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UNBERLAYER FOR PHOTORESIST ADHESION AND DOSE REDUCTION

INCORPORATION BY REFERENCE

{6061} 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 identitied in the concurrently filed PCT Request Form is incorporated by reference

herein in their entireties and for all purposes.
FHLD

{60021 This disclosure relates generally 1o the field of semiconductor processing, and in
particular to extreme ultraviolet (EUV) photoresist (PR) lithography technigues and

materials.

BACKGROUND
100031  As senuconductor fabrication continues to advance, feature sizes continue to shrink,
and new processing methods are needed. One area where advances are being made is in the
context of patterning, for example using photoresist materials that are sensitive to
fithographic radiation.
{80041 The backeground description provided herein 1s for the purposes of generally
presenting the context of the disclosure. Work of the presently named inventors, to the exient
it is 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 disclosure.

SUMMARY
{0005]  Various embodiments herein relate to methods, materials, apparatus, and systems
for depositing an underiayer on a substrate.
{6006]  In a first aspect, the present disclosure encompasses a pattering structure including:
a radiation-seusitive imaging layer disposed over a subsirate; and an underlayer disposed
between the subsirate and the imaging layer. In some embodiments, the underlayer is
configured to: increase adhesion between the substrate and the imaging layer and/or reduce a
radiation dose for effective photoresist exposure of the imaging layer.

{60071 In some embodiments, the substrate further includes a hardmask disposed thereon.
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{0008]  In some embodiments, the imaging layer inchudes an Extreme Ultraviclet (EUV)-
sensitive inorganic photoresist layer. In particular embodiments, the imaging layeris a
chemical vapor deposited (CVD) film, an atomic laver deposition (ALD) film, or a spin-on
film. In other embodiments, the imaging layer includes a tin oxide film or a tin oxide
hydroxide film.

{60091  In some embodiments, the substrate 1s or includes a hardmask, amorphous carbon
film, amorphous hydrogenated carbon filin, stlicon oxide film, silicon mitride film, sihicon
oxynitride film, silicon carbide film, silicon boronitride film, amorphous silicon film,
polysilicon film, or a combination thereof. In particular embodiments, the amorphous carbon
film is doped with boron (B} or tungsten (W},

{0010} In some embodiments, the underiayer has a thickness of no more than 25 nm. In
other embodiments, the underiayer has a thickness of about 2 1o 20 nm.

10011} In particular embodiments, the underlayer includes a hydronated carbon doped with
oxygen {0}, silicon (S1), nitrogen (N}, tungsten (W), boron (B}, iodine {I), chlonine (Cl), or a
combination of two or more of any of these. In particular embodiments, the underlayer
includes about 0-30 atomic %% oxygen (O) and/or about 2050 atoroic % hydrogen (H) and/or
30-70 atomic % carbon {C). In other embodiments, the underlaver includes the hydronated
carbon doped with iodine configured to improve generation of secondary electrons upon
exposure to radiation. In yet other embodiments, a surface of the underlayer includes
hydroxyl groups (e.g., —OH}, carboxyl groups (e.g., “CO2H), peroxy groups {e.g., ~O0H]},
sp” carbons, sp carbons, and/or unsaturated carbon-containing bonds (e.g., C=C and/or C=C
bonds).

{6012} In some embodiments, the underlayer includes a density of about 0.7 t0 2.9 g/fem’.
in other embodiments, the underlayer further provides increased etch selectivity. In yet other
embodiments, the underlayer further provides decreased line edge and line width roughness
and/or decreased dose to size.

{0013]  In particular embodiments, the undertayer further includes beta hydrogen atoms
configured 1o be released upon exposure to radiation and/or oxygen atoms configured to form
oxygen bonds to an atom in the imaging layer.

{0014} In a second aspect, the present disclosure encompasses a pattering structure
including: a substrate including a partially fabricated serniconductor device film stack; a
radiation-sensitive imaging layer disposed over the subsirate; and an underlayer disposed

between the substrate and the imaging layer. In particular embodiments, the underlayer
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includes a vapor deposited film of hydronated carbon doped with O, Si, N, W, B, [, Cl, ora
combination of two or more of any of these, wheretn the filrn has a thickness of no more than
about 25 nm or a thickness of about 2 to 20 nm. In yet other embodiments, the substrate
further includes an amorphous carbon hardmask disposed on the substrate and/or disposed on
the partially fabricated semiconductor device film stack. In some embodiments, the
amorphous carbon hardmask is doped.

{06151 In athird aspect, the present disclosure encompasses a method of making a pattering
structure, including: providing a substrate; depositing an underlayer (e.g., any described
herein} on the substrate; and forming a radiation-sensitive imaging layer on the underlayer.
In some embodiments, the underlayer is configured to: increase adhesion between the
substrate and the photoresist and/or reduce radiation dose for effective photoresist exposure.
{0016 In some embodiments, the substrate is a partially fabricated semiconductor device
film stack. In other embodiments, the substrate turther comprises a hardmask, amorphous
carbon film, amorphous hydrogenated carbon film, stlicon oxade film, silicon mitride film,
stliicon oxynitride film, silicon carbide film, silicon boronitride film, amorphous silicon film,
polysilicon film, or a combination thereof, disposed thereon the substrate and/or the partially
fabricated semiconductor device film stack; the imaging layer includes a tin oxide-based
photorestst or a tin oxide hydroxide-based photoresist; and the underiayer includes a vapor
deposited film of hvdronated carbon doped with O, Si, N, W, B, I, Ci, or a combination of
two or more of any of these, wherein the film has a thickness of no more than 25 nm.

{80171 In some embodiments, the underiayer is vapor deposited on the substrate using a
hydrocarbon precursor, thereby providing a carbon-containing film. In particular
embodiments, the hydrocarbon precursor includes an alkane, an alkene, an alkyne, or other
hydrocarbon precursors described herein. In other embodiments, the underlayer is vapor
deposited using the hydrocarbon precursor tn the presence or absence of an oxocarbon
precursor {(e.¢., any described herein including carbon and oxygen atoms).

[0018]  In yet other embodiments, the underlayer is vapor deposited using the hydrocarbon
precursor in the presence of a nitrogen-containing precursor, a tungsten-containing precursor,
a borou-coutaining precursor, and/or an iodine~-containing precursor, thereby providing a
doped film. In some embodiments, the doped film includes iodine; a combination of todine
and silicon; or a combination of iodine, silicon, and nitrogen.

{66191  In some embodiments, the underiayer is vapor deposited on the substrate using an

oxocarbon precursor that co-reacts with hydrogen (Hz) or a hydrocarbon. In other
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embodiments, the oxocarbon precursor co-reacts with Hz or a hydrocarbon and optionally
further co-reacts with a Si source dopant. In particular embodiments, the underlayer is vapor
deposited on the substrate by using a St-containing precursor that co-reacts with an oxidizer
{e.g., an oxocarbon or an O-containing precursor). In further embodiments, the Si-containing
precursor further co-reacts with a C source dopant {e.g., a hydrocarbon precursor).

{60201 1In some embodiments, said depositing further includes applying a bias at a bias
power of 0 W to about 1000 W {e.g., from 0-500 W, 0-400 W, or 0-300 W) and using a duty
cycle of about 1% to 100% or about 5% to 100%. In particular embodiments, said applying
the bias provides the underlaver having an increased density, as compared to an underlayer
formed without applyving the bias,

{0021} In some embodiments, the underiayer is vapor deposited on the substrate by plasma
enhanced chemical vapor deposition (PECVIY} as a termination operation of a vapor
deposition on the substrate. In other embodiments, the underlayer 1s vapor deposited on the
subsirate by PECVD or ALD.

{6022}  In further embodiments, the method includes (e.g., after said depositing) modifying
the underlayer to provide a roughened surface. In some embodiments, said modifyving can
include sputtering by way of non-reactive ion bombardment of a surface of the underlayer,
thereby providing the roughened surface. Non-himiting non-reactive tons can include argon
{Ar}), helium (He), krypton (Kr), or other non-reactive species. In other embodiments,
moditying can include exposing a surface of the underlayer or the roughened surface to an
oxygen-containing plasma to provide an oxygen-containing surface. Non-lumiting oxygen-
containing plasma can include carbon dioxide (CO2), oxygen (On), or water {as HoO or as
mixtures of Hz and Oz},

{00231 In a fourth aspect, the present disclosure encompasses a method of depositing an
underlayer, the method including: providing a subsirate in a process chamber; and depositing
by a PECVD process a hydronated carbon film on a surface of the substrate, wherein the
hydronated carbon film is a low density film. In some embodiments, the substrate is or
includes a hardmask.

100241  In some embodiments, the PECVD process includes introducing a carbon-
containing precursor selected from methane (CHa), acetylene (C2Hz), ethylene (CoHa),
propylene (C3Hs), propyne (CsHa), allene (CsHa), cyclopropene {(CsHa), butane (CaHao),
cyclohexane (CsHiz), benzene (CeHs), and toluene (C7Hg}). In other embodiments, the

PECVD process further includes introducing nitrogen-containing precursor, a tungsten-
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contatning precursot, a boron-containing precursor, and/or an lodine-containing precursor,
thereby providing a doped film.

{80251 In some embodiments, the PECVD process includes a transformer coupled plasma
(TCP) or an inductively coupled plasma (ICP). In particular embodiments, a TCP power is
about 100-1000 W with no bias. In other embodiments, the PECVD process further includes
a pressure of about 10-1000 mTorr and/or a temperature of about 0-100°C. In vet other
embodiments, the PECVD process further includes an applied pulsed bias including a power
of about 10-1000 W or an applied continuous wave bias including a power of about 10-500
W. In turther emnbodiments, the applied pulsed bias includes a duty cycle of about 1-99% and
a pulsing frequency of about 10-2000 Hz.

10026}  In further embodiments, the method inchudes (e.g., after said depositing) moditying
the hydronated carbon film to provide a roughened surface. In some embodiments, satd
modifying can include sputtering by way of non-reactive 1on bombardment of a surface of the
film, thereby providing the roughened surface. Non-limiting non-reactive touns can include
argon {(Ar}, helium (He), krypton (Kr), or other non-reactive species. In other embodiments,
modifying can inchude exposing a surface of the film or the roughened surface to an oxygen-
containing plasma to provide an oxygen-containing surface. Non-limiting oxygen-containing
plasma can waclude carbon dioxide (CO2), oxygen (On), or water {as HzO or as mixtures of Ha
and O}

{0027} Ina fifth aspect, the present disclosure features an apparatus for processing a
substrate, the apparatus tncluding: a process chamber including a substrate support; a process
gas source connected with the process chamber and associated flow-control hardware;
substrate handling hardware connected with the process chamber; and a controller having a
processor and a memory, wherein the processer and the memory are communicatively
connected with one another. In particular embodiments, the processor is at least operatively
connected with the flow-control and substrate handling hardware.

[0028]  In particular embodiments, the substrate support can be a chuck or a pedestal. In
other embodiments, the apparatus includes one or more gas inlets into the process chambers,
in which the gas inlet{s) are tluidically connected to the process gas source and the associated
flow-control hardware; and one or more gas outlets for removing materials from the process
charmber and associated flow-control hardware.

{00291  In some embodiments, the memory stores computer-executable instructions for

conducting the operations recited in any methods described herein. In one embodiment, the
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computer-executable instructions include machine-readable 1nstructions for causing
providing a substrate or a hardmask disposed on a substrate; causing deposition of an
underlayer {e.g., any described herein} on the substrate and/or the hardmask; and causing
formation of a radiation-sensitive imaging laver {e.g., any described herein} on the
underlayer.

{60301  In ancther embodiment, the computer-executable instructions include machine-
readable instructions for causing deposition by a PECVD process a hydronated carbon film
{e.g., any described herein} on a surface of the substrate or the hardmask. In further
embodiments, the computer-executable instructions include machine-readable nstructions for
causing formation of a radiation-sensitive imaging layer (e.g., any described herein} on the
hydronated carbon film.

{86031} In particular embodiments, said causing deposition of the underlayer includes
introducing or delivering one or more precursors (e g., a hydrocarbon precursor, an
oxocarbon precursor, a C~containing precursor, an O-containing precursor, an St-containing
precursor, an N-containing precursor, a W-containing precursor, a B-containing precursor, an
I-containing precursor, or a Cl-containing precursor) and/or one or more process gases {e.g.,
any described herein).

{0032]  In other embodiments, said causing deposition of the underlayer includes a plasma
{e.g., transformer coupled plasma (TCP), inductively coupled plasma (ICP}, or capacitively
coupled plasma (CCPY). In particular embodiments, the plasma is TCP or ICP with a power
of about 100-1000 W, a pressure of about 10-1000 mTorr, and/or a temperature of about 0-
10G°C. In yet other embodiments, the plasma further comprises an applied pulsed bias (e.g,
a power of about 10-1000 W) or an applied continuous wave bias {e.g., a power of about 10~
500 W),

{0033] In some embodiments, said causing formation of the imaging layer includes causing
deposition of an element having a high patterning radiation-absorption cross-section. In
particular embodiments, the element has a high EUV absorption cross-section {e.g., equal to
or greater than 1x107 em®/mol}.

{0034} In other embodiments, causing formation of the imaging layer includes introducing
or delivering one or more precursors (e.g., a structure having formula (1), (15, (Ia), (L),
(IV), (V), (VD (VH), or (VIH)). In some embodiments, causing formation of the itmaging
fayer can further include providing the one or more precursors in the presence of the counter-

reactant. Non-limiting counter-reactants include an oxygen-containing counter-reactant,
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including oxygen ((32), ozone (O3}, water, a peroxide, hydrogen peroxide, oxvgen plasma,
water plasma, an alcohol, a dihydroxy alcohol, 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.

{8035]  Inany embodiment herein, the substrate 1s or includes a partially fabricated
semiconductor device film stack.

{8036} In any embodiument herein, the subsirate 18 a hardmask. In other embodiments, the
substrate includes a hardmask. In yet other embaodiments, the substrate includes a hardmask
disposed on a work piece (e.g., disposed on a wafer, a semiconductor wafer, a stack, a
partially fabricated integrated circuit, a partially fabricated semiconductor device film stack, a
film, a surface, etc.). In non-limiting instances, the hardmask includes an amorphous carbon
hardmask, which can be optionally doped.

100371  In any embodiment herein, the imaging layer includes an EUV-sensitive inorganic
photoresist layer. o particular embodiments, the tmaging layer includes a tin oxide film, a
tin gxide hydroxide film, a tin oxide-based photoresist, or a tin oxide hydroxide-based
photoresist. In other emboduments, the imaging layer includes an EUV-sensitive filim, a
DUV-sensitive film, a UV-sensitive film, a photoresist film, a photopatternable film.

{0038]  Inany embodiment herein, the substrate 15 or includes a hardmask, amorphous
carbon film, amorphous hydrogenated carbon film, silicon oxide film, silicon nitride film,
silicon oxynitride film, silicon carbide film, silicon boronitrnide film, amorphous silicon film,
polysilicon film, or a combination thereof. In some embodiments, the hardmask is an
amorphous carbon film, amorphous hydrogenated carbon film, silicon oxide film, silicon
nitride film, silicon oxynitride film, sificon carbide film, silicon boronitride film, amorphous
silicon film, polysilicon film, or a combination thereof.

{803%] In any embodiment herein, the underlayer includes a hydronated carbon doped with
oxygen {Q), silicon (51}, nitrogen (N), tungsten (W), boron (B}, iodine (1), chlorine (Cl), ora
combination of two or more of any of these,

{00401  In any embodiment herein, the underlayer or a surface of the underiayer includes
hydroxyl groups (e.g., —OH), carboxyl groups (e.g., ~COuH), peroxy groups {(e.g., ~O0H),
sp” carbons, sp carbons, and/or unsaturated carbon-containing bonds (e.g., C=C and/or C=C
bonds).

{60411 In any embodiment herein, the underiayer includes a doped film. In particular

embodiments, the doped film includes I; a combination of T and St; or a combination of 1, Si,
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and N. In some embodiments, the doped film includes Cl; a combination of Cl and 51, or a
combination of Cl, St, and N. In other embodiments, the doped films includes N a
combnnation of N and Si; or a combination of N, §i, and . In yet other embodiments, the
doped film includes B or W.

{0042]  Inany embodiment herein, the underlayer includes about 0-30 atomic % O (e.g., 1-
30%, 2-30%, or 4-30%), about 20-50 atomic % H {e.g., 20-45%, 30-50%, or 30-45%}, and/or
30-70 atomic % C {e.g., 30-60%, 30-65%, or 30-68%).

{80431 In any embodiment herein, the underlayer includes a density iess than about 1.5
g/em’ or a density of about 0.7-1.4 g/em’. In yet other embodiments, the doped film has a
density of about 0.7-1.4 g/em’.

{0044} In any embodiment herein, the underlayer further provides increased etch
selectivity. In yet other embodiments, the underlayer further provides decreased line edge
and line width roughness and/or decreased dose to size. In particular embodiments, the
underlayer further includes beta hydrogen atoms configured to be released upon exposure to
radiation and/or oxygen atoms configured to form oxygen bonds to an atom in the imaging
fayer.

{80451 In any embodiment herein, depositing includes providing or depositing the
precursor(s) in vapor form. In other embodirnents, depositing includes providing one or more
counter-reactant(s} in vapor form. In particular embodiments, depositing includes CVD,
ALD, or plasma-enhanced forms thereof {e.g , PECVD),

{8046] In any embodiment herein, depositing can include delivering or introducing one or
more precursors described herein. Non-linuting precursors include a hydrocarbon precursor,
an oxocarbon precursor, and/or a dopant precursor {e.g., an (-contatning precursot, an Si-
containing precursor, an N-containing precursor, a W-containing precursor, a B-containing
precursor, an I-containing precursor, or a Cl-containing precursor). Said depositing can also
include delivering or introducing one or more process gases, such as an inert gas, carbon
monoxide (CO), carbon dioxide (CO2), helium (He), argon (Ar), krypton (Ki), neon (Nej,
nitrogen (N2), hyvdrogen (Ha2), or combinations thereof.

{00471 In any embodiment herein, depositing can include providing a plasma. Providing
can include a PECVD process. Non-limiting plasma processes can include TCP, ICP, or
CCP. Other non-limiting process conditions include a pressure of > 1 nulliTorr (mTorr)
{e.g., from about 5- 1000 mTorr)}, a power level of <4000 Watts (W) {e.g., from about 10-

3000 W), and/or a temperature of < 200°C {e.g., from about 0-100°C). Plasma can be
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generated with a power between about 10-3000 W with a radio frequency (RF) source
operating at 0.3-600 MHz. Bias can be applied using an apphied pulsed bias {(e.g., a power of
about 10-1000 W} or an applied continuous wave bias (e.g., a power of about 10-500 W3}, as
described herein.

{0048} Other features and advantages of the wnvention will be apparent from the following

description and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
{0049] FIG. 1 presents a process flow diagram for a non~limiting wethod 100,
{00506] ¥FI{. 2ZA-2F presents schematic diagrams of example patterning structures.
Provided are (A-C) stages in the fabrication of an example patterning structure, as described
herein; (IM} a cross-sectional view showing possible interactions between an imaging layer
218 and an underlayer 216; (E) a non-limiting reaction scheme within an imaging layer; and
(F} a non-lumiting reaction scheme between the imaging layer 228 and the underlayer 226
18051  FIG. 3 shows film properties for various embodiments of an ashable hardmask
{AHM), two embodiments of underlayers (Embodiments 1 and 2), and a Spin-Ou-Carbon
{SOC} film. Provided are parameters such as critical dimension scanning electron
ricrograph (CDSEM) and ratio of line critical dimension (LnCD) to the unbiased line width
roughness (LWRuwi) (ratio indicated as LnCD/LWRupbi).
{00521 FIG. 4 shows the effect of pulsed bias on density for a non-limiting embodiment of
an underiayer (Embodiments 1 and 3}, Provided are films produced with a bias power of §
W, 70 W, or 140 W and a duty cycle of 0% (no bias power was applied), 10%, 20%, 30%,
40%, or 50%, as indicated in the graph.
10053]  FIG. 5 shows the effect of pulsed bias on undercuts for a non-limiting embodiment
of an underlayer (Embodiment 33, Provided are parameters such as dose to size (BtS},
pulsing bias (showing RF bias power as 140 W and a duty cycle (DC) of 10% or 50%),
CDSEM, LnCD, ratio of unbiased LWR to space width roughness (SpWR) (ratio indicated as
Unbiased LWR/SpWR), various frequency components of SpWR (including low frequency
(LF), medium frequency (MF), and high frequency (HF) components, which are indicated as
LE/MF/HFspwr), and undercut characteristics.
{0054] FIG. 6 shows etch rates for non-hmiting embodiments of an N-doped, spin-on
carbon film used as an underlaver (AL412) and underlayers (Embodiments 1, 4, and 5},
10055]  FIG. 7 shows etch rates for non-limiting embodiments of underlayers

{Embodiments 11, 12, and 1},
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{0036]  FIG. B presents a schematic illustration of an embodiment of a process station 300
for dry development.

{8057] ¥FI(. 9 presents a schematic illustration of an embodiment of 3 multi-station
processing tool 400

[0038]  FIG. 106 presents a schematic dlustration of an embodiment of an inductively
coupled plasma apparatus 500

[8059] FIG. 11 presents a schematic ilustration of an embodiment of a semiconductor
process cluster tool architecture 600,

{0068] FIG. 12 depicts a cross-sectional schematic view of an example of a dry deposition
apparatus 700,

{0061} FIG. 13 depicts detail side section and plan views of a portion of a top plate,

substrate, and edge ring.

DETAHED DESCRIPTION
{8062} Reference is made herein in detail to specific embodiments of the disclosure.
Examples of the specific embodiments are tllustrated in the accompanying drawings. While
the disclosure will be described in conjunction with these specific embodiments, it will be
understood that it is not intended to imit the disclosure to such specific embodiments. Guo
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 detatls are set forth iy order to provide a thorough understanding of the present
disclosure. The present disclosure may be practiced without some or all of these specific
detaiis. In other instances, well known process operations have not been described in detail
so as to not unnecessarily obscure the present disclosure.
{0063] Extreme ultraviolet (EUV) hithography—typically at a wavelength of 13.5 om—is
considered as the next enabling technology for lithographic patterning. However, a number
of technological stumbling blocks have delayed the widespread introduction and
implementation of this technique. EUV photoresist (PR} is one of the roadblocks.
{0064} Traduwional chemically amplified resist (CAR) provides a cost-effective approach.
But organic polymer CARs generate line edge roughness (LER) and line width roughness
{(LWR), and have sensitivity and resolution himitations due to random fluctuation of the use
of polymer. Recent research and development efforts have focused on new EUV inorganic
photoresist plattorm development. Such systems offer several advantages compared to a

polymer-based CAR system. These inorganic photoresists are generally based on metal
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oxides, including metal hydroxide oxides. The small metal oxide molecule size enhances
ultimate resolution of the patterning step, and ruetal oxide photoresists generally show higher
etch resistance than CAR, which can reduce PR thickness to reduce structure aspect ratio.
{80651 However, there are various challenges associated with inorganic PR, as well. Spin-
On-Carbon (SOC) hardroask materials are often used 1o hardmask film stacks to which EUV
PRs are applied for patterning. But SOCs have a soft carbon (C)-rich film with poor etch
resistance and poor LWR. Common hardmask materials such as silicon oxide {(e.g., silicon
dipxide, Si(y), silicon nitride, and ashable hardmasks {AHMSs) can be used directly under PR
for better etch selectivity and good LER and LWR. But delamination between EUV PR and
hardmask material, particularly after wet development of the EUV-exposed PR, is a persistent
problem. And only about twenty percent of the EUV photons are absorbed by a typical PR,
meaning that a large amount of primary and secondary electrons will often be created tn a PR
underlayer. Dose to Size (DtS) data have shown that there is higher dose required for EUV
inorganic PR disposed directly on a common hardmask material than for EUV inorganic PR
on SOC for resolving the same line critical dimension.

{0066] As described herein, a thin underlayer film disposed directly under the EUV
inorganic PR enables a film stack EUVY inorganic PR having improved performance. With
this underlayer, the resulting multilayer (e g, bilayer) hardmask schemwe has comparable ot
better DS performance, as compared to EUV inorganic PR directly on a SOC stack. And the
underlayer can also serve as an adhesion laver between the EUV inorganic PR and the
hardmask, regardiess of hardmask film composition, which enables improved etch selectivity
and LER/LWR performance. Surfaces other than a hardmask can be employed below the
underlayer, in which the underfayer can serve as an adhesion laver between the EUV PR and
any usetul substrate {e.g., a hardmask, a water, a partially fabricated semiconductor device
film stack, etc.).
{0067 As further described below, suitable underlayer thin films can be deposited by
chervical vapor deposition (CVI3), plasma enhanced chemical vapor deposition (PECVD),
atomic layer deposition (ALD), plasma enhanced atomic layer deposition (PEALD), or other
vapor deposition methods {(e.g. by sputter deposition, physical vapor deposition (PVD)
including PVD co-sputtering). The underlayer deposition process can be implemented in
either an etch tool {e g, Kiyo® or Flex®, available from Lam Research Corporation,

Fremont, CA) or a deposition tool {e.g, Lam Striker®). In some implementations, it can be
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integrated as a termination step in a hardmask deposition process. Bifferent film
compositions of the underlayer can be chosen depending on the film stack.

