as a group that contains an aromatic group that has at least one heteroatom

1S incorporated within the ring of the aromatic group. Examples of heteroatoms include, but are
not Hmited to, nitrogen, oxygen, sulfur, and phosphorus. Likewise, the term non-hetercaryl,
which is also 1ucluded 1n the term aryl, defines a group that contains an aromatic group that
does not contain a heteroatom. The aryl group can be substituted or unsubstituted. The aryl
group can be substituted with one, two, three, four, or five substituents, such as any described

20 herein for alkyl.

{00481 By “arvlene” is meant a multivalent (e g, bivalent) form of an aryl group, as
described herein. Exemplary arylene groups include phenylene, naphthylene, biphenylene,
triphenylene, diphenyl ether, acenaphthenylene, anthrylene, or phenanthrylene. In some
embodiments, the arylene group is a Cais, Carra, Caarz, Caoto, Coas, Coo14, o1z, or Coo10

25 arylene group. The arylene group can be branched or unbranched. The arylene group can
also be substituted or unsubstituted. For example, the arylene group can be substituted with

one o more substitution groups, as described herein for alkyl or arvl,
100491 By “carbony!” is meant a -C{O}- group, which can also be represented as >C=0.

{0038] By “cycloalkenyl” is meant a monovalent unsaturated non-aromatic or aromatic
30 cyclic hydrocarbon group of from three to eight carbons, unless otherwise specified, having

one or more double bonds. The cycleatkenyl group can also be substituted or unsubstituted.
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For example, the cycloalkenyl group can be substituted with one or more groups including

those described herein for atkyl.

{00811 By “cycloalkyl” 1s meant a monovalent saturated or unsaturated nov-aromatic or
arpmatic cyclic hydrocarbon group of from three to eight carbons, unless otherwise specified,
and 1s exemplitied by cyclopropyl, cyclobutyl, cyclopentyl, cyclopentadienyl, cyclohexyl,
cycioheptyl, bicyclo{2.2.1 Theptyl, and the like. The cycloalkyl group can also be substituted
or unsubstituted. For example, the cycloalkyl group can be substituted with one or more

groups including those deseribed herein for alkyl.
{8052] By “hale” ismeant ¥, CL, Br, or L

{80331 By “haloalkyl” is meant an alkyl group, as defined herein, substituted with one or

maore halo.

{0054} By “heteroallyl” 1s meant an alkyl group, as defined herein, containing one, two,
three, or four non-carbon hetercatoms (e.g., independently selected from the group consisting

of nitrogen, oxygen, phosphorous, sulfur, selentum, ot halo).

{0055] By “heteroalkylene” 13 meant a bivalent form of an alkylene group, as defined
herein, containing one, two, three, or four non-carbon heteroatoms {e.g., independently
selected from the group consisting of nitrogen, oxygen, phosphorous, sulfur, selentum, or
halo). The heteroalkyiene group can be substituted or unsubstituted. For example, the
heteroalkylene group can be substituted with one or more substitution groups, as described

herein for alkyl.

{0036] By “heterocyclyl” 1s meant a 3-, 4-, 5-, 6- or 7-membered ring {e.g, a 5-, 6-or 7-
membered ring), unless otherwise specified, containing one, two, three, or four non~carbon
heteroatoms {e.g , independently selected from the group consisting of nitrogen, oxygen,
phosphorous, sulfur, selenium, or halo}. The 3-membered ring has zero to one double bonds,
the 4- and S-membered ring has zero to two double bonds, and the 6- and 7-membered rings
have zero to three double bonds. The term “heterocyclyvl” also includes bicyclic, tricyclic and
tetracyclic groups in which any of the above heterocyclic rings s fused to one, twg, or three
rings wndependently selected trom the group consisting of an aryl ring, a cyvclohexane ring, a
cyclohexene ring, a cyclopentane ring, a cyclopentene ring, and ancther monocyclic
heterocyclic ring, such as indolyl, guinolyl, isoquinolyl, tetrahydroquinolyl, benzofuryl,
benzothienyl and the like. Heterocyclics include acridinyl, adenyl, alloxazinyl,

azaadamantanyl, azabenzimidazolyl, azabicyclononyl, azacycloheptyl, azacyclooctyl,
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azacyclononyl, azahypoxanthinyl, azaindazolyl, azaindolyl, azecinyl, azepanyl, azepinyl,
azetidinyl, azetyl, aziridinyl, azininyl, azocanyl, azocinyl, azonanyl, benzimidazolyl,
benzisothiazolyl, benzisoxazolyl, benzodiazepinyl, benzodiazocinyl, benzodibydrofuryl,
benzodioxepinyl, benzodioxinyl, benzodioxanyi, benzodioxocinyl, benzodioxolyl,
benzodithiepinyl, benzodithiinyl, benzodioxocinyl, benzofuranyl, benzophenazinyl,
benzopyranonyl, benzopyranyl, benzopyrenyl, benzopyronyl, benzoquinolinyl,
benzoguinolizinyl, benzothiadiazepinyl, benzothiadiazolyl, benzothiazepinyl,
benzothiazocinyl, benzothiazolyl, benzothienyl, benzothiophenyl, benzothiazinonyl,
benzothiazinyl, benzothiopyranyl, benzothiopyronyl, benzotriazepinyl, benzotriazinonyl,
benzotriazinyl, benzotriazolyl, benzoxathiinyl, benzotrioxepinyi, benzoxadiazepinyl,
benzoxathiazepinyl, benzoxathiepinyl, benzoxathiocinyl, benzoxazepinyl, benzoxazinyl,
benzoxazocinyl, benzoxazolinonyl, benzoxazolinyl, benzoxazolyl, benzylsultamyl
benzylsultimyl, bipyrazinyl, bipyridinyl, carbazolvl (e g., 4H-carbazolyl), carbolinyl (e .g., B-
carbolinyl}), chromanonyl, chromaunyl, chromenyl, cinnolinyl, coumanioyl, cytdinyl, cytosinyl,
decahydroisoquinolinyl, decahydroquinolinyl, diazabicyclooctyl, diazetyl, diaziridinethionyi,
diaziridinonyl, diaziridinyl, diaziriayl, dibenzisoquinolinyl, dibenzoacridinyl,
dibenzocarbazolyl, dibenzofuranyl, dibenzophenazinyl, dibenzopyranonyl, dibenzopyronyl
{xanthonyl), dibenzoguinoxalinyl, dibenzothiazepinyl, dibenzothiepinyl, dibenzothiophenyl,
dibenzoxepinyl, dihydroazepinyl, dihydroazetyl, dihydrofuranyl, dihydrofuryl,
dibydroisoquinolinyl, dihydropyranyl, dihydropyrnidinyl, dihydroypyridyl, dihvdroguinolinyl,
dibydrothienyl, dihydroindelyl, dioxanyl, dioxazinyl, dioxindolvl, dioxiranyl, dioxeny],
dioxinyl, dioxobenzofuranyl, dioxolyl, dioxotetrahydrofuranyl, dioxothiomorpholinyl,
dithianyl, dithiazolyl, dithienyl, dithiinyl, furanyl, furazanyl, furovl, furyl, guaninyl,
homopiperazinyl, homopiperidinyl, hypoxanthinyl, hydantoinyl, imidazolidinyl,
imidazolinyl, imidazolyl, indazolyl (e.g., 1H-ndazolyl), indolenyl, indolinyl, 1ndolizinyl,
indolyl (e.g., 1H-indolyl or 3H-indolyl}, isatinyl, isatyl, isobenzofuranyl, isochromanyl,
isochromenyl, isoindazoyl, isoindolinyl, isoindolyl, isopyrazolouyl, isopyrazolyl,
isoxazolidintyl, isoxazolyl, isoquinolinyl, isoquinolinyl, isothiazolidinyl, isothiazolyl,
morpholinyl, naphthindazolyl, naphthindolyl, naphthinidinyl, naphthopyranyi,
naphthothiazolyl, naphthothioxolyl, naphthotriazolyi, naphthoxindolyl, naphthyridinyl,
octahydroisoquinolinyl, oxabicycloheptyl, oxauracil, oxadiazolyl, oxazinyl, oxaziridinyl,
oxazolidinyl, oxazolidonyl, oxazolinyl, oxazolonyl, oxazolyl, oxepanyl, oxetanonyl,
oxetanyl, oxetyl, oxtenayl, oxindolyl, oxiranyl, oxobenzoisothiazolyl, oxochromenyl,

oxoisoquinolinyl, oxoquinolinyl, oxothiolanyl, phenanthridinyl, phenanthrolinyl, phenazinyl,
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phenothiazinyl, phenothienvl (benzothiofuranyl), phenoxathiinyl, phenoxazinyl, phthalazinyl,
phthalazonyl, phthalidyl, phthalimidinyl, piperazinyl, piperidinyl, piperidonyl (e .g., 4-
piperidonyl), ptenidinyl, purinyl, pyranyl, pyrazinyi, pyrazolidinyl, pyrazolinyi,
pyrazolopyrimidinyl, pyrazolyl, pyridazinyl, pyridinyl, pyridopyrazinyl, pyridopyrimidinyl,
pytidyl, pynmidinyl, pyrimidyl, pyronyl, pyrrohidinyl, pyrrolidooyl {e.g., 2-pyrrohdonyl},
pyrrolinyl, pyrrolizidinyl, pyrroivl {e.g., 2H-pyrrolyl), pyrylium, quinazolinyl, quinolinyl,
guinolizinyl (e g., 4H-quinolizinyl), quinoxalioyl, quinuchdinyl, selenazinyl, selenazolyl,
selenophenyl, succinimidyl, sulfolanyl, tetrahydrofuranyl, tetrahydrofuryl,
tetrahydrotsoquinolinyl, tetrahydrotsogquinolyl, tetrahydropyridinyl, tetrahydropyridyl
{piperidyl}, tetrahydropyranyl, tetrahvdropyronyl, tetrahydroquinolinyl, tetrahydroquinolyl,
tetrahydrothienyl, tetrahydrothiophenyl, tetrazinyl, tetrazolyl, thiadiazinyl {e.g , 6H-1,2,5-
thiadiazinyl or 2H,6H-1,5,2-dithiazinyl}, thiadiazolyl, thianthrenyl, thianyl, thianaphthenyi,
thiazepinyl, thiazinyl, thiazolidinedionyl, thiazolidinyl, thiazolyl, thienyl, thiepanyl, thiepinyl,
thietanyl, thietyl, thitranyl, thiocanyl, thiochromanounyl, thiochromanyl, thiochromenyl,
thiodiazinyl, thiodiazolyl, thioindoxyl, thiomorpholinyl, thiophenyl, thiopyranyl, thiopyronyl,
thiotriazolyl, thiourazolyl, thioxanyl, thioxolyl, thymidinyl, thyminyl, tnazinyl, triazolyl,
trithianyl, urazinyl, urazolyl, uretidinyl, uretinyl, uricyl, uridinyl, xanthenyi, xanthinyl,
xanthionyl, and the like, as well as modified forms thereof (e.g., including one or more oxo
and/or amino) and salts thereof. The heterocyelyl group can be substituted or unsubstituted.
For example, the heterocyclyl group can be substituted with one or more substitution groups,

as described herein for aryl.
{00571 By “hydroxyl” is meant -OH.

{0038} By “iming” is meant -NR-, in which R can be H or optionally substituted alkyl

{00591 By “oxo” 13 meant an = group.

[00606]  As used herein, the term “about” means +/-10% of any recited value. As used
herein, this term modifies any recited value, range of values, or endpoints of one or more
ranges.

{00611 As used herein, the terms “top,” “bottom,” “upper,” “lower,” “above,” and “below”
are used to provide a relative relationship between structures. The use of these terms does not
indicate or require that a particular structure mwust be located at a particular location in the

apparatus.
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{60621 Other features and advantages of the invention will be apparent from the following

description and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

100631 FIG. 1A-1B presents schematic diagrams of tllustrative precursors and other
reagents for deposition. Provided are (A) reactions inchuiding a non-limiting Ta-based
precursor { Ta(=N-~-Bu}{NMe2)3) with a reducing gas {e.g., Hz or NHz) to provide a TaN-
based PR film; and (B} further reactions in the presence of a non-limiting Su-based precursor

{Sn(iPr){(NMez)s) to provide a mixed organometal film including Ta and Sn.

{0064] FIG. 2 presents g schematic diagram of tllustrative precursors and other reagents for
providing a layered film. Provided are reactions including a non-limiting Sn-based precursor
(Sn(iPri{(NMe:2)3) with a counter-reactant (e.g., HxO) to provide a SnO-based layer in cycle A,
as well as a non-limiting Ta-based precursor (Ta(=N-i-Bu)(NMe:}3) with a reducing gas (e.g,,
Hz or NHz) to provide a TaN-based layer in cycle B. By alternating cycles A and B, a

fayered film can be formed.

{00651 FIG. 3A-3C presents diagrams of non-limiting methods that employ a Ta-based
precursor during deposition. Provided are (A} a block diagram of an illustrative method 300
inchuding deposition of a Ta-based precursor; (B} a block diagram of another illustrative
method 320 including deposition of a Ta-based precursor with a Sn-based precursor; and (C)
a block diagram of yet another tustrative method 349 inchuding deposition of a Ta-based

precursor and a Sn-based precursor in alternating cycles.

18066] FIG. 4 presents a schematic iHustration of an embodiment of a process station 406

for drv development.

{00671 FIG. S presents a schematic illustration of an embodiment of a multi-station

processing tool 364

{8068] FIG. 6 presents a schematic illustration of an embodiment of an inductively coupled

plasma apparatus 608,

1006%9] FIG, 7 presents a schematic illustration of an embodiment of a semiconductor

process cluster tool architecture 766
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DETAILED DESCRIPTION

{00701 This disclosure relates generally to the field of semiconductor processing. In
particular, the disclosure 18 directed to the use of Ta-based precursors during deposition.
Such Ta-based precursors can provide a deposited film including Ta, which can exhibit EUV-

sensitivity and/or enhanced mechanical stability.

{00711 Current CVD-processable EUV PRs include low-deusity Sn-based films with
limited mechanical stability. The soft chemical nature of such Sn-based PR films can lead to
reduced mechanical stability, which limits how thick PR layers before development leads to
tine collapse of printed features. Furthermore, the mechanical instability of Sun-based PR
films can limit wet or dry development to less aggressive chenustries, which could Himit
opportunities for patierning optimization. By incorporating Ta-based precursors into such
films, enhanced structural stability can be observed in pure Ta films or mixed Ta/Sn films.
Furthermore, EUV sensitivity can be enbanced by increasing the density of EUV-absorptive

Ta atoms within the film.

{0072} Reference is made herein in detail to specific embodiments of the disclosure.
Examples of the specific embodiments are tllustrated in the accompanving drawings. While
the disclosure will be described in conjunction with these specific embodiments, it will be
understood that it is not intended to humit the disclosure to such specific embodiments. On
the contrary, it is intended to cover alternatives, modifications, and equivalents as may be
included within the spirit and scope of the disclosure. In the following description, numerous
specific details are set forth in order to provide a thorough understanding of the present
disclosure. The present disclosure may be practiced without some or all of these specific
details. In other instances, well known process operations have not been described in detail

so as to not unnecessarily obscure the present disclosure.

{0073 EUYV lithography makes use of EUV resists that are patteroed to form masks for use
in etching underlying layers. EUV resists may be polymer-based chemically amplified resists
{CARs) produced by liquid-based spin-on techuiques. An altemative to CARs is divectly
photopatternable metal oxide-containing films, such as those avatlable from Inpria Corp.
{Corvallis, OR)}, and described, for example, in U.S. Pat. Pub. Nos. US 2017/0102612, US
2016/0216600, and US 2016/01 10839, incorporated by reference herein at feast for their
disclosure of photopatiernable metal oxade-containing films. Such films may be produced by

spin-on techniques or drv vapor-deposited. The metal oxide-containing film can be patterned
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directly (1.e., without the use of a separate photoresist) by EUV exposure in a vacuum
ambient providing sub-30 nm patterning resolution, for example as described in U S, Pat. No.
9,996,004, 1ssued June 12, 2018 and titfed EUV PHOTOPATTERNING OF VAPOR-
DEPOSITED METAL OXIDE-CONTAINING HARDMASKS, and/or in International Appl.
No. PCT/US19/31618, published as International Pub. No. WO 2019/217749, filed May 9,
2019, and titled METHODS FOR MAKING EUV PATTERNABLE HARD MASKS, the
disclosures of which at least relating to the coruposition, deposition, and patterning of directly
photopatternable metal oxide films to form EUV resist masks is incorporated by reference
herein. Generally, the patterning involves exposure of the EUV resist with EUV radiation to
form a photo pattern in the resist, followed by development to remove a portion of the resist

according to the photo pattern to form the mask.

{0074} Durectly photopatternable EUV or DUV resists may be coroposed of or contain
metals and/or metal oxides mixed within organic components. The metals/metal oxides are
highly pronusing in that they can enhance the EUV or DUV photon adsorption, generate
secondary electrons, and/or show increased etch selectivity to an underlving film stack and

device layers.

{80751  Generally, resists can be employed as a positive tone resist or a negative tone resist
by controlling the chemistry of the resist and/or the solubility or reactivity of the developer.
It would be beneficial to have a EUV or DUV resist that can serve as either a negative tone
resist or a posttive tone resist, and the present disclosure encompasses use and development

of filmns as either a negative or positive tone resist.

Methods employing Ta-bused precursor{s)

{8076] The preseunt disclosure generally wncludes any useful method that employs a Ta-
based precursor, as described herein. Such methods can include any useful lithography
processes, deposition processes, radiation exposure processes, development processes, and

post-application processes, as described herein,

{06771 In particular, the tantalum-based precursor can include a patterning radiation-
sensitive motety. Such a motety can be a doubly-bonded ligand, which can serve as an EUV
labile group. As seen in FIG, 1A a non-limiting Ta-based precursor (Ta{=N-#-Bu}{(NMe:}3)
is provided in the presence of a reducing gas (e.g., Hz or NH3) to provide a TaN-based PR
film, which can be further exposed to EUV and developed (e.g., by way of dry development

with Ch and plasma}.
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{60781 In particular embodiments, deposition of Ta-based PR films using only a single
precursor ¢an be performed by CVD. Such films may exhibit particular characteristics, such
as an improved mechanical stability of the resultant PR, allowing for more aggressive wet
and dry development chemustries and, thus, leading to improved patterning quality. Such
films may also allow for similar EUV sensitivity to Sn-based PRs. Furthermore, such filmus
can be patterned and developed with negative tone chemistries to yield a TaN hard mask,

which could reduce the number of etch steps for full stack processing.

{00797 Mixed metal films can also be formed by incorporation other metal precursors. As
seen, in FIG. 1B, a non-limiting Ta-based precursor (Ta{(=N--Bu}NMe:}3) is provided in the
presence of a reducing gas {e.g., Hz or NHs) and an organometal compound, e.g., a Sn-based
precursor {Sn(i-Pri{(NMe; 23, Deposition yields a mixed metal {Ta/Sn) film having Ta-N
bonds and EUV labile ligands, provided by the doubly bonded ligand in the Ta-based
precursor and the 7-Pr group in the Sn-based precursor. This mixed metal film can be further
exposed to EUV and developed {e.g., by way of dry development with HBr and then with Ch
plasma}. Further non-limiting Ta-based precursors and other metal precursors are described

herein.

{0088] Deposition can be performed simulianeously or sequentially. As seen wn FIG. 1B,
the Ta-based precursor and Sn-based precursor can be deposited at the same time to provide a
muxed metal film. Alternatively, the precursors can be provided in cycles, as in FIG. 2,
thereby depositing alternating Sn-containing layers and Ta-containing layers by performing
cycle A and then performing cycle B, Optionally, a purge step can be conducted between

cycles A and B.

