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EUV ACTive FiLMs FOR EUV LITHOGRAPHY

CROSS-REFERENCE TO RELATED APPLICATIONS

fooot]  The present application claims the benefit of and priority to U.S. Patent
Application No. 17/522,563, filed November g, 2021, the contents of which are incorporated

herein by reference in their entirety.

TECHNICAL FIELD

foonz]  The present invention relates generally to extreme ultraviolet (EUV) lithography,

and, in particular embodiments, to EUV active films and methods of formation thereof.

BACKGROUND

fooo3]  Generally, a semiconductor device, such as an integrated cireuit (IC) is fabricated
by sequentially depositing and patterning layers of dielectric, conductive, and semiconductor
materials over a semiconductor substrate to form a network of electronic components and
interconnect elements (e.g., transistors, resistors, capacitors, metal lines, contacts, and vias)
integrated in a monolithic structure. At each successive technology node, the minimum

feature sizes are shrunk to reduce cost by roughly doubling the compounent packing density.

fooo4] A common patterning method is to use a photolithography process 1o expose a
coating of photoresist over the target layer to a pattern of actinic radiation and then transfer
the relief pattern to the target laver or an underlying hard mask layer formed over the target
fayer. With this technique, the minimum feature size would be limited by the resolution of
the optical system. Accordingly, scaling of feature sizes for the 7 nm and 5 nm technology
nodes may need 13.5 nm extreme ultraviolet (EUV) Bithography. Innovations on EUV
phetolithographic techniques may be needed to satisfy the cost and quality requirements for

patterning at the sub-10 nm node regime.

SUMMARY

fooos] Tn accordance with an embodiment of the present invention, a method of
processing a substrate that includes forming over the substrate an extreme ultraviolet
(EUV-active photoresist film including a network of metal oxide terminated with alkoxy
groups and patterning the EUV-active photoresist film with EUV lithography.

fooos] In accordance with an embodiment of the present invention, a method of
processing a substrate in a plasma processing chamber, the method induding: exposing the

substrate in the plasma processing chamber to a first vapor including a EUV metal
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precursor; exposing the substrate in the plasma processing chamber to a second vapor
including an alcohol having a hydrogen in a B-position relative to oxygen; forming a
photoresist film including a EUV metal alkoxide over the substrate by exposing the substrate
in the plasma processing chamber to a third vapor including an oxidant; and patterning the

phetoresist film with EUV lithography.

foowy]  Inaccordance with an embodiment of the present invention, a method of extreme
ultraviolet (EUV} lithography that includes: forming a EUV-active photoresist layer over a
substrate, the EUV-active photoresist laver including a network of tin oxide terminated with
atkoxy groups; exposing the substrate to a EUV irradiation having passed through an optical
mask that includes patterns to form exposed regions of the EUV-active photoresist layer, one
or more alkoxy groups in the exposed regions undergoing P-hvdrogen elimination to form a

tin hydroxide by eliminating an alkene; and developing the EUV-active photoresist layer.
BRIEF DESCRIPTION OF THE DRAWINGS

[ooo8]  For a more complete understanding of the present invention, and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

fooog]  Figure 1illustrates a reaction of a tin precursor and alecohol to form a tin alkoxide

in accordance with various embodiments;

foowo]  Figures 2A and 2B illustrate cross-sectional views of a substrate during two-step
formation of a tin alkoxide in accordance with an embodiment, wherein Figure 24 illustrates
the substrate at deposition of a tin precursor, and Figure 68 illustrates the substrate at a

subsequent step of reacting the deposited tin precursor with aleohol to form the tin alkoxide;

footi] Figure 2C illustrates a cross-sectional view of a substrate during one-step

formation of a tin alkoxide in accordance with an alternate embodiment;

foo12] Figure 2D lustrates a cross-sectional view of a substrate during deposition of a

pre-formed tin alkoxide in accordance with another embodiment;

foo13] Figure g tllustrates an oxidation of a tin alkoxide to form an extreme ultraviolet

{EUV)-active photoresist in accordance with various embodiments;

foo14] Figures 4A and 4B illustrate cross-sectional views of a substrate during an
oxidation step of a tin alkoxide in accordance with an embodiment, wherein Figire 4A
Hlustrates the substrate at deposition of an oxidant, and Figure 4B illustrates the substrate at

the completion of forming an EUV-active photoresist layer;
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fo015] Figure 4C illustrates a cross-sectional view of a substrate during one-step

formation of an EUV-active photoresist layer in accordance with an alternate embodiment;

[oo16]  Figures 5A-5C illustrate example chemical structures of EUV-active photoresist
comprising alkoxy groups in accordance with various embodiments, wherein Figure 54
Hllustrates an ethoxide, Figure 5B illustrates a tert-butoxide, and Figure 5C tliustrates a

cyclohexyl alkoxide;

f0017] Figures 6A and 68 illustrate process flow charts of methods of formation of a
BUV-active photoresist layer in accordance with various embodiments, wherein Figuire 8A
Hlustrates some embodiment process flows, and Figure 68 illustrates alternate emnbodiment

process flows;

[0018] Figure 7 illustrates a potential reaction occurring during an EUV irradiation step
in a EUV lithography process where the alkoxy groups of an EUV-active photoresist are
converted to hydroxy groups by p—hydrogen elimination in accordance with various

embodiments;