{0068] It should also be understood that while the present disclosure relates to lithographic
patterning techniques and materials exemplified by EUV lithography, it is alsc applicable to
other next generation lithographic techniques. In addition to EUV, which imcludes 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
am 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, having exposed hydroxyl groups, is contacted
with a hydrocarbyl-substituted tin capping agent to form a hydrocarbyl-terminated tin oxade
(Sn0x) film as the tmaging/PR layer on the surface of the substrate. The specific methods
may depend on the particular materials and applications used in the semiconductor substrate
and ultimate semiconducting device. Thus, the methods described 1n this application are
merely exemplary of the methods and materials that may be used in present technology.
{8069] FIG. 1 depicts a process flow for one aspect of this disclosure, 3 method of making
a pattering structure. The method 100 involves, at 101, providing a substrate. The substrate
may be, for example, a hardmask, a film, a stack, a partially fabricated semiconductor device
film stack, etc., fabricated in any suitable way. In some embodiments, the substrate may
include a hardmask disposed on a work piece, such as the partially fabricated semiconductor
device film stack. The hardmask, on the uppermost layer of the film stack, may have a
variety of compositions, such as 510z, silicon nitride, an ashable hardmask material, and may
be formed by chemical vapor deposition, for example PECVD. Ashable hardmasks
composed of amorphous carbon films are desirable in some implementations. Amorphous
carbon f{ilms 1o this context may be undoped or doped with boron (B) or tungsten (W), for
example. Suitable amorphous carbon films may have a composition including about 50 to 80
atoroic % carbon (C), 10 to 20 atomic % hydrogen (H), and 5 to 40 atomic % B or W dopant,
for example.

{0078} Yet other substrates can be emploved. For instance, the substrate can be or include
an amorphous hydrogenated carbon, silicon oxide, silicon nitride, silicon oxyuntride, silicon
carbide, silicon boronitride, amorphous silicon, polysilicon, or a combination of any

described herein, in any form {e.g., a bulk film, a thin film, another film, a stack, etc.).



(W

20

[\
L

30

WO 2021/146138 PCT/US2021/012953

{00711 At 103, a photoresist underlayer ts deposited on the substrate. The underlayer is
configured to increase adhesion between the substrate and a subsequently formed EUV-
sensitive inorganic photoresist, and fo reduce EUV dose for effective EUJV exposure of the
photoresist. The underlayer may be or include a vapor deposited film of hydronated carbon
doped with O, sitlicon (81}, nitrogen {IN}, tungsten {W), boron (B), 1odive (I}, chlorine (T}, or
a combination of any of these {e.¢., a combination of 81 and O}, 1n one embodiment, the film
18 deposited by introducing or delivering a hydrocarbon precursor (e.g., to provide carbon
atoms} and a dopant precursor {e.g., to provide the doping, non-carbon atoms). In ancther
embodiment, the film is deposited by introducing or delivering a heteroatom-containing
precursor, such as an lodine-containing precursors, that provides a doped film after
deposition. In particular, a hydronated carbon film doped with 1odine can improve generation
of secondary electrons upon exposure to EUV radiation. Further non-limiting precursors and
dopants to provide such underlayers are described herein.

{00721 The film can have a thickness of no more than about 25 nm. For example, the
photoresist underlayer may a thickness of about 2t0 20 nm, eg., 2,3, 4, 5,6,7,8,9, 10, 15
or 20 nm, and may optionally include about 0-30 atomic % O and/or about 20-30 atomic %
hydrogen (H} and/or 30-70 atomic % C. Other underlayer properties are described herein.
{00731  Insome iroplementations, the underlayer may be vapor deposited on the substrate
by PECYD or ALD using a hydrocarbon precursor, which can be with or without carbon
monoxide (CO) and/or carbon dioxide (COz). In particular embodiments, vapor deposition
includes introducing or delivering a hydrocarbon precursor without CO and without COa.
10074} In some imoplementations, the underlayer may be vapor deposited on the substrate
by PECYD or ALD using an oxocarbon precursor that co-reacts with hydrogen (Hojor a
hydrocarbon. In variations on this implementation, the oxocarbon precursor may further co-
react with a St source dopant during the deposition. Iu particular embodiments, oxocarbon
precursors can include CO or CO2. Without wishing to be limited by mechanism, the use of
oxocarbon precursors can include hydroxyl (—OH) groups or other oxygen-containing groups
to the underlayer, which can provide a hydrophilic surface or a surface with increased
hydrophilicity {as compared to an underiayer lacking such —OH or oxygen-containing
groups}. In non-limiting examples, a hvdrophilic surface can improve adhesion between the
underlaver and the PR layer.

{6075} In other implementations, the underlayer may be vapor deposited on the substrate by

PECVD or ALD using a Si-containing precursor that co-reacts with an oxidizer {e.g., an
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oxocarbon, an O-containing precursor, CO, or €Oz} o variations on this implementation,
the Si-containing precursor further co-reacts with a C source dopant {e.g., a hydrocarbon
precursor, as described herein). Non-himiting Si-containing precursors are described herein,
such as silanes, halosilanes, aminosilanes, alkoxysilanes, organosiianes, etc.

{00761  In some iroplementations, the underlayer may be vapor deposited on the substrate
by PECVD as a termination operation of a vapor deposition on the substrate, for example by
adjusting the precursor flows entering the PECVD process chamber to achieve the desired
composition of the photoresist underlayer.

100771 In other implementations, underiayer may be vapor deposited on the substrate by
PECVI} to provide a hydronated carbon film. In some embodiments, the film is a low
density film (e.g., from 0.7-2.9 g/cm’). In other embodiments, the undoped film (or a film
prior to doping) has a density less than about 1.5 g/cm’” or a density of about 0.7-1.4 glem®.
In yet other embodiments, the doped film has a density of about 0.7-1 4 g/em’.

{0078]  The PECVD process can include any useful precursor or combinations of
precursors. In one embodiment, the precursor is a hydrocarbon precursor {e.g., any described
herein). Optionally, a doped, hydronated carbon film 1s formed by using a heteroatom-
containing precursor {€.g., a nitrogen-coniaining precursor, a tungsten-containing precursor, a
boron-containing precursor, and/or an iodine-containing precursor) during the PECVD
process.

{00791 Deposition of the underlayer can include use of plasma {e g, as in a FECVD
process), including transformer coupled plasma (TCP), inductively coupled plasma (ICP), or
capacitively coupled plasma (CCP). In particular embodiments, deposition can use low TCP
power {e.g., about 100-1000 W) with minimum bias {e.g., no bias} to provide a low density
film. Of course, higher power plasmas can be employed, as described herein. In certain
embodiments, generation of plasma (e g, TCP or ICP) can be controlled by power, which is
in a continuous wave {CW) mode.

{0080] Deposition {e.g., with TCP or ICP power tn CW mode) can include an applied bias
{regardless of frequency} that is pulsed {e.g., in the range of about 1 Hz to about 10 kHz, such
as 10-2000 Hz) with a duty cycle between about 1% and 99%. Additional pulsing
frequencies and duty cycles are described herein. In some embodiments, the applied pulsed
bias can be provided to control ion energy. Non-limiting applied pulsed bias power can be

from about 10-1000 W, as well as other ranges described herein.
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{6081]  In vet other embodiments, deposition can include an applied CW bias. CW bias
may also be used to control 1on energy. In some embodiments, the applied CW bias power
can be from 10-1000 W{e.g., 10-500 W, 10-400 W, as well as other ranges described herein).
{8082] Yet other conditions {(e.g., useful for a low density film} includes use of certain
pressure conditions {e.g., such as 3-1000 milluorr (mTorr), including 10-1000 mTorr, 10-500
mTorr, or 10-400 mTorr) and certain temperature conditions {e.g., such as about 0-100°C,
including 0-50°C and 10-40°C).

{80831 Pulsed or continuous bias can be employed to fine tune properties of the film. In
one embodiment, pulsed hias can provide a higher density film, as compared to a low density
film prepared with 0 W of bias power. Such higher density films can, in some instances,
provide increased etch resistance, as compared to the low density film. In other instances,
such higher density films can provide reduced undercut, as compared to a low density film
prepared with 0 W of bias power. Additional plasma conditions and processes are also
described herein

{0084 Turning again to FIG, 1, at 105, the radiation-sensitive imaging layer is formed on
the underlayer. The unaging laver can include an EUV-seusitive inorganic photoresist, for
example. A suitable EUV-sensitive inorganic photoresist may be a metal oxide film, such as
a EUV-sensitive tin oxide-based photoresist. Such resists (also referred to as imaging layers)
and their formation and use are described, for example, in International Patent Applications
PCT/USZ019/031618, filed May 9, 2019, published as WO2019/217749, and titled
METHODS FOR MAKING EUV PATTERNABLE HARD MASKS; and
PCT/US2019/060742, filed November 11, 2019, published as WO2020/102085, and titled
METHODS FOR MAKING HARD MASKS USEFUL IN NEXT GENERATION
LITHOGRAPHY, the disclosure of which relating to the composition, deposition, and
patterning of directly photopatternable metal-organic based metal oxide films to form EUV
resist masks is incorporated by reference herein. As described therein, according to various
embodiments, the EUV-sensitive tnorganic photoresist may be a spin-on film or a vapor
deposited film,

[0085] FIGS, 2A-C depict stages in the fabrication of a non-limiting patterning structure,
as described herein. The patterning structure shown tn FIG. 2€ has a hardmask 204 disposed
on a substrate 202 {e.g., a wafer or a partially fabricated semiconductor device film stack).
An imaging layer 208 is disposed over the hardmask 204, And an underiayer 206 is disposed

between the hardmask 204 and the imaging layer 208. The underlayer 206 can be configured
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to increase adhesion between the hardmask and the imaging layer, as well as to reduce
radiation dose for effective photoresist exposure.

{0086] In test structures in accordance with described embodiments, DtS performance of
EUV PR on an amorphous carbon AHM with an underlayer, as described herein, 1s as good
as or even better than EUV PR on SQC, in some cases decreasing required dose by 10% or
more. Furthermore, post-development peeling of the EUV PR from the hardmask bilayer
{amorphous carbon AHM with a photoresist underlayer) 1s not observed.

{80871 The underlayer 206 can further provide increased etch selectivity and/or decreased
line edge and hine width roughness (LER/LWR) in the structure. In test structures in
accordance with described embodiments, LER/LWR were as about good to as much as 25%
or more improved relative to EUV PR on AHM or SOC.

{0088} Referring again to FIGS. 2A-C, an implementation of the fabrication of the
structure of FIG, 2C 1s tustrated in FIGS. 2A-2B. Such as described above with reference
to FIG. 1, FIG. 2A shows the hardmask 204 disposed on the substrate 202, and FIG. 2B
shows the underlayer 206 deposited on the hardmask 204,

{80891 The use of an underlayer within the stack can provide improved properties. In one
instance, interactions between the underiayer and the imaging layer provides a reduction in
DS, As seen o FEG. 2D, the patterniog structure includes a bardmask 214 disposed on a
surface of the substrate 212, as well as an underlayer 216 disposed between imaging layer
218 and the hardmask 214, Possible interactions include migration {or diffusion) of metal
(M) atoms 218A from the imaging layer 218 into the underlayer 216; and/or migration {or
diffusion) of hydrogen (H) atoms 216A trom the underlayer 216 into the imaging layer 218,
Without wishing to be limited by mechanism, such migration events can provide productive
interactions between the underiayer and the imaging layer, which in turn can contribute to
improved adhesion and/or IS,

{00901  In addition, the composition of the underlayer and the imaging layer can be
designed to promote favorable reactions, which in turm can improve DtS. For wnstaoce, as
seen in FIG. 2K, the imaging layer can include a tin-based photoresist having a radiation-
cleavable ligand. Upon exposure to radiation (e.g., EUV), the ligand (R) 1s eliminated from
the tin {Su} center, and an Sn-H bond s formed in its place. Afier a post-exposure bake
(PEB) step, the Sn-H bonds participate in further thermally-activated crosslinking reactions,

thereby increasing material property differences between exposed and unexposed photoresist.
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{60911 Thus, in one instance, as seen in FIG, 2F, the underiayer 226 can include ligands
(R} that provide releasable H atoms, upon exposure to EUV radiation, thereby forming a
reacted ligand (R1™). Possible R groups include, e.g., an optionally substituted alkyi that can
be linear or branched. In the imaging layer 228, the EUV-cleavable ligand R will provide an
eliminated higand R* and a reactive metal center Sn. The released H atorus from the
underlayer 226 can facilitate formation of the Sn-H bond within the imaging layer 228,
thereby reducing IS, I the underlayer also include oxygen (O) atoms, theo such atorus can
form M-0O bonds (e.g., Sn-O bonds) in the imaging layer, which can further reduce InS.
Furthermore, Sn atoms from the imaging layer 228 can diffuse into the underlayer 226,

thereby allowing for the generation of additional secondary electrons.

Implementation {: Dry deposition of the underlayer

{0092} The underlaver can be deposited 1n any useful manner. In one instance, deposition
includes vapor deposition of a hydrocarbon precursor or a carbon-contatning precursor {e.g.,
any described herein). Deposition can include use of a process gas (e.g., as a plasma or as an
inert gas) during deposttion, in which non-limiting process gases include carbon monoxide
{CO), helium (He), argon (Ar), krypton (Kr), neon (Ne), nitrogen (N2}, and/or hydrogen (Hz).
{80931 Deposition conditions include control of precursor flow rate(s), gas flow rate(s),
process pressure, temperature (e g, electrostatic chuck (ESC) temperature}, plasma {e.g.,
TCP) power, bias power, and duty cycle (BC) within the processing chamber. The flow rate
of precursor(s) may be between about 1-100 standard cubic centimeter per minute (sccm ).
The flow rate of gas{es) may be between about 1-1600 scem. The chamber pressure may be
between about 5-1000 mTorr {e.g., 5-800 mTorr, 10-500 mTorr, 10-400 mTorr, 30-500
mTorr, 10-1000 mTorr, or 30-1000 mTorr). The ESC temperature may be hetween about 0-
100°C (e.g., 0-50°C or 10-40°C}. The power used to generate the plasma may be between
about 10-3000 W per station {e.g., 100-1000 W, 200-1000 W, 200-800 W, or 200-500 W),
The RF frequency used to generate the plasma can be between about 0.3-600 MHz (e.g,,
13.56 MHz, 60 MHz, 27 MHz, 2 MHz, 400 kHz, or combinations thereof). The RF bias
power may be between about 0-1000 W using a pulsed plasma or a continuous wave (CTW)
plasma. The processing chamber can be an ICP chamber or a CCP chamber. In some
embodiments of the ICP chamber, the frequency of both the top ICP generator and the bias
generator 18 13.5 MHz. Depending on the underlayer, in some embodiments, the pressure can

be about 10-400 mTorr, and the TCP power can be about 200-500 W.
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{0094} Table 1 provides examples of processing regimes for non-limiting underlayers. For
Embodiment 1, the hydrocarbon precursor 1s methane (CHa4) with another gas being He. For

Embodiment 2, the hydrocarbon precursor is CHy, and process gases include CG, Hz, and He.

Table 1. Process regimes

Parameier Fmbodiment 1 | Embodiment 2

CHs flow rate

30 scom

~

CO flow rate ¢ 50 scem
Ho» flow rate 0 50 scem
He flow rate 660 scom 185 scom
Pressure 150 mTorr 30 mTorr
ESC Temperature 20°C 20°C
TCP Power 400 W 400 W
Bias mode e e
Bias Power 0w 0w

{6095] FIG. 3 provides performance characteristics of Embodiment 1 and Embodiment 2,
as compared with an AHM and a SOC layer. In oune embodiment, use of the underlayer of
Embodiment 1 improves DiS {e.g, by more than 5%, 10%, 15%, 20%, 25%, 30%, or
greater). Table 2 provides etch resistance of the underlayers, as compared to AHM, in which
the underlayers displayed a higher relative etch rate, as compared to AHM. Film composition
was also determined by x~-ray photoelectron spectroscopy (XPS). The underlayers

{(Embodiments 1 and 2} contained higher H and O content, as compared to AHM.
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Table 2. Etch resistance of underlayers

Underlayer Film composition by Relative etch
XPS rate to AHM
C % O %
AHM (HST) 100 0 1
Embodiment 1 990 1.0 28
Embodiment 2 96.4 3.6 33

Implementation 2: Pulsing bias process for use in deposition of the wnderlayer

{6096]  Further processes were developed to improve etch resistance of the underiayer. In
particular, bias power was used to modify the density of the underlayer. For instance,
deposition of the underlayer can tnclude a bias (regardless of frequency) that 15 pulsed (e g,
in the range of about 1 Hz to about 10 kHz) with a DC of between about 1% and 99%. Such
bias can be provided at any useful power, such as from about 16-5S00 W,

{06971 It will be understood that plasma pulsing may involve repetitions of periods, each of
which may last a duration T. The duration T includes the duration for pulse ON time (the
duration for which the plasma is in an ON state} and the duration for plasma OFF time (the
duration from which the plasma is in an OFF state) during a given period. The pulse
frequency will be understood as 1/T. For example, for a plasma pulsing period T = 100 us,
frequency is 1/T = 1/100us, or 10 kHz. The duty cycle or duty ratio 1s the fraction or
perceniage in a period T during which the plasma is in the ON state such that duty cycle or
duty ratio 1s pulse ON time divided by T. For example, for a plasma pulsing period T = 100
us, if a pulse ON tirne i3 70 ps (such that the duration for which the plasma is tn an ON state
in a period is 70 ps) and a pulse OFF time is 30 ps (such that the duration for which the
plasma 13 10 an OFF state in a period 18 30 us), the duty cycle 1s 70%.

{00981 Yet other deposition conditions can include control of precursor flow rate(s), gas
flow rate(s), process pressure, temperature {e.g., ESC temperature), plasma power, bias
power, pulse frequency, DC, and TCCT parameter within the processing chamber. The flow
rate of precursor(s) may be between about 1-100 scermn. The flow rate of process gas(es) may
be between about 1-1600 scem. The chamber pressure may be between about 5-1000 mTory
{e.g., 5-800 mTorr, 10-500 mTorr, 10-400 mTorr, 30-500 mTorr, 10-1000 mTorr, or 30-1000
mTorr). The ESC temperature may be between about 0-100°C {(e.g., 0-50°C or 10-40°C}.
The power used to generate the plasma may be between about 10-3000 W (e g, 100-1000 W,

200-1000 W, 200-800 W, or 200-500 W). The RF frequency used to generate the plasioa
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may be between about 0.3-600 MHz (e.g., 13.56 MHz, 60 MHz, 27 MHz, 2 MHz, 400 kHz,
or combinations thereof). The RF bias power may be between about 10-1000 W using a
pulsed plasma with a DC between 1-100%, in which 100% indicated CW {e.g., 1-99%). The
R¥ bias power can be pulsed below 5000 Hz, such as a frequency from about 10-2000 Hz.
The TCCT parameter can be from 0.1 to 1.5, In some non-limiting process, plasma exposure
can include a high frequency (HF) RF component {e.g., generally between about 2-60 MHz)
and a low frequency (LF) RF component (e.g., generally from about 100 kHz - 2 MHz). The
processing chamber can be an ICP chamber or a CCP chamber.

{0099] Table 3 provides examples of processing regimes for non-limiting underlayers
formed with a pulsing bias process (Embodiment 3}, Various underlayer films were formed
using Embodiment 3, in which bias power was either 70 W or 140 W and in which DC was
varted from 10-50%. Deunsity for such non-limiting films are provided in FIG. 4. As
compared to a film formed with 0 W bias, pulsing bias processes provided films having an
increased density (e.g., density greater than about 1.09 g/cm?). In this way, density of an
underlayer can be fine-tuned by adding bias power. In some instances, denser films may

provide lower etch rates, thereby providing froproved etch resistance.

Table 3. Pulsing process regimes

Parameter

Embodiment 3

CHs flow rate

30 secrn

He tlow rate

660 scem

Pressure 150 mTorr
ESC Temperature 20°C
TCP Power 400 W

Bias Power

70 W, 140 W

Bias Pulsing Frequency 100 Hz
TCCT 1.4
DC % 10%, 20%, 30%, 40%, 50%

The pulsing process may improve other characteristics of the film, in addition to

increasing density, decreasing etch rate, and/or increasing etch resistance. As seen in FIG. 5,
the pulsing process can reduce undercut without sacriticing IS, Processing conditions

included a CHa flow rate of 30 scom, He flow rate of 660 scom, pressure of 150 mTorr, ESC
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temperature of 20°C, TCP power of 400 W, bias power of 140 W, bias frequency of 100Hz,
DC of 10% (FIG. 8, film on lett) or S0% (FI1G. 8, film on right}, and TCCT of 1 4.

Implemenitation 3: Deposition of doped underiayers

{0181} The undedayer can juclude one or more dopants {e.g., non~-carbon dopants when a
hydrocarbon precursor is employed). The dopant can be provided by using a hydrocarbon
precursor {e.g., to provide carbon atoms) and a separate dopant precursor {e.g., to provide the
doping, non-carbon atoms). In another embodiment, the dopant 1s provided by employing a
single dopant precursor including carbon atom{s) and hetercatom(s). Non-limiting non-
carbon heteroatoms include oxygen ({3}, silicon {51}, nitrogen (N}, tungsten (W}, boron (B),
iodine (1), chlorine (Cl), or a combination of any of these. Other dopants and heteroatom-
containing dopant precursors are described heretn.

{0162} Use of dopants can, in some instances, improve etch resistance. Any of the process
regimes herein can be modified to incorporate dopants into the underlayer. For instance,
deposition can include use of a dopant precursor {e.g., any described herein), and process
regimes described herein for a precursor generally (e g., flow rate, pressure, temperature,
plasma power, bias power, pulse frequency, duty cycle, TCCT, etc.) can be used for the
dopant precursor.

{01831 For instance, the flow rate of precursor(s)} (e.g., hydrocarbon precursor and/or
dopant precursor} may be between about 1-100 scem. The tlow rate of process gas{es) may
be between about 1-1600 scem. The chamber pressure may be between about 5-1000 mTorr
{e.g, 5-800 mTorr, 10-500 mTorr, 10-400 mTorr, 30-500 mTorr, 10-1000 mTorr, or 30-1000
mTorr). The ESC temperature may be between about 0-100°C {e.g., 0-50°C or 10-40°C}).
The power used to generate the plasma may be between about 10-3000 W {e.g, 100-1000 W,
200-1000 W, 200-800 W, or 200-500 W), The RF frequency used to generate the plasma
may be between about 0.3-600 MHz (e g., 13.50 MHz, 60 MHz, 27 MHz, 2 MHz, 400 kHz,
or combinations thereof). The RF bias power may be between about 0-1000 W using a
pulsed plasma with a DC between about 1-99% or a CW plasma (DC of 100%). The RF bias
power can be pulsed below 5000 Hz, such as a frequency from about 10-2000 Hz, The
TCCT parameter can be from 0.1 to 1.5. The processing chamber can be an ICP chamber or
a CCP chamber.

{3184] In one instance, the dopant 1s or includes nitrogen (N} to provide N-doped
underlayers. Non-himiting N-containing precursors can include any described herein, such as

nitrogen {(N2), ammonia {NH;s), hydrazine (N2Ha), amines, and aminosilanes. In one instance,
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an N-doped underiayer is formed by co-flowing of a hydrocarbon precursor and an N-
containing precursor.

{01057 Table 4 provides examples of processing regimes for non-limiting N-doped
underlayers. For Embodiment 4, the hydrocarbon precursor is CHs, and the N-containing

precursor is N2, For Embodument 5, the hydrocarbon precursor is CHa, and the N-containing

precursor is NHa.

Table 4. Process regimes of nitrogen-doped underiayers

Parameter Embodiment 4 (with N;}) | Embodiment § {(with NH;)
CHg flow rate 30 scem 30 scem

N2 flow rate 15 scem 0

NH; flow rate 0 15 scem

He flow rate 645 scem 645 scem

Pressure 150 mtorr 150 mTorr
ESC Temperature 20°C 20°C
TCP Power 400 W 400 W
Bias Power 0w 0w
TCCT 13 13

{8186] In particular embodiments, the N-doped underlayer can be characterized by the

presence of N-H bonds (e.g., with a peak at about 3500 to 3100 em™ and/or about 1635 cm™!

in a Fourter transform infrared spectroscopy (FTIR) spectrum ) and/or C=N bonds (e.g., with
peak(s} at about 2260 to 2222 cm™’, about 2244 cm ™!, and/or about 2183 cm ™ in an FTIR
spectrum}.

{81671 The etch rates of doped underlayers can be improved, in some instances. ¥FIG. 6
provides the eich rate of an undoped underfayer (Erobodiment 1), a first N-doped underlayer
using N» as the dopant precursor {(Embodiment 4), a second N-doped underlayer using NH;3
as the dopant precursor (Embodiment 3), and an AL412 underlayer. Non-limiting etch
conditions included use of an ICP chamber having a pressure = 5 mTorr, TCP = 350 W,
TCCT = 2; bias power = 0 Y, flow rate of CHa = 10 scom; flow rate of Op = 60 scem; tlow
rate of Ar = 200 scem; and ESC temperature = 30°C. As can be seen, co-flow of the
hydrocarbon precursor with the NH3 dopant precursor improved etch resistance of the

underlayer, as compared to the undoped underlayer.
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in ancther instance, the dopant is or includes tungsten (W) to provide W-doped

underfayers. Non-limiting W-containing precursors can include any described herein, such as

tungsten halides (e.g., W, WCls, or WCls), tungsten carbonyl {e.g., W{CO)e}, or others. In

one instance, a W-doped underlayer is formed by co-flowing of a hydrocarbon precursor and

a W-countaining precursor.