{8081} In particular embodiments, co-deposition of mixed metal Sn- and Ta-based PR films
can be performed by CVD or ALD. Such filus may exhubit particular characteristics, such as
a reduced density of EUV-sensitive moteties in the PR, resulting in increased PR EUY
sensitivity; an troproved mechanical stability of the resultant PR, allowing tor more
aggressive wet and dry development chemisiries and, thus, leading to tmproved patteming
quality. Such filras may also allow for thicker PR layers, thereby allowing the patterned and
developed PR to serve as an etch hard mask, which would reduce the number of etch steps for
full stack processing. Such mixed metal films can have any useful combination and
arrangement of Ta~containing layer(s}, Su-coutaining layer(s), and mixed Ta/Sn~-containing
layers within a stack, as well as gradient films having increased EUYVY absorption closer to the

subsirate. In one instance, the Ta-containing layer is employed as a capping layer, and/or the
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Sn-containing layer is closer to the substrate. In another instance, the stack includes a lower
Sn-containing layer, an upper Ta-containing layer, and an intermediate Ta/Sn-containing
faver disposed between the lower and upper layers. In vet another instance, any of the films

and layers in FIG. 1A-18 and FIG. 2 can be combined within a stack.

10082] FIG. 3A-3C provides flow charts of exemplary methods having various operations,
including optional operations. Optional steps may be conducted to further modulate, modity,
or treat the EUV-sensitive film{s), substrate, photoresist layer(s), and/or capping layer(s) in

any method herein,

{00837 ¥FIG. 3A shows an exemplary method 302 employing a Ta-based precursor. As can
be seen, in operation 302, a film is deposited employing the Ta-based precursor, which can
optionally inchude the presence of a reducing gas, a hvdrocarbon, an alkyne, or some

combination thereof.

{0084] When only a Ta-based precursor is employed, then the resultant filvo can tinclude a
pure Ta-based PR filmy. Such a film can form TaN upon exposure to EUV photons and would
serve as a negative tone PR that yields patterns with high mechanical stability and resilience
to development chemistries. Ta-based PRs can be prepared using reducing gases {e.g., Ho,
NHz, NRNMRMR™ in which each of RM B™? and RN is, independently, optionally
substituted alkyl, such as methyl, ethyl, s-propyl, isopropyi, #-butyl, s-butyl, etc yin CVD or
ALD methods to partially react the Ta precursor, such that the resultant Ta-based film

contains some EUV labile organic moleties.

{B085]  In optional operation 384, the backside surface or bevel of the substrate can be
cleaned, and/or an edge bead of the photoresist that was deposited in the prior step can be
removed. Such cleaning or removing steps can be useful for removing particles that may be
present atter depositing a photoresist layer. The removing step can include processing the

water with a wet metal oxide (MeOx) edge bead removal (EBR) siep.

{0086] In ancther instance, the method can include optional operation 366 of performing a
post application bake (PAB) of the deposited photoresist layer, thereby removing residual
motsture from the layer to form a film; or pretreating the photoresist laver in any useful
manner. The optional PAB can occur after film deposition and prior to EUV exposure; and
the PAB can involve a combination of thermal treatment, chemical exposure, and moisture to
increase the HUV sensitivity of the film, thereby reducing the EUV dose to develop a pattern

in the filro. To particular embodiments, the PAB step 15 conducted at a teroperature greater
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than about 100°C or at a temperature of from about 100°C to about 200°C or from about

100°C to about 250°C. In some instances, a PAB is not performed within the method.

{80871 In operation 308, the film 18 exposed to EUV radiation to develop a pattern,
Generally, the EUJV exposure causes a change in the chemical composition of the film,

S creating a contrast in etch selectivity that can be used to remove a portion of the film. Such a
contrast can provide a positive tone resist or a negative tone restst, as described herein. EUV
exposure can include, e.g., an exposure having a wavelength in the range of about 10 nm to

about 20 nm in a vacuum ambient {e.g., about 13.5 nm in a vacuum ambient),

{0088} Operation 3198 1s an optional post exposure bake (PEB) of the exposed film, thereby

10 further removing residual moisture, promoting chernical condensation within the film, or
increasing contrast in etch selectivity of the exposed film; or post-treating the film in any
useful manner. MNon-limiting examples of temperature for PEB include, for example from
about 90°C to 600° C, 100°C 10 400°C, 125°C to 300° €, 170°C 10 250°C or more, 190°C to
240°, as well as others described herein. In one instance, the exposed film can be thermally

1S treated {e.g, optionally in the presence of various chenucal species) to promote reactivity
within the EUV exposed portions of the resist upon exposure to a stripping agent {(e.¢., a
halide-based etchant, such as HCl, HBr, Hz, Clz, Bz, BCls, or combinations thereof, as well
as any halide-based development process described hereiny; an aqueous alkali development
solution; or an organic development solution) or a positive tone developer. In another

20 instance, the exposed film can be thermally treated to further cross-link ligands within the
EUV exposed portions of the resist, thereby providing EUV unexposed portions that can be

selectively removed upon exposure o a stripping agent {e.g., a negative tone developer).

{00891 Then, in operation 312, the PR pattern is developed. In various embodiments of
development, the exposed regions are remnoved (to provide a pattern within a positive tone
25 resist) or the unexposed regions are removed (1o provide a pattern in a negative tone resist),
In various embodiments, these steps may be dry processes or wet processes. In particular
embodiments, the development step is a dry process {e.g., with a gaseous etchant, such as
HBr, HCI HBr, HI, HF, Clz, Brz, BCls, BF3, NF3, NHs, SOCh, SFq, CF4, CHF:, CHaF2,
and/or CHsF, as well as other halides described herein, and in the optional presence of

30  plasma). In other embodiments, the development step is a wet process {e.g., with an organic

solvent, as described herein).
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{0098} For pure Ta-based PR films, wet development can be accomplished with nonpolar
solvents that discern between the nonpolar, small molecular weight species in unexposed
areas of the PR versus the dense high molecular weight species in printed areas of the
lithographically-exposed material. Non-limifing solvents include, e.g ., alcohol {e.g.,
isopropyl alcohol (IPA)), a ketone (e.g., 2-heptanone, cyclohexanone, or acetone), or 4 glycol
ether {e.g., propylene glycol methyl ether (PGME} or propylene glycol methyl ether acetate
(PGMEA)), as well as others described herein and cornbinations thereof. Dry development
can include halide etch chemistry {e.g., Chy, NF3, SOCl,, SFe, CFs, CHF4, CHiF;, and/or
CH3F etch, or any described herein).

[0091]  Forrxed Ta- and Sn-based PR films, wet development can be accomplished with
nonpolar solvents {e.g., as described herein for pure Ta-based films). Dry developments can
include halide etch chemistry, including mixtures of halides (e.g., HBr, BCls, Clz, and/or NF;

etch in a single step or in a series of steps).

{8092] Developing steps can include use of halide chemistry (e.g¢., HBr chemistry) in a gas
phase or use of aqueous or organic solvents in a liquid phase. Developing steps can include
any useful experimental conditions, such as a low pressure condition (e.g., of from about 1
mTorr to about 100 mTorr), a plasma exposure {(e.g, in the presence of vacuum}, and/or a
thermal condition {e.g., of from about -10°C to about 100°C) that may be combined with any
usetul chemistry (e.g., halide chemustry or agueous chemustry ). Developroent can include,
e.g., a halide-based etchant, such as HCL HBr, Hz, Clz, Brz, BCls, NF3, or combinations
thereof] as well as any halide-based developrment process described herein; an aqueous alkali
development solution; or an organic development solution. In particular embodiments,
development can include more aggressive conditions, such as extended development times,
higher pressure conditions {e.g., of from about 100 mTorr to 900 mTorr), higher temperature
conditions {(e.g., of from 20°C to 120°C), stronger dry etchants (e.g., NF3), or wet developers
with stronger acids or bases (e g, phosphorous-containing inorganic acids). Additional

development process conditions are described herein.

100931  In another instance, the method can include (e.g., after development) hardening the
patterned film, thereby providing a resist mask disposed on a top surface of the substrate.
Hardening steps can include any useful process to further crosslink or react the EUV
unexposed or exposed areas, such as steps of exposing to plasma {e.g., Oz, Ar, He, or T2
plasma), exposing to ultraviolet radiation, annealing (e.g., at a temperature of about 180°C to

about 240°C), thermal baking, or combinations thereof that can be useful for a post
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development baking (PDB) step. Additional post-application processes are described herein

and may be conducted as an optional step for any method described herein.

{0094] Deposition can include the use of other metal precursors. As seen in FIG, 3B, the
method 326 can include depositing 322 a film with a Ta-based precursor and a Sn-based
precursor, which can optionally include the presence of a counter-reactant, a reducing gas, a
hydrocarbon, and/or an alkyune. Such a process can include ALD or CVD, 1n which mixed
Ta- and Sn-based PRs can be prepared by tlowing the Ta-based precursor and the Sn-based
precursor with or without a reducing gas (e.g., any herein} and grown to the desired film
thickness. The concentration, flow rate, and/or deposition time for the precursors can be
changed to fine tune the composition and charactenistics of the mixed metal, alloy-like film.
in this way, the relative amount of Ta-based and Sn-based precursors deposited as the film

can be optimized.

{80951 The resuitant film is mixed metal film, which can be optionally cleaned 324 and
optionally undergo PAB or pretreatment 326. The mixed metal film can be a PR film, such
that EUV exposure 328 generates a PR pattern and development 332 provides a pattern

within the film. The exposed film can optionally undergo PEB or post-treatment 339

{8096}  Such precursors can be provided in any useful manner. As seen in FIG, 3C, the
method 346 can include depositing 342 a film with a Ta-based precursor 3424, followed by
or preceded by a Sn-based precursor 342B. The precursors can be provided sequentially in
any useful manner. Some example sequences may include one ot more cycles, such as n
cycles {e.g., nis from 1 to 100) of alternating Ta-containing layer and Sn-containing layer.
The sequence to be used may be determined by any of a number of factors, such as to build or
even customize a film with a desired thickness, a desired average patterning radiation
sensitivity, a desired profile or gradient of patterning radiation sensitivity, a desired
mechantcal property, ot some combination thereof. As shown, operation 342A produces a
Ta-containing layer, and operation 3428 produces a Sn-based layer. These operations

342A 3428 can be optionally conducted in the presence of a counter-reactant, a reducing gas,
a hydrocarbon, or an alkyne.

{0097} In addition to deposition by way of CVD, the mixed Ta-~ and Sn-based PR film can
be prepared by ALD in two or more steps. In one instance, a two-step process could include
{1} Sn-based oxide deposition with a Sn-based precursor and an optional counter-reactant and

then gas purge, followed by (1) application of Ta-based oxide or nitride deposition with a Ta-
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based precursor and an optional reducing gas/alkyne and then gas purge, in which each of (i}
and (i1} can be repeated until the desired film thickness is achieved. Operation (1) and (1) can
be performed 1n the opposite order, t.e., in which a Ta-based precursor is depostted first and
then the Sn-based precursor is deposited. Alternatively, operations (1} and (i1} can be
repeated in any useful manover, such as (U forncyeles (e.g., ()1, Gz, . (ny; (31) for n cycles
{e.g., (), {iik, ... (1w (i) for n cycles then (i1} for m cycles {e.g., {ip, (i}, ... (U, (1), (i),
... {i)m, 11 which n may or may not be equal to m); or (1) followed by (i) for n cycles {e.g.,

(in, (in, ... (s (e, in which n may or may not be equal to m}.

{80981 In another instance, a three-step operation can include (i) Sn-based oxide deposition
with a Sn-based precursor and an optional counter-reactant and then gas purge; (i)
application of Ta-based oxide or nitride depoesition with a Ta-based precursor and an optional
reducing gas/alkyne and then gas purge; and (111} application of a reducing gas {e.g., any
described herein) and then gas purge, which can be repeated until the desired film thickness is

achieved.

{00991  The resuitant film can be a layered film, which can be optionally cleaned 344 and
optionally undergo PAB or pretreatment 346, The layered film can be a PR film, such that
EUV exposure 348 generates a PR pattern and development 352 provides a pattern within the

film. The exposed film can optionally undergo PEB or post-treatment 358.

10160  Any useful type of chemistry can be employed during the depositing, patterning,
and/or developing steps. Such steps may be based on dry processes employing chemistry in a
gasecus phase or wet processes employing chemistry in a wet phase. Various embodiments
include combining all dry operations of film formation by vapor deposition, (EUV)
lithographic photopatterning, dry stripping, and dry development. Various other
embodiments include dry processing operations described herein advantageously combined
with wet processing operations, for example, spin-on EUV photoresists {wet process), such as
available from Inpria Corp., may be combined with dry development or other wet or dry
processes as described herein. In various embodiments, the wafer clean may be a wet process
as described herein, while other processes are dry processes. In yet other embodiments, a wet

development process may be used.

{0181]  Without himiting the mechanism, function, or utility of the present technology, dry
processes of the present technology may provide various benefits relative to wet processes.

For example, dry vapor deposition technigues described herein can be used to deposit thinner
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and more defect free films than can be applied using spin-coating techuiques, in which the
exact thickness of the deposited film can be modulated and controlled simply by increasing or

decreasing the length of the deposition step or sequence.

{8162} In other embodiments, dry and wet operations can be combined to provide a drv/wet
process. For any of the process herein (e g, for lithographic processes, deposition processes,
EUY exposure processes, development processes, pre-treatment processes, post-application
processes, ete. ), various specific operation can include wet, dry, or wet and dry embodiments.
For instance, a wet deposition can be combined with a dry development; or wet deposition
can be combined with wet development; or dry deposition can be combined with wet
development; or dry deposition can be combined with dry development. Any of these, in
turn, can be combined with wet or dry pre- and post-application processes, as described

herein,

{81831 Accordingly, 1n some non-limiting embodiments, a dry process may provide more
tunability and give further critical dimension (CD) control and scum removal. Dry
development can improve performance {e.g., prevent line collapse due to surface tension in
wet development) and/or enhance throughput {(e.g., by avoiding wet development track).
Other advantages may include eliminating the use of organic solveut developers, reducing
sensitivity to adhesion issues, avoiding the need to apply and remove wet resist formulations
{e.g., avoiding scumuning and pattern distortion), iroproving line edge roughuess, patterning
directly over device topography, offering the ability to tune hardmask chemistry to the
specific substrate and semiconductor device design, and avoiding other solubility-based
fumitations. Additional details, materials, processes, steps, and apparatuses are described

herein.

Tu-based precursor(s)

10104} Any useful Ta-based precursors and other metal compounds (e g, organometal
compounds} can be employed in the methods and processes herein. Non-limiting Ta-based
precursors and organometal compounds are described herein.

{0105} The Ta-based precursor can include any precursor {e.g., described herein) that
provides a patternable film that is sensitive to radiation {or a patterning radiation-sensitive
film or a photopatternable film}. Such radiation can include EUV radiation or DUV radiation

that is provided by irradiating through a patterned mask, thereby being a patterning radiation.
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The film itself can be altered by being exposed to such radiation, such that the film is

radiation-sensitive.

{8186] In particular embodiments, the Ta-based precursor 15 an organometallic compound,
which includes at least one Ta center and at least one ligand that can react with a reducing gas
or an alkyne. In some non-limiting embodiments, the Ta-based precursor also includes an
organic moiety that can be reactive in the presence of patterning radiation, such as by
undergoing removal or elimination from the metal center or by reacting or polymerizing with

other moieties within the film.

{81671 In some embodiments, the Ta-based precursor includes a structure having formula
(b
TaRele (1),
wherein:
each R 1s, independently, an EUV labile group, halo, optionally substituted
alkyl, optionally substituted aryl, optionally substituted aming, optionally substituted
imino, or optionally substituted alkylene;
each L is, independently, a ligand or other moiety that is reactive with a
reducing gas or an atkyne;
b>0 andc >0
In other embodiments, b is 1, and ¢ is 3. In other embodiments, ¢ > 1. In yet other
embodiments, b > 1. In particular embodiments, L is optiounally substituted amivo
{e.g., -NRNMR™ in which each R™ and R™ is, independently, H or optionally substituted
alkyl, such as methyl, ethyl, butyl, isopropyl, &-butyl, n-butyl, ete.). To some embodiments, R
is the EUJV labile group, which includes a doubly-bonded ligand {e.g., =NR' or =CR'R" in
which each R and Ri'is, independently, H, optionally substituted linear alkyl, optionally
substituted branched alkyl, or optionally substituted cycloalkyl, such as methyi, ethyi, n-

propyl, isopropyl, -butyl, n-butyl, etc.).

{0108] In other embodiments, the Ta-based precursor comprises a structure having formula
(I-A):
R=Ta(L)s (I-A),
wherein:

R is =NR' or =CR'RY;
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each L is, independently, halo, optionally substituted alkyl, optionally
substituted aryl, optionally substituted amino, optionally substituted
bis(trialkylsilylyamino, optionally substituted trialkvisilyl, or a bivalent ligand that is
bound to Ta and the bivalent ligand is -NRLAK-NR;

gach R' and RY is, independently, H, optionally substituted linear allyl,
optionally substituted branched alkyl, or optionally substituted cycloatkyl;

Ak is optionally substituted alkylene ot optionally substituted alkenylene; and

b> 1

i010%] In some embodiments, the optionally substituted amino is -NR'R?, in which each R!
and R? is, independently, H or alkyl; or in which R! and R?, taken together with the nitrogen
atom to which each are attached, form a heterocyelyl group, as defined herein. In other
embodiments, the optionally substituted bis{trialkylsilyDamine is -N{SiR'R?R’),, in which
each RY, R? and R is, independently, optionally substituted alkyl. In vet other embodiments,
the optionally substituted trialkylsilyl is -SiR'R?R?| in which cach R!, R? and R’ is,
independently, optionally substituted alkyl. Any of the substinents R and L for formula (I)
and (I-A), can be emploved as R or L in any of formulas (1), (IE-A), (JH), (AV), (V), (VI
(VID), (VHD, or (EX), as described herein.

{0118} In some embodiments, the Ta-based precursor is R=Ta(NRMRM Y, in which each of
RN and R™ is, independently, optionally substituted alkyl {e.g., methyl, ethyl, butyl,
isopropyl, t-butyl, a-butyl, ete.y and R is a doubly-bonded ligand (e.g., =NR! or =CHR!, in
which R!is optionally substituted alkyl, such as methyl, ethyl, r-propyl, isopropyl, #butyl, -
butyi, etc.}. In such precursors, the doubly-bonded ligand serves as both a nitrogen source
and a EUV-labile group, while the three amino-based ligands serve as reactive sites to attach

to existing functional groups on the deposition substrate surface.

{0111}  Non-limiting Ta-based precursors include pentalas(dimethylaminojtantalum(V)
{TalNMez]s), t-amyiimidotris{dimethylaminojtantalum{V) {Ta(=N-CHMeEt)}{(NMe2)s {t-
butylimidojtris{diethylaminojtantalum{V} (Ta(=N-£-Bu}{NEz 2}, {t-butylimido)ris{dimethy]
amingoantalum{ V) {Ta(=N--Bu}(NEt:}3), and (t-butylimidojris{ethylmethylamino)
tantalum{V} (Ta{(=N-~-Bu}NMeEt}:}.
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Further metal precursors

{0112} The methods herein can include a Ta-based precursor used in combination with any
useful metal precursor. In particular instances, the wetal precursor is an Sn-based precursor,

an organometal compound, or any further metal precursors described below.