[ooi9] Figures 8A and 8B illustrate cross-sectional views of a substrate at an EUV
irradiation step in a EUV lithography process in accordance with various embodiments,
wherein Figure 8A illustrates the substrate at the start of the EUV irradiation, and Figure 8B

illustrates the substrate after the EUV irradiation;

foo20]  Figure g illustrates a potential reaction occurring during an optional post-
exposure bake (PEB) where the hydroxy groups of reacted EUV-active photoresist are

condensed to release water molecules;

foozi] Figure 10 dHlustrates a cross-sectional view of a substrate after an EUV irradiation

step and a PEB;

foo22] Figures 11A and 11B illustrate cross sectional views of a substrate after a
developing step in accordance with various embodiments, wherein Figure 114 illustrates the
substrate in accordance with an embodiment without a PEB, and Figure 1B illustrates the

substrate in accordance with an alternate embodiment with the PER;

foo23] Figures 12A and 12B illustrate cross-sectional views of a substrate at various
intermediate stages of a EUV lithography process in accordance with alternate embodiments,
wherein Figure 124 iitustrates the substrate after an EUV irradiation step and a deposition

step to form a material layer, and Figure 12B illustrates the substrate after a developing step;

fonag] Figures 12C and 12D lustrate cross-sectional views of a substrate at various
intermediate stages of a EUV lithography process in accordance with yet other embodiments,

wherein Figure 12C illustrates the substrate after an EUV irradiation step, a post-exposure
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deposition step to form a material layer, and a PEB, and Figure 12D iilustrates the substrate

after a developing step; and

foozs]  Figure 13 illustrate a process flow chart of methods of EUV lithography process in

aceordance with various embodiments.
DETATLED DESCRIPTION OF [LLUSTRATIVE EMBODIMENTS

foo26]  This application relates to a method of photolithographie process, more
particularly to a method of forming an extreme ultraviolet (EUV)-active photoresist
comprising a metal alkoxide moiety for EUV photolithographic processes, EUV lithography
techniques, for example using a UV wavelength of 13.5 nm, may offer significant advantages
in patterning sub-10 nm features with its high optical resolution. However, one major
engineering challenge for EUV lithography is that photoresists developed for conventional
photolithography systems may not be sufficiently effective. For example, chemically
amplified resist (CAR) or similar polymer resists commonly used in 193 nm lithography tend
to have low absorption coefficients at 13.5 nm and thus may suffer a poor sensitivity.
Further, the diffusion of photo-activated species in CAR may cause blurring and increase in
line-edge roughness. Therefore, developing a new class of photoresists for EUV lithography
with better performance may be desired. Embodiments of the present application disclose
methods of forming an EUV-active photoresist layer comprising a metal atkoxide, in
particular a network of metal oxide terminated with alkoxy groups. The atkoxide groups of
the metal alkoxide in various embodiments responds to an EUV exposure, inducing changes
of material properties. The EUV-active photoresists in various embodiments may be

designed based on this EUV-active feature of the metal alkoxide groups.

foo27] The methods described in this disclosure mav advantageously enable a metal
alkoxide-containing extreme ultraviolet (EUV)-active photoresist having a higher EUTV
absorbance and thereby better resist sensitivity compared to conventional chemically
amplified resists (CAR). The higher EUV absorbance may enable decreasing the thickness of
the photoresist required for an acceptable performance. The metal alkoxide-containing EUV-
active photoresist described in this disclosure may also advantageously exhibit an etch
resistance better than conventional CAR. In addition, the methods herein may enable a
uniform chemical composition of the wetal alkoxide-containing EUV-active photoresist,
which may be beneficial in mitigating issues of blur or line edge roughness. Further, the
EUV-active photoresist in accordance with various embodiments of this disclosure may be
formed over a substrate and developed by dry or wet processes. While conventional
techniques used to apply and develop CAR are based on wet processes, dry processes for the

formation and developing of the EUV-active photoresist may allow better process control at
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the nanoscale than a wet process, e.g., for forming features that are a few nanometers or sub-
nanometer in critical dimension. Conventional spin-on processes for deposition and wet

processes using developing solutions are also available for the methods of this disclosure.

foo28]  EUV-active photoresists formed by the methods described in this disclosure are
based on a network of metal oxide terminated with alkoxy groups (i.e., metal-oxygen-metal
bonds and metal-oxygen-carbon bonds), which may advantageously have less toxicity and

less environmental concerns, for example, compared to organometallic compounds having

metal-carbon bonds.

foo2g]  Various embodiments of this disclosure may be comprised of three processing
stages: (1) the formation of a metal alkoxide molecule, (i) the formation of an EUV-active
photoresist layer on a substrate, and (i) an EUV Iithography process using the EUV-active
photoresist layer. In the following, the stage (1) is first described referring to Figures 1 and
24-2D, the stage (ii} is described next referring to Figures 3 and 4A-4B. Exarmples of
chemical structure of the EUV-active photoresist are illustrated in Figures 5A-5C. Process
flow diagrams for the stages (1) and (i) in accordance with various embodiments are
described in Figures 6A and 6B. The stage (i}, L.e., the EUV lithography process, way
comprise an EUV irradiation step, an optional post-exposure bake (FER), and a developing
step. They are described referring to Figures 7 and 8A-8B, Figures g and 10, and Figures 11A
and 1B, respectively. Further, certain embodiments with a post-exposure deposition step to
form a material layer are described in Figures 124-12D. An exemplary process flow diagram
for the EUV lithography process is described referring to Figure 13. All figures are drawn for

Hlustration purpose only and not o scale.

fooze]  Figure 1illustrates a reaction of a metal precursor 10 and alecohol 1110 form a

metal atkoxide 12 in accordance with various embodiments.

tooatd To form a EUV-active photoresist, a metal precursor comprising a EUV metal
may be used. In this disclosure, EUV metal may refer to a metal with a high EUV absorption
coefficient. In various embodiments, the EUV metal may comprise tin (Sn), and in other
embodiments zirconium (Zr), indium (In), antimony (Sb), bismuth (B1), or hafnium (Hf). In
the following, varicus embodiments including figures are described using tin as an
exemplary metal component for the EUV-active photoresist, although in some embodiments

other metals may also be present in the EUV-active photoresist.