[0109]

In particular embodiments, the W-doped underlayer can be characterized by the

presence of W-OH - H:0 bonds (e.g., with a peak at about 3500 to 3400 cmn ™ in a FTIR

spectrum), W={ bonds (e.¢., with a peak at about 981 cm™!in a FTIR spectrum), and/or W-

O-W bonds {e.g., with peak{s} at about 837 cm™, 800 cm™, and/or 702 ¢cm ™ in an FTIR

spectrum).

[0110]

Table 5 provides examples of processing regimes for non-limiting W-doped

underiayers. For each embodiment, the hydrocarbon precursor is CHa. For Embodiment 6,

the W-containing precursor 18 WFe at a lower tlow rate of 1 scem. For Embodiment 7, the

W-containing precursor 1s WFEs at a higher flow rate of 2 scom. For Embodiment 8, the W-

containing precursor is WFs at a lower flow rate of 1 sccm but at a higher pressure of 50

miorr.
Table 3. Process regimes of tungsten-doped underiayers
Parameier Embodiment 1 FEmbodiment 6§ | Embodiment 7 | Embodiment §
CHs flow rate 30 scom 30 seem 30 scom 30 seem
WFs flow rate 9] I scem 2 scom 1 scem

He flow rate

658-659 scem

658-659 secrn

658-659 scom

359 scemn

Pressure 30 mTorr 30 mTorr 30 mTorr 50 mTorr
ESC Temperature 20°C 20°C 20°C 20°C
TCP Power 400 W 400 W 400 W 400 W
Bias Power OW 0w 0w OwW
TCCT 0.2-1.2 02t012 02t012 021012
{8111} Density of doped underlayers can be increased. Table 6 provides the refractive

index (RI at 633 nm), deposition rate (Dep. Rate), and density of the underlayers. As can be

further seen for Embodiment 7, co-flow of the hydrocarbon precursor with the W-containing

dopant precursor increased deusity and RI, as compared to the baseline that was deposited

without the dopant precursor.
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Table 6. Characteristic of tungsten-doped underlayers

Embodiment 1

Embodiment 6

Embodiment 7

Embodiment 8

RI@ 633 um 1.575 1.546 1711 1.530
Dep. rate (A/min.) 296.0 5728 79.0 588.6
Density {g/em®) 1.08 2.07 2.83 1.93

[0112]

In yet another 1instance, the dopant is or inciudes boron (B} to provide B-doped

underlayers. Non-limiting B-containing precursors can include any described herein, such as

boron halides {e.g., BCls), boranes (.2, BaHe), borates (e g., B(OH)3), and organcboron

compounds {e.g., B{CH3);). In one instance, a B-doped underlayer is formed by co-tlowing

of a hydrocarbon precursor and a B-containing precursor.

[0113]

In particular embodiments, the B-doped underlayer can be characterized by the

presence of B+~ OH bonds {e.g., with a peak at about 3200 cm™ in a FTIR spectrum), B-0O

bonds {e.g., with a peak at about 1340 cm™ in a FTIR spectrum), and/or B-O-H bonds (e.g.,

with a peak at about 1194 cm™ in an FTIR spectrum).

[0114]

Table 7 provides examples of processing regimes for non-limiting B-doped

underlayers. For Embodiment 9, the hydrocarbon precursor 1s CHa, and the B-containing

precursor is BCls. For Embodiment 10, the deposttion conditions are the same as

Embodiment 9, but the film is further treated with Hz. In Table 7, Ho treatment conditions

included pressure = S mTorr; TCP =300 W, bias power = 100 W, flow rate of Hz = 200

scerm; processing time = 1 second.

Table 7: Process regimes of boron-doped underlayers

Parameter Embeodiment § Embodiment 9 | Embodiment 18
CHa flow rate 30 scem 30 scem 30 scem
BCL flow rate O 5 scem 5 scem

He tlow rate 653 scom 635 seem 655 scom

H: treatment No No Yes
Pressure 150 mTorr 150 mTorr 150 mTomr
ESC Temperature 20-24°C 20-24°C 20-24°C
TCP Power 400 W 400 W 400 W
Bias Power OW 0w 0w
TCCT 02-12 13 13
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{0115} In particular embodiments, both the deposition rate and the density of doped
underlayers can be increased. Table 8§ provides RI at 633 nm, deposition rate {(Bep. Rate),
and density of the underlavers. As can be seen for Embodiment 9, co-flow of the
hydrocarbon precursor with the B-countaining dopant precursor increased deposition rate and

increased density, as compared to the baseline that was deposited without the dopant

Precursor.
Table 8 Characteristic of boron-doped underlayers
Embodiment ! | Embodiment 9 | Embodiment 10
RI®@ 633 um 1.57 1.56 1.52
Dep. Rate (A/min) 287.0 403.6 543.0
Density (g/om®) 1.06 124 TBD

{8116} As described herein, dopant precursors can be employed during deposition {o
provide a doped underlayer. In particular embodiments, the doped underlayer can have
enhanced characteristics, such as improved eich resistance, etch rate, refractive index,

deposition rate, and/or density.

Implementation 4: Deposition of various hydrocarbon precursors

{0117} The underlaver can be deposited with any usetul precursor. For instance, the
precursor can include a hydrocarbon precursor having only carbon and hydrogen atoms. In
another instance, the precursor can be a heteroatom-containing, hydrocarbon precursor
having cartbon atoras, hydrogen atoms, and non-carbon heteroatoms. Io yet another instance,
the precursor can be a dopant precursor {e.g., as described herein}.

{0118} Ot the hydrocarbon precursors, various compounds can be employed. For instance,
the hydrocarbon precursor can include aliphatic and aromatic compounds {e.g, alkanes,
alkenes, alkynes, benzene, etc .}, including substituted forms thereot. By using different
hydrocarbon precursors, the type and amount of certain chemical bonds within the underlayer
can be modified. For instance, using unsaturated hydrocarbon precursors can provide an
underiayer having tnereased unsaturated bond content {e.g., increased C=C and/or U= bond
content), increased sp” carbon content, increased sp carbon content, decreased saturated bond
content {e.g., decreased C-C bond content), decreased sp’ carbon content, and/or decreased

C-H bond content {(e.2., as compared to a film formed with an increased amount saturated
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hydrocarbon precursors or a decreased amount of unsaturated hydrocarbon precursors). The
selection of the hydrocarbon precursor can depend on various factors. In one non-limiting
instance, a hydrocarbon precursor includes a saturated precursor (e.g., having increased C-H
bond content, as compared to C-C, C=C, or C=C content}, which can provide sufficient H
atoros. Without wishing to be limited by mechaunism, selection of such a precursor can
provide releasable H atoms that interact with atoms in the imaging layer, thus, resulting in
improved DS, as compared to use of an unsaturated precursor. Yet, in other non-limiting
instances, a hydrocarbon precursor includes an unsaturated precursor {e.g., having increased
C-C, C=C, or C=C content, as compared to C-H bond content). Without wishing to be
Himited by mechanism, selection of such a precursor can provide enhanced etch resistance, as
compared to use of a saturated precursor.

{86119] In particular embodiments, the underlaver can be characterized by the presence of
C=CH bonds {e.g., with a peak at about 3310 cm™ in a FTIR spectrum) and/or C=C bonds
{e.g., with peak(s) at about 1650 to 1600 cra™ or 1000 to 660 cm™ in a FTIR spectrum).
{01201 'Table 9 provides examples of processing regimes for non-limiting hydrocarbon
precursors. For Embodiment 1, the hydrocarbon precursor is CHa. For Embodiment 11, the
hydrocarbon precursor is acetylene (C2Hy). For Embodiment 12, the hydrocarbon precursor
is propyne {CsHa). Different plasma types can be employed (e.g., ICP or CCP). In one
instance, ICP is employed to allow for separate control of ion energy and ion density.

Process conditions can be optimized to achieve a simtlar film whether using ICP or CCP. For
instance, CCP generally employs a higher self-bias voltage than ICP, thus resulting in a
plasma characterized by a higher 1on energy. This higher energy can be reduced, e.g., by
using a higher process pressure, thus achieving comparable processing environment to
provide similar filim properties as obtained using ICP. Accordingly, processes herein can
include use of ICP or CCP with modifications in one ot more processing conditions {e.g.,
pressure, temperature, flow rate of precursor(s) or inert gases, process time, etc.} to achieve

targeted film compositions and film properties.
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Table 9 Process regimes for hyvdrocarbon precursors
Parameter Embodiment 1 Embodiment 11 Embodiment 12

CH, fiow rate 30 scem 0 O
CarHp flow rate 4] 50 scom ¢
CaiHs flow rate 4] O 100 secem

He flow rate

660 scem

1200 scom

1200 scem

Pressure 150 mTorr 500 mTorr 500 mTorr
ESC Temperature 20°C 20°C 20°C
TCP Power 400 W e e
Bias Power A 0W @ 400 kHz; 0 W (@ 400 kHz;
200 W @ 60 MHz | 200 W @ 60 MHz

Plasma type I CCP CCP
Frequency e 1000 Hz 1000 Hz
DC% e 20% 20%

{8121} In particular embodiments, use of unsaturated hydrocarbon precursors improves

etch resistance. FIG, 7 provides the etch rate of an underlayer formed with a CoHo precursor

precursor {Embaodiment 1), Non-limiting etch conditions included use of an ICP chamber

having a pressure = 5 mTorr; TCP = 3530 W, TCCT = 2; bias power =0 V; flow rate of CHy =

10 scem; flow rate of (32 = 60 scom; flow rate of Ar = 200 scem; and ESC temperature =

30°C. As can be seen, use of unsaturated hydrocarbon precursor {e.g., having triple bonds)

improved etch resistance of the underlayer, as compared to the saturated hydrocarbon

precursor {(e.g., having only single bonds).

Implementation 5: Use of high EUV absorbing atoms

[0122]

The undeddayer can also include one or roore atorns having a high patteroing

radiation absorption cross-section {e.g., an HUV absorption cross-section that 1s equal to or

greater than 1x107 em?/mol). Such atoms include, e g., todine (I). Iodine can be provided in

any useful source. For instance, the precursor emploved during depoesition can be a dopant

precursor that is a hydrocarbon having one or more 1odine atoms. Non-limiting precursors

an aliphatic or an aromatic compound {e.g., an alkane, alkene, or alkyne, including cyclic
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forms thereof, as well as benzene) having one or more | atoms. Yet other examples of
precursors include iodoacetylene (CxHID, ditodoacetylene (CaIz), vinyl iodide (CoH3IY,
iodomethane (CHsl), ditodomethane (CHzlz), 1,1-ditodoethene (CoHzlz), (£)-1,2-
ditodoethylene (rans-CiHaly), (23-1,2-diiodoethylene {(cis-CoHoh), allyl iodide (CsHsE), 1-
iodo-1-propyne {CsHsl), 1odocyclopropane (C3HsD, and 1, -diiodocyclopropane (CsHala)
{01231  Any of the deposition conditions herein can be combined to provide a beneficial
underlayer. For instance, a pulsiog bias process can be used with any precursor {e.g., a
hydrocarbon precursor, a dopant precursor, or a combination thereof) described herein. In
another instance, a dopant precursor can be combined with any hydrocarbon precursor
described herein. Furthermore, the process can include the use of one, two, three, or more
ditferent precursors {e.¢., two or more hydrocarbon precursors; and/or two or more dopant
precursors}). In vet ancther instance, a dopant precursor can be generated by modifying any
hydrocarbon precursor herein {e.g., saturated or unsaturated hydrocarbon precursors) with
one or more non-carbon heteroatoms,

{0124} Combinations of precursors can be selected to provide desired film properties. For
instance, a particular hydrocarbon precursor {e.g., an unsaturated hydrocarbon precursor) can
be selected to improve etch resistance. Then, certain heteroatoms can be selected to provide
a film with increased density or refractive index {e.g., hetercatoms such as O, i, N, W, B, or
). In one instance, the underlayer can include I, C, H, and O atoms; 1, C, H, and 81 atoms; [
H. N, O, and St atoms; or L, C, H, N, O, and Si atoms.

{0125} Finally, vet other non-carbon heteroatoms can be selected to provide a film with
enhanced EUV absorption (e g, heteroatoms, such as I or another hetercatom having an EUV
absorption cross-section that is equal to or greater than 1x107 cm®/mol). The thickness of the

underlayer can be controlied {e.g., more than about 5 nm).

Precursors {e.g., for underilayers)

{0126} The underlayers herein can employ any usetul precursor or combination of
precursors. Such precursors can include hydrocarbon precursors including only carbon (C)
and hydrogen (H) atorns, in which the precursor can be saturated (having only single bonds)
or unsaturated (having one or more double or triple bonds}, as well as linear or cyclic. Yet
other precursors can include one or more non-carbon heteroatoms, and such precursors are
referred herein as dopant precursors. Such dopant precursors can optionally include carbon
atorus in combination with non-carbon atoms. In some embodiments, any hydrocarbon

precursor herein can be modified with one or more heteroatoms to provide a dopant
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precursor. The generic term “precursor” can refer to a hydrocarbon precursor and/or a dopant
precursor. Such precursors can, in some instances, be a gas, thereby allowing for vapor
deposition within a process chamber.

{81271 Hydrocarbon precursors generally include carbon-containing precursors. In some
instances, the hydrocarbon precursor tncludes only C and H atoms. The hydrocarbou
precursor may be, for example, one defined by the formula C.Hy, wherein x is an integer
from 1to 10 and v is an 1uteger from 2 to 24, Examples of such precursors include roethane
(CHa}, acetylene (CoHy), ethane (C2He), ethylene (CoHs), propane (CsHs), propylene (CsHe),
propyne (C3Ha), allene {(CsHa), eyclopropene (CiHy), butane (CaHio), butylene {CsHs),
butadiene {CsHs), cyclohexane (Cstiz), benzene {(Cels), and toluene (C7Hz}.

{0128} The hydrocarbon precursor can be an aliphatic compound {(e.g, a Crao alkane, Coae
alkene, Cr10 alkyne, including linear or cyclic forms thereof} or an aromatic compound {e.g,,
benzene, as well as polyeyclic forms thereof). The hydrocarbon precursor can include
saturated bonds (single bonds, e.g., C-C bonds or C-H bonds} and/or unsaturated bonds
{double or tripie bonds, e g, C=C, C=C, or C=N bonds).

{01291 Usetul precursors for underlayers can also include one or more hetercatoms.  Such
hetercatoms can be any useful non-carbon atoms, such as oxygen (O), silicon (51}, nitrogen
(N}, tungsten (W), boron (B), 1odine (I}, chiorine (C1), and combinations thereot. Thus, non-
limiting hetercatom-containing precursors {also referred to herein as dopant precursors) can
include an O-containing precursor, an Si-containing precursor, an N-containing precursor, a
W-containing precursor, a B-containing precursor, an I-containing precursor, or a Cl-
containing precursor. Such dopant precursors can be inorganic (lacking carbon atoras) or
organic (including carbon atoms), as described herein.

{0130} O-containing precursors can include an oxocarbon precursor comprising O and C
atoms. In particular embodiments, the oxocarbon precursor reacts with hydrogen (Ho) or a
hydrocarbon and optionally further co-reacts with an Si source or an Si-containing precursor.
Yet other O-containing precursors can include carbon monoxide (CO), carbon dioxide (CO2),
water (H20), oxygen (1), ozone {O3), hydrogen peroxide (H2O2), aleohol (e g, t-amyl
alcohol, ethanol, propanol, etc }, polyol (e g, a diol, such as ethylene glycol}, ketone,
aldehvde, ether, ester, carboxylic acid, alkoxysilane, oxolane, or furan.

{0131}  Si-containing precursors can include silanes, halosilanes, aminosilanes,
alkoxysilanes, organosiianes, etc. In particular embodiments, the Si-containing precursor co-

reacts with an oxidizer {(e.g., any described herein, such as an O-containing precursor or an
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oxocarbon precursor, including CO and CO2). Non-limiting Si-containing precursors include
polysilanes (H3Si-(SiHz}e-S1H5), where n > 0. Examples of silanes are silane (SiHa), disilane
{Si2He}, and organosilanes such as methylsilane, ethylsilane, isopropyisilane, -butylsilane,
dimethylsilane, diethylsilane, di-~-butylstlane, allyisilane, sec-butylsilane, thexylsilane,
iscamylsilane, -butyldisilane, di-/-butyldisilane, and the like.

{0132] A halosilane includes at least one halogen group and may or may not include H
and/or C atoms. Examples of halosilanes are todosilanes, bromosilanes, chlorosilanes, and
fluorosilanes.  Specific chlorosiianes are tetrachloresilane, trichlorosilane, dichlorosilane,
monochiorosilane, chloroallylsilane, chloromethylsilane, dichloromethylsilane,
chlorodimethylsilane, chioroethyisitane, #-butylchiorosilane, di-#-butylchlorosilane,
chloroisopropylsilane, chloro-sec-butylsilane, #-butyldimethyichiorosilane,
hexyldimethylchlorosilane, and the like. Specific iodosilanes are tetraiodosilane,
tritodosilane, ditodosilane, monoiodosilane, trimethylsilyl 1odide, and the hike.

{0133]  An amnosilane inchudes at least one N atom bonded to a 81 ators, but may also
contain H, G, halogen, and/or C atoms. Examples of aminosilanes are mono-, di-, tri- and
tetra-~aminosiiane (H3Si(NHz ), FoSi(NHz), HSi(NH2)s and Si(NHzl, respectively), as well as
substituted mono-, di-, tri- and tetra-aminosilanes, for example, #-butylaminocsilane,
methylaminosilane, ~-butylsilanamine, bi(f-butylamino)silane (StHANHC(CHs s (BTBAS),
#-butyl silylcarbamate, SIH(CH3 -(N{CHs ), SIHCI-(N(CHs a), (S1{CH3 pNH}): and the like.
A turther example of an aminosilane 1s trisilylamine (N(SiH3)).

{0134} An alkoxysilane includes at least one O atom bonded to a St atom, but may also
contain H, N, halogen, and/or C atoms. Examples of alkoxysilanes are mono-, di-, tri- and
tetra~alkoxysifanes (HiSi{OR}, HRSi{OR p, HSH{OR)s and Si{OR )4, respectively, in which
each R can be, independently, optionally substituted alkyl or aryl}, as well as substituted
mono-, di~, iri- and tetra-alkoxysianes, for example, trimethoxymethylsiane
(CH3S81{OCH3)3), (3-aminopropyl) trimethoxysilane (NHH{CH2 ;3Si{OCH;: 3, (G-
aminopropybitriethoxysilane (NH{ CHz pSUOCH:CHs 3y, triethoxyvinylsilane
{(CH>=CHSH{OCH:CHs ), triethoxyethylsilane (CH3CH:S(OCHCHs ),
trimethoxyphenylsilane (PhSi{OCH3)3), 1sobutyliriethoxysilane (-BuSy{OCH2CHs ),
diacetoxydimethylsiiane ({(CHzpSi{OCOCH;: 12}, and the like. Yet other examples include
tetragthoxystlane (S1{OCHCH3 )4}, tricthoxysilane (HSi{OCHCHs ), tetramethoxysilane
{SH{OCH:}4), and trimethoxysilane (HSi{OCH; )3},
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e



10

20

[\
L

30

WO 2021/146138 PCT/US2021/012953

{0135} N-containing precursors include any that has at least one N atom, for example,
nitrogen gas {MN2), ammonia (NHs), hydrazine (N2Hs), amines (amines bearing carbon) such
as methylamine, dimethylamine, ethylmethylamine, ethylamine, isopropylamine, t-
butylamine, di-t-butylamine, cyclopropylamine, sec-butylamine, cyclobutylamine,
iscamylamine, 2-methylbutan-2-amine, trimethylamine, ditsopropylamine,
diethylisopropyiamine, di-t-butyihydrazine, as well as aromatic containing amines such as
antlines, pyridines, and benzylamines. Yet other N-containing precursors can wnchude niirile
(e.g., acetonitrile), amides, N-containing heterocyclic compound, or aming alcohols {(e.g.,
ethanolamine). Amines may be primary, secondary, tertiary, or guaternary {for example,
tetraalkylammontum compounds). An N-containing precursor can contain heteroatoms other
than N, for example, hvdroxylanine, t-butyloxycarbonyl amine, and N-t-butyl
hydroxylamine are N-containing precursors.

10136] W-containing precursors include tungsten-containing halide precursors, which may
include tungsten fluorides, such as tungsten{V1} fluoride (WFs); and tungsten chlorides, such
as tungsten{V1} chloride {WCls}, tungsten(V} chloride (W(ls), and tungsten(V1) oxychlonde
{WOC) In some embodiuments, metal-organic tungsten-containing precursors may be used,
such as tungsten hexacarbonyl (W{CQ)s), mesitylene tungsten tricarbonyl

({CsH3(CHs pIW{CO ), bis{t-butylimidoybis{dimethylanminotungsten(VI)
{(I{CH:3:BCNRWIN(CHs 2 12), bis{eyclopentadienyDtungsten{1V) dihydride (HoWCp2), or
others.

{8137} B-containing precursors include boron halides {e.g., BCl3}, boranes (e.g., BaHs),
borates {e.g., B{OH)3), and organoboron compounds {e.g., B(CHs)). Non-limiting B-
contatning precursors include diborane (BaHe), trimethyiborate (B{OCH:13), triethylborate
{(B{OCH:CHs}s), triisopropyl borate (B{OCH{CHa) ), timethyiborane (B{CHs)s),
triethylborane (B(C:Hs)), tripheuylborane (BPhs), tetrakis{dimethylamino)diboron

(B2 N{CHs )24}, boron trifluoride (BF3), boron trichloride (BCl), boron tribromide (BBr3),
and boron 1odide (Bls).

{6138} l-containing precursors include iodinated hydrocarbon compounds, such as
rodoacetylene (C2HI, ditodoacetylene (Colz), vinyl todide (C2HsD), 1odomethane (CHsI),
ditodomethane (CHzh), 1, 1-ditodoethene (C2Hol), (£3-1,2-ditodoethyiene (frans-CoHal),
(Z)-1,2-dinodoethylene {cis-CoHoly), allyl 1odide (CsHsE), T-1odo-1-propyne (CsHsD,

iodocyclopropane {(CsHsly, and 1,1-ditodocyciopropane (CiHab).

(o8]
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{61391 Cl-containing precursors inchude chlorinated hydrocarbon compounds, such as
chloroacetylene (CoHCH), vinyl chloride (CoH3Cl), chloromethane (CH3(C), dichloromethane
(CHxChay, 1, 1-dichlorcethene (C:HCh), (£)-1,2-dichloroethylens (srans-CoH:Cla), (£)-1,2-
dichloroethyiene {cis-C:H2Cly), allyl chioride (C3HsC), 1-chloro-1-propyne (C3H3ClY,
chlorocyclopropane {(C3HsCl), and 1, 1-dichlorocyclopropane (CsHsClz)

{0140} Other heteroatoms may be included, such as phosphorous (P}. P-containing
precursors can include phosphates, phosphines, phosphorous halides, organophosphorus
compounds, and others. Non-limiting P-containing precursors include triethy! phosphate
(PO[OCHs 1), trimethyl phosphate (POJOCH;:13), trimethyl phosphite (P(OCH:)),
trisdimethylaminophosphorus (P{N{CHs )15}, phosphorous trichloride (PCh), trismethyisilyl

phosphine (P[Si{CHs):13), and phosphorus oxychloride (POCH).

Properties of underiayers

{81411 Any of the processes and precursors herein can be employed to provide useful
underlayers. The composition of the underlayer can be tuned to include particular atoms. In
one embodiment, the underlayer include about 0-30 atomic % O {e.g., 1-30%, 2-30%, or 4-
30%;3, about 20-50 atomic % H {e.g., 20-45%, 30-50%, or 30-45%), and/or 30-70 atomic % C
{e.g, 30-60%, 30-05%, or 30-68%). In other embodiments, the underdayer includes the
presence of unsaturated bonds (e.g., C=C, C=C, and/or C=N bonds). In yet other
embodiments, the underlayer has a density of about 0.7 t0 2.9 g/om®.

{61421 The underlayer can be characterized by increased etch selectivity and/or decreased
undercut, as compared to a control film. In other embodiments, the underlayer can be
characterized decreased hine edge and line width roughness and/or decreased dose 1o size, as
compared to a control film. Non-limsiting control films include those formed with a saturated
hydrocarbon precursors, formed within pulsed bias, and/or formed without a dopant. In one
instance, the control film is an AHM formed with methane. In another instance, the control

film 15 an AHM formed with acetylene.

Paiterning structures

{8143} The patterning structures {or films) herein can include an imaging layer on a surface
of a hardmask or a substrate, as well as an underlayer under the tmaging layer. Io particular
embodiments, the presence of the underiaver provides increased radiation absorptivity and/or

patterning performance of the imaging layer.

[FS]
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{6144]  Generally, photon absorption through a layer s depth dependent. When a
homogenous layer or film 1s exposed to radiation, the lower portion of the layer 15 exposed to
a lower dose of radiation, as compared to the upper portion of that same layer, because fewer
photons reach that lower portion. Thus, to ensure sufficient and uniform exposure through
the entire depth of a layer, the layer must provide sufficient transmission of the radiation. In
particular embodiments, the underlayer described herein provides increased radiation
absorption through the imaging layer. Furthermore, in some instances, the underlayer can
effectively generate more secondary electrons that can better expose lower portions of the
patterning structure.