{8113} The metal precursor can include any precursor {e.g., described herein) that provides
a patiernable film that is sensitive to radiation (or a patterving radiation-sensitive film or a
photopatternable film). Such radiation can include EUV radiation, DUV radiation, or UV
radiation that s provided by trradiating through a patterned mask, thereby being a patterning
radiation. The film itself can be altered by being exposed to such radiation, such that the film
is radiation-sensitive. In particular emnbodiments, the metal precursor 1s an organometallic

compound, which includes at least one metal center.

{0114} The metal precursor can have any useful number and type of igand(s). In some
embodiments, the ligand can be characterized by its ability to react in the presence of a
counter-reactant or tn the presence of patterning radiation. For instance, the metal precursor
can include a higand (e g., dialkylamino groups or atkoxy groups) that reacts with a counter-
reactant, which can introduce linkages between metal centers {(e.g,, an -O- linkage). In
another instance, the metal precursor can include a ligand that eliminates in the presence of
patterning radiation. Such a ligand can include branched or linear alkyl groups having a beta-

hydrogen.

10115} The metal precursor can be any useful metal-containing precursor, such as an
organometal compound, an organometallic agent, a metal halide, or a capping agent {e.g., as
described herein). In a non-limiting instance, the organometal compound includes a structure

having formula (1)

MaRbLc (1),
wherein:
M is a metal or an atom having a high EUYVY absorption cross-section,
each R 15, independently, an EUV labile ligand, halo, optionally substituted
alkyl, optionally substituted aryl, optionally substituted aming, optionally substituted
atkoxy, or L;
each L is, independently, a ligand (e g., an arvonuc ligand, a neutral ligand, or

a multidentate ligand}, an ion, or other moiety that is reactive with a counter-reactant,
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in which R and L. with M, taken together, can optionally form a heterocyclyl group or
in which R and L, taken together, can optionally form a heterocyclyl group;

a>l,;b>1andc> 1.

{8116} In some embodiments, R is optionally substituted alkyl, and M is tin. In other
embodiments, each L 1s, independently, H, halo, optionally substituted alkyl, optionally
substituted aryl, optionally substituted amino, optionally substituted bis(tnialkylsilyitamino,
optionally substituted trialkylsilyl, or optionally substituted alkoxy. In particular
embodiments, L is optionally substituted amino {e.g., -NR'R?, in which each R! and R? s,

independently, optionally substituted alkyl).

10117}  In some embodiments, the organometal commpound 1s SnRLs, in which each L is,
independently, optionally substituted amino (e g., -NR'R?, in which each R' and R is,
independently, optionally substituted alkyl, such as methyl, ethyl, #-propyl, isopropyi, tert-
butyi, s-butyl, etc.} and R is optionally substituted alkyl {(e.g., methyl, ethyi, butyl, isopropyl,
tert-butyl, n-butyi, etc.)

{0118} In some embodiments, each ligand within the metal precursor can be one that is
reactive with a counter-reactant. In one instance, the metal precursor includes a structure
having formula (1), in which each R is, independently, L. In another instance, the metal

precursor includes a structure having formuia JRA)

Malc {iimﬁ;),
wherein:
M is a metal or an atom having a high EUYV absorption cross-section,
gach L 1s, independently, a ligand, 1on, or other moiety that 1s reactive with a
counter-reactant, in which two L, taken together, can optionally form a heterocycliyl
group;
a>lande> 1

{n particular embodiments of formula (11-A), ais 1. In further embodiments, cis 2, 3, or 4.

{6119} In another non-limiting instance, the metal precursor includes a structure having
formula (1Y)
MR (HE},
wherein:

M is a metal or an atom having a high EUYVY absorption cross-section,
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gach R is, independently, H, halo, optionally substituted alkyl, optionally
substituted cycloalkyl, optionally substituted cycloalkenyl, optionally substituted
alkenyl, optionally substituted alkynyl, optionally substituted alkoxy, optionally

substituted alkanoyloxy, optionally substituted aryl, optionally substituted aming,

optionally substituted bis(trialkylsilyhamino, optionally substituted trialkylsilyl, oxo,
an anionic ligand, a neutral ligand, or a multidentate ligand;

a>landb>1.

{81208 For any formula herein, M can be a metal, a metalloid, or an atom with a high
patterning radiation absorption cross-section {e.g., an EUVY absorption cross-section that is
equal to or greater than 1x107 em®/mol). In some embodiments, M is tin {Sn), tellurium (Te),
bismuth (Bi}, antimony (8b), tantalum (Ta), cesium (Cs), indium {(In}, molybdenum (Mo},
hatrum (H), 1odine (1), zirconium (Zr), won (Fe), cobalt (Co), nickel (N1, copper (Cu), zine
(Zn}, silver (Ag), platinum (Pt), and lead (Pb). In further embodiments, M 15 8Sn,ais 1, and ¢
is 4 in formula (), (I-A), or ({ID). In other embodiments, Mis Sn,ais L andcis lor21in
formula (1), (11-A), or (1), In particular embodiments, M 1s Sn(ll) (e.g., in formula (1§},
(HI-A), or (F)), thereby providing a metal precursor that is a Sn{fI)}-based compound. In
other embodiments, M is Sn{lV) {e.g, in formula (11}, (1§-A)}, or {(§1}), thereby providing a
metal precursor that 1s a2 Sn{IV}-based compound. In particular embodiments, the precursor

includes iodine (e.g, as in periodate).

{0121} For any formula heretn, each R or L is, independently, H, halo, optionally
substituted alkyl, optionally substituted cycloalkyl, optionally substituted cycloalkenyl,
optionally substituted alkenyi, optionally substituted alkynyl, optionally substituted alkoxy
{e.g., -OR!, in which R’ can be optionally substituted alkyl}, optionally substituted
alkanoyloxy, optionally substituted aryl, optionally substituted amino, optionally substituted
bis(trialkylsilyljamino, optionally substituted trialkylsilyl, oxo, an anionic ligand {e.g., oxido,
chlorido, hydrido, acetate, iminodiacetate, eic.), a neutral higand, or a multidentate ligand.

101221 In some embodiments, the optionally substituted amino is -NR'R”, in which each R!

and R” is, independently, H or alkyl; or in which R! and R?, taken together with the nitrogen
atom to which each are attached, form a heterocyelyl group, as defined heretn. In other
embodiments, the optionally substituted bis(trialkylsilylJamino is -N{SiR'R’R’}2, in which
gach RY, R®, and R is, independently, optionally substituted alkyl. Tu yet other embodiments,
the optionally substituted trialkylsilyl is -SiR'R’R?, in which each R, R* and R’ is,

independently, optionally substituted alkyl.
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10123]  In other embodiments, the formula includes a first R {or first L) that is -NR'R%* and a
second R {or second L} that is -NR'R?, in which each R' and R? is, independently, H or
optionally substituted alkyl; or in which R! from a first R {or first L) and R! from a second R
{or second L), taken together with the nitrogen atom and the metal atom to which each are
attached, form a heterocyclyl group, as defined herein. In yet other ernbodiments, the
formula includes a first R that is -OR! and a second R that is -OR', in which each R’ is,
independently, H or optionally substituted alkyl; or in which R! from a first R and R! from a
attached, form a heterocyclyl group, as defined herein.

{0124] Insome embodiments, at least one of R or L {e.g., in formula (1), (FH-A), or (HD)) 13
optionally substituted alkyl. Non-limiting alky! groups include, e.g., CoHope, wherenis 1, 2,
3, or greater, such as methyl, ethyl, #-propyl, tsopropyl, n-butyl, 1sobutyl, s-butyl, or {-butyl.

in various embodiments, R or L has at least one beta-hydrogen or beta-fluorine.

{8125} In some embodiments, each R or L or atleast one R or L {e.g., in formula (11}, (H-
Ay, or (HE)) 1s halo. In particular, the metal precursor can be a metal halide. Nou-lumiting

metal halides include SnBrs, SnCls, Snls, and SbhCLs.

{0126} In some embodiments, each R or L or atleast one R or L {e.g., in formula (1), (H-
A), or (HI)) can include a nitrogen atom. In particular embodiments, one or more R or L can
be optionally substituted amino, an optionally substituted monoalkylamino {e.g., -NR'H, in
which R is optionally substituted alkyD), an optionally substituted dialkylamino

{e.g., -NR'R? in which each R’ and R? is, independently, optionally substituted alkyl), or
optionally substituted bis{trnalkylsilyDamino. Nop-limiting R and L substituents can nclude,
e.g., -NMe:z, -NHMe, -NEt;, -NHEt, -NMeEt, -N{t-Bu)-{CHCH: 2-N(t-Bu}- (tbba),
~N{SiMes)z, and ~-N(SiEts ).

{81271  In some embodiments, each R or L or at least one R or L {e.g., in formula (1), (]I~
A}, or (H)) can include a silicon atom. In particular embodiments, one or more R or L can
be optionally substituted trialkylsilyl or optionally substituted bis{trialkylsilyDamino. Now-

limiting R or L substituents can include, e.g, -SiMes, -SiEty, -N{SiMea), and -N{SiEts h.

{0128} In some embodiments, each R or L or at least one R or L {e.g., in formula (1), (f-
Ay, or (HE)) can include an oxygen atorn. 1o particular embodiments, one or more R or L can

be optionally substituted alkoxy or optionally substituted alkanoyloxy. Non-limiting Ror L
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substituents inchude, e.g., methoxy, ethoxy, isopropoxy (-Pr(3}, t-butoxy (t-BuQ), acetate

(-OC(0)-CHy), and -0=C(CH3)-CH=C{CH:}-0- (acac).

{81291  Auny formulas herein can inchude one or more neutral higands. Non-limiting neutral
igands include an optionally substituted amine, an optionaily substituted ether, an optionally
substituted alkyl, an optionally substituted alkene, an optionally substituted alkyne, an

optionally substituted benzene, oxo, or carbon monoxide.

{01301  Any formulas herein can inclhude one or more multidentate (e.g., bidentate} ligands.

Non-limiting multidentate ligand include a diketonate (e g, acetylacetonate (acac)

or -OCR-AK-(RHCO- or -OCRDY-CRH-(RHCO-), a bidentate chelating dinitrogen

(e.g.. NERH-AK-N{R Y- or -NERH-CRW-CR?=N(R!}-), an aromatic (e.g., -Ar-}, an amidinate
{e.g., -NERH-CRH-N(R'}-), an amincalkoxide (e g, -N(R}-Ak-0- or -N{R" p-Ak-0-), a
diazadienyl (e.g.. -N(RY-CRY-CRH-N(R'}-), a cyclopentadienyl, a pyrazolate, an
optionally substituted heterocyclyl, an optionally substituted alkylene, or an optionally
substituted heteroalkylene. In particular embodiments, each R' is, independently, H,
optionally substituted alkyl, optionally substituted haloalkyl, or optionally substituted aryl;
each R* is, independently, H or optionally substituted alkyl; R° and R*, taken together, forms
an optionally substituted heterocyclyl, Ak is optionally substiiuted alkylene; and Aris

optionally substituted arylene.

10131} In particular embodiments, the metal precursor includes tin. In some embodiments,
the tin precursor includes SnR or SnRz or SnRy or RaSnSnRs, wherein each R 1s,
independently, H, halo, optionally substituted Ci.1z alkyl, optionally substituted Ci.12 alkoxy,
optionally substituted amino (e.g., -NR'R?), optionally substituted Ca.12 alkenyl, optionally
substituted Cr.12 alkynyl, optionally substituted Cs.e cycloalkyl, optionally substituted aryl,
cyclopentadienyl, optionally substituted bis(trialkylsilylamino {e.g., -N(SiRIR?R)),
optionally substituted alkanoyloxy {e.g., acetate), a diketonate (e.g, -OC(RDH-AK-(RHCO-),
or a bidentate chelating dinitrogen (e.g., -N(R'}-AK-N(R')-). In particular embodiments, each
RY R and R is, independently, H or Ci2 alkyl {e.g., methyl, ethvl, isopropyl, t-butyl, or
neopentyl); and Ak is optionally substituted Cis alkylene. Non-limiting tin precursors
include SnkF2, SnHa, SnBrs, SnCls, Snly, tetramethy! tin {SnMes), tetraethyl tin {SuEt),
trimethyi tin chlonide (SnMesCly, dimethyl tin dichloride (SnMeaCla), methyl tin trichlonide
{(SnMeCls), tetraallyltin, tetravinyl tin, hexapheny! ditin (IV) (Ph38Sn-SuPhs, in which Phis
phenyl}, dibutyldiphenyltin (SnBu:Phy), trimethyl(phenyl} tin (SnMesPh),

irimethyi{phenylethynyl) tin, tricyclohexyl tin hydride, tributyl tin hydride (SuBusH),
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dibutyltin diacetate (SnBuz(CH:;COO ), tin(ll) acetylacetonate (Sn{acac)z}, SuBu(OED),
SnBux{OMe):, SnBus{(OMe), Su(t-BuO)s, Sn{#-Bu)(t-BuO);, tetrakis(dimethyiaminoitin
{(Sn{NMeo)a}, tetrakis{ethylmethylaminoitin (So{NMeEt)), tetrakis(diethylaminojtin(iV)
(Sn{NEt:)s), (dimethylaminoytrimethyl tin(IV} (Sn{Me}(NMes), Snli-PriNMe: ), Sn(n-
Bu}NMe2)s, Sn{s-Bu}NMe2)s, Sn(i-Buy(NMerys, Sn(t-BuyMNMez)s, Su{t-Bup{NMez), Salt-
BuldMNEt:):, Sa(tbbay, Sn{ily (1,3-bis{1,1-dimethylethyl)-4,5-dimethyl-{(4R 5R)-1,3,2-

diazastannolidin-2-yhideue), or bis[bis(trimethylsilyhamino] i (SniN{SiMesh ).

{8132} In other embodiments, the metal precursor includes bismuth, such as in BiRs,
wherein each R is, independently, halo, optionally substituted Ci.12 alkyl, mono-Ciiz
alkylamino {(e.g , -NR'H), di-Cr.12 alkylamine {(e.g., -NR'R?), optionally substituted aryl,
optionally substituted bis{trialkylsilylamino {e.g., -N(SiR'R*R*}2), or a diketonate

(e.g, -OCRN-AK-(RNCO-). In particular embodiments, each R, R?, and R? is,
independently, Ci.i2 alkyl (e.g., methyl, ethyl, isopropyl, t-butyl, or neopentyl); and each R*
and R is, independently, H or optionally substituted Ci.i2 alkyl {e.g., methyl, ethyl,
isopropyl, t-butyi, or ngopentyl). Non-limiting bismuth precursors include BiClz, BiMes,
BiPhs, BiNMea)s, Bi{N(SiMes ks, and Bi{thd)s, in which thd 15 2,26 6-tetramethyl-3,5-

heptanedionate.

{81331 In other embodiments, the metal precursor includes tellurium, such as TeRa or TeRy,
wherein each R is, independently, halo, optionally substituted Ci-i2 alkyl (e.g., methyl, ethyl,
isopropyl, t-butyi, and neopentyl), optionally substituted Ci-12 atkoxy, optionally substituted
aryl, hydroxyl, oxo, or optionally substituted trialkylsilyl. Non-limiting tellurium precursors
include dimethyl tellurium (TeMez), diethyl tellurium (TeEtz}, di(-butyl) tellunum {Tels-
Bu)), di{isopropyl) tellurium (Te(i-Pr)), di{é-butyl) tellurium (Te(t-Bu)), ~butyl tellurium
hydride (Te(t-Buy(H)), Te{OBty, bis(trimethylsilyltellurium (Te(SiMe:):), and
bis(triethylsilyl} tellurium (Te(SiEt)).

{0134} The metal precursor can also include cesium. Non-hmiting cesium precursors
include Cs{OR), wherein R 15 optionally substinuted Ciaz alky] or optionally substituted aryl.
Other cesium precursors include Cs{Ot-Bu) and Cs{(Oi-Pr).

{0135}  The metal precursor can include antimony, such as in SbRs, wherein each R 13,
independently, halo, optionally substituted Croiz alkyl {e.g., methyl, ethyl, isopropyl, t-butyl,
and neopentyl), optionally substituted Cr.i2 alkoxy, or optionally substituted amino

(e.g, -NR'R? in which each R' and R? is, independently, H or optionally substituted Ci-12
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alkyl). Non-limiting antimony precursors include SbCls, Sb{OE1t)s, Sb{O#n-Bu}s, and

Sh{NMez)s.

{8136] Other metal precursors include indium precursors, such as in InRs, wherein each R
is, independently, halo, optionally substituted Ci.az alkyl {e.g., methyl, ethyl, isopropyl, i~
butyl, and neopentyl), or a diketonate {e.g., -OC(R")-Ak-(R*YCO-, in which each R* and R’ is,
independently, H or Ci.12 alkyl), Non-limiting indium precursors include InCp, 1o which Cp

18 cyclopentadienyl, InCls, InMes, In{acac)y;, In{CF;COCHCOCH:);, and Indthd).

{01371 Yet other metal precursors include molybdenum precursors, such as MoR4, MoRs,
or MoRs, wherein each R 13, independently, optionally substituted Ci2 alkvl (e.g., methyl,
ethyl, 1sopropyl, t-butyl, and neopentyl), optionally substituted allyl {e. g, allyl, such as CsHs,
or oxide of allyl, such as UsHsO), optionally substituted alkylimido (e.g., =N-R"},
acetonitrile, optionally substituted amino {e.g., -NR'R?)}, halo {e.g., chloro or bromo),
carbonyl, a diketonate (e.g., ~-OC(R-Ak-(RHCO-), or a bidentate chelating dinitrogen (e g., -
N{RM - AK-N(R)- or -N(RM-CR°-CR*=N(R")-). In particular embodiments, each R’ and each
R?is, independently, H or optionally substituted alkyl; each R’ is, independently, H,
optionally substituted alkyl, optionally substituted haloalkyl, or optionally substituted aryl;
and R* and R, taken together, forms an optionally substituted heterocyclyl. Non-limiting
molybdenum precursors include Mo{CQ)s, bis(t-butylimido)bis{dimethylamino)
molybdenum{V1I} or Mo(NMezh{=Ni-Bu), molybdenum(V1) dioxide bis{2.2,6,6-
tetramethyl-3,5-heptanedionate} or Mo{=0(thd}), or molybdenum allyl complexes, such as
Mof(r-allyDX(COR(CHC N, in which allyl can be C3Hs or CsHsQ and X can be Cl, Br, or

alkyl {e.g., methyl, ethyl, isopropyl, t-butyl, or neopentyl},

{0138] Metal precursors can also include hafnium precursors, such as HfRs or HfRy,
wherein each R is, independently, optionally substituted Ci1z alkyl, optionally substituted Ci.
12 alkoxy, mono-Ci-1z alkylamino (e g, -NR'H, in which R" is optionally substituted Ci.12
alkyl), di-Ci.1z alkylamino (e.g., -NR'R?, in which each R' and R? is, independently,
optionally substituted Cro12 alkyl), optionally substituted aryl {e.g., phenyl, benzene, or
cyclopentadienyl, as well as substituted forms thereof), optionally substituted allyl {e.g , allyl
or allyl oxide), or diketonate {e.g., -OCRH-AK-(RICO-, each R* and R7 is, independently, H
or optionally substituted Cy.12 alkyl). Non-limiting hafnium precursors include Hi(7-
PritNMe2)s; Him-CsHsR )Y (n-CaHs) in which R' is H or alkyl; HIRYINR?R™): in which each
of RY, R* and R’ is, independently, optionally substituted Ci.12 alkyl (e.g., methyl, ethyl,
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isopropyl, t-butyl, or neopentyl); HfCpaMe:z; H(O-Buh; HOE 4, HE(NEz2), H(NMez)s;
HE(NMeEt); and Hi(thd).