fooz2] I Figure 1, the metal precursor 10, in one iflustration, may be an orgauic tin
compound comprising ligands (Li-Ly). In various embodiments, these Higands may comprise
an amine, carboxylate, or halogen. Tn some embodiments, some ligands may already

comprise an alkoxy group. The alcohol 11 reacts with the metal precursor 10 and replaces one
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or more of the ligands to form one or more alkoxy groups attached to the metal, i.e., in this
case tin. Thus forming a metal alkoxide 12, i.e., in this case tin alkoxide. In this disclosure,
the metal alkoxide 12 may refer to a metal compound that comprises a metal atom
terminated with one or more alkoxy groups. The metal alkoxide 12 may be used as an
intermediate to form an EUV-active photoresist comprising a network of metal oxide
terminated with alkoxy groups. In Figure 1, for example, two ligands (l.e., L1 and 13) are
exchanged with two alkoxy groups. Although not wishing to be limited by any theory, some
of the functional groups of the metal altkoxide 12 may be reacted and eliminated, for example
by moisture. In varicus embodiments, one or two alkoxy groups per metal atom may be
retained to form an EUV-active photoresist. The degree of ligand exchange may depend on
process types and conditions. This ligand exchange reaction for the formation of the metal
alkoxide 12 may be performed by a dry or wet process. For example, the ligand-exchange
reaction may be performed on a substrate by using deposition techniques such as vapor
deposition including atomie layer deposition (ALD), chemtcal vapor deposttion (CVD),
physical vapor deposition (PVD), as well as other plasma processes such as plasma enhanced
CVD (PECVD), and other processes. In other embodiments, a wet process stich as a spin-on

process may be used.

fooz3] Iy various embodiments, the metal alkoxide 12 may comprise an ethoxide, an iso-
propoxide, a tert~butoxide, a cyclohexyl alkoxide, a cyclohexene alkoxide, or a
cyciohexadiene alkoxide. The metal alkoxide 12 comprises a hydrogen at a $-position {i.e., B~
hydrogen) relative to the oxygen atom of the alkoxy group. The B-hvdrogen may be an
important photo-reactive species in EUV Hthography. Although not wishing to be limited by
any theory, this may be because the B-hydrogen is necessary for a photo-induced B-hydrogen
elimination reaction to oceur, which may be the basis for the EUV-active feature of the

photoresist in accordance with various embodiments.

foo34]  The aleohol 11 may be selected accordingly to the type of desired metal alkoxide.
For example, the alcohol 11 may comprise ethanol, iso-propanol, tert-butancl, or
cyclohexanol. In various embodiments, any alechol having a hydrogen at a B-position
relative to its oxygen atom may be used. In certain embodiments, selecting a bulky alkoxy
group may advantageously provide steric hindrance to each other and prevent excess
condensation before a EUV lithography process. In addition, a greater number of hvdrogen
atoms in the aleohol 11 at B-position relative to its oxygen may improve the probability of B-
hydrogen elimination and thereby EUV sensitivity. Further, in some embodiments, more
than one type of alkoxide may be used to form the EUV-active photoresist. Using more than
one type of atkoxide may advantageously allow fine tuning the overall physical and chemical

properties (e.g., the bulkiness, carbon-to-oxygen ratio, and/or
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hydrophobicity/hydrophilicity) of the resulting EUV-active photoresist. In one embodiment,
exposure t¢ moisture {water molecules in the gas phase) may also be performed to tune the

physical and chemical properties of the EUV-active photoresist.

[0035] Figures 2A and 2B llustrate cross-sectional views of a substrate 100 during two-

step formation of the metal alkoxide 12 in accordance with an embodiment.

foo36] I Figure 24, the substrate 100 comprises a semiconductor substrate in various
embodiments. In one or more embodiments, the substrate 100 may be a silicon wafer, or a
siticon-on-insulator (SO wafer. In certain embodiments, the substrate 100 may comprise a
silicon germanium wafer, silicon carbide water, gallinm arsenide wafer, gallium nitride wafer
and other compound semiconductors. In other embodiments, the substrate 160 comprises
heterogeneous layers such as silicon germanium on silicon, gallium nitride on silicon, silicon
carbon on silicon, as well lavers of silicon on a silicon or SO substrate. The substrate 100
may comprise an intermediate layer 110 over the substrate 100 as illustrated in Figure 24, In
certain embodiments, the intermediate layer 110 may comprise silicon oxide, silicon nitride,
sificon carbonitride (SICN}, silicon oxycarbide (S8i0C), or other materials. The intermediate
layer 110 may be the layer to be patterned by an etch process following the EUV lithography

Process.

too37] In varicus embodiments, prior to depositing the metal precursor 10, the
substrate 100 may optionally be processed by a pretreatment step to improve the deposition
step. In some embodiments, a plasma process or a thermal process may be performed to
chemically or physically modify the composition of surface terminal groups of the
intermediate layer 110. For exaruple, the optional pretreatment may be a plasma treatment
using a hydrogen-containing reducing agent. In one embodiment, a plasma treatment using

molecular hydrogen (H.) may be performed.

fooaB]  Still referring to Figure 24, the metal precarsor 10 may be deposited as a layer
over the intermediate layer 110 by a dry or wet process. In certain embodiments, although
not wishing to be limited by any theory, a portion of the metal precursor 10 may be
chemically bonded to the surface of the intermediate laver 110. For example, one of the
ligands {L.~L,} of the metal precursor 10 may be reacted with a surface hydroxy group of the

intermediate layer 110.