{0145} One or both of the underlayer and the imaging layer can include a high-absorbing
element. In one instance, the underlayer and the imaging layer both include a high-absorbing
element, such as equal to or greater than 1x107 c¥/mol for EUV absorption. The element in
each of the absorbing and imaging layers can be the same or different. In particular
embodiments, enhanced adhesion can lower the required radiation dose to provide desired
patterned features within the imaging layer and/or the underlayer.

{0146] The imaging laver can nclude any useful resist, such as metal-organic based resists,
as described herein. When the photoresist material being employed possesses a significant
inorganic component, for example it exhubits a predominately metal oxide framework, the
underlayer may advantageously be a carbon-based film. In cases where there are device
features present on the substrate to be patterned which create significant topography, another
important function of the underlayer can be to overcoat and planarize the existing topography
so that the subsequent patterning step may be performed on a flat surface with all areas of the
pattern in focus. For such applications, the underfaver (or at least one of multiple
underlayers) mayv be applied using dry deposition or spin-coating technigues. The layer may
include various AHM films with carbon- and hydrogen-based compositions, and may be
doped with additional elements such as tungsten, boron, nitrogen, or fluorine.

10147}  The underlayer and imaging layer, either alone or together, can be considered a
film. In some embodiments, the film s a radiation-sensitive film (e.g., an EUV-sensitive
film). This film, in turn, can serve as an BUV resist, as further described herein. In particular
embodiments, the layer or film can include one or more ligands (e.g., EUV labile ligands)
that can be removed, cleaved, or cross-linked by radiation (¢ g, EUV or DUV radiation).
{6148] Precursors can be used to provide a patternable film that is sensitive to radiation {or

a patterning radiation-sensitive film or a photopatternable film). Such radiation can inchude

(o8]
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EUY radiation, DUV radiation, or UV radiation that is provided by trradiating through a
patterned mask, thereby being a patterned radiation. The film itself can be altered by being
exposed to such radiation, such that the film is radiation-sensitive or photosensitive. In
particular embodiments, the precursor is an organometallic compound, which includes at
least one metal center,
{01491 The precursor can have any useful number and type of ligand(s). In some
embodiments, the ligand can be characterized by its ability to react in the presence of a
counter-reactant or in the presence of patterned radiation. For instance, the precursor can
include a ligand that reacts with a counter-reactant, which can introduce linkages between
metal centers {e.g, an -0~ hinkage). In another instance, the precursor can include a ligand
that elirninates in the presence of patterned radiation. Such an EUV labile ligand can include
branched or linear alkyl groups having a beta-hydrogen, as well as any described herein for R
in formula (F) or (i1}
{0150}  The precursor can be any useful metal-containing precursor, such as an
organometallic agent, 2 metal halide, or a capping agent {e.g., as described herein). In a non-
fimiting instance, the precursor includes a structure having formula (I):
MRy (1),
wherein:
M is a metal or an atom having a high EUV absorption cross-section,
each R i3, independently, H, halo, optionally substituted alkyl, optionally
substituted cycloalkyl, optionally substituted cycloalkenyl, optionally substituted
atkenyl, optionally substituted alkynyl, optionally substituted alkoxy, optionally
substituted alkanovlioxy, optionally substituted aryl, optionally substituted amine,
optionally substituted bis{trialkylsilyhamino, optionally substituted trialkyisilyl, oxo,
an anionic ligand, a neutral ligand, or a multidentate ligand;
a>iandb>1.
{0181]  In another non-limiting instance, the precursor includes a structure having formula
{H):
MaRoLe (1),
wherein:
Mis a rmetal or an atom having a high EUV absorption cross-section;
gach R is, independently, halo, optionally substituted alkyl, optionally

substituted aryl, optionally substituted amuno, optionally substituted alkoxy, or L;

(o8]
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gach L i3, independently, a ligand, an anionic ligand, a neutral ligand, a
multidentate ligand, 1on, or other motety that is 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> bz 1;andc> 1.

{0152} In some embodiments, each ligand within the precursor can be one that is reactive
with a counter-reactant. In one instance, the precursor includes a structure having formula
(1}, in which each R is, independently, L. In another instance, the precursor includes a
structure having formula (Ha):

Mal.c (Ha),
wherein:

M is a metal or an atom having a high EUV absorption cross-section;

each L is, independently, a ligand, ion, or other moiety that is reactive with a
counter-reactant, in which two L, taken together, can optionally form a heterocyclyl
group;

ar iandc> 1.

in particular embodiments of formula (1a), ais 1. In further embodiments, cis 2, 3, or 4.
{0183} For any formula herein, M can be a metal or a metalloid or an atom with a high
patterning radiation absorption cross-section {e.g., an EUV absorption cross-section that is
equal to or greater than 1x107 cm?/mol). In some embodiments, M is tin {Sn), bismuth (Bi),
tethurium (Te), cesium (Cs), antimony (8b}, indium (In}, molybdenum (Mo}, hafotum (Hf),
iodine (1), zirconium {(Zr), ron (Fe}, cobalt {Co), nickel (N1}, copper (Cu), zine {(£n}, silver
(Ag), platinum (Pt), and lead (Pb). In further embodiments, Mis Sn,ais 1, andcis4 in
formula (I), (H), or (IIa). In other embodiments, M 1s Sn, ais 1, and ¢ is 2 in formuia (F),
(1, or (Ha). To particular embodiments, M s Sn{ll) {e.g , in formula (1), (I, or (ffa)),
thereby providing a precursor that is a Sn{ll)-based compound. In other embodiments, M is
Su(IV) {e.g., in formula (1), (I}, or (Ha)), thereby providing a precursor that 1s a Sa(fV)-
based compound. In particular embodiments, the precursor includes indine {e.g., as in
periodate).

{0154] Forany formula herein, each R ts, independently, H, halo, optionally substituted
alkyl, optionally substituted cycloalkyl, optionally substituted cycloalkenyl, optionally
substituted alkenyl, optionally substituted alleynyl, optionally substituted alkoxy (e.g, -ORY,

in which R! can be optionally substituted alkyl), optionally substituted alkanoyloxy,
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optionally substituted aryi, optionally substituted aming, optionally substituted
bis(trialkylsilyljamino, optionally substituted trialkylsilyl, oxo, an anionic ligand {e.g., oxido,
chlorido, hydrido, acetate, iminodiacetate, propanoate, butancate, benzoate, etc ), a neutral
ligand, or a multidentate ligand.

[0185]  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 heterocyclyl group, as defined herein. In other
embodiments, the optionally substituted bis{trialkylsilylyamino is -N{SiR'R*R*),, in which
each R, R? and R’ is, independently, optionally substituted alkyl. In yet other embodiments,
the optionally substituted trialkylsilyl is -SiR'R?R7, in which each R', R?, and R is,
independently, optionally substituted alkyl

10186] 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 emboduments, 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
second R, taken together with the oxvgen atom and the metal atom to which each are
attached, form a heterocyclyl group, as defined herein.

{81571 In some embodiments, atleast one of R or L {e.g, in formula (1), (£F), or (a)} is
optionally substituted alkyl. Non-linuting alky! groups include, e.g., CaHonsy, wherenis 1, 2,
3, or greater, such as methyl, ethyl, »-propyl, isopropyl, s-butyl, isobutyl, s-butyl, or #butyl.
in various embodiments, R or L has at least one beta-hydrogen or beta-fluorine. In other
embodiments, at least one of R or L 13 a halo-substituted atkyl (e g, a fluoro-substituted
alkyl).

{0188] Insome embodiments, each R or L or at least one R or L {e.g., in formula (1), (I},
or (1fa)) ts halo. In particular, the precursor can be a metal halide. Non-limiting metal
halides include SnBrs, SnCls, Snls, and SbCls

{81591 In some embodiments, each R or L or atleast one R or L {e.g., in formula (1), (1),
or {Ifa}} 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 alkyl), an optionally substituted dialkylamino
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{e.g., -NR'R? in which each R and R? is, independently, optionally substituted alkyl), or
optionally substituted bis(trialkylsilvhamino. Non-limiting R and L substituents can include,
e.g., -NMez, -NHMe,

~NEt, -NHEt, -NMeEt, -N(#-Bu)}-{CHCH: 2-N(#-Bu)- (tbba), -N{SiMes), and -N{SiEtz)2.
{0166] In some embodiments, each R or L or at least one R or L {e.g., in formula (1), (I},
or (1fa)) can include a silicon atom. In particular embodiments, one or more R or L can be
optionally substituted trialkylsilyl or optionally substituted bis(iriatkylsilylamivo. Non-
limiting R or L substituents can include, e.g, -SiMes, -SiEty, -N{SiMea), and -N{SiEts h.
{01611  In some embodiments, each R or L or at least one R or L {e.g., in formula (I), (1),
or (1fa)) can include an oxygen atom. In particular embodiments, one or more R or L can be
optionally substituted alkoxy or optionally substituted alkanoyloxy, Non-limitingR or L
substituents include, e.g., methoxy, ethoxy, isopropoxy (i-PrQO), t-butoxy {+-Bu(}}, acetate
(-OC(0)-CHs), and -O=C({CH3)-CH=C{CHj3}-0- (acac).

{01621  Any formulas herein can include one or more neutral higands. Non-limiting neutral
ligands include an optionally substituted amine (e.g., NR3 or RoN-Ak-NRy, in which each R
can be, independently, H, optionally substituted alkyl, optionally substituted hydrocarbyl, or
optionally substituted aryl, and Ak is optionally substituted alkylene), an optionally
substituted phosphine {(e.g., PR3 or RoP-Ak-PR., in which each R can be, independently, H,
optionally substituted alkyl, optionally substituted hydrocarbyl, or optionally substituted arvyl,
and Ak is optionally substituted alkylene), an optionally substituted ether (e.g., ORy, in which
gach R can be, independently, H, optionally substituted alkyl, optionally substituted
hydrocarbyl, or optionally substituted aryl), an optionally substituted alkyl, an optionally
substituted alkene, an optionally substituted alkyne, an optionally substituted benzene, oxo,
or carbon monoxide.

{81631  Auny formulas herein can inchude one or more multidentate {e.g., bidentate) ligands.
Non-limiting muitidentate ligand include a diketonate (e.g., acetylacetonate (acac)

or -OC(RHY-Ak-(RDNCO- or -OCRH-CRHA(RCO-), a bidentate chelating dinitrogen {e.g., -
NRHD-AK-N{RY- or -N(R)-CR-CR=N({R"}-), an aromatic (e.¢, -Ar-), an amidinate (e.g, -
N{RH-CRH-N(RY-), an aminoalkoxide (e.g., -N(R}-AK-O- or -NR 2-Ak-0-), a
diazadieny! {e.g., -NRH-CRH-CRH-N(R")-), a cyclopentadienyl, a pyrazolate, an
optionally substituted heterocyclyl, an optionally substituted alkylene, or an optionally
substituted hetercalkylene. In particular embodiments, each R' is, independently, H,

optionally substituted alkyl, optionally substituted haloalkyl, or optionally substituted aryl;
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each R* is, independently, H or optionally substituted alkyl; R’ and R*, taken together, forms
an optionally substituted heterocyclyl, Ak is optionally substituted alkylene; and Ar i
optionally substituted arviene.

{8164} In particular embodiments, the precursor includes tin. In some embodiments, the tin
precursor includes SnR or SnR2 or SoRa or R3SnSoRs, wherein each R is, wndependently, H,
halo, optionally substituted Ci-12 atkyl, optionally substituted Cr.12 atkoxy, optionally
substituted amino (e g., -NR!R?), optionally substituted Cz.12 altkenyl, optionally substituted
Ca1z alkynyl, optionally substituted Css cycloalkyl, optionally substituted aryl,
cyclopentadienyl, optionally substituted bis¢trialkylsilylyamino {e.g., -N(SiR'R*R )},
optionally substituted alkanoyloxy {(e.g., acetate), a diketonate (e.g, -OC(RDH-AK-(RHCO-),
or a bidentate chelating dimitrogen {(e.g.,

SNRB-AK-N(RD-). In particular embodiments, each R, R? and R® is, independently, H or
Ciaz alkyl {e.g., methyl, ethyl, isopropyl, ~-butyl, or neopentyl); and Ak is optionally
substituted Cic alkylene. In particular embodiments, each R is, independently, halo,
optionally substituted Ci-1z atkoxy, optionally substituted amino, optionally substituted aryl,
cyclopentadienyl, or a diketonate. Non-limiting tin precursors include SnF2, SnHy, SnBry,
SnCle, Snly, tetramethy! tin (SoMeu), tetraethyl tin (SnEte), trimethy! tin chloride (SnMes(Cl),
dimethyl tin dichloride {(SnMe:Chy), methyl tin trichionide (SuMeCls), tetraaliyltin, tetravinyl
tin, hexaphenyl ditin (IV) (Ph3;8n-SnPhs, in which Ph is phenyl}, dibutvidiphenyltin
{(SnBuaPhy), trimethyl{phenyl) tin (SnMesPh), triethyl{phenylethynyl) tin, tricyelohexyl tin
hydride, tributyl tin hydride (§nBusH), dibutyltin diacetate (SaBu{(CH;COOR), tin(lh)
acetylacetonate (Sn{acach), SnBus(OEL), SnBux(OMe), SnBus(OMe), Sn{¢-BuO)4, Snn-
Bu}(7#-BuO);, tetrakis{(dimethylamino)tin {Sn(NMe:z ), tetrakis{ethyimethylaminoltin
{Sn(NMeEt})4}, tetrakis{diethylamino}tin{IV) {(Sn(NEt)s), (dimethylaminojrimethyl tin{1V)
{(Sn{Mep(NMez)}, Sn(i-PriiNMez)s, Sn(r-Bui(NMez)s, Sn(s-BupNMez)s, Sofi-Buy(NMe:z)s,
Sn{f-Bu){NMes s, Sn{#-Bup(NMe: ), Sn(@-Bul}(NER);, Sn{tbba), Sn(ll) (1,3-bis(1,1-
dimethylethyl}-4,5-dimethyl-(48, SK)-1,3,2-diazastannolidin-2-yiidene), or
bis{bis(trimethylsilylDyamino] tin (SnfN{8iMeah 12}.

{0165}  In other embodiments, the precursor includes bismuth, such as in BiRs, wherein
gach R is, independently, halo, optionally substituted Cia2 alkyl, mono-Craiz alkylamine
{e.g.. -NR'H}, di-Ci.1z alkylamino {e.g., -NRIR?), optionally substituted aryl, optionally
substituted bis(trialkylsilyDamino {e.g., -N{SiR'R?R’}), or a diketonate {(e.g., -OC(R*)-Ak-
(RYCO-). In particular embodiments, each R, R?, and R is, independently, Ci.p2 alkyl (e.g.
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methyl, ethyl, isopropyl, -butyl, or neopentyl); and each R* and R’ is, independently, H or
optionally substituted Ci1z alkyl (e g, methyl, ethyl, 1sopropyl, #-butyl, or neopentyl}. Non-
fimiting bismuth precursors include BiCls, BiMes, BiPhs, BilNMez)s, Bi{N{StMe:z )]s, and
Bi(thd}s, in which thd 15 22,6 6-tetramethyi-3,5-heptanedionate.

{0166] In other embodiments, the precursor includes tellurium, such as TeRz or TeRa,
wherein each R is, independently, halo, optionally substituted Ci.1z alkyl {e.g., methyl, ethyl,
isopropyl, #~butyl, and neopentyl), optionally substituted Ci-1z alkoxy, optionally substituted
aryl, hydroxvl, oxo, or optionally substituted triaikyisilyl. Non-limiting tellurium precursors
include dimethyl tellurium (TeMen), diethyl tellurium (TeEt), di(n-butyl) tellurium (Te(n-
Buz}, diisopropyl} tellurium (Te(i-Priz), dir-butyl) tellurium (Te(#-Buk}, t-buty] tellurium
hydride (Te(-Bu)H)), Te(OEth, bis(trimethylsilyDtellurium (Te(SiMes)), and
bis(triethylsily}) telhurium (Te(SiEt 12},

10167} The precursor can include antimony, such as in SbR3, wherein each R ig,
independently, halo, optionally substituted Ciaz alkyl {e.g., methyl, ethyl, isopropyi, #-butyl,
and neopentyl), optionally substituted Cr.i2 alkoxy, or optionally substituted amino

(e.g., -NRR? in which each R! and R? is, independently, H or optionally substituted Ci12
alkyl). Non-limiting antimony precursors include SbCls, Sb{OEt);, Sb{0#n-Bu);, and
Sb{MMez)s.

{0168} Other precursors include indium precursors, such as in InRs, wherein each Ris,
independently, halo, optionally substituted Cr.p2 alkyl {e.g., methyl, ethyl, isopropyl, #butyl,
and neopentyl), or a diketonate (e.g , ~-OC(RY-AK-(RVYCO-, in which each R* and R’ is,
independently, H or Craz alkyl). Non-limiting indium precursors include InCp, in which Cp
is cyclopentadienyl, InCls, InMes, In{acac), In{(CF;COCHCOCHs)3, and In{thd)s.

{06169} The precursor can include iodine, such as R, wherein R is iodo (I} or optionally
substituted Ciaz alkyl, or pertodate. Non-limiting iodine precursors include 1odine gas (In),
ditodomethane (CHz1z}, and periodate.

{01781 Yet other precursors and non-hmiting substituents are described herein. For
instance, precursors can be any having a structure of formulas (1), (1), and (1fa), as described
above; or formulas (I8, (IV), (V), (VL) (VI or (VIII), as described below. Any of'the
substituents M, R, X, or L, as described herein, can be employed in any of formulas (), (1),
(TTa), (ITD), (IV), (V), (VI), (VID), or (VIID).

{61711 Yet other exemplary EUV-sensitive materials, as well as processing methods and

apparatuses, are described in U.S. Pat. No. 9,996,004, Int. Pat. Pub. No. W0 2020/102085;
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and Int. Pat. Pub. No. WO 2019/217749, each of which is incorporated herein by reference in
its entirety.

{8172} As described herein, the films, layers, and methods herein can be employed with
any useful precursor. In some instances, the precursor includes a metal halide having the
following formuls (IH):

MX; (1),
in which M 15 a metal, X is halo, and vis 2 to 4, depending on the selection of M. Exemplary
metals for M include Sn, Te, Bi, or Sb. Exemplary metal halides include SnBrs, SnCli, Snla,
and SbCls.

{61731  Anocther non-limiting precursor includes a structure having formula (IV):

MRx (IV),
in which M i3 a metal; each R is independently H, an optionally substituted alkyl, aming
{e.g., -NRy, in which each R is independently alkyl), optionally substituted
bis{trialkyistiyDamino {e.g,, -N{S1Rs)2, in which each R is independently alkyl), or an
optionally substituted triatkylsilyl {e.g., -8iRs, in which each R is independently alkyl); and n
i3 2 to 4, depending ov the selection of M. Exemplary metals for M include Sn, Te, Bi, or Sb.
The alkyl group may be CoHuon, where nnis 1, 2, 3, or greater. Exemplary organometallic
agents include SnMes, SnEts, TeRo, RTeR, f~butyl tellurium hydride (Te(r-Bu)}(H)), dimethyl
teHurium (TeMen), diz-butyl} tellurium (Te{#-Bu), di(isopropyitellurium (Te(i-Pr)2),
bis(trimethylsityl tellurium (Te{SiMes):}, bistiriethyisilyl) tellurium (TedSiEt ),
tris{bis{trimethyisiyllamido) bismuth (Bi{N(SiMesp 5}, Sb{lNMez)s, and the like.

{0174} Another non-limiting precursor can include a capping agent having the following
formula (V)

ML (V),
in which M is a metal; each L 1s independently an optionally substituied 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 13 alkyl, such as any described herein), halo, or other organic
substituent; and n is 2 to 4, depending on the selection of M. Exemplary metals for M
include Sn, Te, Bi, or Sb. Exemplary ligands include dialkylamino (e.g., dimethylamino,
methylethyiamino, and diethylamino), alkoxy (e.g., +-butoxy and isopropoxy), halo(e.g., F,
Cl, Br, and 1), or other organic substituents {e.g., acetylacetone or N’ N’ -di-tertbutyl-butane-

-

2,3~-diamino). Non-limiting capping agents include SnCly; Snls; Sa{NRzy, wherein each of R
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is independently methyl or ethvl; or Sa(v-BuGu. In some embodiments, multiple types of
higands are present,
{8175] A precursor can include a hydrocarbyl-substituted capping agent having the
following formula (Vi)

RaM X (VE),
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. In varicus embodiments, n=1t03, andm=4-n,3-n,or2-n,sclongasm>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 1), or oxygen (-OH or -
OR). X may be dialkylamino (e.g., dimethylamino, methvlethylamine, or diethylamino),
alkoxy {e.g., {-butoxy, isopropoxy), halo (e.g., F, Cl, Br, or I}, or another organic ligand.
Examples of hydrocarbyl-substituted capping agents include -butyltris{dimethylaminoltin
{Sn{z-Bu){NMez)s), n-butyltris{dimethylaminojtin (Sn{n-Bu}(NMe: )3}, -
butyltris{diethylamwoitin (Sn(f-Bu(NEL)s), di{i-butyhdi{dirmethylamivojtin (Su{t-
Bup{NMe2))}, sec-butyliris{dimethylaminojtin (Sn{s-Bu){NMea )3}, #-
pentyltnis{dimethylaminoiin (Sn{n-pentyh{(NMen)s), i-butyltris{dimethylamino) tin (Sn{i-
Bu}{NMes )3}, i-propyitris{dimethylaminojtin {Sn(i-Pry{NMez)s}, -butyhtris(#-butoxy jtin
{Sn{-Bu}#-BuO)), n-butyl{tns{t-butoxyitin (Sn{s-Bu){#-BuO)s), or isopropyliris{é-
butoxytin {(Sn(i-Pri-BuQ)).
18176} In various embodiments, a precursor includes at least one alkyl group on each metal
atom that can survive the vapor-phase reaction, while other ligands or tons coordinated to the
metal ator can be replaced by the counter-reactants. Accordingly, another non-limiting
precursor includes an organometallic agent having the formula (VIR

MaRoLe (VIE),
in which M s a metal; R is an optionally substituted alkyl;, L is 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, Insome 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), alkoxy {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

SnMe:(l, SnMexCl, SnMeCls, SaMe{MNMez)s, SuMex(NMez), SnMes(INMez), and the like.
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{61771 In other embodiments, the non-limiting precursor includes an organometallic agent
having the formula (VI

Makc (VI
in which M is a metal; L 15 a ligand, ion, or other motety 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 is Sn, Te, Bi, or Sb. 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.
{0178} In any embodiment herein, R can be an optionally substituted alkyi {e.g., Ciae
alkyl}. In one embodiment, alkyl is substituted with one or more halo {e.g., halo-substituted
Chrugo alkyl, including one, two, three, four, or more halo, such as ¥, Cl, Br, or I}, Exemplary
R substituents include CoHoue, preferably wherein n > 3, and CoF.Hen 10, wherein 2o+1 <x
< 1. Invarnous embodiments, R has at least one beta-hydrogen or beta-fluorine. For
exarople, R may be selected from the group cousisting of 7-propyl, n-propyl, #-butyl, i-butyl,
n-butyl, sec-butyl, n-pentyl, i-pentyl, f-pentyl, sec-pentyl, and mixtures thereof.
{8179} In any embodument herein, L may be any motety 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,
{01801 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 atorus via chemical
bonding. Exemplary counter-reactants include oxygen-containing counter-reactants, such as
oxygen {O2), ozone {(O3), water, peroxides {e.g., hydrogen peroxide), oxygen plasma, water
plasma, alcohols, dihydroxy alcohols, polyhydroxy alcohols, fluorinated dihydroxy alcohol,
fluorinated polvhydroxy alcohols, fluorinated glycols, formic acid, and other sources of
hydroxyl moieties, as well as combinations thereof. In various embodiments, a counter-
reactant reacts with the precursor by forming oxygen bridges between neighboring metal
atoms, Other potential counter-reactants include hydrogen sultide and hydrogen disulfide,
which can crosslink metal atoms via sulfur bridges and bis(trimethylsilyltellurium, which
can crosslink metal atoms via tellurium bridges. In addition, hydrogen todide may be utilized

to ingorporate odine into the film.
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{6181] Yet other non-limiting counter-reactants include a chalcogentide precursor having
the formula ZR,, wherein: 2 is sulfur, selenium, or tellurium; and each R is, independently,
H, optionally substituted alkyl (e.g., methyl, ethvl, n-propyl, isopropyl, »-butyl, ~-butyl, etc.),
optionally substituted alkenyi, optionally substituted arvl, optionally substituted amino,
optionally substituted alkoxy, or optionally substituted trialkylsilyl.

[0182] Exemplary organometallic agents include SnaMeCls, (M N'-di-f-butyl-butane-2,3-
diamido) tin{Il) (Sn{tbba}), bis(bis(timethylsilyhamido) tin(ll), tetrakis{dimethylamino)
IV (SndNMez ), -butyl tris{dimethylamino} tin (Sn{#-buty }{(NMez)s), i-butyl
tris{dimethylamine} tin (Sn(i-Bu}NMez )3}, #-butyl tris{dimethylamino) tin (Sn{n-
Bu}NMen)s), sec-butyl tris{dimethylamino) tin {Sn{s-Bu}NMe:z )z}, i-
propyi{irisidimethylamino tin (Sa(7-Pr{NMea ), s-propyl] tris{diethylamino} tin (Snda-
Pr}{NE )23, and analogous alkyl(tris){#-butoxy) tin compounds, such as ~-butyl tris{#-butoxy)
tin (Sn{/-Bu}-BuO)k) In some embodiments, the organometallic agents are partially
fluorinated.