{813%9] Yet other metal precursors and non-limiting substituents are described herein. For
instance, metal precursors can be any having a structure of formulas (IF), (I1-A), or (11}, as
described above; or formulas (IV), (V), (VE), (VID), (VEHI), or (IX), as described below. Any
of the substituents M, R, X, or L, as described herein, can be employed in any of formulas

(), (I-A), (IH), (IV), (V), (VD), (VID), (VHD, or (IX).

{81401 Various atoms present in the Ta-based precursor, metal precursor, reducing gas,
hydrocarbon, alkyne, and/or counter-reactant can be provided within a gradient film. In some
embodiments of the techniques discussed herein, a non-limiting strategy that can further
improve the EUV sensitivity in a photoresist (PR} filim 1s to create a film in which the film
composition is vertically graded, resulting in depth-dependent EUV sensitivity. Ina
homogenocus PR with a high absorption coetficient, the decreasing light intensity throughout
the film depth necessitates a higher EUV dose to ensure the bottom is sufficiently exposed.
By increasiog the density of atoms with high EUV absorptivity at the bottom of the film
relative to the top of the filim (i.e, by creating a gradient with increasing EUVY absorption), it
becomes possible to more efficiently use available EUV photons while more uniformly
distributing absorption {and the effects of secondary electrons) towards the bottom of more
highly absorbing films. Iu one non-limiting wstance, the gradient film includes Te, 1, or

other atoms towards the bottom of the film (e.g., cipser to the substrate}.

{0141] The strategy of engineering a vertical composition gradient in a PR film is
particularly applicable to dry deposition methods, such as MLD, CVD, and ALD, and can be
realized by tuning the flow ratios between different reactants during deposition. The type of
composition gradients that can be engineered tuclude: the ratios between different high-
absorbing metals, the percentage of metal atoms that have EUV-cleavable organic groups, the
percentages of Ta-based precursors, Sn-based precursor, other metal precursors, and/or

counter-reactants that contain high-absorbing elements, and combinations of the above.

181421 The composition gradient in the EUV PR film can also bring additional benefits.
For instance, high deusity of high-EUV-absorbing elements in the bottom part of the filro can
effectively generate more secondary electrons that can betier expose upper portions of the
film. In addition, such compositional gradients can also be directly correlated with a higher

fraction of EUV absorbing species that are not bonded to bulky, terminal substituents. For
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example, in the case of Sun-based resists, the incorporation of tin precursors with four leaving
groups is possible, thereby promoting the formation of Sn-O-substrate bonding at the

interface for improved adhesion.

{31431  Such gradient films can be formed by using any metal precursors (e.g., Ta-based,
Sn-based, or other metal based precursors) and/or counter-reactants described herein. Yet
other films, methods, precursors, and other compounds are described in U.S. Provisional Pat.
Appl. No. 62/909,430, tiled October 2, 2019, and International Appl No. PCT/US20/53856,
filed October 1, 2020, published as International Pub. No. WO 2021/067632, in which each is
titled SUBSTRATE SURFACE MODIFICATION WITH HIGH EUV ABSORBERS FOR
HIGH PERFORMANCE EUY PHOTORESISTS; and International Appl. No.
PCT/USZ0/70172, filed June 24, 2020 and titled PHOTORESIST WITH MULTIPLE
PATTERNING RADIATION-ABSORBING ELEMENTS AND/OR VERTICAL
COMPOSITION GRADIENT, the disclosures of which at least relating to the composition,
deposttion, and patterning of directly photopatternable metal oxide films to form EUV resist

masks are incorporated by reference herein.

{0144} Furthermore, two or more different precursors can be employed within each layer
{e.g., afilr). Foriunstance, two or more of any metal-countaining precursors herein can be
employed to forny an alloy. In one non-limiting instance, tin telluride can be formed by
employing tin precursor including an -NR2 higand with RTeH, RTeD, or TeRu precursors, 1o
which R is an alkyl, particularly ~-butyl or i-propyl. In another instance, a metal telluride can
be formed by using a first metal precursor including an alkoxy or g halo higand {(e.g., Sb(Cls)
with a tellurium-containing precursor including a trialkoylstlvl ligand (e.g., bis{trimethylsilvl)

tellurium).

{0145]  Yet other exemplary EUV-sensitive roaterials, as well as processing methods and
apparatuses, are described in UK. Pat. No. 9,996,004 and Int. Pat. Pub. No.

WO 2019/217749, each of which 1s incorporated herein by reference in 1ts entirety.

{81461 As described herein, the films, layers, and methods herein can be employed with
any useful precursor. In some instances, the metal precursor inciudes a metal halide having

the tfollowing formula (IV):

MXa (IV),
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in which M ts a metal, X 1s halo, and nis 2 to 4, depending on the selection of M. Exemplary
metals for M include Sn, Te, Bi, or Sb. Exemplary metal halides include SnBrs, SnCly, Snla,

and Sb(Cls.

{81471  Aunother non-limiting metal-containing precursor includes a structure having

formula (V)
MRa (V),

in which M ts a metal; each R s independently H, an optionally substituted alkyl, amino
{e.g, -NRz, in which each R is independently alkyl), optionally substituted
bis(trialkylsiiyhamno {e.g., -N(SiRs)2, in which each R is independently alkyl), or an
optionally substituted triatkylsilyl (e.g., -SiRs, in which each R is independently alkyl}; and n
is 2 to 4, depending on the selection of M. Exemplary metals for M include Sn, Te, Bi, or Sh.
The alkyl group may be ColHan+r, where nis 1, 2, 3, or greater. Exemplary organometallic
agents include SuMes, Snllts, TeRs, RTeR, t-butyl tellurium hydnde (Te(t-Bu)(H)), dimethyl
tethurium (TeMer), di(r-butvl) tellurium {(Te(t-Bu)), di{isopropyhiteliurium (Te(i-Priz),
bis{(trimethylsityDtellurium (Te(SiMes)), bis{triethylsily]) tellurium (Te(SiEtsh),
tris(bis{trimethylsityDamido) bismuth (Bi{N(SiMe:}z13), SB{(NMe:z}s, and the like.

{0148}  Another non-limiting metal-containing precursor can include a capping agent

haviug the following formula (Vi)
Min {‘VE)

in which M is a metal; each L is independently an optionally substituted alkyl, amino

{e.g.. -NR!R? in which each of R! and R* can be H or alkyl, such as any described herein),
alkoxy {e.g., -OR, in which R is alkvl, such as any described herein), halo, or other organic
substituent; and n is 2 to 4, depending on the selection of M. Exemplary metals tor M
include Sn, Te, Bi, or Sb. Exemplary ligands include dialkvlamino {e.g., dimethylamino,
methylethyiamino, and diethylamino}, alkoxy (e.g., t-butoxy, and isepropoxy}, halo {e.g | F,
Cl, Br, and 1), or other organic substituents {e.g., acetylacetone or N2 N -di-tertbutyl-butane-
2,3-diamino}. Non-limiting capping agents include SnCls; Snls; Sn{NR:z ), wherein each of R
18 independently methyl or ethyl, or Sn{t-BuOl. In some embodiments, multiple types of

ligands are present.

{8149} A metal-containing precursor can include a hydrocarbyl-substituted capping agent

having the following formula (Vi)
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RoMXm (VII),

wherein M is a metal, R 15 a Cza0 alkyl or substituted alkyl having a beta-hydrogen, and X is
a suttable leaving group upon reaction with a hydroxyl group of the exposed hydroxyl
groups. fn various embodiments, n=1to3, andm=4-n,3 -n, or2~1n,s0longasm>0
{or m > 1). For example, R may be -butyl, f~pentyl, -hexyl, cyclohexyl, isopropyl, isobutyl,
sec-butyl, n-butyl, n-pentyl, n-hexyl, or derivatives thereot having a heteroatom substituent in
the beta position. Suitable heteroatoms include halogen (F, Cl, Br, or I}, or oxygen (-OH

or -OR}. X may be dialkylamino (e g., dimethylaminc, methylethylamino, or diethylamino},
alkoxy {e.g., t-butoxy, isopropoxy}, halo (e.g., F, Cl, Br, or I}, or ancther organic ligand.
Examples of hydrocarbyl-substituted capping agents include -butyltris{dimethylaminoltin
{Sn{t-Bu){(NMez)s), n-butyltris(dimethylaminoitin (Sn{n-Bu)(NMe2 )z}, #-butyltris
{diethylaminojtin (So(t-Bu)}(NEL2)s), di{#-butyhdi{dimethylaminojtio (Sn(t-Bup{NMez)),
sec-butyltris(dimethylaminoitin (Sn(s-Bu)} NMea)s ), n-pentyitris(dimethylaminoitin (Sn{n-
pentyl ) NMea ), i-butyvlins{dimethylamino) tin (Sn(7-Bu)(NMer)s), i-propyliris
{dimethylaminojtin {Sn{i-Pr){(NMez i3}, t-butyltris(z-butoxy tin (So(t-Bu(t-Bu()s}, -
butyi{tris{-butoxy jin (Sn{m-Bu)(t-BuO)s), or isopropyhins{&-butoxyjtin (Sn{(i-Pr)(t-BuO)).

{81561 In various embodiments, a metal-containing precursor includes at least one alkyl
group on each metal atom that can survive the vapor-phase reaction, while other ligands or
ions coordinated to the metal atom can be replaced by the counter-reactants. Accordingly,
another non-limiting metal-containing precursor includes an organometallic agent having the

formula (VI
MaRuLc (VI

in which M is a metal; R is an optionally substituted alkyl; L 15 a ligand, ion, or other moiety
which is reactive with the counter-reactant; a> 1; b > 1; and ¢ > 1. In particular
embodiments, a = 1, and b + ¢ = 4. In some embodiments, M is Sn, Te, Bi, or Sb. In
particular embodiments, each L is independently amino (e.g., -NR'R? in which each of R’
and R? can be H or alkyl, such as any described herein), atkoxy (e.g., -OR, in which R is
alkyl, such as any described herein), or halo {e.g., F, Cl, Br, or I}. Exemplary agents include

SnMes(l, SaMexCl, SnMeCls, SnMe(NMez)s, SnMex(NMes), SnMes(NMez), and the hke.

{0151}  In other embodiments, the non-himiting metal-containing precursor includes an

organometallic agent having the formula (IX):

MaLe (IX),
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in which M ts a metal; L is a ligand, ion, or other moiety which is reactive with the counter-
reactant; a > 1; and ¢ > 1. In particular embodiments, c=n— 1, andnis 2, 3, or 4. In some
embodiments, M 1s Sn, Te, Bi, or 8b. Counter-reactants preferably have the ability to replace
the reactive moieties ligands or ions {e. g, L in formulas herein} so as to link at least two

metal atoms via chemical bonding,

{61521  Inany embodiment herein, R can be an optionally substituted alkyl (e.g., Ci1o
alkyly In one embodiment, alkyl 1s substituted with one or more halo {(e.g , halo-substituted
Cro alkyl, including one, two, three, four, or more halg, such as ¥, Cl, Br, or I). Exemplary
R substituents include CaHoney, preferably wherein n > 3; and CoFxHon+10, wherein 2n+1 <x
<1 Invanous embodiments, R has at least one beta-hydrogen or beta-tluorine. For
example, R may be selected from the group consisting of i-propyl, »-propyl, #-butyl, i-butyl,

n-butyl, sec-butyl, s-pentyl, i-pentyl, f~pentyl, sec-pentyl, and mixtures thereof

{8153] In any embodiment herein, L may be any moiety readily displaced by a counter-
reactant to generate an M-OH moiety, such as a moiety selected from the group consisting of
an amino {e.g., -NR!R?, in which each of R" and R? can be H or alkyl, such as any described
herein}, alkoxy (e.g., -OR, 1n which R 1s alkyl, such as any described herein), carboxylates,

halo (e.g., F, Cl, Br, or I), and muxtures thereof.

{0154} Exemplary organometallic agents include SnMeCls, (N? N -di-t-butyl-butane-2,3-
diarnido) tindI1) (Sn(tbba)), bis(bis(trimethylsilylamido) in(Il), tetrakis{dimethylamino)
HndEV) (Sn(NMezy), #butyl iristdimethylamino) tin {So{t-butyD{(NMe2 33, i-butyl
tris{dimethylamino) tin (Sn(i-Bu}NMe:)3), #-butyl tris(dimethylamino} tin (Sn{n-
BulNMez)s), sec-butyl tris{dimethylamino) tin (Sn(s-Bu)NMez)s), i~propyl{inis)
dimethylamino tin (Sn(F-Pri(NMe:z s}, n-propyl tris{(diethylamine) tin (Sn{n-Pry{NEn )3}, and
analogous alkyi{trise-butoxy) tin compounds, such as #-butyl tris(i-butoxy) tin (Sn{t-Bu)(t-

Bu(}z). In some embodiments, the organometallic agents are partially fluorinated.

Lithographic processes

{0185)  EUV lithography makes use of EUV resists, which may be polymer-based
chemically amplified resists produced by liquid-based spin-on technigues or metal oxide-
based resists produced by dry vapor-deposited techniques. Such EUV resists can include any
EUV-sensitive film or material described herein. Lithographic methods can include

patterning the resist, e.g., by exposure of the EUV resist with EUV radiation to form a photo
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pattern, followed by developing the pattern by removing a portion of the resist according to

the photo pattern to form a mask.

{0186] 1t should also be understood that while the present disclosure relates to lithographic
patterning techniques and materials exemplified by EUV lithography, it is also applicable to
other next generation lithographic techniques. In addition to EUV, which includes the
standard 13.5 nm EUV wavelength currently in use and development, the radiation sources
most relevant to such lithography are DUV {(deep-UV), which generally refers to use of

248 nm or 193 nm excimer laser sources, X-ray, which formally includes EUV at the lower
energy range of the X-ray range, as well as e-beam, which can cover a wide energy range.
Such methods include those where a substrate (e.g., optionally having exposed hydroxyl
groups) is contacted with a metal-containing precursor {e.g., any described herein) to form a
metal oxide {(e.g., a layer including a network of metal oxide bounds, which may wchade other
non-metal and non-oxygen groups) film as the imaging/PR layer on the surface of the
substrate. The specific methods may depend on the particular matenals and applications used
in the semiconductor subsirate and ultimate semiconducting device. Thus, the methods
described in this application are merely exemplary of the methods and rmaterials that may be

used in present technology.

1815871  Durectly photopatternable EUV resists may be composed of or contain metals and/or
metal oxides mixed within organic compouents. The metals/metal oxides are highly
promising in that they can enhance the EUV photon adsorption and generate secondary
electrons and/or show increased etch selectivity to an underlying film stack and device layers.
Of note, both dry and wet (solvent) approaches are encompassed by this disclosure. For wet

development, the wafer can be exposed to developing solvent, dried, and baked.

Deposition processes, including dry deposition

I0158] As discussed above, the present disclosure provides methods for making imaging
fayers on semiconductor substrates, which may be patterned using EUVY or other next
generation lithographic techniques. Methods include those where polymerized
organometallic materials are produced in a vapor and deposited on a substrate. In some
embodiments, dry deposition can employ any useful metal-containing precursor {e.g., Ta-
based precursors, metal precursors, organometal compounds, metal halides, capping agents,

or organometallic agents described herein}. In other embodiments, a spin-on formulation
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may be used. Deposition processes can include applying a EUV-sensitive material as a resist

film. Exemplary EUV-sensitive materials are described herein.

{0189] The preseunt technology includes methods by which EUV-sensitive films are
deposited on a substrate, such films being operable as resists for subsequent EUV lithography

and processing.

{81661  Such EUV-sensitive films comprise materials which, upon exposure to EUV,
undergo changes, such as the loss of bulky pendant ligands bonded to metal atoms in low
density M-OH rich matertals, allowing their crosshinking o denser M-0O-M bonded metal
oxide materials. In other embodiments, EUV exposure results in further cross-linking
between ligands bonded to metal atoms, thereby providing denser M-L-M bonded
organometatlic materials, in which L 15 a ligand. In yet other embodiments, EUV exposure
results in loss of ligands to provide M-OH materials that can be removed by positive tone

developers.

{8161} Through EUYVY patterning, areas of the film are created that have altered physical or
chernical properties relative to unexposed areas. These properties may be exploited in
subsequent processing, such as to dissclve either unexposed or exposed areas or to selectively
deposit materials on either the exposed or unexposed areas. In some embodiments, the
unexposed fiim has a hydrophobic surface, and the exposed film has a hydrophilic surface (it
being recognized that the hydrophilic properties of exposed and unexposed areas are relative
to one another) under the conditions at which such subsequent processing is performed. For
example, the removal of material may be performed by leveraging differences in chemical
composition, density, and cross-linking of the film. Removal may be by wet processing or

dry processing, as further described herein.

10162} The thickness of the EUV-patiernable film formed on the surface of the substrate
may vary according to the surface characteristics, matenials used, and processing conditions.
{n various embodiments, the film thickness may range from about 0.5 nm to about 100 nm.
Preferably, the film has a sufficient thickness to absorb most of the EUV hight under the
conditions of EUV patterning. For example, the overall absorption of the resist film may be
30% or less {e.g., 10% or less, or 3% or less), so that the resist matenal at the bottom of the
resist fiim is sufficiently exposed. In some embodiments, the film thickness is from 10 nm 1o
20 nm. Without imiting the mechanism, function, or utility of the present disclosure, 1t 13

believed that, unlike wet, spin-coating processes, dry processes have fewer restrictions on the

40



10

15

WO 2022/016124 PCT/US2021/042104

surface adhesion properties of the subsirate, and therefore can be applied to a wide variety of
substrates. Moreover, as discussed above, the depostted films may closely conform to
surface features, providing advantages in forming masks over substrates, such as substrates

having underlying features, without “filling in” or otherwise planarizing such features.

101631 The film (e g, imaging layer) may be composed of a metal oxide layer deposited in
any useful manner. Such a metal oxide layer can be deposited or applied by using any EUV-
sensitive material described herein, such as a metal-containing precursor {e.g., a metal halide,
a capping agent, or an organometallic agent}). In exemplary processes, a polymerized
organometallic material is formed in vapor phase or in situ on the surface of the substrate in
order to provide the metal oxide layer. The metal oxide layer may be emaployed as a film, an

adhesion layer, or a capping layer.

{0164] Optionally, the metal oxide layer can include a hydroxyl-terminated metal oxide
fayer, which can be deposited by employing a capping agent {e.g., any described herein) with
an oxygen-containing counter-reactant. Such a hydroxyl-terminated metal oxide layer can be
employed, e.g., as an adhesion layer between two other layers, such as between the substrate

and the film and/or between the photoresist layer and the underlayer.

{0165} Exemplary deposition techniques {e.g., for a film) include any described herein,
such as ALD (e.g., thermal ALD and plasma-enhanced ALD), spin-coat deposition, PVD
including PVD co-sputtering, CVD (e.g., PE-CVD or LP-CVD), sputter deposition, e-beam
deposition including e-beam co-evaporation, eic., or a combination thereof, such as ALD
with a CVD component, such as a discontinuous, ALD-like process in which metal-

containing precursors and counter-reactants are separated 1o either ime or space.

{3166] Further description of precursors and methods for their deposition as EUV
photoresist filims applicable to this disclosure may be found in International Appl. No.
PCT/USTS/31618, published as International Pub. No. WO2019/217749, filed May 9, 2019,
and titled METHODS FOR MAKING EUV PATTERNABLE HARD MASKS. The thin
films may inclhude optional materials 10 addition to a Ta-based precursor, further roetal
precursor, and a counter-reactant to modify the chemical or physical properties of the film,
such as to modify the sensitivity of the film to EUV or enhancing etch resistance. Such
optional materials may be introduced, such as by doping during vapor phase formation prior

to deposition on the substrate, after deposition of the film, or both. In some embodiments, a

41



10

20

WO 2022/016124 PCT/US2021/042104

gentle remote Ho plasma may be introduced so as to replace some Sn-L bonds with Sn-H, for

example, which can increase reactivity of the resist under EUV.