fo039] In Figure 2B, in a subsequent step, the alcohol 11 is supplied from a vapor or a

solution to the substrate 100 to react with the absorbed metal precursor 10 to form the metal
alkoxide 12, as also shown in Figure 1. The method in accordance with this embodiment may
be particularly advantageous when applied in atomic layer deposition (ALD), enabling layer-

by-layer growth of the metal atkoxide 12 with a high uniformity.
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fooqo]  Further, in certain embodiments, in order to enable the layer-by-laver growth for
precise film thickness control and film uniformity, the above two steps (i.e., the deposition of
the metal precursor 10 and the reaction with the alcohol 11) may be sequentially repeated by
alternating the exposures to the metal precursor 16 and the aleohol 11 In one embodient,
the two exposures may be partially overlapped in time, although in other embodiments they
may not be overlapped and a purge or degassing step may be inserted between the exposure
steps. The purge or degassing step may be beneficial to ensure the chemical reactions are

limited on surface, while overlapping the exposures may help faster film growth,

f0041] In certain ermbodiments, the thickness of the layer of the metal alkoxide 12 may
be between about 15 nm to about 40 nm. Generally, the metal-alkoxide containing EUV
photoresist film may advantageously be thinner than conventional CAR due to its higher etch

resistance and more sensitivity.

foogz2]  Figure 2C llustrates a cross-sectional view of a substrate 100 during one-step

formation of the metal alkoxide 12 in accordance with an alternate embodiment.

fooga] In this alternate embodiment of Figure 2C, the metal precurser 10 and the
alecohol 11 may be supplied from vapors or solutions o the substrate 100 simultanecuslyin a
single step, and the metal atkoxide 12 may be formed and deposited over the intermediate
faver 110. Such an embodiment may be advantageous when applied, for example, in chemical
vapor deposition (CVD} or plasma enhanced CVD (PECVD), allowing the continuous growth

of the layer of the metal alkoxide 12 in the single step.

foo44]  Figure 2D illustrates a cross-sectional view of a substrate 100 during deposition

of a pre-formed metal alkoxide 12 in accordance with another embodiment.

too45]  The metal alkoxide 12 may already be prepared in a separate process or available,
and may be used in this embodiment, where the metal alkoxide 12 may be directly supplied
from a vapor or a solution to the substrate to form a layer over the intermediate laver 110 as

illustrated in Figure 2D.

[oo46]  Although Figures 2A-2D illustrate the deposition as only a two-step or single-step
process, in various embodiments, the formation of the layer of metal alkoxide 12 may be

performed by repeating any of the above process to achieve the desired thickness of the layer.

foog7] Figure 3 illustrates an oxidation of a metal alkoxide 12 to form an extreme

ultraviolet (EUV}-active photoresist 14 in accordance with various embodiments.

[o048]  Figures 4A-4B illustrate cross-sectional views of a substrate 100 during an

oxidation step described in Figure 3 in accordance with an embodiment.
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fooc4g]  The oxidation of the metal alkoxide 12 leads to the formation of metal-oxygen-
metal bonds by replacing one or more of the ligands of the metal alkoxide 12, and a
condensed network of tin oxide terminated with atkoxy groups is formed. In Figure 3, by the
oxidation, the Hgands 1, and L, of the metal altkoxide 12 are removed as byproducts. This
resulting condensed network of metal oxide terminated with alkoxy groups may function as
the EUV-active photoresist 14 as further described below. Unlike the previously known tin-
based photoresists, the EUV-active photoresist 14 does not comprise a metal-carbon bond.
Advantageously, metal alkoxides such as tin alkoxide are generally less toxic and less

concerns regarding environmental issues during production.

fooso] In various embodiments, an oxidant 13 may be used for the oxidation. In certain
embodiments, the oxidant 13 may comprise dioxygen (O.), ozone (G3), water, air, or
hiydrogen peroxide (H,O.). Although two alkoxy groups are illustrated for each metal atom in
Figure 3, a metal atorn may be bonded to one, two, or three alkoxy groups depending on the

structure of the metal alkoxide 12 and the degree of the oxidation.

foo51] In certain embodiments, a plasma process in a plasma processing chamber may
be employed for the oxidation. In one embodiment, the oxidation may be performed by
exposing the metal alkoxide 12 to oxygen radicals generated to form the network of metal

oxide.

[oosz] I Figure 4A, the oxidant 13 may be supplied from a vapor or a solution to induce
the oxidation of the metal alkoxide 12. Consequently, as illustrated in Figure 4B, a layer of
the EUV-active photoresist 14 is formed over the intermediate layer 110 as a result of the

oxidation of the metal alkoxide 12.

f0053] Figure 4C illustrates a cross-sectional view of a substrate during one-step

formation of an EUV-active photoresist layer in accordance with an alternate embodiment.

foosa] As iHustrated in Figure 4C, the oxidation step may be combined with the steps of
the formation of the metal alkoxide 12 (via supplying a metal precursor 10 and aleohol 1)
and may be performed in a single step in a processing chamber, where the EUV-active
photoresist layer 14 may be directly formed over the intermediate layer 110. This single step

may be performed by a wet or dry process.

fooss] In various embodiments, after forming the EUV-active photoresist layer 14 over
the substrate 100, an optional post-apply bake may be performed to remove any excess
solvents from a wet process, residual volatile byproducts from a dry process, or both, As a

result, the substrate 100 may be ready for a EUV lithography process for patterning.
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foos6] Figures 5A-5C lustrate three example chemical structures of EUV-active
photoresist 14 comprising tin alkoxides that may be formed by the methods described above

in accordance with various embodiments.