{0183} In some embodiments, patterning structure can include a surface layer or film
comprising exposed hydroxyl groups or hydroxyl-terminated SnOx. Without limiting the
mechanism, function or utility of present technology, it is believed that the hydroxyl-
termoinated SnOx layer may offer benefits such as improved adhesion of materials deposited
on the surface of the substrate and enhanced absorption of EUV {or other radiation) during
patterning. Sensitivity to EUV or other irradiation and resolution may be dependent on the
properties of the SnOx layer, such as thickness, density and short-range charge transfer
characteristics. In various embodiments, the SnOx layer has a thickness of from 0.1 nm to 20
nm, of from 0.2 nm to 10 nm, or from 0.5 nm to S om.

{6184} In some embodiments, the hydroxyl-terminated SnQx layer 1s deposited on a surface
of the substrate by vapor deposition. In such methods, the deposition comprises reacting Su-
Xy with an oxygen-containing counter-reactant, wherein X is a ligand such as dialkylamino,
{e.g., dimethylamino, methylethylamino, and dicthylamino), aleohol (e g, -butoxy, and
isopropoxy ), halogen {e.g., F, Cl, Br, and 1}, or other organic substituent (e g, acetylacetone,
N2 N3-di-tertbutyl-butane-2,3-diamino}. For example, Sn-Xs may be SnCls, Snls, or
Sn{INR2j wherein R is methyl or ethyl, or Sn{#-BuO). In some embodiments, multiple types
of ligands are present. The oxygen-containing counter-reactant may be selected from the
group consisting of water, hvdrogen peroxide, formic acid, aleohols, oxygen, czone, and

combinations thereof
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{0185] Suitable vapor deposition processes include chemical vapor deposition (CVD),
atomic layer deposition (ALD), plasma-enhanced chemical vapor deposition (PECVD), or
plasma-enhanced atomic layer deposition (PEALD). In some embodiments, the deposition is
ALD, in a cyclical process of depositing the Sn-X, and depositing the oxygen-containing
counter-reactant. Io some embodiments, the deposition is CVD, by simultaneously flowing
the Sn-Xn and the oxygen-containing counter-reactant. Materials and processes among those
useful herein for depositing SuO« layers are described in Nazarov et al., Atoroic Layer
Deposition of Tin Dioxide Nanofilms: A Review, 40 Rev. Adv. Mufer. Sci. 262 (2015). A
SnQx substrate may be deposited by a CVD or ALD process, as described herein.

{6186] A surface activation operation may be used to activate the surface for fiture
operations. For example, for a S10x surface, a water or oxygen/hydrogen plasma may be
used to create hydroxyl groups on the surtface. For a carbon- or hydrocarbon-based surface, a
water, hydrogen/oxygen or CO» plasma or ozone treatment may be used to create carboxylic
acids/or hydroxyl groups. Such approaches can prove critical for improving the adbesion of
resist features to the substrate, which might otherwise delaminate or Hift oft in the solvent
used for development.

{0187} Adhesion may also be enhanced by inducing roughness in the substrate surface to
increase the surface area available for interaction, as well as directly improve mechanical
adhesion. For example, first a sputtering process using Ar or other 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 wherein a chemically reactive
oxygen-containing plasma such as CO2, Oz, HzO (or mixtures of Hz and O2) can be used to
etch away a thin layer of film with local non-uniformity and simultanecusly terminate with
~0OH, ~O0H, 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, etther tor
direct adhesion to an inorganic metal-oxide based resist or as an intermediate surface
moditication for further functionalization.

{8188} The patterning structure can include any usefud substrate. For instance, an incoming
wafer can be prepared with a substrate surface of a desired material, with the uppermost
material being the layer into which the resist pattern 18 transtferred. While the material

selection may vary depending on integration, it 18 generally desired to select a material which
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can be etched with high selectivity to (i.e., much faster than) the EUV resist or imaging layer.
In some embodiments, the substrate 15 a hardmask, which i1s used in lithographic etching of
an underlying semiconductor material, The hardmask may comprise any of a variety of
materials, including amorphous carbon (a-C), tin oxide {e.g., Sn0y), silicon oxide (e.g., Si0x,
including Si0n), silicon oxynitnide {e.g., StOsNy}, silicon oxycarbide (e.g., S10«Cy), silicon
nitride {e.g., StsNa), titanium oxide {e.g., TiOy), titantum nitride {e.g., TiN}, tungsten {e.g.,
W), doped carbon (e.g., W-doped C), tungsten oxade {e.g, WOx), hatium oxide (e .g., HfO),
zircomum oxide {e.g., Zr02), and aluminum oxide {e.g, Alb(s). Suitable substrate materials
can include various carbon-based films (e g, ashable hardmask (AHM), silicon-based films
{e.g., Si0x SICy, SiCy, SiNy, 8i0C:LCyN.), a-St:H, poly-Si, or SiN}, or any other
{generally sacrificial} film applied to facilitate the patterning process). For example, the
substrate may preferably comprise Sn(3y, such as Sn(:. In various embodiments, the layer
may be from 1 nm to 100 nm thick, or from 2 nin to 10 nm thick

{018%] In various embodiments, the surface (e.g., of the subsirate 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 surface by surface treatment of a substrate using
oxygen plasma, water plasma, or ozone. In other embodiments, the surface of the filin can be
treated to provide exposed hydroxyl groups, upon which a capping layer can be applied. In
various embodiments, the hydroxyl-terminated metal oxide layer has a thickness of from 0.1
am to 20 nm, or from 0.2 nm to 10 nm, or from 0.5 nm to 5 nm.

10190} The implementations disclosed herein describe deposition of a material on a
substrate such as a wafer, substrate, or other work piece. The work piece may be of various
shapes, sizes, and materials. In this application, the terms “semiconductor wafer,” “wafer,”
“substrate,” “water substrate,” and “partially fabricated integrated circuit” are used
interchangeably. One of ordinary skill in the art would understand that the term “partially
fabricated integrated circuit” can refer to a silicon wafer during any of many stages of
integrated circuit fabrication thereon. A wafer or substrate used in the semiconductor device
industry typically has a diameter of 200 mm, or 300 mum, or 450 mm. Unless otherwise
stated, the processing details recited herein (e.g., flow rates, power levels, eic.} are relevant
for processing 300 mum diameter substrates, or tor treating chambers that are contigured to
process 300 mm diameter substrates, and can be scaled as appropriate for substrates or

chambers of other sizes. In addition to semiconductor wafers, other work pieces that may be
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used implementations disclosed herein include various articles such as printed circuit boards
and the like. The processes and apparatuses can be used in the fabrication of semiconductor

devices, displays, and the like.

Lithographic processes

{8191} EUV lithography makes use of EUV resists, which may be polymer-based
chervically anplified resists produced by liquid-based spin-on techuiques or metal oxide-
based resists produced by dry vapor-deposited techniques. Such EUV resists can include any
EUV-sensitive film or roaterial described herein. Lithographic methods can include
patterning the resist, e.g., by exposure of the EUV resist with EUV radiation to form a photo
pattern, followed by developing the pattern by removing a portion of the resist according to
the photo pattern to form a mask.

10192} It 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 1n use and development, the radiation sources
most relevant to such lithography are DUV {(deep-UV}, which generally refers to use of

248 nmw or 193 nm excirer 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 precursor {e.g., any described herein) to form a metal oxide {e.g,,
a layer including a network of metal oxide bonds, which may include 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 matenials and applications used in the
semiconductor substrate and ultimate semiconducting device. Thus, the methods described in
this application are merely exemplary of the methods and materials that may be used in
present technology. In some embodiments, lithography includes use of a radiation source
having a wavelength that is between 10 nm and 400 nm.

{01931 Directly photopatternable EUV resists may be composed of or contain metals and/or
metal oxides. The metals/metal oxides are highly promising in that they can enhance the
EUV photon absorption and generate secondary electrons and/or show increased etch
selectivity to an underlying film stack and device layers. To date, these resists have been
developed using a wet (solvent) approach, which requires the wafer to move to the track,

where it is exposed to developing solvent, dried and baked. Wet development does not only
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Himit productivity but can also lead to line collapse due to surface tension effects during the
evaporation of solvent between tine features.

{8194] Dry development techniques have been proposed to overcome these issues by
eliminating substrate delamination and interface failures. Dry development has its own
challenges, including etch selectivity between unexposed and EUV exposed resist material
which can lead to a higher dose to size requirement for effective resist exposure when
compared to wet development. Suboptimal selectivity can also cause PR comer tounding due
to longer exposures under etching gas, which may increase line CD variation in the following
transfer etch step. Additional processes emploved durning lithography are described in detail

below.

Depaosition processes, including dry deposition

{0195]  As discussed herein, the present disclosure provides methods for making
underlayers and imaging layers on semiconductor substrates, which may be patterned using
EUV or other next generation lithographic technigques. In some embodiments, dry deposition
can employ any useful precursor {e.g., hydrocarbon precursors, dopant precursors, metal
halides, capping agents, or organometallic agents described herein} to provide the underlayer
and the umaging layver. Methods include those where polymerized organometsilic matenials
are produced in a vapor and depoesited above the underlayer. In other embodiments, a spin-on
formulation may be used. Deposition processes can include applving a EUV-sensitive
material as a resist film or an EUV-sensitive film.

10196] Such EUV-sensitive films comprise materials which, upon exposure to EUV,
undergo changes, such as the loss of bultky pendant ligands bonded to metal atoms in low
density M-OH rich matenials, allowing their crosslinking to denser M-O-M bonded metal
oxide materials. In other embodiments, EUY exposure results tn further cross-linking
between ligands bonded to metal atoms, thereby providing denser M-L-M bonded
organometallic materials, 1o which L is a igand. In yet other erobodiruents, EUV exposure
results in loss of ligands to provide M-OH materials that can be removed by positive tone
developers.

{6197} Through EUV patterning, areas of the film are created that have altered physical or
chemical properties relative to unexposed areas. These properties may be exploited in
subsequent processing, such as to dissolve either unexposed or exposed areas or to selectively
depostt materials on either the exposed or unexposed areas. In some embodiments, the

unexposed film has a hydrophobic surface, and the exposed film has a hydrophilic surface (it
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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 heremn

{0198} The thickness of the EUV-patternable film formed on the surface of the substrate
may vary according to the surface characteristics, materials used, and processing conditions.
in 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 light 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 S% or less), so that the resist material at the bottom of the
resist film is sufficiently exposed. In some embodiments, the film thickness ts from 10 nm to
20 nm. Without imiting the mechanism, function, or utility of the present disclosure, 1t 15
believed that, unlike wet, spin-coating processes of the art, the processes of the present
disclosure have fewer restrictions on the surface adhesion properties of the substrate, and
therefore can be applied to a wide varniety of substrates. Moreover, as discussed above, the
deposited films may closely conform to surface features, providing advantages in forming
masks over substrates, such as substrates having vnderlying features, without “fithing in” or
otherwise planarizing such features.

{0199} The film (e g, underlayer and/or imaging layer) may be composed of a metal oxide
fayer deposited in any useful manner. Such a metal oxide faver can be deposited or applied
by using any EUV-sensitive material described herein, such as a precursor (e g., metal-
contatning precursot, a metal halide, a capping agent, or an organometallic agent) in
combination with a counter-reactant. In exemplary processes, a polymerized organometallic
material 1s formed in vapor phase or 1u situ on the surface of the substrate in order to provide
the metal oxide layer. The metal oxide layer may be employed as a film, an adhesion layer,
or a capping layer.

{02601  Optionally, the metal oxide layer can include a hydroxyl-terminated metal oxide
fayer, which can be deposited by eroploying 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.
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{0201} Exemplary deposition techuiques (e.g., for a film, an underlayer, or an imaging
tayer) include any described herein, such as ALD {e.g , thermal ALD and plasma-enhanced
ALD}, spin-coat deposition, PV including PVD co-sputtering, CVD (e g, PE-CVD or LP-
CVD), sputter deposition, e-beam deposition including e-beam co-evaporation, etc., or a
combination thereof, such as ALD with a CVD component, such as a discontinuous, ALD-
like process in which precursors and counter-reactants are separated in either time or space.
{3202] 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 include optional materials in addition to a 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 {o deposition on the subsirate, after
deposition of the film, or both. In some embodiments, a gentle remote Hz plasma may be
introduced so as to replace some Sn-L bonds with So-H, for example, which can increase
reactivity of the resist under EUV.

102031 In general, methods can include mixing a vapor stream of a precursor {e.g., a metal-
containing precursor, such as an organometallic agent) with an optional vapor stream of a
counter-reactant so as to form a polymerized organometallic material, and depositing the
organometaliic material onto the surface of the semiconductor substrate. In some
embodiments, mixing the precursor and optional counter-reactant can form a polymerized
organometallic material. As will be understood by one of ordinary skill in the art, the mixing
and depositing aspects of the process may be concurrent, in a substantially continuous
pProcess.

182041 In an exemplary continuous CVD process, two or more gas streams, in separate iniet
paths, of sources of 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 polymeric materials (e g, via metal-oxygen-metal bond formation) or a film on
the substrate. (as streams may be introduced, for example, using separate tnjection inlets or
a dual-plenum showerhead. The apparatus is configured so that the streams of precursor and
optional counter-reactant are mixed in the chamber, allowing the precursor and optional

counter-reactant to react to form a polymerized organometallic material ora film (e g, a
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metal oxide coating or agglomerated polymeric materials, such as via metal-oxygen-metal
bond formation).

{0285] For depositing metal oxide, the CVD process ts 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 temperature of the substrate is preferably below the
temperature of the reactant streams. For example, the substrate temperature may be from 0°C
to 250°C, or from ambient temperature (e.g., 23°C} to 150°C.

{8286] For depositing agglomerated polymeric materials, the CVID process is generally
conducted at reduced pressures, such as from 10 mTorr to 10 Torr. In some embodiments,
the process 1s conducted at from 0.5 t0 2 Torr. The temperature of the substrate is preferably
at or below the temperature of the reactant streams. For example, the substrate 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 polymerized organometaliic material on the substrate occurs at
rates inversely 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 to molecular weight as metal atoms are crosshinked by counter-
reactants, and is then condensed or otherwise deposited onto the substrate. In various
embodiments, the steric hindrance of the bulky alkyl groups further prevents the formation of
densely packed network and produces low density films having increased porosity.

{0207} 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 a first precursor and a second precursor during deposition.
Dieposition may oceur 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.

{0208] A film (e.g, a wetal oxide coating or agglomerated polymeric materials, such as via
metal-oxygen-metal bond formation) may also be deposited by an ALD process. For
exaruple, the precursor(s) and optional counter-reactant are introduced at separate times,
representing an ALD cycle. The precursors react on the surface, forming up to a monolayer
of material at a time for each cycle. This may allow for excellent control over the uniformity
of film thickness across the surface. The ALD process is generally conducted at reduced
pressures, such ag from 0.1 Torr to 10 Torr. In some embodiments, the process 1s conducted

from 1 Torr to 2 Torr. The substrate temperature may be from 0°C to 250°C, or from
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ambient temperature {e.g., 23°C} to 150°C. The process may be a thermal process or,
preferably, a plasma-assisted deposition.

{02091  Auy of the deposition methods herein can be modified to allow for use of two or
more different precursors. In one embodiment, the precursors can include the same metal but
different ligands. In another erobodiment, the precursors can include different metal groups.
i one non-limiting instance, alternating flows of varicus volatile precursors can provide a
mixed retal-containing layer, such as use of a metal alkoxide precursor having a first metal
{e.g., Sn} with a silyl-based precursor having a different second metal {e. g, Te}).

10216} Processes herein can be used to achieve a surface modification. In some tterations,
a vapor of the precursor may be passed over the wafer. The wafer may be heated to provide
thermal energy for the reaction to proceed. In some iterations, the heating can be between
about 50°C to about 250°C. In some cases, pulses of the precursor may be used, separated by
pump and/or purging steps. For instance, a first precursor may be pulsed between pulses of a
second precursor pulses resulting in ALD or ALD-like growth. In other cases, both
precursors may be flowed at the same time. Examples of elements useful for surface
modification include 1, F, Sn, Bi, 8b, Te, and oxides or alioys of these compounds.

{0211} The processes herein can be used to deposit a thin metal oxide or metal by ALD or
CVD. Exarples include tin oxade (SnOx), bismuth oxide (Bi0x), and Te. Following
deposition, the film may be capped with an alky! substituted precursor of the form MaRule, as
described elsewhere herein. A counter-reactant may be used to better remove the higands,
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 Sn(d: by cycling
tetrakis{dimethylaminojtin and a counter-reactant such as water or Oz plasma. After the
growth, a capping agent could be used. For example, isopropyltris{dimethylamino}in vapor
may be flown over the surface.

{02121 Deposition 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 layer can
be deposited), on a hardmask, or on an underlaver.

{02131 Any useful substrate can be employed, including any material construct suitable for

fithographic processing

g, particularly for the production of integrated circuits and other
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semiconducting devices. In some embodiments, substrates are silicon wafers. Substrates
may be silicon wafers upon which features have been created (“underlying topographical
features”), having an trregular surface topography.

18214} Such underlying topographical features may include regions in which material has
been removed {e.g., by etching) or regions in which materials have been added (e g, 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 1u an
iterative process by which two or more layers of features are formed on the substrate.
Without limiting the muechanism, function, or utility of the present techuology, it is believed
that, in some embodiments, methods of the present technology offer advantages relative to
methods among those known in the art in which photolithographic filrus are deposited on the
surface of substrates using spin casting methods. Such advantages may derive from the
conformance of the filins 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.

LUV exposure processes

{0215] EUV exposure of the film can provide EUV exposed areas having activated reactive
centers including a metal atom (M}, which are produced by EUV-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.

10216} 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 nmt0o 15 nm, e g, 135 nm. In
particular, patterning can provide EUV exposed areas and EUV unexposed areas to form a
pattern.

{0217} The present technology can include patterning using EUVY, as well as DUV or e-
beam. In such patterning, the radiation is focused on one or more regions of the imagiog
layer. The exposure is typically performed such that imaging layer film comprises one or
more regions that are not exposed to the radiation. The resulting timaging layer may comprise
a plurality of exposed and unexposed regions, creating a pattern consistent with the creation
of transistor or other features of a semiconductor device, formed by addition or removal of
material from the substrate in subsequent processing of the substrate. EUVY, DUY and e-
beam radiation methods and equipment among useful herein include methods and equipment

known in the art.
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{0218} In some EUV lithography techniques, an organic hardmask {e.g., an ashable
hardmask of PECVD amorphous hydrogenated carbon) is patterned using a conventional
photoresist process. During photoresist exposure, EUV radiation is absorbed in the resist and
in the substrate below, producing highly energetic photoelectrons {e.g., about 100 eV} and in
turn 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 electroun pattern that 13
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 the patierned resist. These defects are replicated in the material to be patterned
during subsequent pattern transfer etching.

{02191 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 hthography (EUVL) performance — e g. reduced line
edge roughness — is disclosed herein.

{02201  In various embodiments described herein, a deposition {e.g., condensation)} process
(e.g., ALD or MOCVD carried out in a PECVD teol, such as the Lam Vector®j) can be used
to form a thin film of a metal-containing film, such a photosensitive metal salt or roetal-
containing organic compound {organometallic compound), with a strong absorption in the
EUV {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 nm = 91.8 V). This film photo-decomposes upon EUY
exposure and forms a metal mask that is the pattern transter layer during subseguent etching
{e.g., in a conductor etch tool, such as the Lam 2300® Kiyo®j).

{0221} Following deposition, the EUV-patiernable thin film is patterned by exposure to a
beam of EUV hight, typically under relatively high vacoum. For EUV exposure, the metal-
containing filin 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 transferred under vacuum so as not to react before exposure. Integration
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 photons by ambient gases such as
H:O, Oy, etc. In other embodiments, the photosensitive metal film deposition and EUV

exposure may be conducted in the same chamber.
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Development processes, including dry development

{0222} EUV exposed or unexposed areas can be removed by any useful 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 development
processes {e.g., halide chemistry}. In other embodiments, M-M bonds can be selectively
removed by emploving a wet development process, e.g, use of hot ethanol and water to
provide soluble M{OH} groups. In yet other embodiments, EUVY exposed areas are removed
by use of wet development (e.g., by using a positive tone developer). In some ermbodiments,
EUY unexposed areas are removed by use of dry development.

102231 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
EUVY photoresist films with the clean chenusiry (e.g, HCL HBr, and BCls) to form volatile
products using vapors or plasma. The dry-deposited EUV photoresist films can be removed
with etch rates of up to 1 nm/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,
for example), a plasma can also be used to further accelerate or enhance the reactivity.

{0224] Plasma processes include transformer coupled plasma (TCP), inductively coupled
plasma (ICP), or capacitively coupled plasma (CCP), employing equipment and techniques
among those known in the art. For example, a process may be conducted at a pressure of >
0.5 mTorr {e.g., such as from | mTorr to 100 mTorr), at a power level of <1000 W (e g,

< SO0 W), Temperatures may be from 30°C 10 300°C {e.g., 30°C to 120°C), at flow rate of
100 to 1000 standard cubic centimeters per minute (scom}, e.¢., about 500 scem, for from 1 to
3000 seconds {e.g., 10 seconds to 600 seconds).

{02251  Where the halide reactant flows are of hydrogen gas and halide gas, a remote
plasma/UV radiation 1s used to generate radicals from the Hax and Cly and/or Bro, 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. Suitable plasma power may range from

100 W to 500 W, with no bias. It should be understood that while these conditions are

suitable for some processing reactors, €. g, a Kiyo etch tool available from Lam Research
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Corporation, Fremont, CA, a wider range of process conditions may be used according to the
capabilities of the processing reactor.

{0226] In thermal development processes, the substrate is exposed to dry development
chemistry {e.g., a Lewis Acid} in a vacuum chamber {e.g., oven}. Suitable chambers can
include a vacuum line, a dry development hydrogen halide chemustry gas {e.g., HBr, HCl)
line, and heaters for temperature control. In some embodiments, the chamber interior can be
coated with corrosion resistant films, such as orgauic polymers or inorganic coatings. Oune
such coating is polytetrafluoroethylene ((PTFE), e.g., Teflon™). Such materials can be used
in thermal processes of this disclosure without risk of removal by plasma exposure.

{0227} The process conditions for the dry development may be reactant flow of 100 scem
to 500 scom (e.g., 500 scom HBr or HCH, temperature of -10°C 10 120°C {e.g., -10°C),
pressure of I 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.
{0228] In various embodiments, methods of the present disclosure combine all dry steps of
film deposition, formation by vapor deposition, {(EUV) lithographic photopatterning, and dry
development. In such processes, a substrate may directly go to a dry 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.

{0229} 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 Ry, where R=8, Al S, C, S, SOwithx >0 and Z=Cl H, Br, ¥,
CHyand y > 0. The dry development can result in a positive tone, 1n which the RaZy 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 (removal) of EUV exposed
regions exposed to flows comprising hydrogen halides or hydrogen and halides, including
HCI and/or HBr without striking a plasma, or flows of Hz and Cl; and/or Br2 with a remote

plasma or UV radiation generated from plasma o generate radicals.
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{0230]  Wet development methods can also be emploved. 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 agueous alkaline developer), such as those
including ammonium, e.g, aromonium hydroxide (NHaOH);, ammonium-based 1onic hiquids,
e.g., tetramethylammonium hydroxide (TMAH), tetraethylammonium hydroxide (TEAH),
tetrapropylaromonium hydroxide (TPAH), tetrabutylammoniom hydroxide (TBAH), or other
quaternary alkylammonium hydroxides; an organcamine, such as mono-, di-, and tri-
organcamines {e.g , dimethylamine, dicthylamine, ethylenediamine, tricthylenetetramine); or
an alkanolaming, such as moncethanolamine, diethanotamine, triethanolamine, or
diethyleneglycolamine. In other embodiments, the alkaline developer can include nitrogen-
containing bases, e.g., compounds having the formula R¥INHz, RN RNINH, RMRNRINN or
RMRNRNRMNTDMNT where each of RN, R RN and R™ is, independently, an organo
substituent (e.g., optionally substituted alkyl or any described herein), or two or more organo
substituents that can be joined together, and X" may comprise OH, F~, CI", Br™, I, or
other art-known quaternary ammonium cationic species. These bases may also comprise
heterocycly! nitrogen compounds known in the art, some of which are described herein.
10231} Other development methodologies can include use of an acidic developer {(e.g., an
aqueous acidic developer or an acid developer in 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
organofluorine 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., isopropyt alechol (IPA)), or an ether, such
as a glycol ether {e.g., propylene glycol methyl ether (PGME) or propylene glycol methyl
ether acetate (PGMEA)), as well as combinations thereof.

10232} In particular embodiments, the positive tone developer is an aqueous alkaline
developer (e g, including NHsOH, TMAH, TEAH, TPAH, or TBAH). 1o other
embodiments, the negative tone developer is an aqueous acidic developer, an acidic
developer in an organic solvent, or an organic developer {e.g., HCI, HBr, formic acid,

triflucroacetic acid, 2-heptanone, IPA, PGME, PGMEA, or combinations thereof}.