{81671 In general, methods can include mixing a vapor stream of a metal precursor {(e.g., a
Ta-based precursor, a Sn-based precursor, an organometal compound, or a metal-containing
precursor, such as an organometaliic agent) with an optional vapor stream of a counter-
reactant so as to form a polymerized organometallic material, and depositing the
organometallic material onto the surface of the semiconductor substrate. In some
embodiments, mixing the metal-containing precursor with the optional counter-reactant can
form a polymerized organometallic material. As will be understood by one of ordinary skill,
the mixing and depositing aspects of the process may be concurrent, in a substantially

continuous process.

{0168] In an exemplary continuous CVD process, two or more gas streams, in separate inlet
paths, of scurces of metal precursor and optional counter-reactant are introduced to the
deposition chamber of a CVD apparatus, where they mix and react in the gas phase, to form
agglomerated polyroeric materials {e.g., via metal-oxygen-metal boud formation) or a film on
the substrate. (as streams may be introduced, for example, using separate injection inlets or
a dual-plenum showerhead. The apparatus is configured so that the streams of metal
precursor and optional counter-reactant are mixed in the chamber, allowing the metal
precursor and optional counter-reactant to react to form a polymerized organometallic
material or a film (e g., a metal oxide coating or agglomerated polymeric materials, such as

via metal-oxyvgen-metal bond formation).

{3169] For depositing metal oxade, the CVD process is generally conducted at reduced
pressures, such as from 0.1 Torr to 10 Torr. 1n some embodiments, the process is conducted
at pressures from 1 Torr to 2 Torr. The teraperature of the substrate is preferably below the
temperature of the reactant sireams. For example, the substrate temperature may be from 0°C

to 250°C, or from ambient temperature {e.g, 23°C} to 150°C.

{0178} For depositing agglomerated polymeric matenals, the CVD process 1s generally
conducted at reduced pressures, such as from 10 mTorr to 10 Torr. In some embodiments,
the process is conducted at from .5 to 2 Torr. The temperature of the substrate is preferably
at or below the temperature of the reactant streams. For example, the subsirate temperature
may be from 0°C to 250°C, or from ambient temperature {e.g., 23°C) to 150°C. In various

processes, deposition of the polvimerized organometaliic material on the substrate occurs at
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rates tnversely proportional to surface temperature. Without limiting the mechanism,
function or utility of present technology, it is believed that the product from such vapor-phase
reaction becomes heavier in molecular weight as metal atoms are crosslinked counter-

reactants, and 1s then condensed or otherwise deposited onto the substrate.

10171} A potential advantage of using dry deposition methods 1s ease of tuning the
composition of the film as it grows. In a CVD process, this may be accomplished by
changing the relative flows of the metal precursor and the counter-reactant during deposition.
Deposition may occur between 30°C and 200°C at pressures between 0.01 Torr to 100 Torr,

but more generally between about 0.1 Torr and 10 Torr,

10172} A film {e.g, a metal oxide coating or agglomerated polymeric materials, such as via
metal-oxygen-metal bond formation) may also be deposited by an ALD process. For
example, the metal precursor and optional counter-reactant are introduced at separate times,
representing an ALD cycle. The metal precursors react on the surface, formingup to a
monolayer of material at a time for each cycle. This may allow for excellent control over the
untformity of filra thickness across the surface. The ALD process 15 generally conducted at
reduced pressures, such as from ¢.1 Torr to 10 Torr. In some embodiments, the process is
conducted from 1 Torr to 2 Torr. The subsirate temperature may be from 0°C 10 250°C, or
from ambient temperature {(e.g., 23°Cy to 150°C. The process may be a thermal process or,
preferably

a plasma-assisted deposition.

2

{01731  Any of the deposition methods herein can be modified to allow for use of two or
more different metal precursors. In one embodiment, the precursors can include the same
metal but different ligands. Tn another embodiment, the precursors can juclude different
metal groups. In one non-limiting instance, alternating flows of various volatile metal-
contatning precursors can provide a mixed metal layer, such as use of a Ta-based precursor
with a Sn-based precursor. Also, any of the deposition methods herein can be modified to

allow for use of two or more different counter-reactants.

{3174] Furthermore, any of the deposition methods herein can be modified o provide one
or more layers within a film. In one instance, different metal precursors can be emploved in
each layer. Tn another instance, the same precursor roay be employed for each laver, but the
top~most layer can possess a different chemical composition (e.g., a ditferent density of
metal-ligand bonds, a different metal, or a different bound ligand, as provided by modulating

or changing the metal precursor).
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{61751  Processes herein can be used to achieve a surface modification. In some tterations,
a vapor of the metal precursor may be passed over the wafer. The water may be heated to
provide thermal energy for the reaction to proceed. In some tterations, the heating can be
between about 50°C to about 250°C. In some cases, pulses of the counter-reactant may be
used, separated by pump and/or purging steps. For instance, a counter-reactant may be
pulsed between the precursor pulses resulting in ALD or ALD-like growth. In other cases,
both the precursor and the counter-reactant may be flowed at the same time. Examples of
elements usefiil for surface modification include I, ¥, Sn, Bi, §b, Te, and oxides or alloys of

these compounds.

{0176} The processes herein can be used to deposit a thin metal oxide or metal by ALD or
CVD. Examples include SnOx, BiOx, and Te. Following deposition, the film may be capped
with an alkyl substituted precursor of the form MaRsLe, as described elsewhere herein. A
counter-reactant may be used to better remove the ligands, and multiple cycles may be
repeated to ensure complete saturation of the substrate surface. The surface can then ready
for the EUV-sensitive film to be deposited. One possible method is to produce a thin film of
SnOx. Possible chemistries include growth of SnO: by cyching tetrakis{dimethylaminojtin
and a counter-reactant such as water or Oz plasma. After the growth, a capping agent couid

be used. For example, isopropyliris{dimethylaminoitin vapor may be flown over the surface.

101771 Deposttion processes can be employed on any useful surface. As referred to herein,
the “surface” is a surface onto which a tilm of the present technology is to be deposited or
that 18 to be exposed to EUV during processing. Such a surface can be present on a substrate
{e.g., upon which a film is to be deposited), on a film {e.g., upon which a capping laver can

be deposited), or on an underlayer.

{0178} Any useful substrate can be emploved, including any material construct suitable for
lithographic processing, particularty for the production of integrated circuits and other
semntconducting devices. In some embodiments, substrates are silicon wafters. Substrates
may be silicon wafers upon which features have been created (“underlving topographical
features”), having an irregular surface topography.

101791 Such underlying topographical features may 1nclude regions 1o which material has
been removed {e.g., by etching) or regions in which materials have been added (e 2., by
deposition) during processing prior to conducting a method of this technology. Such prior

processing may include methods of this technology or other processing methods in an
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iterative process by which two or more layers of features are formed on the substrate.
Without imiting the mechanism, function, or utility of the present technology, 1t 1s believed
that, in some embodiments, methods of the present technology offer advantages relative to
methods among those in which photolithographic films are deposited on the surface of
subsirates using spin casting wmethods. Such advantages may derive from the conformance of
the films of the present technology to underlying features without “filling in” or otherwise
planarizing such features, and the ability to deposit films on a wide variety of material

surfaces.

{018¢] In some embodiments, an incoming wafer can be prepared with a substrate surface
of a desired material, with the uppermost matenial being the layer into which the resist pattern
is transferred. While the material selection may vary depending on integration, it is generally
desired to select a material that can be etched with high selectivity to (i.e., much faster than)
the EUV resist or imaging layer. Suitable substrate materials can include various carbon-
based films (e g., ashable hard mask (AHM}), silicon-based films {e.g ., silicon, silicon oxade,
stlicon nitride, silicon oxyaitride, or silicon oxycarbonitride, as well as doped forms thereof,
including S10x, Si0Ny, S10xCyN7, a-51:H, poly-81, or SilN}, or any other {generally

sacrificial} film applied to facilitate the patterning process.

{8181} In some embodiments, the substrate is a hard mask, which is used in lithographic
etching of an vnderlying semiconductor material. The hard mask may comprise any of a
variety of materials, including amorphous carbon (a-C), SnQy, Si0n, SiONy, SihC, SisNy,
Ti0;, TIN, W, W-doped C, WO, HIO,, ZrOn, and AlbOs. For exarmple, the substrate may
preferably comprise SnQOx, such as Sn(d:. In various embodiments, the layer may be from 1

nm to 100 nm thick, or from 2 nm to 10 nm thick.

[0182]  In some non-limiting ewbodiments, a substrate comprises au underlayer. An
underlayer may be deposited on a hard mask or other layer and is generally underneath an
imaging layer {or film}, as described herein. An underlayer may be used to improve the
sensitivity of a PR, increase EUY absorptivity, and/or increase the patterning performance of
the PR. In cases where there are device features present on the substrate to be patterned
which create significant topography, another important function of the underiaver can be to
overcoat and planarize the existing topography so that the subsequent patterning step may be
performed ou a flat surface with all areas of the pattern 1o focus. For such applications, the
underlayer {or at least one of multiple underiayers) may be applied using spin-coating

techuiques. When the PR material being employed possesses a significant inorganic
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component, for example it exhibiis a predominately metal oxide framework, the underiayer
may advantageously be a carbon-based film, applied either by spin-coating or by dry
vacuum-based deposition processes. The layer may include various ashable hard mask
(AHM) tilms with carbon- and hydrogen-based compositions and may be doped with

additional elements, such as tungsien, boron, nitrogen, or fluorine.

{61831 In some embodiments, a surface activation operation may be used to activate the
surface (e.¢., of the substrate and/or a film) for future operations. For example, for a 810+
surface, a water or oxygen/hydrogen plasma may be used to create hydroxyl groups on the
surface. For a carbon- or hydrocarbon-based surface, various treatment {e.g., a water,
hydrogen/oxygen, CO:z plasma, or ozone treatment) may be used to create carboxylic acids/or
hydroxyl groups. Such approaches can prove critical for improving the adhesion of resist
features to the substrate, which roight otherwise delaminate or lift off during handling or

within the solvent during development.

{80184} Adhesion may also be enhanced by inducing roughness in the surface to increase the
surface area available for wnteraction, as well as directly 1mprove mechanical adhesion. For
example, first a sputtering process using Ar or gther non-reactive ion bombardment can be
used to produce rough surfaces. Then, the surface can be terminated with a desired surface
functionality as described above (e g, hydroxyl and/or carboxylic acid groups). On carbon, a
combination approach can be employed, 1o which a chemically reactive oxygen-containing
plasma such as Ch, Gz, or Ha( {or mixtures of Hz and G2} can be used to etch away a thin
tayer of film with local non-uniformity and simultaneously terminate with ~-OH, -O0OH, or -
COOH groups. This may be done with or without bias. In conjunction with the surface
modification strategies mentioned above, this approach could serve the dual purpose of
surface roughening and chemical activation of the substrate surface, gither for direct adhesion
to an inorganic metal-oxide based resist or as an intermediate surface modification for further

functionalization.

{0185] In various embodiments, the surface {(e.g., of the substrate and/or the film)
comprises exposed hydroxyl groups on its surface. In general, the surface may be any
surface that comprises, or has been treated to produce, an exposed hydroxyl surface. Such
hydroxyl groups may be formed on the surtace by surface treatment of a substrate using
oxygen plasma, water plasma, or ozove. In other embodiments, the surface of the film can be

treated to provide exposed hydroxyl groups, upon which a capping layer can be applied. In
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various embodiments, the hydroxyl-terminated metal oxide layer has a thickness of from 0.1

nm to 20 nm, or from 0.2 nm to 10 nm, or from 0.5 nm to § nm.

EUY exposure processes

{0186} EUV exposure of the film can provide EUV exposed areas having activated reactive
centers including a metal atom (M}, which are produced by EUUV-mediated cleavage events.
Such reactive centers can include dangling metal bonds, M-H groups, cleaved M-ligand
groups, dimerized M-M bonds, or M-0-M bridges. In other embodiments, EUV exposure
provides cross-tinked organic moieties by photopolymernizing ligands within the film; or EUV

exposures releases gaseous by-products resulting from photolysis of bonds within a higand.

{8187] EUV exposure can have a wavelength in the range of about 10 nm to about 20 nm in
a vacuum ambient, such as a wavelength of from 10 nm to 1S nm, eg, 135S am. In
particular, patterning can provide EUV exposed areas and EUV unexposed areas to form a

patiern.

{0188] The present technology can include patterning using EUV, as well as DUV or e-
beam. In such patierning, the radiation is focused on one or more regions of the imaging
layer. The exposure is typically performed such that imaging laver film comprises one or
more regions that are not exposed to the radiation. The resulting imaging layer may comprise
a plurality of exposed and unexposed regions, creating a pattern consistent with the creation
of tranststor or other features of a semiconductor device, formed by addition or removal of
material from the substrate in subsequent processing of the substrate. EUY, DUV and e-
beam radiation methods and equipment among useful herein include known methods and

equipment.

{0189] Insome EUV lithography technigues, an organic hardmask {e.g , an ashable
hardmask of PECVD amorphous hydrogenated carbon) is patierned using a photoresist
process. During photoresist exposure, EUV radiation is absorbed in the resist and in the
subsirate below, producing highly energetic photoelectrons (e.g., about 100 eV)and in turm a
cascade of low-energy secondary electrons (e g, about 10 eV} that diffuse laterally by several
nanometers. These electrons increase the extent of chemical reactions in the resist which
increases its EUV dose sensitivity. However, a secondary electron pattern that is random in
nature is superimposed on the optical image. This unwanted secondary electron exposure

results in loss of resolution, observable line edge roughness (LER} and linewidth variation in
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the patterned resist. These defects are replicated in the material to be patierned during

subsequent pattern transfer etching,

{81901 A vacuum-integrated metal hardmask process and related vacuum-integrated
hardware that combines film formation {deposition/condensation} and optical hithography
with the result of greatly improved EUV lithography (EUVL) performance — e g, reduced

line edge roughness — i3 disciosed herein,

{0191} In various embodiments described herein, a deposition {e.g., condensation} process
{e.g, ALD ot MOCVD carried out in a PECVD tool, such as the Lam Vector®) can be used
to form a thin film of a metal-containing film, such a photosensitive metal salt or metal-
containing organic compound (organometallic compound}), with a strong absorption in the
EUVY {e.g., at wavelengths on the order of 10 nm to 20 nm}, for example at the wavelength of
the EUVL light source (e.g., 13.5 o =91 8 V). This tilm photo-decomposes upon EUV
exposure and forms a metal mask that is the pattern transfer layer during subsequent etching

{(e.g., in a conductor etch tool, such as the Lam 2300® Kiyo®).

101921  Following deposition, the EUV-patternable thin film is patterned by exposure to a
beam of EUV light, typically under relatively high vacuum. For EUV exposure, the metal-
containing film can then be deposited in a chamber integrated with a lithography platform
{e.g., a wafer stepper such as the TWINSCAN NXE: 3300B® platform supplied by ASML of
Veldhoven, NL} and transterred under vacuum 50 as not to react betore exposure. Integration
with the hithography tool 1s faciiitated by the fact that EUVL also requires a greatly reduced
pressure given the strong optical absorption of the incident photons by ambient gases such as
Ho(3, O, ete. In other embodiments, the photosensitive metal film deposition and EUV

exposure may be conducted in the same chamber.

Development processes, including wet or dry development

181931 EUVY exposed or unexposed areas can be removed by any usetiil development
process. In one embodiment, the EUV exposed area can have activated reactive centers, such
as dangling metal bonds, M-H groups, or dimerized M-M bonds. In particular embodiments,
M-H groups can be selectively removed by employing one or more dry developroent
processes {e.g., halide chemistry}. In other embodiments, M-M bonds can be selectively
removed by employing a wet development process, €.g., use of hot ethanol and water to
provide soluble M{OH) groups. In vet other embodiments, EUV exposed areas are removed

by use of wet development {e.g., by using a positive tone developer) or dry development. In
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some embodiments, EUV unexposed areas are removed by use of wet development {e.g., by

using a negative tone developer) or dry development,

{0194} Dy development processes can include use of halides, such as HCI- or HBr-based
processes. While this disclosure s not limited to any particular theory or mechanism of
operation, the approach is understood to leverage the chemical reactivity of the dry-deposited
EUV photoresist films with the clean chemistry (e.g., HCI, HBr, and BCl3) to form volatile
products using vapors or plasma. The dry-deposited EUV photoresist films can be removed
with etch rates of up to 1 nw/s. The quick removal of dry-deposited EUV photoresist films
by these chemistries is applicable to chamber cleaning, backside clean, bevel clean, and PR
developing. Although the films can be removed using vapors at various temperatures {e.g.,
HCI or HBr at a temperature greater than -10°C, or BCl; at a temperature greater than 86°C,
a plasma can also be used to further accelerate or enhance the reactivity.

for example)

732

{01951 Plasma processes include transformer coupled plasma (TCP), inductively coupled
plasma (ICP} or capacitively coupled plasma (CCP), employing known equipment and
techuiques. For example, a process may be conducted at a pressure of > 0.5 mTorr (e.g., such
as from 1 mTorr to 100 mTorr), at a power level of <1000 W {e.g., < 500 W). Temperatures
may be from 30°C to 300°C {e.g., 30°C 10 120°C), at flow rate of 100 to 1000 standard cubic
centimeters per minute (scem}, .2, about 500 scom, for from 1 to 3000 seconds {e.g., 10

seconds to 600 seconds).

[0196] Where the halide reactant flows are of hydrogen gas and halide gas, a remote
plasma/UV radiation is used to generate radicals from the Ha and Chy and/or Br, and the
hydrogen and halide radicals are flowed to the reaction chamber to contact the patterned EUV
photoresist on the substrate layer of the wafer. Suitabie plasma power may range from

100 W to SO0 W, with no bias. It should be understood that while these conditions are
suttable for some processing reactors, €.g., a Kiyo etch tool available from Lam Research
Corporation, Fremont, CA, a wider range of process conditions may be used according to the

capabilities of the processing reactor.

181971 In thermal development processes, the substrate is exposed to dry development
chervistry {e.g., a Lewis Acid) i a vacuum chamber {e.g, oven). Suitable chambers can
include a vacuum line, a dry development hydrogen halide chemistry gas (e.g., HBr, HCH
fine, and heaters for temperature control. In some embodiments, the charober interior can be

coated with corrosion resistant films, such as organte polymers or inorganic coatings. One
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such coating is polytetrafluorcethylene ((PTFE), e.g, Teflon 1M). Such materials can be

used in thermal processes of this disclosure without risk of removal by plasma exposure.

{0198] The process conditions for the dry development may be reactant flow of 100 scem
to 500 scem {e.g., 500 scom HBr or HCH, temperature of -10°C 1o 120°C {e.g., -10°C},
pressure of | mTorr to 500 mTorr {e.g., 300 mTorr) with no plasma and for a time of about

10 sec to 1 min, dependent on the photoresist film and their composition and properties.

{61991 In various embodiments, methods of the present disclosure combine all dry steps of
film deposition, formation by vapor deposition, (EUV) lithographic photopatterming, and dry
development. In such processes, a substrate may directly go to a drv development/etch
chamber following photopatterning in an EUV scanner. Such processes may avoid material
and productivity costs associated with a wet development. A dry process can also provide

more tunability and give further CD control and/or scum removal.