foos7]  The size of alkoxy group may be varied in various embodiments. In Figure 5A,
the EUV-active photoresist 14 is based on the ethoxide (-OC.H,) group as an example of a
small-size alkoxy group. The use of relatively small-size alkoxy group may be useful in
improving hvdrophilicity of the EUV-active photoresist 14. On the other hand, the use of
medium or large alkoxy group may improve hydrophobicity of the EUV-active photoresist 14
as well as providing steric hindrance to prevent excess condensation before a EUV
lithography process. In Figure 5B, the EUV-active photoresist 14 is based on the tert-
butoxide (-OC,Hy) group as an example of a medium-size altkoxy group. In Figure 5C, the
EUV-active photoresist 14 is based on the cyclohexyl alkoxide (-OCsH, ) group as an example

of a large-size alkoxy group.

foos8] Figures 6A and 6B illustrate process flow charts of methods of formation of a
EUV-active photoresist layer in accordance with various embodiments. The process flow can
be followed with the figures discussed above (e.g., Figures 24-2D and 44-48) and hence will

not be described in detail again.

toos9]  In Figure 64, a process flow 60 may start with the formation of a metal alkoxide
by exposing a substrate 100 1o a vapor comprising a metal precursor (block 6004, e.g.,
Figure 2A) and then exposing the substrate 100 to an alechol to form a metal alkoxide
{block 605, e.g., Figure 2B}, Alternately, a solution comprising the metal precursor dissolved
in a solvent may be applied by a spin-on process {block 600C, e.g., Figure 2A) and then the
substrate 100 is exposed to an alcohol to form a metal alkoxide (block 605, e.g., Figure 2R).
The spin-on process may comprise heating the substrate 100 to remove the solvent used in
the process. In either embodiment, after forming the metal alkoxide, the substrate 100 may
be exposed to an oxidant to form metal-oxygen-metal bonds (block 610, e.g., Figure 44A).
Once this step is complete, the EUV-active photoresist comprising the network of metal
oxide terminated with alkoxy groups is formed over the substrate 100, and a EUV
lithography process may be performed (block 620). Yeb in other embodiments where the
metal alkoxide is already available (e.g., Figure 2D}, the process flow 66 may start with
exposing the subsirate to a vapor comprising the metal alkoxide {(block 600R) or applying a
solution comprising the metal alkoxide (block 600D), followed by the oxidation (hlock 610)

and the EUV itthography process (block 620) to pattern the EUV-active photoresist.

foo6n]  In Figure 6B, a process flow 62 may comprise a cyclic dry process, for example

based on atomic layer deposition (ALD). First, a substrate 100 may be exposed to a first

..1()..
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vapor comprising a EUV metal precursor 10 (block 630, e.g,, Figure 2A). Next, the
substrate 100 may be exposed o a second vapor comprising aleohol 11 (block 640, e.g.,
Figure 2B) to form a layer of a metal alkoxide 12. These two steps may be repeated by
alternating the two exposures to form layers of the metal atkoxide 12. In one embodiment,
the two exposures may be alternated with an overlap in time, while in other embodiments,
they may be separated with a purge step. The substrate 100 may then be exposed to a third
vapor comprising an oxidant 13 (block 850, e.g., Figure 4A} to form metal-oxygen-metal
bonds. These three steps (blocks 630, 640, and 650) may also be repeated to obtain a target
thickness for the EUV-active photoresist 14. After completing the formation of the EUV-
active photoresist 14, an EUV lithographyv process may be performed (block 620} to pattern

the EUV-active photoresist 14.

foo61]  Inthe following, an extreme ultraviolet (EUV) lithography process to pattern an

EUV-active photoresist is described in accordance with various exnbodiments.

foo6z]  Figure 7 illustrates a potential reaction occurring during an EUV irradiation step

in a EUV lithography process in accordance with various embodiments.

fooba] In Figure 7, the EUV irradiation induces f—hydrogen elimination, where the
alkoxy groups of an EUV-active photoresist 14 are converted to hydroxy groups in a reacted
photoresist 16 and alkenes may be formed as byproducts. Although not wishing to be limited
by any theory, at this stage, some of the formed hydroxy groups may further be condensed by
dehydration to crosslink to form additional metal-oxygen-metal bonds. As a result of the
structural change of the EUV-active photoresist 14 into the reacted photoresist 16, material
properties such as solubility may be affected, giving origin to the tonality as a photoresist.
foo64] Figures 8A and 8B illustrate cross-sectional views of a substrate 100 at an EUV
irradiation step in a EUV lithography process in accordance with various embodiments.
foo6s]  In Figure 8A, a layer of a EUV-active photoresist 14 is formed over an
intermediate layer 110 on the substrate 100, The EUV lithography process may be performed
by exposing the substrate 100 to an BEUV 1rradiation 115 (e g, at a wavelength of 13.5 nm)
through a photomask 125, Accordingly, the photo-induced reaction described in Figure 7
necurs only in regions of the EUV-active photoresist 14 exposed to the EUV irradiation 115.
[0066]  In Figure 8B, the substrate 100 after the EUV irradiation step is Hlustrated. The
regions of the EUV-active photoresist 14 exposed to the EUV irradiation 115 is converted to
the reacted photoresist 16. Regions of the EUV-active photoresist 14 not exposed to the EUV

irradiation 115 remain unreacted.

_..11_.
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[oo67]  Figure o illustrates a potential reaction occurring within the reacted

photoresist 16 during an optional post-exposure bake {PEBR).