Post-application processes
10233} The methods herein can include any useful post-application processes, as described

below.
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{6234] 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 8n, 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.

{02351 Suitable process conditions for a dry bevel edge and backside clean may be a
reactant flow of 100 scem to 500 scom {e.g., 500 scem HCL HBr, or Hz and Clz or By, BCh:
or H»), temperature of -10°C to 120°C (e g., 20°C), pressure of 20 mTorr to S00 mTorr {e.g.,
300 mTorr), plasma power of 0 to 500 W 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
Feactor.

{0236] Photolithography processes typically involve oue or more bake steps, to faciliate
the chemical reactions required 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 Nz flow. More careful control of the bake
ambient as well as introduction of additional reactive gas component in the ambient during
these bake steps can help further reduce the dose requirement and/or improve pattern fidelity.
182371 According to various aspects of this disclosure, one or more post treatments to metal
and/or metal oxide-based photoresists after deposition {¢.g., post-application bake (PAB))
and/or exposure {e.g., post~exposure bake (PEB})) and/or development (e.g., post-
development bake (PDB)) are capable of increasing material property differences between
exposed and unexposed photoresist and therefore decreasing dose to size (DIS), 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 ambient, and moisture, resuiting in improved dry development performance in processing
to follow. In some instances, a remote plasma might be used.

{62381 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,
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NH;s, N2O, NG, Ar, He, or their mixtures) or under vacuum, and moisture can be used after
deposition and before exposure to change the composition of unexposed metal and/or metal
oxide photorestst. The change can increase the EUV sensitivity of the material and thus
lower dose to size and edge roughness can be achieved after exposure and dry development.
[0239]  In the case of post-exposure processing {e.g., PEB), a thermal process with the
control of temperature, gas atmosphere {e.g., air, 120, CO, CO, On, O3, CHa, CH3OH, N,
Ho, NH3, N2, NGO, Ar, He, or thewr mixtures) or under vacuurm, and moisture can be used to
change the composition of both unexposed and exposed photoresist. The change can increase
the composition/material 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/scom. In particular embodiments, PEB can be performed in
air and 1n the optional presence of moisture and COo,
{02401 In the case of post-development processing {e.g., post development bake or PDB), a
thermal process with the control of temperature, gas atmosphere (e.g., air, Ho(, CO2, CO, Oy,
5, CHa, CH3OH, No, Ha, NH3, NoO, NO, Ar, He, or their mixtures) or under vacuum {e.2.,
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 Oz, O,
Ar, 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 etching the underlying substrate.
10241} In these cases, in alternative implementations, the thermal process could be replaced
by a remote plasma process to increase reactive species to lower the energy barrier for the
reaction and increase productivity. Remote plasma can generate more reactive radicals and
therefore lower the reaction temperature/time for the treatroent, leading to increased
productivity.
10242} Accordingly, one or multiple processes may be applied to modify the photoresist
itself to increase dry development 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 resulting difference between the
material properties of unexposed and exposed material can be tuned by adjusting process
conditions including temperature, gas flow, moisture, pressure, and/or RF power. The large

process latitude enabled by dry developruent, which 1s not limited by material solubility tn a
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wet developer solvent, allows more aggressive conditions 1o be applied further enhancing the
material contrast that can be achieved. The resulting high material contrast feeds back a
wider process window for dry development and thus enables increased productivity, fower
cost, and better defectivity performance.

{02431 A substantial hmitation 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 dry-
developed resist films, in which the etch rate difference (1.¢., 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 treatrment 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 to 190°C, for PAB, and about 170°C to 230°C or more, such as
190°C 1o 240°C, for PEB and/or PDB. Decreasing etch rate and greater etch selectivity has
been found to occur with higher treatment termperatures in the noted ranges.

10244} In particular embodiments, the PAB, PEB, and/or PDB treatments may be
conducted with gas ambient flow 1o the range of 100 scom 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 to 15 minutes, for example about 2
minutes.

10245} These findings can be used to tune the treatrent conditions to tallor or optimize
processing for particular materials 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%
hunnidity 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, it 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.

10246] Yet other steps can include 1n situ metrology, in which physical and structural
characteristics (e g, critical dimension, film 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,

Apparatus

{02471 The present disclosure also tincludes any apparatus configured to perform any
methods described herein. In one embodiment, the apparatus for depositing a film includes a
deposition roodule comprising a chamber for depositing one or more precursor(s) to provide
an underlayer and/or an imaging layer; a patterning module comprising an EUVY
photolithography tool with a source of sub-30 nm wavelength radiation; and a development
module comprising a chamber for developing a film including such layers.

10248] 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 include for, in the deposition module, depositing one or more
precursor(s} to provide an underlayer and/or an imaging layer; in the patterning module,
patteroing the layer(s) with sub-30 nm resolution directly by EUV exposure, therehy forming
a pattern within the film; and in the development module, developing the film. In particular
embodiments, the development module provides for removal of the EUV exposed or EUV
unexposed area(s}), thereby providing a pattern within the film.

{0249] FIG. 8 depicts a schematic tustration of an embodiment of process station 300
having a process chamber body 302 for maintaining a low-pressure environment that is
suitable for implementation of described vapor deposition and dry development embodiments
as described herein. A plurality of process stations 300 may be included in a common low-
pressure process tool environment. For example, FIG. 9 depicts an embodiment of a multi-
station processing tool 400, such as a VECTOR® processing tool avaiiable from Lam
Research Corporation, Fremont, CA. In some embodiments, one or more hardware
parameters of the process station 300 including those discussed in detail below may be
adjusted programmatically by one or more computer controllers 350.

[0250] A process station may be configured as a module in a cluster tool. FIG. 11 depicts
a semiconductor process cluster tool architecture with vacuum-integrated deposition and
patterning modules suitable for implementation of the embodiments described herein. Such a
cluster process tool architecture can include PR and underlayer deposition, resist exposure
(EUY scanner), resist dry development and etch modules, as described above and turther

below with reference to FIGS, 18-11.
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{02511  In some embodiments, certain of the processing functions can be performed
consecutively in the same module, for example vapor deposition (e g., PECVD), dry
development and etch. And embodiments of this disclosure are directed to apparatus for
processing a substrate, the apparatus having a process chamber comprising a substrate
support, a process gas source connected with the process chamber and associated
flow-control hardware, substrate handling hardware connected with the process chamber, and
a controller having a processor and a memory. In some implementations, the processer and
the memory are communicatively connected with one another, the processor is at ieast
operatively connected with the flow-control and substrate handiing hardware, and the
memory stores computer-executable instructions for conducting the operations in the methods
of making a pattering structure described herein,

{82521 For example, the memory may store computer-executable instructions for providing
a hardmask disposed on a substrate, for example by chemical vapor deposition {(e.g.,
PECVD). As described above, suitable hardmasks may be amorphous carbon ashable
hardmask tilms, undoped or doped with B or W, for example.

{02831 The memory may further store instructions for depositing an underlayer on the
substrate and/or the hardmask, where the underlayer is configured to increase adhesion
between the substrate and/or the hardmask and a subsequently formed EUV-sensitive
inorganic photoresist, and to reduce EUV dose for effective EUV exposure of the photoresist,
For example, as described above the underlayer may be or include a vapor deposited film of
hydronated carbon doped with a non-carbon hetercatom {e.g., any herein, such as O, 8i, N,
W, B, [, {1, etc)), the film having a thickness of no more than about 25 nm, and may include
about 0-30% O. In some implementations, the underlayer may be vapor deposited on the
substrate and/or the hardmask by PECVD or ALD using a hydrocarbon precursor and/or a
dopant precursor. In other implementations, the underlayer may be vapor deposited on the
substrate and/or the hardmask by PECVD or ALD using an oxocarbon precursor that co-
reacts with Ho or a hydrocarbon. Tu varnations on this implementation, the oxocatbon
precursor may further co-react with a Si source dopant during the deposition. In other
implementations, the underlayer may be vapor deposited on the substrate and/or the
hardmask by PECVD or ALD using a Si-containing precursor that co-reacts with an oxidizer
(e.g., any O-containing precursor described herein). In variations on this implementation, the
Si-containing precursor further co-reacts with a C source dopant. In some implementations,

the underlayer may be vapor deposited on the substrate and/or the hardmask by PECVD as a
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termination operation of a vapor deposition on the subsirate or vapor deposition of the
hardmask on the substrate, for example by adjusting the precursor flows entering the PECVD
process chamber to achieve the desired composition of the underlayer,

{02541 The memory may further store instructions for forming an EUV-sensitive inorganic
photoresist is formed on the photoresist underlayer. A suitable EUV-sensitive inorganic
photoresist may be a metal oxide film, such as a EUV-sensitive tin oxide-based photoresist,
such as described above,

{02551 Returning to FIG, & process station 300 tluidly communicates with reactant
delivery system 301a for delivering process gases to a distribution showerhead 306. Reactant
delivery system 301a optionally includes a mixing vessel 304 for blending and/or
conditioning process gases, for delivery to showerhead 306, One or more mixing vessel inlet
valves 320 may control introduction of process gases to mixing vessel 304, Where plasma
exposure is used, plasma may also be delivered to the showerhead 306 or may be generated
in the process station 300. As noted above, in at least some embodiments, non-plasroa
thermal exposure is favored.

{0256] ¥FIG. 8 includes an optional vaporization point 303 for vaporizing liguid reactant to
be supplied to the mixing vessel 304, In some embodiments, a liquid flow controller (LFC)
upstream of vaporization point 303 may be provided for controlling a mass flow of hiquid for
vaporization and delivery to process station 300, For example, the LFC may include a
thermal mass tlow 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) controlier in electrical communication with the MFM.

{62871  Showerhead 306 distributes process gases toward substrate 312, In the embodiment
shown in FIG. 8, the substrate 312 is located beneath showerhead 306 and 13 shown resting
on a pedestal 308 Showerhead 306 may have any suitable shape and may have any suitable
number and arrangement of ports for distributing process gases to substrate 312,

{0258] In some embodiments, pedestal 308 may be raised or lowered to expose substrate
312 to a volume between the substrate 312 and the showerhead 306. It wiil be appreciated
that, in some embodiments, pedestal height may be adjusted programmaticaily by a suitable
computer controller 350.

10259  In some embodiments, pedestal 308 may be temperature controlled via heater 310
In some embodiments, the pedestal 308 may be heated (o a temperature of greater than 0°C

and up to 300°C or more, for example 50 to 120°C, such as about 65 to 80°C, during non-
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plasma thermal exposure of a photopatterned restst to hydrogen halide dry development
chemistry, such as HBr or HCL

{0260] Further, in some embodiments, pressure control for process station 300 may be
provided by a butterfly valve 318, As shown in the embodiment of FI1G. 8, butterfly valve
318 throttles a vacuum provided by a downstream vacuum pump (not shown}. However, in
some embodiments, pressure control of process station 300 may also be adjusted by varying a
flow rate of ocue or wore gases introduced to the process station 300.

182611 In some embodiments, a position of showerhead 306 may be adjusted relative to
pedestal 308 to vary a volume between the substrate 312 and the showerhead 306, Further, it
will be appreciated that a vertical position of pedestal 308 and/or showerhead 306 may be
varied by any suitable mechanismo within the scope of the present disclosure. In some
embodiments, pedestal 308 may include a rotational axis for rotating an ortentation of
substrate 312 It will be appreciated that, in some embodiments, one or more of these
exarople adjustroents may be performed programatically by one or roore suitable computer
controllers 350.

{0262] Where plasma may be used, for example in gentle plasma-based dry developrent
embodiments and /or etch operations conducted in the same chamber, showerhead 306 and
pedestal 308 electrically communicate with a RF power supply 314 and matching network
316 for powering a plasma. In some embodiments, the plasma energy may be controlled by
controlling one or more of a process station pressure, a gas concentration, an RF source
power, an RF source frequency, and a plasma power pulse timing. For example, RF power
supply 314 and matching network 316 may be operated at any suttable power to form a
plasma having a desired composition of radical species. Examples of suitable powers are up
to about S00W. Likewise, RF power supply 314 may provide RF power of any suitable
frequency. fo some embodiments, RF power supply 314 may be configured to control high-
and low-frequency RF power sources independently of one another. Examples of low-
frequency RF frequencies may wchude, but are not limited to, frequencies between 50 kHz
and 1000 kHz. Examples of high-frequency RF frequencies may include, but are not limited
to, frequencies between 1.8 MHz and 2.45 GHz (e g, about 13 .56 MHz). It will be
appreciated that any suitable parameters may be modulated discretely or continuously to
provide plasma energy for the surface reactions. In one non-limiting example, the plasma
power may be intermittently pulsed to reduce ion bombardment with the substrate surface

relative to continuously powered plasmas. The RF power supply may be operated at any



(W

20

[\
L

30

WO 2021/146138 PCT/US2021/012953

suttable duty cycle. Examples of suitable duty cveles include, but are not limited to, duty
cycles of between about 5% and 90°%. Acceptable process pressures are between about 20
mTorrto S Torr,

182631 In some examples, RF power can be continuous or pulsed between one or more
levels. If pulsed operation 1s used, pulsing can be performed at a frequency in a range from 1
Hzto 1 MHz. In some examples, chamber pressure is maintained at a predetermined
pressure in a range from S wTorr to 450 mTorr. In other examples, deposition and treatment
are performed at a pressure in a range from 5 mTorr to 150 mTorr. In stll other examples,
deposition and treatment are performed at a pressure 1n a range from S mTorr to 35 mTorr.
{0264} In some deposition processes, plasma strikes last on the order of a few seconds or
more in duration. In certain implementations, much shorter plasma strikes may be used.
These may be on the order of 10 ms to 1 second, typically, about 20 to 80 ms, with 50 ms
being a specific example. Such very short RF plasma strikes require extremely quick
stabilization of the plasma. To accomplish this, the plasma generator may be configured such
that the impedance match 1s set preset to a particular voltage, while the frequency is allowed
to float. Conventionally, high-frequency plasmas are generated at an RF frequency at about
13.56 MHz. In various embodiments disclosed herein, the frequency is aliowed to float to a
value that is different from this standard value. By pernutting the frequency to float while
fixing the impedance match to a predetermined voltage, the plasma can stabilize much more
quickly, a result which may be important when using the very short plasma strikes associated
with some types of deposition cycles.

10265} In some embodiments, instructions for a controller 350 may be provided via
input/output control (10C) sequencing instructions. In one example, the instructions 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, instructions for setting one or more reactor parameters may be included in a
recipe phase. For example, a recipe phase may include instructions for setting a flow rate of
a photoresist underiayer oxocarbou precursor and Ha or hydrocarbon co-reactants and
optional dopants. In some embodiments, the controller 350 may inchade any of the features
described below with respect to system controller 450 of FIG, 9.

180266]  As described above, one or more process stations may be included in a multi station

processing tool. FIG, 9 shows a schematic view of an embodiment of a mult station
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processing tool 400 with an 1nbound load lock 402 and an outbound load lock 404, either or
both of which may include a remote plasma source. A robot 400 at atmospheric pressure 18
configured to move wafers from a cassette loaded through a pod 408 into inbound load lock
402 via an atmospheric port 410, A wafer is placed by the robot 406 on a pedestal 412 in the

inbound load lock 402, the atmospheric port 410 1s closed, and the load lock 1s pumped

,
down. Where the inbound load lock 402 includes a remote plasma source, the wafer may be
exposed to a remote plasma treatruent to treat a surface 1u the load lock prior to being
introduced into a processing chamber 414, Further, the wafer also may be heated in the
inbound load lock 402 as well, for example, to rermove moisture and adsorbed gases. Next, a
chamber transport port 416 to processing chamber 414 is 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. 9 includes load locks, 1t will be
appreciated that, in some embodiments, direct entry of a water into a process station may be
provided.

{0267} The depicted processing chamber 414 includes four process stations, numbered
from 1 to 4 in the embodiment shown in FIG. 9. Each station has a heated pedestal (shown
at 418 for station 1}, and gas line inlets. It will be appreciated that in some embodiments,
each process station way have different or multiple purposes. For example, in some
embodiments, a process station may be switchable between dry development and etch
process modes. Additionally, or alternatively, in some embodiments, processing charber
414 may include one or more maiched pairs of dry development and etch process stations.
While the depicted processing chamber 414 includes four stations, it will be understood that a
processing chamber according to the present disclosure may have any suttable 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,
10268] FIG. 9 depicts an embodiment of a water handling system 490 for transferring
wafers within the processing chamber 414, Tu some emnbodiments, wafer handling system
490 may transfer wafers between various process stations and/or between a process station
and a load lock. Tt will be appreciated that any suitable water handling system may be
employed. Non-limiting examples include wafer carousels and wafer handling robots. FIG.
9 also depicts an embodiment of a system controller 450 employed to control process
conditions and hardware states of process tool 400, System controller 450 may include one

or more memory devices 456, one or more mass storage devices 454, and one or more
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processors 432, Processor 452 may include a CPU or computer, analog, and/or digital
input/output connections, stepper motor controller boards, etc.

{0269] In some embodiments, system coniroller 450 conirols all of the activities of process
tool 400. System controller 450 executes system control software 458 stored in mass storage
device 454, loaded 10to memory device 456, and executed on processor 452, Alternatively,
the control logic may be hard coded in the controller 450, Applications Specific Integrated
Circuits, Programmable Logic Devices (e.g, field-programmable gate arrays, or FPGAs) and
the like 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 458 may include instructions for controlling the timing, mixture of gases,
gas tlow rates, chamber and/or station pressure, chamber and/or station temperature, water
temperanire, target power levels, RF power levels, substrate pedestal, chuck and/or susceptor
position, and other parameters of a particular process performed by process tool 400, System
control software 458 may be configured in any suitable 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 458 may be coded in any suitable computer readable programming language.
{02761  In some embodiments, system control software 438 may include input/output
control {I0C) sequencing instructions for controlling the various parameters described above.
Other computer software and/or programs stored on mass storage device 454 and/or memory
device 456 associated with system coniroller 450 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 confrol program, a heater
control program, and a plasma control program.

{02711 A substrate positioning program may include program code for process tool
components that are used to load the substrate onto pedestal 418 and to control the spacing
between the substrate and other parts of process tool 400,

{0272} A process gas control program may include code for controlling hydrogen halide
gas composition {e.g., HBr or HCI gas as described herein) and flow rates and optionally for
flowing gas into one or more process stations priot to deposition in order to stabilize the
pressure in the process station. A pressure control program may inchude code for controlling
the pressure tn 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, ete.
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{62731 A heater control program may include code for controlling the current to a heating
unit that 1s used to heat the substrate. Alternatively, the heater control program may control
delivery of a heat transfer gas {such as helium} to the substrate.

182741 A plasma control program may include code for setting RF power levels applied to
the process electrodes in one or more process stations o accordance with the embodiments
herein.

{0275} A pressure coutrol program may include code for maintaining the pressure in the
reaction chamber in accordance with the embodiments herein.

10276} In some embodiments, there may be a user inderface associated with system
controtier 450, 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.

10277} In some embodiments, parameters adjusted by the system controller 450 may relate
to process conditions. Non-lirotting examples include process gas composition and flow
rates, temperature, pressure, plasma conditions {such as RF bias power levels, frequency, and
exposure time), etc. These parameters may be provided to the user in the form of a recipe,
which may be entered ufilizing the user interface.

{02781 Signals for monttoring the process may be provided by analog and/or digital input
connections of system controller 450 from various process tool sensors. The signals for
controlling the process may be output on the analog and digital cutput connections of process
tool 400. Non-lumiting examples of process tool sensors that may be monttored include mass
How controllers, pressure sensors {(such as manometers), thermocouples, etc. Appropriately
programmed feedback and control algorithms may be used with data fron these sensors o
maintain process conditions.

{0279] Systew controller 450 roay provide program instructions for iroplementing the
above-described deposition processes. The program instructions may control a variety of
process parameters, such as direct current (BC) power level, RF bias power level, pressure,
temperature, etc. The instructions may control the parameters to operate photoresist
underlayer deposition processes according to various embodiments described herein.

{0286] The system conirolier 450 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 in accordance with disclosed embodiments. Machine-readable media
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containing instructions for controlling process operations in accordance with disclosed
embodiments may be coupled to the system controller 450,

{0281 In some implementations, the system controller 450 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 sysiems 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 controiler 450, 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.
{0282} Broadly speaking, the system controller 450 may be defined as electronics having
various integrated circuits, logic, roemory, and/or software that receive instructions, issue
instructions, control operation, enable cleaning operations, enable endpoint measurements,
and the like. The integrated circuits may include chips in the form of tirmware 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 system controller 450 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,
sificon, silicon dioxide, surfaces, circuts, and/or dies of a wafer.

{02831 The system coniroller 450, in some implementations, may be a part of or coupled to
a computer that 18 integrated with, coupled to the system, otherwise networked to the system,
or a combination thereof. For example, the system controller 450 may be o the “cloud” or

all or a part of a fab host computer system, which can allow for remote access of the wafer
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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 plurality of fabrication operations, to change
parameters of current processing, 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
retnote computer way 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 condroller 450 receives instructions in the form of
data, which spectfy 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 10 be performed and the type of tool that the system controlier 450 1s configured to
interface with or control. Thus, as described above, the system controller 450 may be
distributed, such as by wnchuding 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
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 remvote coruputer) that combine to cootrol a
process on the chamber.

[0284] 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 (CVID) 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
semiconductor wafers.

{0285]  As noted above, depending on the process step or steps to be performed by the tool,
the system controller 450 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 matn computer, another controller, or
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tools used in material transport that bring containers of wafers to and from tool locations
and/or load posts 1n a semiconductor manufacturing factory.

{02867 Inductively coupled plasma (ICP) reactors which, in certain embodiments, may be
suitable 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.

{02871 FIG. 18 schematically shows a cross-sectional view of an inductively coupled
plasma apparatus 500 appropriate for implementing certain embodiments or aspects of
embodiments such as vapor {dry)} deposttion, dry development and/or etch, 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 deposition,
development and/or etch processes described herein may be used for implementation.

10288] The inductively coupled plasma apparatus 500 includes an overall process chamber
524 structurally defined by chamber walls 501 and a window 511, The chamber walls 501
may be fabricated from stainless steel or aluminum. The window 511 may be fabricated from
guartz or other dielectric roaterial. Au optional internal plasma grid 550 divides the overall
process chamber into an upper sub-chamber 502 and a lower sub chamber 503, In most
embodiments, plasma grid S50 roay be removed, thereby utilizing a chamber space made of
sub chambers 502 and 503, A chuck 517 is positioned within the lower sub-chamber 503
near the bottom inner surface. The chuck 517 is configured to receive and hold a
semiconductor wafer 519 upon which the etching and deposition processes are performed.
The chuck 517 can be an electrostatic chuck for supporting the wafer 519 when present. In
some embodiments, an edge ring {not shown) surrounds chuck 517 and has an upper surface
that 1s approximately planar with a top surface of the water 519, when present over chuck
S17. The chuck 517 also includes electrostatic electrodes for chucking and dechucking the
wafter 519, A filter and DC clamp power supply {not shown) may be provided for this
purpose. Other control systems for lifting the wafer S19 off the chuck 517 can also be
provided. The chuck 517 can be electrically charged using an RF power supply 523. The RF
power supply 523 18 connected to matching circuitry 521 through a connection 527, The
matching circuitry 521 is connected to the chuck 517 through a connection 525, In this
manner, the RF power supply 523 is connected to the chuck 517, In various embodiments, a
bias power of the electrostatic chuck may be set at about 50V or may be set at a different bias

power depending on the process performed in accordance with disclosed embodiments. For
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example, the bias power may be between about 20 V and about 100 V, or between about 30
YV and about 150 V.

{02891 Elements for plasma generation include a coil 533 is positioned above window 511,
In some embodiments, a coil is not used in disclosed embodiments. The cail 533 is
fabricated from an electrically conductive material and wocludes at least one complete turn.
The example of a coil 533 shown in FI1G. 10 includes three turns. The cross sections of coil
533 are shown with symbols, and coils having an “X” extend rotationally into the page, while
coils having a “” extend rotationally out of the page. Elements for plasma generation also
include an RF power supply 541 configured to supply RF power to the coil 333, In general,
the RF power supply 541 1s connected to matching circuitry 539 through a counection 545,
The matching circuitry 539 is connected to the cotl 533 through a connection 543, In this
manner, the RF power supply 541 is connected to the coil 533. An optional Faraday shield
549a is positioned between the coil 533 and the window 511, The Faraday shield 549a may
be maintained in a spaced apart relationship relative to the coil 533, In some embodiments,
the Faraday shield 549a is disposed immediately above the window 511, In some

~r
I
;

embodiments, the Faraday shield 549b 18 between the window S11 and the chuck 517, In
some embaodiments, the Faraday shield 549b 1s not maintained in a spaced apart relationship
relative to the coil 533, For exanple, the Faraday shield 549b may be directly below the
window 511 without a gap. The coil 533, the Faraday shield 549a, and the window 511 are
each configured to be substantially parallel to one ancther. The Faraday shield 549a may
prevent metal or other species fron depositing on the window 511 of the process chamber
524,

{62901  Process gases may be flowed into the process chamber through one or more main
gas flow inlets 560 positioned in the upper sub-chamber 502 and/or through one or more side
gas flow inlets 570, Likewise, though not explicitly shown, similar gas flow wnlets may be
used to supply process gases to a capacitively coupled plasma processing chamber. A
vacuum pump, e.g., a one or two stage mechanical dry pump and/or turbomolecular pump
540, may be used to draw process gases out of the process chamber 524 and to maintain a
pressure within the process charober 524, For example, the vacuum pump may be used to
evacuate the lower sub-chamber 503 during a purge operation of ALD. A valve-controlled
conduit may be used to fluidically connect the vacuum purap to the process charmber 524 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, such as
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a throttle valve {not shown) or a pendulum valve (not shown), during operational plasma
processing. Likewise, a vacuum pump and valve controlled fluidic connection to the
capacitively coupled plasma processing chamber may also be employed.