[0280] In various embodiments, the EUV photoresist, containing some amount of metal,
metal oxide and organic components, can be dry developed by a thermal, plasma {e.g.,
including possibly photoactivated plasma, such as lamp-heated or UV lamp heated), or a
mixaire of thermal and plasma methods while flowing a dry development gas including a
compound of formula RxZy, where R=B, AL S, C, S, SOwithx > 0and Z=CL H, Br, F,
CHa and y > 0. The dry development can result in a positive tone, in which the RxZy species
selectively removes the exposed material, leaving behind the unexposed counterpart as a
mask. In some embodiments, the exposed portions of organotin oxide-based photoresist
films are removed by dry development in accordance with this disclosure. Positive tone dry
development may be achieved by the selective dry development {removaly of EUV exposed
regions exposed to flows comprising hydrogen halides or hydrogen and halides, including
HC and/or HBr without striking a plasma, or flows of Hz and Cl and/or B2 with a remote

plasma or UV radiation generated from plasma o generate radicals.

{0201} Woet development methods can also be employed. In particular embodiments, such
wet developments methods are used to remove EUV exposed regions to provide a positive
tone photoresist or a negative tone resist. Exemplary, non-limiting wet development can
include use of an alkaline developer {e.g, an aqueous alkaline developer), such as those
inchiding ammonium, e.g., ammonium hydroxide (NHaOH), ammonium-based 1onic liquids,
¢.g., tetramethylammonium hydroxide (TMAH), tetraethylammonium hydroxide (TEAH),

tetrapropylammonium hydroxide (TPAH), tetrabutylammonium hydroxide {TBAH}, or other
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quaternary alkylammonium hydroxides, an organoamine, such as mono-, di~, and tri-
organoaruines (¢.g., dicthylamine, diethylamine, ethylenediamine, triethylenetetramine); or
an alkanolamine, such as monoethanolamine, diethanolamine, triethanclamine, or
digthvleneglycolamine. In other embodiments, the alkaline developer can include nitrogen-
containing bases, e.g., compounds having the formuala RNNH:, RMRMNH, RMR™RYN, or
RNVRMNRVRENMNTXNY where each of R RN RM™ and R™ is, independently, an organo
substituent (e.g., optiovally substituted alkyl or any described herein), or two or more organo
substituents that can be joined together, and XM~ may comprise GH™ F~, CI”, Br, 1", or
other art-known quaternary ammonium cationic species. These bases may also comprise

heterocyelyl nitrogen compounds, some of which are described herein.

{02021 Other development methodologies can include use of an acidic developer (e g, an
acueous acidic developer or an acid developer 1o an organic solvent) that includes a halide
{e.g., HCl or HBr}), an organic acid {e.g., formic acid, acetic acid, or citric acid}, or an
organotluorine compound {e.g , trifluorcacetic acid); or use of an organic developer, such as
a ketone {(e.g., 2-heptanone, cyclohexanone, or acetone), an ester {e.g., y-butyrolactone or
ethyl 3-ethoxypropionate (EEP)), an alcohol (e.g., isopropyl alcohol (IPA)), or an ether, such
as a glycol ether {e.g., propylene glycol methyl ether (PGME) or propylene glvcol methyl

ether acetate (PGMEAY), as well as combinations thereof

{02831  In particular embodiments, the posttive tone developer ts an aqueous alkaline

developer (e g, including NH:OH, TMAH, TEAH, TPAH, or TBAH). In other

embodiments, the negative tone developer 15 an agueous acidic developer, an acidic
developer in an organic solvent, or an organic developer (e.g., HCIL, HBr, formic acid,

trifluoroacetic acid, 2-heptanone, IPA, PGME, PGMEA, or combinations thereof).

Post-application processes

102064] The methods herein can include any useful post-application processes, as described

below.

{02051 For the backside and bevel clean process, the vapor and/or the plasma can be limited
to a specific region of the wafer to ensure that only the backside and the bevel are removed,
without any film degradation on the frontside of the wafer. The dry-deposited EUV
photoresist films being removed are generally composed of Sn, O and C, but the same clean
approaches can be extended to films of other metal oxide resists and materials. In addition,

this approach can also be used for film strip and PR rework.
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{6286]  Suitable process conditions for a dry bevel edge and backside clean may be a
reactant flow of 100 scem to 500 scem (e g, S00 scom HCL HBr, or Hp and Cly or By, BCls
or Ha}), temperature of -10°C 10 120°C {e.g., 20°C), pressure of 20 mTorr to 500 mTorr (e.g,
300 mTorry, plasma power of 0 to 500W at high frequency {e.g., 13.56 MHz}, and for a time
of about 10 sec to 20 sec, dependent on the photoresist film and composition and properties.
it should be understood that while these conditions are suitable for some processing reactors,
e.g., a Kiyo etch tool available from Lam Research Corporation, Fremont, CA, a wider range

of process conditions may be used according to the capabilities of the processing reactor.

182071 Photolithography processes typically involve one or more bake steps, to facilitate
the chemical reactions requited to produce chemical contrast between exposed and
unexposed areas of the photoresist. For high volume manufacturing (HVM), such bake steps
are typically performed on tracks where the wafers are baked on a hot-plate at a pre-set
temperature under ambient air or in some cases No flow. More careful control of the bake
ambient as well as tntroduction of additional reactive gas component in the ambient during

these bake steps can help further reduce the dose requirement and/or improve pattern fidelity,

{0208}  According to various aspects of this disclosure, one or more post treatments to metal
and/or metal oxide-based photoresists after deposition {e.g., post-application bake (PAB))
and/or exposure {e.g., post-exposure bake (PEB)) and/or development {e.g., post-
development bake (PDR)) are capable of increasing material property ditferences between
exposed and unexposed photoresist and therefore decreasing dose to size (BiS), improving
PR profile, and improving line edge and width roughness (LER/LWR after subsequent dry
development. Such processing can involve a thermal process with the control of temperature,
gas amnbient, and moisture, resulting in improved dry development performance in processing

to follow. In some instances, a remote plasma might be used.

{62091 In the case of post-application processing {e.g., PAB), a thermal process with
control of temperature, gas ambient (e.g., air, 2O, COy, CO, Or, O3, CHs, CH30H, N, Ho,
NHz, No(3, NO, Ar, He, or their mixtures) or under vacuum, and moisture can be used after
deposttion and before exposure to change the composition of unexposed metal and/or metal
oxide photoresist. The change can increase the EUV sensitivity of the material and thus

fower dose to size and edge roughness can be achieved after exposure and dry development.

{0210} In the case of post-exposure processing {e.g., PEB), a thermal process with the

control of temperature, gas atmosphere (e.g., air, o3, COz, CO, G2, O3, CHs, CH:0H, No,
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Hz, NHs3, N2O, NG, Ar, He, or their mixtures) or under vacuum, and moisture can be used to
change the composition of both unexposed and exposed photoresist. The change can increase
the composition/matenial properties difference between the unexposed and exposed
photoresist and the etch rate difference of dry development etch gas between the unexposed
and exposed photoresist. A higher etch selectivity can thereby be achieved. Due to the
improved selectivity, a squarer PR profile can be obtained with improved surface roughness,
and/or less photoresist residual/scura. In particular embodiments, PEB can be performed 1n

air and in the optional presence of moisture and COh.

{8211} In the case of post-development processing {e.¢., post development bake or PDB), a
thermal process with the control of temperature, gas atmosphere {e.g., air, H20, COy, CO, O,
(s, CHs, CH30H, Ny, Ha, NHz, No G, NGO, Ar, He, or their mixtures) or under vacuum {e.g.,
with UV), and moisture can be used to change the composition of the unexposed photoresist,
in particular embodiments, the condition also includes use of plasma (e.g., including 02, O,
Arx, He, or their mixtures). The change can increase the hardness of material, which can be

beneficial if the film will be used as a resist mask when eiching the underlying substrate.

{0212} Inthese cases, in alternative implementations, the thermal process could be replaced
by a remote plasroa process {0 tucrease reactive species to lower the energy barnier for the
reaction and increase productivity. Remote piasima can generate more reactive radicals and
therefore lower the reaction temperature/tinae for the treatment, leading to increased

productivity.

{02131 Accordingly, one or multiple processes may be applied to modify the photoresist
itself to increase dry developroent selectivity. This thermal or radical modification can
increase the contrast between unexposed and exposed material and thus increase the
selectivity of the subsequent dry development step. The resuiting difference between the
material properties of unexposed and exposed material can be tuned by adjusting process
conditions including temperature, gas tlow, moisture, pressure, and/or RF power. The large
process latitude enabled by dry development, which is not limited by material solubility in a
wet developer solvent, allows more aggressive conditions to be applied further enhancing the
material contrast that can be achigved. The resulting high material contrast feeds back a
wider process window for dry development and thus enables increased productivity, lower

cost, and better defectivity performance.
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{6214] A substantial limitation of wet-developed resist films is fimited temperature bakes.
Since wet development relies on material solubility, heating to or beyond 220°C, for
example, can greatly increase the degree of cross-linking in both exposed and unexposed
regions of a metal-containing PR film such that both become insoluble in the wet
development solvents, so that the film can no longer by reliably wet developed. For instance,
for wet spin-on or wet-developed metal-containing PR films, baking such as PAB, PEB may
be performed, for example at temperatures below 180°C, below 200°C, or below 250°C. For
dry-developed resist films, in which the eich rate difference (i.e., selectivity) between the
exposed and unexposed regions of the PR is relied upon for removal of just the exposed or
unexposed portion of the resist, the treatment temperature in a PAB, PEB, or PDB can be
varied across a much broader window to tune and optimize the treatment process, for
example from about 90°C to 250°C, such as 90°C 10 190°C, 90°C 10 600° C, 100°C 1o
400°C, 125°C 10 300° C, and about 170°C to 250°C or more, such as 190°C 10 240°C {e.g.,
for PAB, PER, and/or PDB). Decreasing etch rate and greater eich selectivity has been found

to occur with higher treatment temperatures in the noted ranges.

{0215} In particular embodiments, the PAB, PEB, and/or PDB treatments may be
conducted with gas ambient flow in the range of 100 scem to 10000 scom, moisture content
in the amount of a few percent up to 100% (e g., 20%-50%), at a pressure between
atmospheric and vacuum, and for a duration of about 1 t0 15 minutes, for example about 2

minutes,

{0216} These findings can be used to tune the treatment conditions {o tailor or optimize
processing for particular matertals and circumstances. For example, the selectivity achieved
for a given EUV dose with a 220°C to 250°C PEB thermal treatment in air at about 20%
humidity for about 2 minutes can be made similar to that for about a 30% higher EUV dose
with no such thermal treatment. So, depending on the selectivity requirements/constraints of
the semiconductor processing operation, a thermal treatment such as described herein can be
used to lower the EUV dose needed. Or, if higher selectivity is required and higher dose can
be tolerated, much higher selectivity, up to 100 times exposed vs. unexposed, can be obtained

than would be possible in a wet development context.

{02171 Yet other steps can include in situ metrology, in which physical and structural
charactenistics {e.g., critical dimension, {ilm thickness, etc.) can be assessed during the

photolithography process. Modules to implement in situ metrology include, e.g.,
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scatterometry, ellipsometry, downstream mass spectroscopy, and/or plasma enhanced

downstream optical emission spectroscopy modules,

Apparatuses

{0218} The present disclosure also includes any apparatus configured to perform any
methods described herein. In one embodiment, the apparatus for depositing a film includes a
deposition module comprising a chamber for depositing an EUV-sensitive material as a film
by providing a Ta-based precursor or other metal precursor in the optional presence of a
counter-reactant; a patterning module comprising an EUV photolithography tool with a
source of sub-30 n wavelength radiation; and a development module comprising a chamber

for developing the film.

10219} The apparatus can further include a controller having instructions for such modules.
In one embodiment, the controller includes one or more memory devices, ong or more
processors, and system control software coded with instructions for conducting deposition of
the film. Such includes can nclude for, in the deposition module, depositing a Ta-based
precursor or other metal precursor with optional reducing gas, an alkyne, and/or a counter-
reactant as a film on a top surface of a substrate or a photoresist layer; in the patterning
module, patterning the film with sub-30 nm resclution directly by EUV exposure, thereby
forming a pattern withio the fim; and 10 the development module, developing the film. Tn
particular embodiments, the development module provides for removal of the EUV exposed

or EUV unexposed areas, thereby providing a pattern within the film.

{0228] FIG. 4 depicts a schematic tustration of an embodiment of process station 406
having a process chamber body 402 for maintaining a low pressure environment that is
suitable for implementation of described stripping and development embodimentis. A
plurality of process stations 46¢ may be included in a common low pressure process tool
environment. For example, FIG. § depicts an embodiment of a multi-station processing tool
568, such as a VECTOR® processing tool available from Lam Research Corporation,
Fremont, CA. In some embodiments, one or more hardware parameters of the process station
488 including those discussed in detail below may be adjusted programmatically by one or

more computer controllers 430,

{0221} A process station may be configured as a module in a cluster tool. FIG, 7 depicts a
semiconductor process cluster tool architecture with vacuum-integrated deposition and

patterning modules suitable for implementation of the embodiments described herein. Such a
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cluster process tool architecture can include resist deposition, resist exposure (EUVY scanner,
resist dry development and etch modules, as described herein with reference to FIG, 6 and

FIG. 7.

{02221  In some embodiments, certain of the processing funciions can be performed
consecutively in the same module, for example dry development and etch. And embodiments
of this disclosure are directed to methods and apparatus for recetving a wafer, including a
photopatterned EUV resist thin film layer disposed on a layer or layer stack to be etched, to a
development/etch chamber (e.g., a dry development/etch chamber or a wet development/eteh
chamber) following photopatterning in an EUV scanner; developing a photopatterned EUV
resist thin filro layer; and then etching the underlying layer using the patterned EUV resist as

a mask, as described herein.

{0223} Returning to FIG. 4, process station 400 fluidly communicates with reactant
delivery system 481a for delivering process gases 10 a distribution showerhead 406 by a
connection 403, Reactant delivery system 4¢1a optionally includes a mixing vessel 404 for
blending and/or conditioning process gases, for delivery to showerhead 406 Oune or more
mixing vessel inlet valves 428 may control introduction of process gases to mixing vessel
404, Where plasma exposure is used, plasma may also be delivered to the showerhead 486 or
may be generated in the process station 408, Process gases can include, e g, any described
herein, such as a Ta-based precursor, a Sn-based precursor, a metal precursor, a reducing gas,

an alkyne, a hydrocarbon, a counter-reactant, or an inert gas.

{0224} FIG. 4 includes an optional vaporization point 483 for vaporizing liquid reactant to
be supplied to the mixing vessel 484, The hiquid reactant can include a roetal precursor (e g.,
a Ta-based precursor and/or a Sn-based precursor} or a counter-reactant. In some
embodiments, a liquid flow controller (LFC) upsiream of vaporization point 483 may be
provided for controiling a mass flow of liquud for vaporization and delivery o process station
466, For example, the LFC may include a thermal mass flow meter (MFM) located
downstream of the LFC. A plunger valve of the LFC may then be adjusted responsive to
feedback control signals provided by a proportional-integral-derivative (PID) controller in

electrical communication with the MFM.

{62251  Showerhead 406 distributes process gases toward substrate 412, In the embodiment

shown in FIG. 4, the substrate 412 1s located beneath showerhead 406 and 1s shown resting
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on a pedestal 488, Showerhead 486 may have any suitable shape and may have any suitable

number and arrangement of ports tor distributing process gases to substrate 412

{82261 In some embodiments, pedestal 488 may be raised or lowered to expose substrate
412 to a volume between the substrate 412 and the showerhead 406. 1t wiil be appreciated
that, in some embodiments, pedestal height may be adjusted programmatically by a suitable

computer coniroller 450

{02271 In some embodiments, pedestal 408 may be temperature controlled via heater 416,
In some embodiments, the pedestal 408 may be heated to a temperature of greater than 0°C
and up to 300°C or more, for example 50°C 10 120°C, such as about 65°C to 80°C, during

non-plasma thermal exposure of a photopatterned resist to dry development chemistry, such

as HBr, HCL or BCl3, as described in disclosed embodimenis.

{0228} Further, in some embodiments, pressure control for process station 406 may be
provided by a butterfly valve 418 As shown in the embodiment of FIG. 4, butterfly valve
418 throttles a vacuum provided by a downstream vacuum pump (not shown). However, in
some embodiments, pressure control of process station 406 may also be adjusted by varying a

flow rate of one or more gases introduced to the process station 466

{02291 In some embodiments, a position of showerhead 466 may be adjusted relative to
pedestal 488 to vary a volume between the subsirate 412 and the showerhead 486, Further, it
will be appreciated that a vertical position of pedestal 408 and/or showerhead 486 may be
varied by any suitable mechanism within the scope of the present disclosure. In some
embodiments, pedestal 408 may inchude a rotational axis for rotating an orientation of
substrate 412, It will be appreciated that, in some embodiments, one or more of these
example adjustments may be performed programmatically by one or more suitable computer

controtlers 458,

10230] Where plasma may be used, for example in gentle plasma-based dry development
embodiments and /or eich operations conducted in the same chamber, showerhead 486 and
pedestal 408 electrically cornmunicate with a radio trequency (RF) power supply 414 and
matching network 416 for powering a plasma 407, In some embodiments, the plasma energy
may be conirolled by controlling one or more of a process station pressure, a gas
concentration, an RF source power, an R¥ source frequency, and a plasma power pulse

timing. For example, RF power supply 414 and matching network 416 may be operated at
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any suitable power to form a plasma having a desired composttion of radical species.

Examples of suitable powers are up to about S00 W,

{82311  In some embodiments, instructions for a controller 438 may be provided via
input/output control (0C) sequencing instructions. In one example, the 1ustructions for
setting conditions for a process phase may be included in a corresponding recipe phase of a
process recipe. In some cases, process recipe phases may be sequentially arranged, so that all
instructions for a process phase are executed concurrently with that process phase. In some
embodiments, nstructions for setting one or more reactor parameters may be included ina
recipe phase. For example, a recipe phase may include instructions for setting a flow rate of
a dry development chemustry reactant gas, such as HBr ot HCL, and time delay nstructions
for the recipe phase. In some embodiments, the controller 450 may include any of the

features described below with respect to system controlier 358 of FIG. 5.

{02321 As described above, one or more process stations may be included 1n a multi station
processing tool. FIG. 5 shows a schematic view of an embodiment of a multi station
processing tool 568 with an inbound load Tock 582 and an cutbound load lock 584, either or
both of which may include a remote plasma source. A robot 506 at atmospheric pressure is
configured to move waters from a cassetie loaded through a pod 508 into inbound load lock
502 via an atmospheric port 516, A wafer is placed by the robot 8§86 on a pedestal 812 in the
inbound load lock 862, the atmospheric port 319 1s closed, and the load lock is pumped
down. Where the inbound load lock 582 includes a remote plasma source, the wafer may be
exposed to a remote plasma treatment to treat the silicon nitride surface in the load lock prior
to being introduced into a processing chamber S14. Further, the water also may be heated in
the inbound load lock 302 as well, for example, to remove motsture and adsorbed gases.
Next, a chamber transport port 816 to processing chamber 514 1s opened, and another robot
{not shown) places the wafer into the reactor on a pedestal of a first station shown in the
reactor for processing. While the embodiment depicted in FIG. 8 tocludes load locks, it will
be appreciated that, in some embodiments, direct entry of a wafer into a process station may

be provided.