[oo68]  Figure 10 illustrates a cross-sectional view of a substrate 100 after an EUV

irradiation step and the PEB illustrated in Figure 9.

foo6ig]  Invarious embodiments, the PER may optionally be performed to further
differentiate the material properties of the reacted photoresist 16 from those of unreacted
EUV-active photoresist. In certain embodiments, the PEB may be performed by heating the
substrate 10¢ in a processing chamber at a temperature between 76°C to 250°C, for example

between 180°C to 225°C in one embodiment, in vacuum or under a gas flow,

fooyo]  Although not wishing to be limited by any theory, upon performing the PEB, as
illustrates in Figure 9, the hydroxy groups of the reacted photoresist 16 are condensed to
release water molecules. This reaction increases crosslinking within the network of metal
oxide, i.e., forming additional metal-oxygen-metal bonds. As a result, a baked photoresist 18
(Figures ¢ and 10} becomes a further condensed network of metal oxide terminated with
hydroxy groups. The baked photoresist 18 may have material properties different from both
the initial network of metal oxide terminated with alkoxy groups {e.g., unreacted regions of
the EUV-active photoresist 14 in Figure 10) and the reacted photoresist (e.g., the reacted
photoresist 16 in Figure 8B). For example, in various embodiments, the baked photoresist 18
may have a solubility substantially lower than that of the EUV-active photoresist 14. In
various embodiments, the solubility of baked photoresist 18 may be lower than the solubility
of the EUV-active photoresist 14 by about 1.5 times to about 5 times, or between 2 times to
10 times in another embodiment. Further, the volatility may also be lowered, for example by
about a factor of 2 in one embodiment. Consequently, the baked photoresist 18 may be more
resistant to a dry developing process such as a dry eteh {e.g., reactive ion etching or atomic
layer etching) compared to the EUV-active photoresist 14. For instance, the sputter threshold

may be higher for the baked photoresist 18.

foo7i] Figures 11A and 118 illustrate cross sectional views of a substrate 100 aftera

developing step in accordance with various embodiments,

fooye]  After completing the EUV exposure and the optional post-exposure bake (PER),
the developing step may be performed to remove a portion of the EUV-active photoresist 14
for patterning. The developing step may be a wet or dry process. Conventionally, a
photoresist may be removed by treating the substrate with a developing solution to dissolve
the reacted (in case of a positive tone resist) or unreacted (in case of a negative tone resist)
regions of the photoresist, A similar wet process may be applied in various embodiments.

Alternately, a dry process may be used in other embodiments. The dry process may
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comprise, for example, a selective plasma etch process or a thermal process, advantageously
eliminating the use of a developing solution. In certain embodiments, the dry process may be

performing using reactive ion etching (RIE) process or atomic layer ¢iching (ALE).

foo73] In Figures 11A and 11B, the unreacted regions of the EUV-active photoresist are
removed, Hlustrating a case of a negative photoresist. The reacted photoresist 16 (Figure 11A)
or the baked photoresist 18 (Figure 11B) may be left as a feature over the intermediate

layer 110. This feature may be further used as an etch mask to transfer the pattern to the
intermediate layer 110. In other embodiments, the EUV-active photoresist may be a positive
tone resist, where the reacted regions (the reacted photoresist 16 or the baked photoresist 18)
may be selectively removed by the developing step. In certain embodiments for the positive
photoresists, a chemical modification step may be performed to alter the chemical structure
of the reacted photoresist 16 or the baked photoresist 18 to reverse the tone of the
photoresist. Tn one embodiment, such a positive-tone photoresist may comprise a cross-

goes chain scission during EUV exposure.

<

linked metal-alkoxide containing film that under,

foo74] Figures 12A and 12C llustrate cross-sectional views of a substrate 100 at a post-
exposure deposition step of a EUV lithography process in accordance with various

embodiments.

foors] Figures 128 and 12D illustrate cross-sectional views of a substrate 100 after a
developing step after the post-exposure deposition step in accordance with various

embodiments, corresponding to Figures 124 and 12C, respectively,

foo76]  Insome embodiments, after the EUV exposure and before the developing step, an
area-selective post-expostre deposition step may optionally be inserted to form a material
faver 120 selectively over the reacted regions of the EUV-photoresist. The material layer 120
may be formed over the reacted photoresist 16 (Figure 12A) or the baked photoresist 18
{Figure 12C). For example, this material layer may be used as a hardmask to improve
selectivity in the developing step and/or subsequent processes such as a plasma etch process
to form a feature in the intermediate layer 110. In certain embodiments, the post-exposure
deposition step may be based on atomic layer deposition (ALD). Surface functional groups of
the reacted regions of the EUV-photoresist such as hydroxy groups may be used to
chemically adsorb a reactant from a vapor used in the post-exposure deposition step. Other
deposition techniques may also be used for the post-exposure deposition step. For example,
such technigues may comprise chemical vapor deposition (CVD), physical vapor deposition
(PVD), as well as other plasma processes such as plasma enhanced CVD (PECVD).
Alternately, a wet process may be used for the post-expostire deposition step. The developing

step may be performed after the post-exposure deposition step (Figures 128 and 12D).
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fooy7]  Figure 13 illustrate a process flow chart of methods of EUV lithography process in
accordance with various embodiments. The process flow can be followed with the figures
discussed above {e.g., Figures 8A-8B, 10, 11A4-11B, and 124-12D) and hence will not be

described iy detail again.

foo78] In Figure 13, a process flow 1300 may start with forming av EUV-active
photoresist comprising tin alkoxide on a substrate {(block 1310), followed by exposing the
substrate to a patterned EUV irradiation (block 1320). Nexi, a developing step may be
formed immediately (block 1330} in certain embodiments. Alternately, after the EUV
exposure {block 1320) and before the developing step (block 1330), a post-exposure bake
(PEB) may be performed (block 1322). In yet other embodiments, after the EUV exposure
{block 1320}, a post-exposure deposition step to form a material layer may be performed
(block 1324), followed by the develaping step (block 1330). In vet another embodiment, after
the BUV exposure (block 1320), the PEB and the post-exposure deposition step may be
performed (blocks 1322 and 1324), followed by the developing step (block 1330). The order
of these two optional steps may be switched and the post-exposure deposition step

{block 13243 may be performed before the PER (block 1322).

foorg] Example embodiments of the invention are summarized here. Other
embodiments can also be understood from the entirety of the specification as well as the

claims filed herein.

foo80]  Example 1. A method of processing a substrate that includes forming over the
substrate an extreme ultraviolet (EUV)-active photoresist film including a network of metal
oxide terminated with alkoxy groups, and patterning the EUV-active photoresist film with

EUV lithography.