182911 During operation of the apparatus 500, one or more process gases may be supplied
through the gas flow inlets 360 and/or S70. In certain embodiments, process gas may be
supplied only through the main gas flow inlet 560, or only through the side gas flow inlet
$70. In some cases, the gas flow wnlets shown in the figure may be replaced by more
complex gas flow inlets, one or more showerheads, for example. The Faraday shield 549a
and/or optional grid 550 may include internal channels and holes that allow delivery of
process gases to the process chamber 524, Either or both of Faraday shield 549a and optional
grid 550 may serve as a showerhead for delivery of process gases. In some embodiments, a
fiquid vaporization and delivery system may be situated upstream of the process chamber
524, such that once a liquid reactant or precursor is vaporized, the vaporized reactant or
precursor 1s introduced into the process charmber 524 via a gas flow wnlet 560 and/or 570,
{0292} Radio frequency power 1s supplied from the RF power supply 541 to the coil 533 to
cause an RF current to flow through the cotl 533, The RF current flowing through the coll
533 generates an electromagnetic field about the coil 533. The electromagnetic field
generates an inductive current within the upper sub-charober 502, The physical and chemucal
interactions of varicus generated ions and radicals with the wafer 519 etch features of and
selectively deposit layers on the wafer 519

{02931 If the plasma grid 550 is used such that there 1s both an upper sub-chamber 502 and
a lower sub-chamber 503, the inductive current acts on the gas present in the upper sub-
chamber 302 to generate an electron-ion plasma in the upper sub-chamber 502. The optional

o]
3

internal plasma grid 550 limits the amount of hot electrons in the lower sub-chamber 503, In
some embodiments, the apparatus 500 1s designed and operated such that the plasma present
in the lower sub-chamber 503 is an ion-ion plasma.

{0294} Both the upper electron-ton plasma and the lower 1on-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 fower sub~chamber 503 through port 522, The chuck 517 disclosed herein may operate at
elevated temperatures ranging between about 10°C and about 250°C. The temperature will

depend on the process operation and specific recipe.
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{0295]  Apparatus 500 may be coupled to facilities (not shown} when installed in a clean
room or a fabrication facility. Faciities include plumbing that provide processing gases,
vacuum, temperature control, and environmental particle control. These facilities are coupled
to apparatus 500, when installed in the target fabrication facility. Additionally, apparatus 500
may be coupled to a transfer chamber that allows robotics to transfer semiconductor wafers
inte and out of apparatus 500 using typical automation.

{82961 In some embodiments, a system controlier 530 (which may tnclude one or more
physical or logical controilers) controls some or all of the operations of a process chamber
524. The system controller 530 may include one or more memory devices and one or more
processors. In some embodiments, the apparatus 500 inciudes a switching system for
controlling flow rates and durations when disclosed embodiments are performed. In some
embodiments, the apparatus 500 may have a switching time of up to about 500 ms, orup to
about 750 ms. Switching time may depend on the flow chemistry, recipe chosen, reactor
architecture, and other factors.

{02971 In some implementations, the system controlier 530 1s 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 cornponents {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 integrated into the system controller 530, 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 settings, vacuurn setiings, power settings, radio
frequency (RF) generator settings, RF matching circuit settings, frequency settings, flow rate
settings, fluid delivery settings, positional and operation settings, waler trausfers into and out

of a tool and other transfer tools and/or load locks connected to or interfaced with a specific

[€2]

ystent.

{0298] Broadly speaking, the system controller 530 may be defined as electronics having
various integrated circuits, logic, memory, and/or software that receive instructions, issue
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
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program instructions, digital signal processors (IXSPs), chips defined as application specific
integrated circuits {ASICs), and/or one or more microprocessors, or microcontrollers that
exgcute program instructions (e.g., software). Program instructions may be instructions
communicated to the controlier in the form of various individual settings {or program files),
defining operational parameters for carrying out a particular process on or for a
semiconductor water 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 or removal of one or more layers, materials, metals, oxides, silicon,
silicon dioxade, surfaces, circuits, and/or dies of a wafer.

{0299} The system controller 530, in some implementations, may be a part of or coupled to
a computer that 1s 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 tab host computer system, which can allow for remote access of the wafer processing. The
computer may enable remote access to the system to monitor cusrent progress of fabrication
operations, examine a history of past fabrication operations, examine trends or performance
metrics from a plurality 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 530 receives instructions in the form of data, which specify 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 controlier 1s configured to interface with or control. Thus, as described
above, the system controller 530 may be distributed, such as by including one or more
discrete controliers 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.

{0300]  Without limitation, example systems may inchade a plasma etch chamber or module,

a deposition chamber or module, a spin-rinse chamber or module, a metal plating chamber or
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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 {e.g., PECVD) chamber
or module, an ALD chamber or module, an ALE chamber or module, an ton 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.

{8301} As noted above, depending on the process step or steps to be performed by the tool,
the controller 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
tocated throughout a factory, a main computer, another controller, or tools used tn material
transport that bring containers of wafers to and from tool locations and/or load ports in a
semiconductor manufacturing factory.

{03021 EUVL patterning way be conducted using any suitable tool, often referred to as a
scanner, for example the TWINSCAN NXE: 3300B® platform supplied by ASML of
Veldhoven, NL). The EUVL patterning tool may be a standalone device from which the
substrate 1s moved into and out of for depesition and etching as described herein. Or, as
described below, the EUVL patterning tool may be a wodule on a larger multi-component
tool. FIG, 11 depicts a semiconductor process cluster tool architecture 600 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 advantageous in some implementations.

{0363} FIG. 11 depicts a semiconductor process chuster tool architecture with vacuum-
integrated deposition and patterning modules that interface with a vacuum transfer module,
suitable for implementation of processes described herein. The arrangement of transfer
moduldes to “transfer” wafers among multiple storage facilities and processing modules may
be referred to as a “cluster tool architecture” system. Deposition and patterning modules are
vacuum-integrated, 1o accordance with the requitements of a particular process. Other
modules, such as for etch, may also be included on the cluster,

10304} A vacuum transport module (VTM) 638 interfaces with four processing modules
620a-620d, which may be individually optimized to perform various fabrication processes.

By way of example, processing modules 620a-620d may be implemented to perform
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deposition, evaporation, ELD, dry development, etch, strip, and/or other semiconductor
processes. For example, module 6202 may be an ALD reactor that may be operated to
perform in a non-plasma, thermal atomic layer depositions as described heretn, such as
Vector tool, available from Lam Research Corporation, Fremont, CA. And module 620b
may be a PECVD tool, such as the Lam Vector®. 1t should be understood that the figure s
not necessarily drawn to scale.

{83058] Aurlocks 642 and 646, also known as a loadlocks or transfer modules, interface with
the VTM 638 and a patterning module 640. For example, as noted above, a suitable
patterning module may be the TWINSCAN NXE: 3300B® platform supplied by ASML of
Yeldhoven, NL). This tool architecture allows for work pieces, such as semiconductor
substrates or wafers, to be transterred 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 photons by arnbient gases such as HoQ, Oo, etc.

{0306]  As noted above, this integrated architecture is just one possible embodiment of a
tool for implementation of the descraibed processes. The processes may also be implemented
with a more conventional stand-alone EUVL scanner and a deposition reactor, such as a Lam
Vector tool, either stand alone or integrated in a cluster architecture with other tools, such as
etch, strip etc. {e.¢., Lam Kiyo or Gamma tools), as modules, for example as described with
reference to FIG. 11 but without the integrated patterning module.

183071  Aurlock 642 may be an “outgoing” loadiock, referring to the transfer of a substrate
out from the VIM 638 serving a deposition module 620a to the patterning module 640, and
airiock 046 may be an “ingoing” loadlock, referring to the transfer of a substrate from the
patterning module 640 back 1 to the VIM 638, The ingoing loadiock 646 may also provide
an interface to the exterior of the tool for access and egress of subsirates. Fach process
module has a facet that interfaces the module to VIM 638, For example, deposition process
module 620a has facet 636, Inside each facet, sensors, for example, sensors 1-18 as shown,
are used to detect the passing of wafer 626 when moved between respective stations.
Patterning module 640 and airlocks 642 and 646 may be similarly equipped with additional
facets and sensors, not shown.

10308] Main VTM robot 622 transters wafer 626 between modules, including airlocks 642
and 646. In one embodiment, robot 622 has one arm, and in another embodiment, robot 622

has two arms, where each arm has an end effector 624 to pick waters such as wafer 626 for
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transport. Front-end robot 644, 10 is used to transfer wafers 6206 from outgoing airlock 642
into the patterning module 640, from the patterning module 640 into ingoing airlock 646.
Front-end robot 644 may also transport wafers 626 between the ingoing loadiock and the
exterior of the tool for access and egress of substrates. Because ingoing airlock module 646
has the ability to match the environment between atmospheric and vacuum, the wafer 626 is
able to move between the two pressure environments without being damaged.

{6309} 1t 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 environment of the
substrate during the transfer between the deposition to the EUVL tool to aliow the substrate
to degas prior to entry into the patterning tool. Ouigoing airlock 642 may provide this
function by holding the transferred waters at a lower pressure, no higher than the pressure in
the patterning module 040, for a pertod of time and exhausting any off-gassing, 50 that the
optics of the patterning tool 640 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.

{03108} In some embodiments, a system controlier 650 (which may include 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 controlier can be local to the cluster
architecture, or can be located external to the cluster architecture in the manufacturing floor,
or in a remote location and connected to the cluster architecture via a network. The system
controller 650 may include one or more memory devices and one or more processors. The
processor may include a central processing unit ({CPU) or computer, analog and/or digital
input/output connections, stepper motor controller boards, and other like components.
Instructions for implementing appropriate control operations are executed on the processor,
These instructions may be stored on the memory devices associated with the controller or
they may be provided over a network. In certain erobodiments, the system controller
executes system control software.

{0311}  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 way be coonfigured in any suttable way. For example, various process tool
component subroutines or control objects may be written to control operations of the process
tool components necessary 1o carry out various process tool processes. System control
software may be coded in any suitable compute readable programming fanguage. In some

embodiments, system control software includes input/output control (I0C) sequencing
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instructions for controlling the various parameters described above. For exampie, each phase
of a semiconductor 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 in a corresponding
recipe phase, for exanple.

{0312} In various embodiments, an apparatus for forming a negative pattern mask is
provided. The apparatus may include 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, in 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.

10313} 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
manufacturing floor, or in a remote location and connected to the cluster architecture via a
network, A controller as described above with respect to any of FEGS. 8,9, or 18 may be
implemented with the tool in FIG. 11

{0314] FIG. 12 shows an example of a deposition chamber {e.g , for vapor-based
deposttion, such as for an imaging layer and/or an under layer). As can be seen, the apparatus
700 includes a processing chamber 702 having a lid 708 and a water transter passage 704,
which is sized to allow a substrate 722 to be passed therethrough and to be placed on a wafer
support 724, The wafer transfer passage 704 may have a gate valve 706 or similar door
mechanism that may be operated 10 seal or unseal the wafer transfer passage. For example,
the processing chamber 702 may be provided substrates 722 via a wafer handling robot that 1s
focated in an adjoining transter chamber,

{0315] The water support 724 may include an ESC 726 to provide a wafer support surface
for the substrate 722, The ESC 726 may include a base plate 734 that is bonded to a top
surface of the top plate 728, In the depicted example, the top plate 728 has two separate
electrical systems embedded within it One such system is an electrostatic clamping
electrode system having one or more clamping electrodes 732 to generate an electric charge
within the substrate 722 that causes the substrate 722 to be drawn against the wafer support

surface of the top plate 728
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{63161 The other system is a thermal control system to control the temperature of the
substrate 722 during processing conditions. In FIG. 12, the thermal control system features
four annular resistance heater traces 730, 730b, 730¢, and 730d positioned beneath the
clamping electrades 732, Each resistance heater trace 730a/b/c/d may be individually
controlled to provide a variety of radial heating profiles in the top plate 728, for example, to
maintain the substrate 722 s0 as to have a temperature uniformity of 0 5°C in some cases.
Other implementations may use single-zone or multi-zone heating systems having more or
fewer than four zones. In some implementations, of, for example, temperature control
mechanisius discussed above, heat pumps or Peltier junctions may be used instead of
resistance heating traces.

{0317} The ESC 726 may also include a base plate 734 to provide structural support to the
underside of the top plate 728 and which may also act as a heat dispersion system. For
exarple, the base plate 734 may include one or more heat exchange passages 736; and a heat
exchange medium, e.g., water or inert fluorinated bguid, may be circulated through the heat
exchange passages 736 during use.

{3318] The ESC 726 may be supporied by a water support housing 742 that 1s connecied
with, and supported by, a wafer support column 744. The wafer support column 744 may
have a routing passage 743 other pass-throughs for routing cabling (e g, for providing
electrical power), fluid flow conduits {e.g., for conveying heat exchange medium}, and other
equipment to the underside of the base plate 734 and/or the top plate 728,

{33191  The apparatus 700 of FIG. 12 also includes a wafer support z-actuator 746 that may
provide movable support to the wafer support column 744, The wafer support z-actuator 746
may be actuated to cause the wafer support column 744, and the wafer support 724 supported
thereby, to move up or down vertically, e.g., by up to several inches, within a reaction space
720 of the processing chamber 702 In doing s0, a gap distance X between the substrate 722
and the underside of the showerhead 710 may be tuned depending on various process
conditions.

{03201 The wafer support 724 may also include one or more edge rings that may be used to
control and/or fine-tune various process conditions. In FIG. 12, an upper edge ring 738 13
provided that lies on top of, for example, lower edge rings 740a and 740b, which, in turn, are
supported by the water support housing 742 and a third lower edge ring 740¢.

{63211 The apparatus 700 may also include a system for removing process gases from the

processing chamber 702 during and after processing concludes. For example, the processing
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chamber 702 may include an annular plenum 756 that encircles the water support column
744. The annular plenum 756 may, in turn, be fluidically connected with a vacuum foreline
752 that may be connected with a vacuum pump. A regulator valve 754 may be provided in
between the vacuum foreline 752 and the processing chamber 702 and actuated to control the
flow into the vacuum foreline 752, In some implementations, a baftle 750, e.g., an annular
plate or other structure that may serve to make the flow into the annular plenum 756 more
evenly distributed about the circumference of the wafer support column 744, may be
provided to reduce the chances of flow non-uniformities developing in reactants flowed
across the substrate 722

{03221 The showerhead 710, as shown, 15 a dual-plenum showerhead 710 and includes a
first plenum 712 that 1s provided process gas via a first inlet 716 and a second plenum 714
that ts provided process gas via a second inlet 718, Two or more plenums can be employed
to maintain separation between the precursor(s) and the counter-reactant(s) prior to release of
the precursor and the counter-reactant. In sorme instances, a single plenum is used to deliver
the precursor(s) into the reaction space 720 of the processing chamber 702, Each plenum
may have a corresponding set of gas distribution ports that fluidically counect the respective
plenum with the reaction space 720 through the faceplate of the showerhead 710 (the
faceplate being the portion of the showerhead 710 that 1s interposed between the lowerrost
plenum and the reaction space 720}

{0323} The first iniet 716 and the second inlet 718 of the showerhead 710 may be provided
processing gases via a gas supply system, which may be configured to provide one or more
precursor{s) and/or counter-reactant(s), as discussed herein. A first valve marutold 7682 may
be configured to provide one or more precursor(s) to the first inlet 716, while a second valve
manifold 768b may be contigured to provide other precursor(s) or other reactant to the
second inlet 718, In this example, the first valve mamfold 768a, for example, includes
multiple valves A1-AS. Valve A2 may, for example, be a three-way valve that has one port
fluidically connected with a first vaporizer 772a, another port fluidically connected with a
bypass line 770a, and a third port tluidically connected with a port on ancther 3-way valve
A3 Sinmuilarly, valve A4 may be another three-way valve that has one port Huidically
connected with a second vaporizer 772b, ancther port fluidically connected with the bypass
Hine 7704, and a third port fluidically connected with a port on ancther 3-way valve AS. One
of the other ports on valve AS may be fluidically connected with the first inlet 716 while the

remaining port on valve AS may be fluidically connected with one of the remaining ports on
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the valve A3, The remaining port on the valve A3 may, tn turn, be fhidically connected with
the valve Al which may be fluidically interposed between the valve A3 and a purge gas
source 774, e.g., nitrogen, argon, ot other suitably inert gas (with respect to precursor(s)
and/or counter-reactant(s}}. In some embodiments, only the first valve manifold is employed.
{0324] For the purposes of this disclosure, the term “fhudically connected” is used with
respect to volumes, plenums, holes, etc., that may be connected with one another in order to
form a fluidic counection, stmular to how the term “electrically connected” 18 used with
respect to components that are connected together to form an electric connection. The term
“fluidically interposed,” if used, may be used to refer to a component, volume, plerum, or
hole that 1s fluidically connected with at least two other components, volumes, plesums, or
holes such that Huid flowing from one of those other components, volumes, plenums, or
holes to the other or another of those components, volumes, plenums, or holes would first
flow through the “fluidically interposed” component before reaching that other or another of
those coraponents, volumes, plenums, or holes. For example, 1t a pump ts fluidically
interposed between a reservoir and an cutlet, fluid that flowed from the reservoir to the outlet
would first flow through the pump before reaching the outlet.

{8325] The first valve manifold 768a may, for example, be controllable to cause vapors
from one or both of the vaporizers 772a and 772b to be flowed either to the processing
chamber 702 or through the first bypass line 770a and into the vacuum foreline 752, such as
by controlled actuation of valves A1-A5. The first valve manifold 768a may also be
controllable to cause a purge gas to be flowed from the purge gas source 774 and into the first
inlet 716

16326] It will be appreciated that the second valve manifold 768b may be controlied ina
sirntlar manner, ¢.g., by controlling valves B1-B35, to provide vapors from vaporizers 772¢
and 7724 to the second inlet 718 or to the second bypass line 770b. Tt will be further
appreciated that different manifold arrangements may be utilized as well, including a single
unitary manifold that includes valves for controlling flow of the precursor(s), counter-
reactant(s), or other reactants to the first inlet 716 and the second inlet 718,

{83271 As mentioned earlier, some apparatuses 700 may feature a lesser number of vapor
sources, €.2., only two vaporizers 772, inn which case the valve manifold(s) 768 may be
modified to have a lesser number of valves, e.g., only valves A1-A3.

{63281  As discussed above, apparatuses such as apparatus 700, which may be used to

provide for dry deposition of tilms, may be configured to maintain particular temperature
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profiles within the processing chamber 702, In particular, such apparatuses 700 may be
configured to maintain the substrate 722 at a lower temperature, e.g., at least 25°C to 50°C
fower, than most of the equipment of the apparatus 702 that comes into direct contact with
the precursor(s) and/or counter-reactant(s).

{03291  To provide for temperature control, various heating systems may be included in the
apparatus 700. For example, the processing chamber 702 may have receptacles for receiving
cartridge heaters 758, e.g., vertical holes for receiving cartridge heaters 758 may be bored
into the four corners of the chamber 702 housing. In some implementations, the showerhead
710 may be covered with heater blankets 760, which may be used to apply heat across the
exposed upper surface of the showerhead 710 to keep the showerhead temperature elevated.
It may also be beneficial to heat various gas lines that are used to conduct the vaporized
reactants from the vaporizers 772 to the showerhead 710, For example, resistive heater tape
may be wound around such gas lines and used to heat them to an elevated temperature. Any
of the gas lines and even the fate valve 706 in FIG. 12 can be actively or indirectly heated.
{6330} The various operational systems of the apparatus 700 may be controlled by a
controller 784, which roay include one or more processors 786 and one or more memory
devices 788 that are operatively connected with each other and that are communicatively
connected with various systems and subsysterns of the apparatus 700 so as to provide for
control functionality for those systems. For example, the controller 784 may be configured to
control the valves AT1—-AS and BI-BS, the various heaters 758, 760, the vaporizers 772, the
regulator valve 754, the gate valve 706, the water support z-actuator, and so forth.

~
/
i

10331} Another feature that the apparatus 700 may include is shown in FIG, 13, which
depicts close-up side cross-sectional and plan views of a portion of the substrate 722, top
plate 728, and upper edge ring 738 of FIG. 12, As can be seen, in some implementations, the
substrate 722 may be elevated oft of most of the top plate 728 by a plurality of small mesas
776, which may be shallow bosses that protrude from the nominal upper surface of the top
plate 728 by a small distance so as to provide for a backside gap 778 between the underside
of the substrate 722 and the majority of the top plate 728, A circumferential wall feature 777
may be provided at the periphery of the top plate 728, The circumferential wall feature 777
may extend around the entire perimeter of the top plate 728 and be of nominally the same

~
77
i

height as the mesas 776, During processing operations, a generally inert zas, such as helium
& o & > > & k >

may be flowed into the backside gap 778 via one or more gas ports 782, This gas may then

flow radially outward before encountering the circumterential wall feature which way
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then restrict such radially outward flow and cause a higher-pressure region of the gas to be
trapped between the substrate 722 and the top plate 728, The inert gas that leaks past the
circumferential wall 777 may eventually flow out through a radial gap 780 between the cuter
edge of the substrate 722 and a portion of the upper edge ring 738, Such gas may serve to
protect the underside of the subsirate from undesirably being atfected by the processing
operations being performed by acting to prevent the gases released by the showerhead 710
from reaching the underside of the substrate 722, At the same time, the gas released into the
backside gap 778 region may also act to increase thermal coupling between the substrate 722
and the top plate 728, thereby allowing the top plate 728 to more effectively heat or cool the
substrate 722. Due to the higher pressure provided by the circumferential wall, the gas that is
within the backside gap 778 region may also be at a higher density than gas in the remainder
of the chamber, and may thus provide more effective thermal coupling between the substrate
722 and the top plate 728,

{03321  The controller 784 way be configured, e.g., via execution of computer-executable
instructions, to cause the apparatus 700 to perform various operations consistent with the
disclosure provided above,

183331 Once the imaging layer and/or underlayer has been deposited on the substrate 722,
the substrate 722 may, as noted above, be transferred to one or more subsequent processing
chambers or tool for additional operations {(e.g., any described herein). Further deposition
apparatuses are described in International Patent Application No. PCT/US2020/0389638, filed
June 22, 2020, utled “APPARATUS FOR PHOTORESIST DRY DEPOSITION,” which is

herein incorporated by reference in its entirety.

Die¢finitioms

{0334} By “acyloxy” or “alkanoyloxy,” as used interchangeably herein, is meant an acyl or
alkanoyl! group, as defined herein, attached to the parent molecular group through an oxy
group. In particular embodiments, the alkanoyloxy s -G-C{0}-Ak, 1o which Ak is an alkyl
group, as defined herein. In some embodiments, an unsubstituted alkanoyloxy is a Cov
alkanoyloxy group. Exemplary alkanoyloxy groups include acetoxy.

{0335} By “aliphatic” 1s meant a hydrocarbon group having at ieast one carbon atom to 50
carbon atoms {Ci.so), such as one to 25 carbon atoms {(Ci.25), or one fo ten carbon atoms (Cr.
10}, and which includes alkanes {or alkyl), alkenes (or alkenyl}, atkynes {or alkynyl},
including cyclic versions thereof, and further including straight- and branched-chain

arrangements, and all stereo and position isomers as well. Such an aliphatic can be



10

20

[\
L

30

WO 2021/146138 PCT/US2021/012953

unsubstituted or substituted with one or more groups, such as groups described herein for an
alkyl group.

{8336] By “alkenvl” 1s meant an optionally substituted Cr.2¢ alkyl group having one or
more double bonds. The alkenyl group can be cyclic (e.g., Csas cycloalkenyl) or acyclic.
The alkenyl group can also be substituted or vnsubstituted. For example, the altkenyl group
can be substituted with one or more substitution groups, as described herein for alkyl.

{8337} By “alkenylene” is meant a multivalent {e.g., bivalent) form of an alkenyl group,
which is an optionally substituted Cr.24 alkyl group having one or more double bonds. The
alkenyiene group can be cyclic {e.g., Csa4 cycloalkenyl) 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
alkenvlene groups include -CH=CH- or -CH=CHCHz-.

10338] By “alkoxy” 1s meant ~OR, where R 18 an optionally substituted alkyl group, as
described herein. Exemplary altkoxy groups include methoxy, ethoxy, butoxy, trthalealkoxy,
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 include Cia, Cre, Cra,
Cias, Cias, Ciae, or Crag alkoxy groups.