{0233} 'The depicted processing chamber 514 1ncludes four process stations, numbered
from 1 to 4 in the embodiment shown in F1G. 8. Each station has a heated pedestal (shown
at S18 for station 1), and gas line inlets. It will be appreciated that in some embodiments,
each process station may have different or multiple purposes. For example, in some

embodiments, a process station may be switchable between dry development and etch
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process modes. Additionally or alternatively, 1n some embodiments, processing chamber 514
may include one or more matched pairs of dry development and etch process stations. While
the depicted processing chamber 514 includes four stations, it will be understood that a
processing chamber according to the present disclosure may have any suitable number of
stations. For example, in some embodiments, a processing chamber may have five or more

stations, while in other embodiments a processing chamber may have three or fewer stations.

10234] FIG. 5 depicts an embodiment of a wafer handling system 898 for transferring
wafers within processing chamber 814, In some embodiments, wafer handling system 598
may transfer wafers between various process stations and/or between a process station and a
foad lock. It will be appreciated that any suitable wafer handling system may be employed.
Non limiting examples include wafer carousels and wafer handling robots. FEG. § also
depicts an embodiment of a systers controller 838 eraployed to control process conditions
and hardware states of process tool $80¢. System controller 338 may include one or more
mermory devices 8§56, one or more mass storage devices 554, and one or more processors 852
Processor 852 may include a CPU or computer, analog, and/or digital tnput/output

connections, stepper motor controller boards, etc.

{02351 In some embodiments, system coniroller 338 controls all of the activities of process
tool 380, System controller 888 executes system control software 558 stored in mass storage
device 834, loaded 1uto memory device 356, and executed on processor 382, Alternatively,
the control logic may be hard coded in the controller 85¢. Applications Specific Integrated
Circuits, Programmable Logic Devices (e.g, field-programmable gate arrays, or FPGAs) and
the ltke may be used for these purposes. In the following discussion, wherever “software” or
“code” 1s used, functionally comparable hard coded logic may be used 1n its place. System
control software 558 may include instructions for controlling the timing, mixture of gases,
gas flow rates, chamber and/or station pressure, chamber and/or station temperature, wafer
temperature, target power levels, RF power levels, substrate pedestal, chuck and/or susceptor
position, and other parameters of a particular process performed by process tool 568, System
control software 358 may be configured in any suttable way. For exaruple, various process
tool component subroutines or control objects may be written to control operation of the
process tool components used to carry out various process tool processes. System control

software 558 may be coded in any suitabie computer readable programming language.

182361 In some embodiments, system control software 558 may include input/output

control {I0C) sequencing wstructions for controlling the various parameters described above.
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(ther computer software and/or programs stored on mass storage device 554 and/or memory
device 856 associated with system controller 338 may be employed in some embodiments.
Examples of programs or sections of programs for this purpose include a substrate
positioning program, a process gas control program, a pressure control program, a heater

control program, and a plasma control program.

{0237} A substrate positioning program may include program code for process tool
components that are used to load the substrate onto pedestal 518 and to control the spacing

between the substrate and other parts of process tool 566

{02381 A process gas control program may include code for controlling various gas
compositions {e.g., HBr or HCI gas as described herein) and tlow rates and optionally for
flowing gas into one or more process stations prior to deposition in order to stabilize the
pressure in the process station. A pressure control program rmay include code tor controlling
the pressure in the process station by regulating, for example, a throttle valve in the exhaust

system of the process station, a gas flow into the process station, etc.

102391 A heater control program may include code for controlling the current to a heating
unit that is used to heat the substrate. Alternatively, the heater control program may control

delivery of a heat transfer gas (such as helium) to the substrate.

{02401 A plasma control program may include code for setting RF power levels applied to
the process electrodes in one or more process stations in accordance with the embodiments

herein.

{02411 A pressure control program may include code for maintaining the pressure in the

reaction chamber in accordance with the embodiments herein.

{0242} In some embodiments, there may be a user interface associated with system
controller 550, The user interface may include a display screen, graphical software displays
of the apparatus and/or process conditions, and user input devices such as pointing devices,

keyboards, touch screens, microphones, etc.

{02431 In some embodiments, parameters adjusted by system controlier 858 may relate to
process conditions. Non-limiting examples include process gas composition and flow rates,
temperanire, pressure, plasma conditions {such as RF bias power levels}, etc. These
parameters may be provided to the user in the form of a recipe, which may be entered

uttizing the user woterface.
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{62441 Signals for monttoring the process may be provided by analog and/or digital input
connections of system controller 586 trom various process tool sensors. The signals for
controlling the process may be output on the analog and digital output connections of process
tool 506, Non-limiting examples of process tool sensors that may be monitored include mass
flow controllers, pressure sensors {such as manometers), thermocouples, etc. Appropriately
programmed feedback and control algorithms may be used with data from these sensors to

maintain process conditions,

{0245} System controller 856 may provide program tnstructions for implementing the
above-described deposition processes. The program instructions may control a variety of
process parameters, such as DC power level, RF bias power level, pressure, temperature, etc.
The instructions may control the parameters to operate dry development and/or etch

processes according to various embodiments described herein,

{02467 The system conirolier 55¢ will typically include one or more memory devices and
one or more processors configured to execute the instructions so that the apparatus will
perform a method n accordance with disclosed erobodiruents. Machne-readable media
containing instructions for controlling process operations in accordance with disciosed

embodiments may be coupled to the system controller 358,

{02471 In some implementations, the system controlier 3588 is part of a system, which may
be part of the above-described examples. Such systems can include semiconductor
processing equipment, including a processing tool or tools, chamber or chambers, a platform
or platforms for processing, and/or specific processing components (a wafer pedestal, a gas
flow system, etc.). These systems may be integrated with electronics for controlling their
operation before, during, and after processing of a semiconductor wafer or substrate. The
electronics may be referred to as the “controller,” which may control various components or
subparts of the system or systems. The system controller 580, depending on the processing
conditions and/or the type of system, may be programmed to control any of the processes
disclosed herein, including the delivery of processing gases, temperature settings {e.g.,
heating and/or cooling), pressure settings, vacuum settings, power settings, radio frequency
(RF} generator settings, RF matching circuit settings, frequency settings, flow rate settings,
fluid delivery settings, positional and operation settings, wafer transfers into and out of a tool

and other transfer tools and/or load locks connected to or wnterfaced with a specific system.
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{0248} Broadly speaking, the system controller 550 may be defined as elecironics having
various integrated circuits, logic, memory, and/or software that receive instructions, 1ssue
instructions, control operation, enable cleaning operations, enable endpoint measurements,
and the like. The integrated circuits may include chips in the form of firmware that store
program instructions, digital signal processors (IDSPs), chips defined as application specific
integrated circuits (ASICs), and/or one or more microprocessors, or microcontroilers that
execute program instructions (e.g., software). Program instructions may be 1nstructions
communicated to the system controller 830 in the form of various individual settings (or
program files), defining operational parameters for carrying out a particular process on or for
a semiconductor wafer or to a system. The operational parameters may, in some
embodiments, be part of a recipe defined by process engineers to accomplish one or more
processing steps during the fabrication of one or more layers, materials, metals, oxides,

sitlicon, silicon dioxide, surfaces, circuits, and/or dies of a wafer.

1024%] The system controtler 886, in some implementations, may be a part of or coupled to
a computer that is integrated with, coupled to the system, stherwise networked fo the system,
or a combination thereof. For example, the system controller 358 may be in the “cloud” or
all or a part of a fab host computer system, which can allow for remote access of the wafer
processing. The computer may enable remote access to the system to monttor current
progress of fabrication operations, examine a history of past fabrication operations, examine
trends or performance metrics from a plarality of fabrication operations, to change
parameters of current processing, to set processing steps to follow a current processing, or o
start a new process. In some examples, a remote computer {e.g. a server} can provide process
recipes to a system over a network, which may include a local network or the Internet. The
remote computer may include a user interface that enables entry or programming of
parameters and/or settings, which are then communicated to the system from the remote
computer. In some examples, the system controller 838 receives instructions in the form of
data, which specity parameters for each of the processing steps to be performed during one or
more operations. It should be understood that the parameters may be specific to the type of
process to be performed and the type of tool that the system controlier 35¢ is configured to
interface with or control. Thus, as described above, the system controller 586 may be
distributed, such as by including one or more discrete controllers that are networked together
and working towards a common purpose, such as the processes and controls described herein.

An example of a distributed controller for such purposes would be one or more integrated
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circuits on a chamber in communication with one or more tntegrated circuits located remotely
{such as at the platform level or as part of a remote computer} that combine to control a

process on the chamber.

{02567 Without limitation, example systems may include a plasma etch chamber or module,
a deposition chamber or module, a spin-rinse chamber or module, a metal plating chamber or
module, a clean chamber or module, a bevel edge eich chamber or module, a physical vapor
deposition (PVD) chamber or module, a chemical vapor deposition (CVD) chamber or
module, an ALD chamber or module, an atomic layer etch {ALE) chamber or module, an ion
implantation chamber or module, a track chamber or module, an EUV lithography chamber
{scanner) or module, a dry development chamber or module, and any other semiconductor

processing systems that may be associated or used in the fabrication and/or manufacturing of

serniconductor waflers.

{0251] As noted above, depending on the process step or steps to be performed by the tool,
the system controller $88 might communicate with one or more of other tool circuits or
modules, other tool components, cluster tools, other tool interfaces, adjacent tools,
neighboring tools, tools located throughout a factory, a main computer, another controller, or
tools used n roaterial transport that bring containers of wafers to and from tool locations

and/or load ports in a semiconductor manufacturing factory.

10282] Inductively coupled plasma (ICP}) reactors which, in certain embodiments, may be
suttable for etch operations suitable for implementation of some embodiments, are now
described. Although ICP reactors are described herein, in some embodiments, it should be

understood that capacitively coupled plasma reactors may also be used.

{0253} ¥FIG. 6 schematically shows a cross-sectional view of an inductively coupled
plasma apparatus ¢80 appropriate for implementing certain embodiments or aspects of
embodiments such as dry development and/or eich, an example of which is a Kiyo® reactor,
produced by Lam Research Corp. of Fremont, CA. In other embodiments, other tools or tool
types having the functionality to conduct the dry development and/or etch processes
described herein may be used for implementation.

10284} The inductively coupled plasma apparatus 680 includes an overall process chamber
structurally defined by chamber walls 661 and a window 611, The chamber walls 681 may
be fabricated from stainless steel or aluminum. The window 611 may be fabricated from

guartz or other dielectric roaterial. Au optional internal plasma grid 656 divides the overall
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process chamber into an upper sub-chamber 602 and a lower sub-chamber 683, In most
embodiments, plasma grid 630 may be removed, thereby utilizing a chamber space made of
sub-chambers 602 and 683, A chuck 617 is positioned within the lower sub-chamber 683
near the bottom inner surface. The chuck 617 is configured to receive and hold a
semiconductor wafer 619 upon which the etching and deposition processes are performed.
The chuck 617 can be an electrostatic chuck for supporting the water 19 when present. In
some embodiments, an edge ring (not shown) surrounds the chuck 617 and has an upper
surface that is approximately planar with a top surface of the wafer 619, when present over
the chuck #17. The chuck 617 also includes electrostatic electrodes for chucking and
dechucking the wafer 619, A filter and DC clamyp power supply (not shown} may be

provided for this purpose.

{0285] Other control systems for lifting the wafer 619 off the chuck 617 can also be
provided. The chuck 617 can be electrically charged using an R¥F power supply 623. The RF
power supply 623 is connected to matching circuitry 621 through a connection 627. The
matching circultry 621 is connected fo the chuck 617 through a conunection 628, In this
manuer, the RF power supply 623 is connected to the chuck 617, In various embodiments, a
bias power of the electrostatic chuck may be set at about 50 V or may be set at a different
bias power depending on the process performed 1n accordance with disclosed embodiments.
For example, the bias power may be between about 20 V and about 100 V| or between about

30 ¥ and about 150V,

{0256} Elements for plasma generation include a cotl 633 positioned above window 611
In some embodiments, a coil is not used in disclosed embodiments. The coil 633 is
fabricated from an electrically conductive material and includes at least one complete turn.
The example of a coil 633 shown in FIG. 6 includes three turns. The cross sections of coil
633 are shown with symbols, and coils having an “X” extend rotationally into the page, while
cotls having a “e” extend rotationally out of the page. Elements for plasma generation also
include an R¥F power supply 641 configured to supply RF power to the coil 633. In general,
the RF power supply 641 15 connecied to matching circuitry 639 through a connection 648,
The matching circuttry 63% is counnected to the coil 833 through a connection 643. In this
manuer, the RF power supply 641 is connected to the coil 633, An optional Faraday shield
649 is positioned between the coil 633 and the window 611, The Faraday shield 649 may be
maintained in a spaced apart relationship relative to the coil 833, In some embodiments, the

Faraday shield 649 is disposed immediately above the window 611, In some embodiments, a
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Faraday shield is between the window 611 and the chuck 617, In some embodiments, the
Faraday shield is not maintained in a spaced apart relationship relative to the coil 833, For
example, a Faraday shield may be directly below the window without a gap. The coll 633,
the Faraday shield 649, and the window 611 are each configured to be substantially parallel
to one another. The Faraday shield 649 may prevent metal or other species from depositing

on the window 611 of the process chamber.

{0257} Process gases may be flowed into the process chamber through one or more main
gas flow inlets 660 positioned in the upper sub-chamber 682 and/or through one or more side
gas flow inlets 670. Likewise, though not explicitly shown, similar gas flow inlets may be
used to supply process gases to a capacitively coupled plasma processing chamber. A
vacuum pump, €.¢., a one or two stage mechanical dry pump and/or turbomolecular pump
6468, may be used to draw process gases out of the process chamber and {o maintain a
pressure within the process chamber. For example, the vacuum pump may be used to
evacuate the lower sub-chamber 603 during a purge operation of ALD. A valve-controlled
conduit may be used to fhudically connect the vacuum pump to the process chamber so as to
selectively control application of the vacuum environment provided by the vacuum pump.
This may be done employing a closed loop-controlied flow restriction device, suchas a
throttle valve (not shown) or a pendulum valve (not shown), during operational plasma
processing. Likewtse, a vacuum pump and valve controlled flutdic connection to the

capacitively coupled plasma processing chamber may also be employed.

{0258} During operation of the apparatus 688, one or more process gases may be supplied
through the gas flow inlets 668 and/or 678, In certain embodiments, process gas may be
supplied only through the main gas flow inlet 660, or only through the side gas flow inlet
678, In some cases, the gas flow inlets shown in the figure may be replaced by more
complex gas flow inlets, one or more showerheads, for example. The Faraday shield 649
and/or optional grid 688 may include internal channels and holes that allow delivery of
process gases to the process chamber. Either or both of Faraday shield 649 and optional grid
638 may serve as a showerhead for delivery of process gases. In some embodiments, a liquid
vaporization and delivery system may be situated upstream of the process chamber, such that
once a liquid reactant or precursor 1s vaporized, the vaporized reactant or precursor is

introduced into the process chamber via a gas flow inlet 668 and/or 678.

182391  Radio frequency power is supplied from the RF power supply 641 to the cotl 633 to

cause an RF current to flow through the coil 633 The RF current flowing through the coil
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633 generates an electromagnetic field about the coil 633, The electromagnetic field
generates an inductive current within the upper sub-chamber 662, The physical and chemical
interactions of various generated jons and radicals with the wafer 619 etch features of and

selectively deposit layers on the wafer 619

[0260]  If the plasma grid 650 is used such that there 15 both an upper sub-chamber 602 and
a lower sub-chamber 663, the inductive current acts on the gas present in the upper sub-

chamber 02 to generate an electron-ion plasma in the upper sub-chamber 602, The optional
internal plasma grid 658 Limits the amount of hot electrons in the lower sub-chamber 683, In
some embaodiments, the apparatus 609 is designed and operated such that the plasma present

in the lower sub-chamber 603 is an ion-ion plasma.

{02611 Both the upper electron-ton plasma and the lower ion-1on plasma may contain
positive and negative ions, though the ion-ion plasma will have a greater ratio of negative
1ons to positive 1ons.  Volatile etching and/or deposition byproducts may be removed from
the lower sub-chamber 603 through port 622, The chuck 617 disciosed herein may operate at

elevated temperatures ranging between about 10°C and about 250°C. The teroperature will

depend on the process operation and specific recipe.

10262} Apparatus 680 may be coupled to facilities (not shown} when installed in a clean
room ot a fabrication facility. Faciities include plumbing that provide processing gases,
vacuum, temperature control, and environmental particle control. These facilities are coupled
to apparatus 600, when ostalled in the target fabrication facihity. Additionally, apparaius 600
may be coupled to a transfer chamber that allows robotics to transfer semiconductor wafers

into and out of apparatus 684 using typical automation,

{82631 In some embodiments, a system controlier 638 (which may include one or more
physical or logical controllers) controls some or all of the operations of a process chamber.
The systern controller 630 may include oue or more memory devices and ove or more
processors. In some embodiments, the apparatus 608 includes a switching system for
controlling flow rates and durations when disclosed embodiments are performed. Io some
embodiments, the apparatus 600 may have a switching time of up to about 600 ms, orup to
about 750 ms. Swiiching time may depend on the flow chemistry, recipe chosen, reactor

architecture, and other factors.

{0264} In some implementations, the system controlier 639 1s part of a system, which may

be part of the above-described examples. Such systems can nclude semiconductor
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processing equipment, including a processing tool or tools, chamber or chambers, a platform
or platforms for processing, and/or specific processing components (a wafer pedestal, a gas
flow system, etc.}). These systems may be integrated with electronics for controliing their
operation before, during, and after processing of a semiconductor wafer or substrate. The
electronics may be integrated into the system couotroller 638, which may control various
components or subparts of the system or systems. The system controller, depending on the
processing parameters and/or the type of system, may be programmed to control any of the
processes disclosed herein, including the delivery of processing gases, temperature settings
{e.g., heating and/or cooling), pressure setiings, vacuum settings, power settings, radio
frequency (RF) generator settings, RF matching circuit settings, frequency settings, flow rate
settings, fluid delivery settings, positional and operation settings, wafer transters into and out
of a tool and other transfer tools and/or Ipad locks connected 10 or interfaced with a specific

systern.

{0265] Broadly speaking, the system controller 630 may be defined as electronics having
various integrated circuits, fogic, memory, and/or software that receive instructions, issue
instructions, control operation, enable cleaning operations, enable endpoint measurerents,
and the like. The integrated circuits may tnclude chips in the form of firmware that store
program instructions, digital signal processors (DSPs), chips defined as application specific
integrated circuits (ASICs), and/or one or more microprocessors, or microcontrollers that
execute program instructions {e.g., software). Program instructions may be instructions
communicated to the controller in the form of various individual setiings (or program files),
defining operational parameters for carrying out a particular process on or for a
semiconductor wafer or to a system. The operational parameters mway, in some embodiments,
be part of a recipe defined by process engineers to accomplish one or more processing steps
during the fabrication or removal of one or more layers, materials, metals, oxides, silicon,

siticon dioxide, surfaces, circuits, and/or dies of a wafer

18266] The system controller 636, in some implementations, may be a part of or coupled to
a computer that is integrated with, coupled to the system, otherwise networked to the system,
or a combination thereof. For example, the controller may be in the “cloud” or all or a part of
a fab host computer system, which can allow for remote access of the wafer processing. The
computer may enable remote access to the system to monitor current progress of fabrication
operations, examine a history of past fabrication operations, exanuine trends or performance

metrics from a plurality of fabrication operations, to change parameters of current processing,
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to set processing steps to follow a current processing, or to start a new process. In some
examples, a remote computer {e.g a server) can provide process recipes to a system over a
network, which may include a local network or the Internet. The remote computer may
include a user interface that enables entry or programming of parameters and/or settings,
which are then communicated to the system from the remote computer. lu some examples,
the system controller 630 receives instructions in the form of data, which specify parameters
for each of the processing sieps to be performed during one or more operations. [t should be
understood that the parameters may be specific to the type of process 1o be performed and the
type of tool that the controller is configured to interface with or control. Thus, as described
above, the system coniroller 638 may be distributed, such as by including one or more
discrete controllers that are networked together and working towards a common purpose,
such as the processes and controls described herein. An example of a distributed controlier
for such purposes would be one or more integrated circuits on a chamber in communication
with one or more integrated circuits located remotely (such as at the platform level or as part

of a remote computer) that combine to control a process on the chamber.