[oo81] Example 2. The method of example 1, where one or more of the alkoxy groups

includes a hydrogen at a p position relative to oxygen.

[oo82]  Example 3. The method of one of examiples 1 or 2, where the metal oxide is a tin
oxide,
[oo83]  Example 4. The method of one of examples 1 to 3, where the alkoxy groups

includes an ethoxide, an iso-propoxide, a tert-butoxide, a cyclohexyl alkoxide, a cvclohexene

alkoxide, or a cyvclohexadiene alkoxide.

foo84]  Example 5. The method of one of examples 110 4, further including forming a
metal compound terminated with one or more of the alkoxy groups from a metal precursor,
the metal compound being an intermediate for forming the network, where forming the

metal compound from the metal precursor includes: exposing the substrate to a vapor
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including the metal precursor; and exposing the metal precursor to an alcohol, and where
forming the EUV-active photoresist film includes exposing the metal compound to the
oxidant to form metal-oxygen-metal bonds by replacing one or more of the ligands of the

metal compound.

foo85] Example 6. The method of one of examples 1 to 5, where forming the EUV-active
photoresist film includes: depositing a layer including metal alkexide over the substrate by
exposing the substrate to a vapor including the metal alkoxide; and exposing the fayer
including metal alkoxide to an oxidant to form metal-oxygen-metal bonds by replacing one

or more ligands of the metal alkoxide.

[coB861  Example 7. The method of one of examples 1 to 6, where the oxidant includes

oxygen, ozone, water, air, or hydrogen peroxide.

=)

fon87] Example 8. The method of one of examples 1 to 7, where the vapor and the

oxidant are introduced simultanecusly into a processing chamber holding the substrate.

[0088]  Example 0. The method of one of examples 1 to 8, where the forming includes:
depositing, in a plasma processing chamber, a layer including metal alkoxide over the
substrate by exposing the substrate to a vapor including the metal alkoxide; and oxidizing
the laver including metal alkoxide by exposing to oxygen radicals generated within the

plasma processing chamber to form the network of metal oxide,

[oo8g]  Example 10. The method of one of examples 1 to g, where patterning the EUV-
active photoresist film includes: converting one or more of the alkoxy groups in the exposed
BUV-active photoresist film to hydroxy groups; and converting the hydroxy groups to form

additional metal-oxygen-metal bonds in the network of metal oxide.

fooge]  Example 11, A method of processing a substrate in a plasma processing chamber,
the method including: exposing the substrate in the plasma processing chamber to a first
vapor including a EUV metal precursor; exposing the substrate in the plasma processing
chamber to a second vapor including an alcohol having a hydrogen in a B-position relative to
oxygen; forming a photoresist film including a EUV metal alkoxide over the substrate hy
exposing the substrate in the plasma processing chamber to a third vapor including an
oxidant; and patterning the photoresist film with EUV lithography.

fooo1] Example 12, The method of example 11, where the EUV metal is tin, where the
exposing of the subsirate to the first vapor includes chemically adsorbing the tin precursor
onto the substrate, where the exposing of the substrate to the second vapor includes reacting

the alcohol with the adsorbed tin precursor to form an tin alkoxy group, and where the
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exposing of the substrate to the third vapor includes oxidizing the adsorbed tin precursor to

form a tin-oxide network including tn-oxvegen-tin bonds.
g 3

foog2]  Example 13. The method of one of examples 11 or 12, further incloding:
alternating the exposing of the substrate to the first vapor and the exposing of the substrate
to the second vapor more than once; and between the exposing of the substrate to the first
vapor and the exposing of the substrate to the second vapor, performing a purge or degassing

step to remove residual portions of the first vapor, the second vapor, or both.

foogs]  Example 14. The method of one of examples 1110 13, further including alternating
the exposing of the substrate to the first vapor and the exposing of the substrate to the
second vapor more than once, where the exposing of the substrate to the first vapor and the

exposing of the substrate to the second vapor are overlapped in time.

foogq]  Example 15. A method of exireme ultraviolet (EUV) lithography that includes:
forming a EUV-active photoresist layer over a substrate, the EUV-active photoresist layer
including a network of tin oxide terminated with alkoxy groups; exposing the substrate to a
EUV irradiation having passed through an optical mask that includes patterns to form
exposed regions of the EUV-active photoresist layer, one or more alkoxy groups in the
exposed regions undergoing B-hydrogen elimination to form a tin hydroxide by eliminating

an alkene; and developing the EUV-active photoresist layer.

fooos]  Example 16. The method of example 15, further including, after exposing the
substrate to the EUV irradiation, performing a post-exposure bake to form tin-oxygen-tin

bonds by condensing hvdroxy groups of the tin hydroxides.

foog6]  Example 17. The method of one of examples 15 or 16, where developing the EUV-

active photoresist layver removes unexposed regions of the EUV-active photoresist layer.

foog7l Example 18. The method of one of examples 15 to 17, where developing the EUV-

active photoresist layer is performed by a wet process.

f00g8}]  Example 19. The method of one of examples 15 to 18, where developing the EUV-
active photoresist layer is performed by a dry process using a plasma process, a thermal

process, or both.

foogg]  Example 20. The method of one of examples 15 to 19, further including, before
developing the EUV-active photoresist layer, performing an area selective deposition process
to form a material layer selectively over the exposed regions of the EUV-active photoresist

layer.

fo100] While this invention has been described with reference to illustrative

embodiments, this description is not intended o be construed in a limiting sense. Various
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modifications and combinations of the illustrative embodiments, as well as other
embodiments of the invention, will be apparent to persons skilled in the art upon reference
to the description. It is therefore intended that the appended claims encompass any such

modiftcations or embodiments.
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WHAT IS CLAIMED IS

1. A method of processing a substrate, the method comprising:
forming over the substrate an extreme ultraviolet (EUV}-active photoresist film
comprising a network of metal oxide terminated with alkoxy groups; and

patterning the EUV-active photoresist film with EUV lithography.

2. The method of claim 1, wherein one or more of the alkoxy groups comprises a

hydrogen at a [ position relative to oxygen.

The method of claim 1, wherein the metal oxide is a tin oxide.

Lo

4. The method of claim 1, wherein the alkoxy groups comprises an ethoxide, an iso-
propoxide, a tert-butoxide, a cyclohexyl alkoxide, a cyclohexene alkoxide, or a

cyclohexadiene alkoxide.

5. The method of claim 1, further comprising forming a metal compound terminated
with one or more of the alkoxy groups from a metal precursor, the metal cormpound being an
intermediate for forming the network, wherein forming the metal compound from the metal
Precursor comprises:

exposing the substrate to a vapor comprising the metal precursor; and

exposing the metal precursor to an aleohol, and

wherein forming the EUV-active photoresist film comprises
exposing the metal compound to the oxidant to form metal-oxygen-metal bonds

by replacing one or more of the Hgands of the metal compound.

6. The method of claim 1, wherein forming the EUV-active photoresist film comprises:
depositing a layer comprising metal alkoxide over the substrate by exposing the
substrate to a vapor comprising the metal alkoxide; and
exposing the layver comprising metal alkoxide to an oxidant to form metal-oxygen-

metal bonds by replacing one or more ligands of the metal alkoxide.

7. The method of claim 6, wherein the oxidant comprises oxygen, ozone, water, air, or

fivdrogen peroxide.

8. The method of claim 6, wherein the vapor and the oxidant are intreduced

simultaneously into a processing chamber holding the substrate.

g. The method of daim 1, wherein the forming comprises:

depositing, in a plasma processing chamber, a layer comprising metal alkoxide over
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the substrate by exposing the substrate to a vapor comprising the metal alkoxide; and
oxidizing the layer comprising metal alkoxide by exposing to oxygen radicals

generated within the plasma processing chamber to form the network of metal oxide.

10, The method of claim 1, wherein patterning the EUV-active photoresist film
comprises:

converting one or more of the alkoxy groups in the exposed EUV-active photoresist
film to hydroxy groups; and

converting the hydroxy groups to form additional metal-oxvgen-metal bonds in the

network of metal oxide.

11, A method of processing a substrate in a plasma processing chamber, the method
comprising:

exposing the substrate in the plasma processing chamber to a first vapor comprising
a EUV metal precursor;

exposing the substrate in the plasma processing chamber to a second vapor
comprising an alcohol having a hydrogen in a B-position relative to oxvgen;

forming a photoresist film comprising a EUV metal alkoxide over the substrate by
exposing the substrate in the plasma processing chamber to a third vapor comprising an
oxidant; and

patterning the photoresist film with EUV lithography.

i2. The method of daim 11, wherein the EUV metal is tin, wherein the exposing of the
substrate to the first vapor comprises chemically adsorbing the tin precursor onto the
substrate, wherein the exposing of the substrate to the second vapor comprises reacting the
alcohol with the adsorbed tin precursor to form an tin alkoxy group, and wherein the
exposing of the substrate to the third vapor comprises oxidizing the adsorbed tin precursor

to form a tin-oxide network comprising tin-oxyvgen-tin bonds.

13. The method of claim 11, further comprising:

alternating the exposing of the substrate to the first vapor and the exposing of the
substrate to the second vapor more than once; and

between the exposing of the substrate to the first vapor and the exposing of the
substrate to the second vapor, performing a purge or degassing step to remove residual

portions of the first vapor, the second vapor, or both.

14. The method of claim 11, forther comprising alternating the exposing of the substrate

to the first vapor and the exposing of the substrate to the second vapor more than onee,
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wherein the exposing of the substrate to the first vapor and the exposing of the substrate to

the second vapor are overlapped in time.

15. A method of extreme ultraviolet (EUV) lithography, the method comprising:
forming a EUV-active photoresist layer over a substrate, the EUV-active photoresist
laver comprising a network of tin oxide terminated with alkoxy groups;
exposing the substrate to a EUV irradiation having passed through an optical mask
that comprises patterns to form exposed regions of the EUV-active photoresist layer, one or
more alkoxy groups in the exposed regions undergoing B-hydrogen elimination to form a tin
hydroxide by eliminating an alkene; and

developing the EUV-active photoresist layer.

18. The method of claim 15, further comprising, after exposing the substrate to the EUV
irradiation, performing a post-exposure bake to form tin-oxygen-~tin bonds by condensing

hydroxy groups of the tin hydroxides.
) Y8 3

17. The method of claim 15, wherein developing the EUV-active photoresist layer

removes unexposed regions of the EUV-active photoresist layer.

18. The method of claim 15, wherein developing the EUV-active photoresist layer is

performed by a wet process.

19. The method of daim 15, wherein developing the EUV-active photoresist layer is

performed by a dry process using a plasma process, a thermal process, or both.

20. The method of claim 15, further comprising, before developing the EUV-active
photoresist layver, performing an area selective deposition process to form a material laver

selectively over the exposed regions of the EUV-active photoresist layer.
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