{02677  Without hmutation, example systems may include a plasma etch chamber or module,
a deposition chamber or module, a spin-rinse chamber or module, 2 metal plating chamber or
module, a clean chamber or module, a bevel edge etch chamber or module, a physical vapor
deposition (PVD) chamber or module, a chemical vapor deposition (CVD) chamber or
module, an ALD chamber or module, an ALE chamber or module, an ion implantation
chamber or module, a track chamber or module, an EUV lithography chamber (scanner} or
module, a dry development chamber or module, and any other semiconductor processing
systems that may be associated or used in the fabrication and/or manufacturing of

semiconductor wafers.

{0268] As noted above, depending on the process step or steps to be performed by the tool,
the controiler might cormmmunicate with one or more of other tool circuits or modules, other
tool components, cluster tools, other tool interfaces, adjacent tools, neighboring tools, tools
located throughout a factory, a main computer, another controller, or tools used in material
transport that bring containers of wafers to and from tool locations and/or lcad portsin a

serntconductor manufacturing factory.

{02691 EUVL patterning may be conducted using any suitable tool, often referred to as a
scanner, for example the TWINSCAN NXE: 3300B® platform supplied by ASML of

Yeldhoven, NL. The EUVL patterning tool may be a standalone device from which the
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substrate is moved into and out of for deposition and etching as described hergin. Or, as
described below, the EUVL patterning tool may be a module on a larger multi-component
tool. FiG. 7 depicts a semiconductor process cluster tool architecture with vacuum-integrated
deposition, EUV patterning and dry development/etch modules that interface with a vacuum
transfer module, suitable for implementation of the processes described herein. While the
processes may be conducted without such vacuum integrated apparatus, such apparatus may

be advantagecus tn some implementations.

{8276] ¥FHG. 7 depicts a semiconductor process cluster tool architecture with vacuum-
integrated deposition and patterning modules that interface with a vacuum transfer module,
suttable for ioplementation of processes described herein. The arrangement of transfer
modules to “transfer” wafers among multiple storage facilities and processing modules may
be referred to as a “cluster tool architecture” system. Deposition and patierning modules are
vacuuni-integrated, in accordance with the requirements of a particular process. Other

modules, such as for etch, may also be included on the cluster.

[02781] A vacuum transportt module {(VTM) 738 interfaces with four processing modules
728a-728d, which may be individually optimized to perform various fabrication processes.
By way of example, processing moodules 728a-720d may be implemented to perform
deposition, evaporation, ELD, dry development, etch, strip, and/or other semiconductor
processes. For example, module 728a may be an ALD reactor that may be operated to
perform in a non-plasma, thermal atomic layer depositions as described herein, such as a
Vector tool, available from Lam Research Corporation, Fremont, CA. And module 720b
may be a PECVYD tool, such as the Lam Vector®. It should be understood that the figure is

not necessarily drawn to scale.

102721 Airlocks 742 and 746, also known as a loadlocks or transter modules, interface with
the VIM 738 and a patterning module 748, For example, as noted above, a suitable
patterning module may be the TWINSCAN NXE: 3300B® platform supplied by ASML of
Veldhoven, NL. This tool architecture allows for work pieces, such as semiconductor
substrates or wafers, to be transferred under vacuum so as not to react before exposure.
Integration of the deposition modules with the lithography tool is facilitated by the fact that
EUVL also requires a greatly reduced pressure given the strong optical absorption of the

incident photous by ambient gases such as HoO, Oz, ete.
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{62731 As noted above, this integrated architecture is just one possible embodiment of a
tool for implementation of the described processes. The processes may also be implemented
with a stand-alone EUVL scanner and a deposition reactor, such as a Lam Vector tool, either
stand alone or integrated 1n a cluster architecture with other tools, such as etch, strip etc. (e.g.,
Laro Kiyo or Gamma tools), as modules, for example as described with reference to FIG. 7

but without the integrated patterning module.

102741 Airlock 742 may be an “outgoing” loadlock, refernng to the transfer of a substrate
out from the VIM 738 serving a deposition module 728a to the patterning module 748, and
airfock 746 may be an “ingoing” loadlock, referring to the transfer of a substrate from the
patteroing module 748 back 1o to the VIM 738 The ingoing loadiock 746 may also provide
an interface to the exterior of the tool for access and egress of substrates. Each process
module has a facet that interfaces the module to VIM 738 For example, deposition process
module 7203 has facet 736. Inside each facet, sensors, for example, sensors 1-18 as shown,
are used to detect the passing of wafer 726 when moved between respective stations.
Patterning module 748 and airfocks 742 and 746 may be similarly equipped with additional

facets and sensors, not shown.

{02751 Main VTM robot 722 transfers wafer 726 between modules, inchuding airfocks 742
and 746. In one embodiment, robot 722 has one arm, and in another embodiment, robot 722
has two arros, where each arm bhas an end effector 724 to pick wafers such as wafer 726 for
transport. Front-end robot 744, in is used to transfer wafers 726 from outgoing airlock 742
into the patterning module 748, from the patterning module 748 into ingoing airlock 746.
Front-end robot 744 may also transport wafers 726 between the ingoing loadiock and the
extertor of the tool for access and egress of substrates. Because ingoing airlock module 746
has the ability to match the environment between atimospheric and vacuum, the wafer 726 is

able to move between the two pressure environments without being damaged.

{0276} It should be noted that a EUVL tool typically operates at a higher vacuum than a
deposition tool. If this is the case, it is desirable to increase the vacuum envirgnment of the
substrate during the transfer between the deposition to the EUVL tool to allow the substrate
to degas prior to entry into the patterning tool. Ouigoing atrlock 742 may provide this
function by holding the transferred wafers at a lower pressure, no higher than the pressure in
the patterning module 740, for a period of time and exhausting any off-gassing, so that the
optics of the patterning tool 748 are not contaminated by off-gassing from the substrate. A

suttable pressure for the outgoing, off-gassing airlock 1s no more than 1E-8 Torr.
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162771 In some embodiments, a system controlier 750 (which may inchude one or more
physical or logical controllers} controls some or all of the operations of the cluster tool and/or
its separate modules. It should be noted that the controller can be local to the cluster
architecture, or can be located external to the cluster architecture in the manufacturing floor,
or 11 a remote location and connected to the cluster architecture via a network. The system
controtier 75¢ may include one or more memory devices and one or more processors. The
processor may nchude a central processing unit (CPU) or computer, analog and/or digital
input/cutput connections, stepper motor controtler boards, and other like components.
Instructions for implementing appropriate control operations are executed on the processor.
These itnstructions may be stored on the memory devices associated with the controfler or
they may be provided over a network. In certain embodiments, the system controller

exgcutes system control software.

{02781 The system control software may include instructions for controlling the timing of
application and/or magnitude of any aspect of tool or module operation. System control
software may be configured in any suitable way. For example, various process tool
component subroutines or control objects may be written to control operations of the process
tool components necessary to carry cut various process tool processes. System control
software may be coded in any suitable compute readable programming language. In some
embodiments, system control software inchides input/output control JOC) sequencing
instructions for controlling the various parameters described above. For exampie, each phase
of a sericonductor fabrication process may include one or more instructions for execution by
the system controller. The instructions for setting process conditions for condensation,
deposition, evaporation, patterning and/or etching phase may be included 1n a corresponding

recipe phase, for example.

{6279} In various embodiments, an apparatus for forming a negative pattern mask is
provided. The apparatus may toclude a processing chamber for patterning, deposition and
etch, and a controlier including instructions for forming a negative pattern mask. The
instructions may include code for, 1n the processing chamber, patterning a feature in a
chemically amplified {CAR) resist on a semiconductor substrate by EUV exposure to expose
a surface of the substrate, dry developing the photopatierned resist, and etching the

underlying layer or layer stack using the patterned resist as a mask.

{02801 It should be noted that the computer controlling the wafer movement can be local to

the cluster architecture or can be located external to the cluster architecture in the

71



W

10

5

WO 2022/016124 PCT/US2021/042104

manufacturing floor, or in a remote location and connected to the cluster architecture via a

network.

Conclusion

102811 Although the foregoing embodiments have been described tn some detail for
purposes of clarity of understanding, it will be apparent that certain changes and
modifications may be practiced within the scope of the appended claims. Embodiments
disclosed herein may be practiced without some or all of these specific details. In other
instances, well-known process operations have not been described in detail to not
unnecessarily obscure the disclosed embodiments. Further, while the disclosed embodiments
will be described in conjunction with specific embodiments, it will be understood that the
specific embodiments are vot intended to limut the disclosed embodiments. It should be
noted that there are many alternative ways of implementing the processes, systems, and
apparatus of the present embodiments. Accordingly, the present embodiments are to be
considered as iHustrative and not restrictive, and the embodiments are not 1o be Himited to the

details given herein.
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CLAIMS

i A stack comprising:
a semiconductor substrate having a top surface; and

a patterning radiation-sensitive film disposed on the top surface of the

(W

semiconductor substrate, wherein the film comprises tantalum and tin.

2. The stack of claim 1, wherein the patterning radiation~-seunsitive film comprises

an extreme ultraviolet (EUV)-sensitive film.

10 3. The stack of claim 2, wherein the patierning radiation-sensitive film comprises

a mixed organometal film comprising tantalum and tin.

4. The stack of claim 2, wherein the patterning radiation-sensitive filro comprises
a tantalum-containing layer disposed on a top surface or a bottom surface of a tin-containing
15 layer.
5. The stack of claim 2, wherein the patterning radiation-sensitive film having a

thickness of from about 5 nm to about 40 nm.

20 6. A method of forming a film, the method comprising:
depositing a tantalum-based precursor on a surface of a substrate to provide a
patterning radiation-sensitive film, wherein the tantalum-based precursor comprises a

patterning radiation-sensitive motety.

25 7. The method of claim 6, wherein the patterning radiation-seusitive film

comprises an Extreme Ultraviolet (EUV }-sensitive film.

8. The method of claim 7, wherein the patterning radiation-sensitive moiety of
the tantalum-based precursor comprises an EUV labile group.
30
9. The method of claim 7, wherein the tantalum-based precursor comprises a

structure having formula (I}

TaRoLe (1},
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wherein:

each R 1s, independently, an EUV labile group, halo, optionally substituted
alkyl, optionally substituted aryl, optionally substituted aming, optionally substituted
imino, or optionally substituted atkylene;

each L is, independently, a ligand or other motety that is reactive with a
reducing gas or acetylene;

b>0 andc> 1.

10. The method of claim 9, wherein the tantalum-based precursor comprises a

structure having formula (§-A):;

R=Ta(L} (I-A},

wherein:

R is =NR' or =CRR";

each L 1s, independently, halo, optionally substituted alkyl, optionally
substituted aryl, optionally substituted aming, opticnally substituted
bis(trnialkylsilylyamino, optionally substituted trialkylsilyl, or a bivalent ligand that 15
bound to Ta and the bivalent ligand is -NR-Ak-NR"-;

each R' and R is, independently, H, optionally substituted linear alkyl,
optionally substituted branched alkyl, or optionally substituted cycloatkyl;

Ak 1s optionally substituted alkylene or optionally substituted alkenylene; and

b> 1.

11 The method of claims 7-10, wherein the patterning radiation-sensitive film

comprises a tantalum nitride film.

12.  The method of claims 7-10, wherein said depositing further comprises an
organometal cormpound, and wherein the tantalum-based precursor and the organometal

compound can be deposited together.
13, The method of claim 12, wherein said depositing further comprises adjusting a

relative amount of the tantalum-based precursor and the organometal compound to be

deposited in the filr.
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14, The method of claim 13, wherein said adjusting comprises changing a flow

rate and/or a deposition time of the tantalum-based precursor and the organometal compound.

15 The method of claim 12, wherein said depositing comprises:

depositing the tantalum-based precursor and the organometal compound in the

optional presence of a reducing gas or acetylene, thereby providing the patterning
radiation-sensitive film comprising a mixed organometal film having two or more

different metals.

16, The method of claim 15, wherein the organometal compound comprises a tin-

based precursor and wherein the mixed organometal film comprises tantalum and tin,

17. The method of claim 15, wherein said depositing comprises depositing by way

of chemical vapor deposition at a temperature less than about 250°C or less than about

106°C.

18.  The method of claims 7-10, wherein said depositing further comprises an
organometal cormpound, and wherein the tantalum-based precursor and the organometal

compound can be deposited sequentially in a sequence.

19. The method of claim 18, wherein the sequence comprises depositing the

tantalum-based precursor followed by or preceded by the organometal compound.

20.  The method of claim 18, wherein said depositing further comprises adjusting a

number or order of sequence of the tantalum-based precursor followed by or preceded by the

organometal compound.
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21 The method of claim 18, wherein said depostting comprises:
depostting the organometal compound in the optional presence of a counter-
reactant in a chamber, thereby providing an organometal-contatning layer;
purging the chamber with a purge gas;
S depositing the tantalum-~based precursor in the chamber, thereby providing a

tantalum-containing layer disposed on a top surface of the organometal-containing

layer;
purging the chamber with another purge gas; and
exposing the tantalum-containing layer to a reducing gas or acetylene,
10
22, The method of claim 21, wherein the organometal cormnpound cormprise a tin-

based precursor, and wherein the organometal-containing layer comprises tin.

23 The method of claim 21, wherein said depositing comprises depositing by way

15 of atomic layer deposition.

24, The method of claim 12, wherein the organometal compound comprises a
structure having formula ()
MaRoLe (1),
20 wherein:
M is a metal;
each R is, independently, an EUV labile ligand, halo, optionaily substituted
allyl, optionally substituted aryl, optionally substituted amino, optionally substituted

alkoxy, or L;

25 each L 1s, independently, a ligand, 1on, or other motety that 18 reactive with a
counter-reactant, in which R and L with M, taken together, can optionally form a
heterocyclyl group or in which R and L, taken together, can optionally form a
heterocyclyl group,;
a>Lb>1andec> 1.
30

25. The method of claim 24, wherein R is optionally substituted alky! and M 1s tin.
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26, The method of claim 24, wherein each L is, independently, H, halo, optionally
substituted alkyl, optionally substituted aryl, optionally substituted amino, optionally
substituted bis(trialkylsilyhamino, optionally substituted triatkyisilyl, or optionally

substituted atkoxy.

27. The method of claim 24, wherein said depositing further comprises a counter-
reactant.
28  The method of claim 7, wherein said depositing turther comprises a reducing

gas or acetylene.

29. The method of claim 28, wherein the reducing gas comprises hydrogen (Hz),

amine {NH3}, or a trialkylanmine.

30, The method of claim 7, further comprising, after said depositing:

patterning the patterning radiation-sensitive film by a patterning radiation
exposure, thereby providing an exposed tilm having radiation exposed areas and
radiation unexposed areas; and

developing the exposed film, thereby removing the radiation exposed areas o
provide a pattern within a positive tone resist film or removing the radiation

unexposed areas to provide a pattern within a negative tone resist.

31, The method of claim 30, wherein the patterning radiation exposure comprises
an Extreme Ultraviolet exposure having a wavelength 1n the range of about 10 nm to about 20

nm in a vacuum ambient,

32. The method of claim 31, wherein said developing comprises dry developing

chemistry or wet developing chemistry.
33, The method of claim 33, wherein the dry developing chemistry comprises

HCI, HBr, HL HF, Ch, By, BCls, BF3, NFs, NH;, SOCh, SFs, CF4, CHF3, CHaF», and/or

CHsF in plasma.
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34, The method of claim 33, wherein the wet developing chemistry comprises a

ketone, an ester, an alcohol, or a glycol ether.

35 The method of claim 34, wherein the wet developing chemistry comprises 2-
heptanone, cyclohexanone, acetone, y-butyrolactone, n-butyl acetate, ethyl 3-
ethoxypropionate, isopropyl alcchol (IPA), propylene glycol methyl ether (PGME), or

propylene glycol methyl ether acetate (PGMEA), or a combinations thereof

36 An apparatus for forming a resist film, the apparatus comprising:

a deposition module comprising a chamber for depositing a patterning
radiation-sensitive film;

a patterning module comprising a photolithography tool with a source of sub-
300 nm wavelength radiation;

a developroent module comprising a chamber for developing the resist film;
and

a controller including one or muore memory devices, one oF More processors,
and system control software coded with instructions comprising machine-readable
instructions for:

i the deposition module, causing deposition of a tantalum-based
precursor on a top surface of a semiconductor substrate to form the patterning
radiation-sensitive film as a resist film, wherein the tantalum-based precursor
comprises a patterning radiation-sensitive moiety,

in the patterning module, causing patterning of the resist filmy with sub-
300 nm resolution directly by patterning radiation exposure, thereby forming
an exposed film having radiation exposed areas and radiation unexposed areas;
and

in the developrent roodule, causing development of the exposed film
to remove the radiation exposed areas or the radiation unexposed areas to

provide a pattern within the resist film.

37 The apparatus of claim 36, wherein the patterning radiation-sensitive tilm

comprises an Extreme Ultraviolet (EUV}-sensttive film.
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38  The apparatus of claim 37, wherein the source for the photolithography tool is

a source of sub-30 nm wavelength radiation.

39. The apparatus of claim 38, wherein the instructions comprising machine-
S readable justructions further comprises instructions for:
in the patterning module, causing patterning of the resist film with sub-
30 nm resolution directly by EUV exposure, thereby forming the exposed film

having EUV exposed areas and EUVY unexposed areas.

10 40.  The apparatus of claim 39, wherein the jnstructions comprising machine-
readable instructions further comprises instructions for
in the development module, causing development of the exposed film
to remove the EUV exposed areas or the EUV unexposed areas to provide a
pattern withio the resist film.
41 The apparatus of claims 37-40, wherein the instructions comprising machine-
readable instructions further comprises instructions for:
in the deposition module, causing further deposition of an organoretal
compound in the optional presence of a reducing gas, acetyiene, and/or a
20 counter-reactant, wherein the tantalum-based precursor and the organometal
compound are deposited together to provide a mixed organometal film having

two or more different metals.

42, The apparatus of claims 37-40, wherein the instructions comprising machine-

2

L

readable instructions further comprises wstructions for:
in the deposition module, causing further deposition of an organometal
compound o the optional presence of a reducing gas, acetylene, and/or a
counter-reactant, wherein the tantalum-based precursor and the organometal
compound are depostted in alternating cycles to provide an organometal-
30 containing layer and a tantalum-containing layer disposed on a top surface of

the organometal-containing layer.

43. A method comprising:
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providing a patterning radiation-sensitive film disposed on a top surface of a
semiconductor substrate, wherein the film comprises tantalum or tantalum and tin;
and

patterning the patterning radiation-sensitive film by a patterning radiation

5 exposure, thereby providing an exposed {ilm having radiation exposed areas and

radiation unexposed areas.

44, The method of claim 43, further comprising:

after said patterning, developing the exposed film using a wet chemistry.

10
45, The method of claim 43, further comprising:
after said providing the patterning radiation-sensitive film, performing a post-
application bake at a temperature below 250°C or below 180°C.
15 46. The method of claim 43, turther comprising:

after said patterning, performing a post-exposure bake at a teroperature below

250°C or below 180°C.
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. Optional: Post Application Bake |
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