{6339} By “alky!” and the prefix “alk” is meant a branched or unbranched saturated
hydrocarbon group of 1 to 24 carbon atoms, such as methyl (Me), ethyl (E), n-propyl (n-Pr),
tsopropyl (-Pr), cyelopropyl, s-butyl (-Bu), isobutyl (7-Bu}, s-butyl {(s-Bu}, r-butyl {(#-Bu},
cyvclobutyl, n-pentyl, isopentyl, s-pentyl, neopentyl, hexyl, heptyl, octyl, nonyl, decyl,
dodecyl, tetradecyl, hexadecyl, eicosyl, tetracosyl, and the like. The alkyl group can be
cyclic {e.g., Caas cycloalkyly or acyclic. The alkyl group can be branched or unbranched.
The alkyl group can also be substituted or unsubstituted. For exaruple, the alkyl group can
include haloalkyl, in which the alkyl group 1s substituted by one or more halo groups, as
described herein. In another example, the alkyl group can be substituted with one, two, three
or, in the case of alkyl groups of two carbons or more, four substituents independently
selected from the group consisting oft {1} Cis altkoxy (e.g., -O-Ak, wherein Ak 1s optionally
substituted Cie alkyl); (2) amino (e g, -NRNMRM™ where each of R and R™ is,
independently, H or optionally substituted alkyl, or RN and R™ taken together with the
nitrogen atom to which each are attached, form a heterocyclyl group); (3} arvi; (4) arylabiroxy

{e.g., -O-Lk-Ar, wherein Lk 15 a bivalent form of optionally substituted alky] and Aris
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optionally substituted aryly, (5) aryloyl (e.g., ~-C{O}-Ar, wherein Ar is optionally substituted
arvi); (6} cyano (e.g., -CN}; (7) carboxyaldehyde (e.g., -C{O)H); (8) carboxyl (e.g, -COH);
(9} Cas cycloalkyl (e 2., a monovalent saturated or unsaturated non-aromatic cyclic Cas
hydrocarbon group); (10) halo {e.g., F, CL, By, or I}; (11} heterocyclyl {e.g, a 5- 6-or 7-
membered ring, unless otherwise specified, containing one, two, three, or four non-carbon
heteroatoms, such as nitrogen, oxygen, phosphorous, sutfur, or halo); (12) heterocyclyloxy
{e.g., ~O-Het, wherein Het 13 heterocyclyl, as described heretn), (13) heterocyclyloyl (e g., -
C{O})-Het, wherein Het is heterocyclyl, as described herein}; (14) hydroxyi {e.g., -OH}; (15)
N-protected amino; {16} nitro (e.g., -NO2); (17} oxo (e.g., =0); (18) -CORA, where R* is
selected from the group consisting of (a) Cis alkyl, (b) Casixaryl, and (¢} {Caz aryl) Cis
alkyl {e.g, -Lk-Ar, wherein Lk 15 a bivalent form of optionally substituted alkyl group and Ar
is optionally substituted aryly; (19) -C{OINRPRE, where each of RP and RC is, independently,
selected from the group consisting of (a) hydrogen, (b} Cre alkyl, (¢} Csas arvl, and {d) (Cauiz
aryl) Crs alkyl {e.g., -Lk-Ar, wherein Lk 15 a bivaleot form of optionally substituted alkyl
group and Ar is optionally substituted aryl); and (20) -NRORY, where each of RY and RP is,
independently, selected from the group consisting of (a) hydrogen, (b) an N-protecting group,
(¢} Cre alkyl, {d) Cow alkeny! {e g., optionally substituted alky! having one or more double
bonds}, (e} Cu. alkynyl (e g., optionally substituted alkyl having one or more triple bonds),
{} Cauz aryl, {g) (Caiz aryl) Cre alkyl {e.g., Lk-Ar, wherein Lk is a bivalent form of
optionally substituted alkyl group and Ar is optionally substituted aryl), (h) Ci.s cycloalkyl,
and (1) (Cas cycloalkvl) Cis alkyl {e.g., -LEk-Cy, wherein Lk is a bivalent form of optionally
substituted alkyl group and Cy 15 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 of more substituents {e.g., one or more halo or alkoxy). In some embodiments, the
unsubstituted alkyl group is a Cis, Ciss, Cia1z, Cras, Crais, Crao, or Cras atkyl group.

{03401 By “alkylene” 13 meant a multivalent (e g, bivalent) form of an alkyl group, as
described herein. Exemplary alkylene groups include methylene, ethylene, propylene,
butyiene, ete. In some embodiments, the altkylene group s a Crs, Cre, Croz, Ciare, Cias, Ci-
20, Crazs, Cra, Caws, Cao12, Ca1s, Caats, Cra20, ot $2.24 alkylene group. The alkylene group can
be branched or unbranched. The alkylene group can also be substituted or unsubstituted. For
example, the alkylene group can be substinuted with one or more substitution groups, as

described herein for alkyl.
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{03411 By “alkynyl” is meant an optionally substituted Cz24 alky] group having one or
more triple bonds. The alkynyl group can be cyclic or acyclic and 18 exemplified by ethynyl,
t-propynyl, and the like. The alkyny! 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

{03421 By “alkynylene” is meant a multivalent (e g, bivalent) form of an alkyny! group,
which is an optionally substituted Ca-2q alkyl group having ove or more triple bonds. The
alkynylene group can be cyclic or acyclic. The alkynylene group can be substituted or
unsubstituted. For example, the alkynylene group can be substituted with one or more
substitution groups, as described herein for alkyl. Exemplary, non-limiting alkynylene
groups include -C=C- or -C=CCH-.

{0343} By “aminc” is meant -NR™RM where each of RM and R is, independently, H,
optionally substituted alkyl, or optionally substituted aryl, or RM!' and RN?, taken together
with the nitrogen atom to which each are attached, form a heterocyclyl group, as defined
herein.

{0344} By “aromatic” i3 meant a cyclic, conyugated group or motety of, unless specified
otherwise, from 5 to 15 ring atoms having a single ring {e.g, phenyl) or multiple condensed
rings in which at least one ring 1s aromatic {e.g., naphthyl, indolyl, or pyrazolopyridinyi); that
is, at least one ring, and optionally multiple condensed rings, have a continuous, delocalized
n-electron system. Typically, the number of out of plane n-electrons corresponds to the
Huckel rule {(4n+2). The point of attachment to the parent structure typically is through an
aromatic portion of the condensed ring system. Such an aromatic can be unsubstituted or
substituted with one or more groups, such as groups described herein for an alloyl or aryl
group. Yet other substitution groups can include aliphatic, haloaliphatic, halo, nitrate, cyano,
sulfonate, sulfonyl, or others.

{83451 By “arvl” is meant a group that contains any carbon-based aromatic group
including, but not hmited to, phenyl, benzyl, anthracenyl, anthryl, benzocyclobutenyl,
benzocyclooctenyl, biphenviyl, chrysenyl, dihydroindenyl, fluoranthenyl, indacenyl, indenyl,
naphthyl, phenanthryl, phenoxybenzyl, picenyl, pyrenyl, terphenyl, and the like, including
fused benzo-Cas cycloalkyl radicals {e.g., as defined herein} such as, for instance, indanyl,
tetrahydronaphthyl, fluorenyl, and the like. The term aryl also includes heteroaryl, which i
defined as a group that contains an aromatic group that has at least one heteroatom

incorporated within the ring of the aromatic group. Examples of hetercatoms include, but are
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not limited to, nitrogen, oxygen, sulfur, and phosphorus. Likewise, the term non-hetercaryl,
which 1s also included in 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 arvi
group can be substituted with one, two, three, four, or five substituents, such as any described
herein for alkyl.

{03461 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 Caag, Caag, Caaz, Caag, Coas, Couta, Co-2, o1 Couto
arylene group. The arylene group can be branched or unbranched. The arylene group can
also be substituted or unsubstituted. For example, the aryiene group can be substituted with
one o more substitution groups, as described herein for alkyl or arvl,

10347} By “(aryl¥alkyliene” is meant a bivalent form including an arylene group, as
described herein, attached to an alkylene or a heteroalkylene group, as described herein. In
some embodiments, the (aryly(alkyljene group 1s -L-Ar- or -L-Ar-L- or -Ar-L-, in which Aris
an arylene group and each L is, independently, an optionally substituted alkylene group or an
optionally substituted heteroalkylene group.

{0348] By “carbonyl” is meant a ~C({O)- group, which can also be represented as >C=0, or
a -CO group.

10349} By “carboxy!” is meant a -COxH group.

{8356} By “carboxyalkyl” is meant an alkyl group, as defined herein, substituted by one or
more carboxyl groups, as defined herein.

{0351} By “carboxyaryl” is meant an aryl group, as defined herein, substituted by one or
more carboxyl groups, as defined herein.

{03821 By “cyclic anhydude” is meant a 3-, 4-, 5~, 6- or 7-merbered ring {e.g,, a 5-, 6- ot
7-membered ring), unless otherwise specified, having a ~C(O-0-C{O)- group within the ring.
The term “cychic anhydride” also includes bicyclic, tricyclic and tetracyclic groups in which
any of the above rings is fused to one, two, or three rings independently selected from the
group consisting of an ary] ring, a cyclohexane ring, a cyclohexene ring, a cyclopentane ring,
a cyclopentene ring, and another monocyclic heterocyclic ring. Exemplary cyclic anhydride
groups include a radical formed from succinic anhydride, ghutanic anhydride, maleic
anhvydride, phthalic anhydride, isochroman-1,3-dione, oxepanedione, tetrahydrophthalic

anhydride, hexahydrophthalic anhydride, pyromellitic dianhydride, naphthalic anhydride, 1,2-
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cyciohexangdicarboxylic anhydride, etc., by removing one or more hydrogen. Other
exemplary cyclic anhydride groups include dioxotetrahydrofuranyi,
digxodihydroisobenzofuranyi, etc. The cyclic anhydride group can also be substituted or

unsubstituted. For example, the cyclic anhydride group can be substituted with one or more

(W

groups tncluding those described herein for heterocyclyl.
{03583} By “cycloalkeny!” is meant a monovalent unsaturated non-aromatic or aromatic
cyclic hydrocarbon group of from three to eight carbons, unless otherwise specified, having
one or more double bonds. The cycloalkenyl group can also be substituted or unsubstituted.
For example, the cycloalkenyl group can be substituted with one or more groups including
10 those described herein for alkyl
103841 By “cycloalkyl” is meant a monovalent saturated or unsaturated non-aromatic or
aromatic cyclic hydrocarbon group of from three o eight carbons, unless otherwise specified,
and 1s exemplitied by cyclopropyl, cyclobutyl, cyclopentyl, cyclopentadienyl, cyclohexyl,
cycloheptyl, bicyclof2.2.1 Theptyl, and the like. The cycloalkyl group can also be substituted
15 orunsubstituted. For example, the cycloalkyl group can be substituted with one or more
groups including those described herein for alkyl
{0355 By “hale” ismeant F, Cl, Br, or L
{03561 By “haloallyl” 13 meant an alkyl group, as defined herein, substituted with one or
more halo.
20 [9387}1 By “heteroalkyl” is meant an alkyl group, as detined herein, containing one, two,
three, or four non-carbon hetercatoms {e.g., independently selected from the group consisting
of nitrogen, oxygen, phosphorous, sulfur, selenjur, or halo).
{03581 By “heteroalkylene” is meant a bivalent form of an alkylene group, as defined

herein, containing one, two, three, or four non-carbon heteroatoms (e g., independently

[\
L

selected from the group consisting of nitrogen, oxygen, phosphorous, sulfur, selenium, or
hala). The hetercalkylene group can be substituted or unsubstituted. For example, the
heteroalkylene group can be substituted with one or maore substitution groups, as described
herein for alkyl.

1035891 By “heterocyclyl” 18 meant a 3-, 4-, 5-, 6- or 7-membered ring {e.g., a S-, 6~ or 7-
30 membered ring), unless otherwise specified, containing one, two, three, or four non-carbon
hetercatoms {(e.¢., 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 5-membered ring has zero to two double bonds, and the - and 7-membered rings
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have zero to three double bonds. The term “heterocyciyl” also includes bicyclic, tricyciic and
tetracyclic groups in which any of the above heterocyclic rings 1s fused to one, two, or three
rings independently selected from the group consisting of an aryl ring, a cyclohexane ring, a
cyclohexene ring, a cyclopentane ring, a cyclopentene ring, and ancther monocyclic
heterocyclic ring, such as indolyl, quinolyl, isoquinolyl, tetrahydroquinolyl, benzofuryl,
benzothienyl and the like. The heterocyclyl group can be substituted or unsubstituted. For
example, the heterocyclyl group can be substituted with one ot more substitution groups, as
described herein for alkyl.

{0368} By “hydrocarby!l” 1s meant a univalent group formed by removing a hvdrogen atom
from a hydrocarbon. Non-limiting unsubstituted hydrocarbyl groups include alkyl, altkenyl,
alkynyl, and aryl, as defined herein, tn which these groups include only carbon and hydrogen
atoms. The hydrocarbyl group can be substituted or unsubstituted. For example, the
hydrocarbyl group can be substituted with one or more substitution groups, as described
herein for alkyl. To other embodiments, any alkyl or aryl group herein can be replaced with a
hydrocarbyl group, as defined herein.

{03611 By “hydroxyl” is meant ~-OH.

{0362} By “hydroxyalkyl” is meant an alkyl group, as defined herein, substituted by one to
three hydroxyl groups, with the proviso that no more than one hydroxyl group may be
attached to a single carbon atom of the alkyl group and is exemplified by hydroxymethyl,
dihydroxypropyl, and the like.

{03631 By “hydroxyaryl” ts meant an aryl group, as defined herein, substituted by one to
three hydroxyl groups, with the proviso that no more than one hydroxyl group may be
attached to a single carbon atom of the arvl group and is exemplified by hydroxyphenyl,
dihydroxyphenyl, and the like.

{3364} By “isocyanato” 18 meant ~-NCQO.

{0365] By “oxido” is meant an -0 group.

{83661 By “oxo” 13 meant an = group.

{63671 By “phosphine” is meant a trivalent or tetravalent phosphorous having hydrocarbyl
moieties. In some embodiments, phosphine is a -PRFs group, where each R® is,
independently, H, optionally substituted alkyl, or optionally substituted aryl. The phosphine
group can be substituted or unsubstituted. For example, the phosphine group can be
substituted with one or more substitution groups, as described herein for alkyl.

{0368} By “selenol” 1s meant an -SeH group.

g9
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{0369] By “tellurol” ts meant an -TeH group.
163706} By “thioisocyanato” is meant -NCS.
{86371} By “thiol” is meant an -SH group.
183721  Asused 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 must be located at a particular location in the

apparatus.

Conclusion

{8373} Pattering structures and schemes, and associated process and apparatus for
incorporating a photoresist underlayer configured to increase adhesion between a substrate
{e.g., a hardmask) and the photoresist and/or to reduce EUV dose for effective photorestst
exposure during EUV lithography, are disclosed and described.

{0374] It 1s understood that the examples and embodiments described herein are for
i{lustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art. Although various details have been omitted for
clarity’s sake, various design alternatives may be implemented. Therefore, the present
examples are to be considered as Hustrative and not restrictive, and the disclosure 1s not to be
limited to the details given herein but may be modified within the scope of the disclosure.
{03751 The following sample claims are provided for turther iltustration of certain
embodiments of the disclosure. The disclosure is not necessarily limited to these

embodiments.

9%



10

15

20

25

30

CLAIMS

1. A patterning structure, comprising:

an organo metal oxide EUV-sensitive imaging layer disposed over a substrate;
and

an underlayer disposed below the organo metal oxide EUV-sensitive imagine
layer, wherein the underlayer comprises an amorphous hydrogenated carbon film with
sp2 carbons, sp carbons, and/or unsaturated carbon-containing bonds, wherein the
underlayer comprises at least 30 atomic % hydrogen, and wherein the underlayer has

a density of 0.7 g/cm’ to 1.4 g/cm’.

2. The patterning structure of claim 1, further comprising a hard mask disposed

below the underlayer.

3. The patterning structure of claim 1, wherein the underlayer comprises a

thickness of no more than 25 nm.

4. The patterning structure of any one of claims 1-3, wherein the amorphous
hydrogenated carbon film of the underlayer is doped with oxygen (O), silicon (Si), nitrogen
(N), tungsten (W), boron (B), iodine (I), chlorine (Cl), or a combination of two or more of
any of these; and optionally wherein the amorphous hydrogenated carbon film of the
underlayer is doped with iodine and is configured to improve generation of secondary

electrons upon exposure to radiation.

5. The patterning structure of any one of claims 1-3, wherein the underlayer

comprises 1 atomic % to 30 atomic % oxygen (O) .
6. The patterning structure of any one of claims 1-3, wherein the underlayer

provides increased etch selectivity; and optionally wherein the underlayer provides decreased

line edge and line width roughness and/or decreased dose to size.
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7. The patterning structure of any one of claims 1-3, wherein the underlayer

comprises beta hydrogen atoms configured to be released upon exposure to radiation.

8. The patterning structure of claim 1, wherein the underlayer comprises oxygen
atoms configured to form metal-oxygen bonds in the organo metal oxide EUV-sensitive

imaging layer during or after a post exposure bake (PEB).

9. The patterning structure of claim 1, wherein the underlayer is configured to
increase adhesion between the substrate and the organo metal oxide EUV-sensitive imaging
layer and reduce a radiation dose for effective photoresist exposure of the organo metal oxide

EUV-sensitive imaging layer.

10. A patterning structure, comprising:

a substrate comprising a partially fabricated semiconductor device film stack;

a radiation-sensitive imaging layer disposed over the substrate; and

an underlayer disposed between the substrate and the imaging layer,

wherein the underlayer comprises a vapor deposited film of hydronated carbon
doped with oxygen (O), silicon (Si), nitrogen (N), tungsten (W), boron (B), iodine (1),
chlorine (Cl), or a combination of two or more of any of these, and

wherein the film has a thickness of no more than 25 nm or a thickness of 2 to

20 nm.

11. The patterning structure of claim 10, wherein the substrate further comprises

an optionally doped amorphous carbon hardmask disposed thereon.

12.  The patterning structure of claim 10, wherein the underlayer comprises 0
atomic % to 30 atomic % oxygen (O) and/or 20 atomic % to 50 atomic % hydrogen (H);
and/or wherein a surface of the underlayer comprises hydroxyl groups, carboxyl groups,

peroxy groups, sp> carbons, sp carbons, and/or unsaturated carbon-containing bonds.
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13.  The patterning structure of claim 10, wherein the hydronated carbon doped
with iodine is configured to improve generation of secondary electrons upon exposure to

radiation.

14.  The patterning structure of claim 10, wherein the underlayer comprises a
density of 0.7 g/cm?® to 2.9 g/cm?®; optionally wherein the underlayer further provides
increased etch selectivity; and optionally wherein the underlayer further provides decreased

line edge and line width roughness and/or decreased dose to size.

15. The patterning structure of claim 10, wherein the underlayer further comprises
beta hydrogen atoms configured to be released upon exposure to radiation and/or oxygen

atoms configured to form oxygen bonds to an atom in the imaging layer.

16. The patterning structure of claim 10, wherein the imaging layer comprises an
Extreme Ultraviolet (EUV)-sensitive inorganic photoresist layer, a chemical vapor deposited

(CVD) film, a spin-on film, a tin oxide film, or a tin oxide hydroxide film.

17. The patterning structure of claim 10, wherein the imaging layer comprises a

vapor deposited organometallic imaging layer.

18.  The patterning structure of claim 17, wherein the vapor deposited

organometallic imaging layer comprises tin or organotin.

19. The patterning structure of claim 10, wherein the imaging layer comprises a

spin-on organometallic imaging layer.

20. The patterning structure of claim 19, wherein the spin-on organometallic

imaging layer comprises tin or organotin.
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21.  The patterning structure of claim 19, further comprising a hard mask between

the substrate and the underlayer, and optionally wherein the hard mask is ashable.

22. A method of making a patterning structure, the method comprising:

providing a substrate in a process chamber;

depositing, by a plasma-enhanced chemical vapour deposition (PECVD)
process in the process chamber, an underlayer on the substrate, wherein the
underlayer comprises an amorphous hydrogenated carbon film with sp2 carbons, sp
carbons, and/or unsaturated carbon-containing bonds, wherein the underlayer
comprises at least 30 atomic % hydrogen, and wherein the underlayer has a density of
0.7 g/cm® to 1.4 g/cm?; and

forming an organo metal oxide EUV resist imaging layer on the underlayer,
wherein the underlayer is configured to increase adhesion between the substrate and
organo metal oxide EUV resist imaging layer and/or reduce a radiation dose for

effective photoresist exposure.

23. The method of claim 22, wherein:

the substrate is a partially fabricated semiconductor device film stack;

the substrate further comprises or is a hardmask, amorphous carbon film,
amorphous hydrogenated carbon film, silicon oxide film, silicon nitride film, silicon
oxynitride film, silicon carbide film, silicon boronitride film, amorphous silicon film,
polysilicon film, or a combination thereof;

the amorphous hydrogenated carbon film of the underlayer is doped with
oxygen (0), silicon (Si), nitrogen (N), tungsten (W), boron (B), iodine (I), chlorine
(Cl), or a combination of two or more of any of these; and

the amorphous hydrogenated carbon film has a thickness of no more than 25

nm.

24, The method of claim 22, wherein the underlayer is vapor deposited on the

substrate using a hydrocarbon precursor in the presence or absence of an oxocarbon

precursor, thereby providing a carbon-containing film; and optionally wherein the oxocarbon
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precursor co-reacts with hydrogen (H2) or a hydrocarbon and optionally further co-reacts with

a silicon (Si) source dopant.

25. The method of claim 24, wherein the hydrocarbon precursor comprises an

alkane, an alkene, or an alkyne.

26. The method of claim 22, wherein depositing the underlayer by the PECVD
process comprises use of a silicon (Si)-containing precursor that co-reacts with an oxidizer,
and wherein the Si-containing precursor optionally further co-reacts with a carbon (C) source

dopant.

27. The method of claim 22, wherein the underlayer comprises 1 atomic % to 30
atomic % oxygen (O) and/or wherein a surface of the underlayer comprises hydroxyl groups,

carboxyl groups, and/or peroxy groups.

28. The method of claim 22, wherein the underlayer further provides increased
etch selectivity, and optionally wherein the underlayer further provides decreased line edge

and line width roughness and/or decreased dose to size.

29. The method of claim 22, wherein the underlayer further comprises beta
hydrogen atoms configured to be released upon exposure to radiation and/or oxygen atoms
configured to form oxygen bonds to an atom in the organo metal oxide EUV resist imaging

layer.

30. The method of claim 22, wherein depositing the underlayer by the PECVD
process comprises applying a bias at a bias power of 0 W to 1000 W and using a duty cycle
of 5% to 100%.

31. The method of claim 30, wherein applying the bias provides the underlayer

with an increased density, as compared to an underlayer formed without applying the bias.
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32. The method of claim 22, further comprising, after depositing the underlayer by
the PECVD process, modifying the underlayer to provide a roughened surface and optionally
exposing the underlayer or the roughened surface to an oxygen-containing plasma to provide

an oxygen-containing surface.

33. The method of claim 22, wherein forming the organo metal oxide EUV resist
imaging layer on the underlayer comprises vapor depositing the organo metal oxide EUV

resist imaging layer on the underlayer.

34, The method of claim 22, wherein forming the organo metal oxide EUV resist
imaging layer on the underlayer comprises spin-coating the organo metal oxide EUV resist

imaging layer on the underlayer.

35. The method of claim 34, further comprising, after the spin-coating, performing

a post-application bake at a temperature below 200°C.

36.  The method of claim 22, wherein the underlayer is deposited on a hardmask

layer.

37. The method of claim 22, wherein a temperature of the substrate during the

PECVD process is 0°C to 250°C.

38. The method of claim 22, wherein a temperature of the substrate during the

PECVD process is 0°C to 100°C.

39. The method of claim 22, wherein a temperature of the substrate during the

PECVD process is 23°C to 150°C.
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40.  The method of claim 22, wherein a pressure in the process chamber during the

PECVD process is 0.1 Torr to 10 Torr.

41.  The method of claim 22, wherein depositing by the PECVD process comprises
introducing a carbon-containing precursor selected from the group consisting of methane
(CHa), acetylene (C2H2), ethylene (C2H4), propylene (C3Hs), propyne (C3Ha), allene (C3Ha4),
cyclopropene (C3Ha), butane (C4Hio), cyclohexane (CsHi2), benzene (CsHe), and toluene
(C7Hz).

42. The method of claim 41, wherein the carbon-containing precursor comprises

acetylene or propylene.

43. The method of claim 41, wherein the PECVD process further comprises
introducing a gas selected from the group consisting of helium (He), argon (Ar), krypton

(Kr), neon (Ne), nitrogen (N2), and hydrogen (H2).

44, The method of claim 22, wherein the PECVD process comprises a
capacitively-coupled plasma (CCP).

45. The method of claim 22, wherein depositing the underlayer by the PECVD
process comprises supplying RF power from an RF power supply to a pedestal in the process

chamber for powering a plasma.

46. The method of claim 22, wherein the underlayer further comprises oxygen
atoms configured to form metal-oxygen bonds in the organo metal oxide EUV resist during

or after a post-exposure bake (PEB).

47. A method of depositing an underlayer for an organo metal oxide EUV resist,

the method comprising:

97



10

15

20

25

30

providing a substrate in a process chamber; and

depositing, by a plasma-enhanced chemical vapor deposition (PECVD)
process in the process chamber, the underlayer on the substrate, wherein the
underlayer comprises an amorphous hydrogenated carbon film with sp2 carbons, sp
carbons, and/or unsaturated carbon-containing bonds, wherein the underlayer
comprises at least 30 atomic % hydrogen, and wherein the underlayer has a density of

0.7 g/em® to 1.4 g/cm?.

48. The method of claim 47, wherein depositing by the PECVD process comprises
introducing a carbon-containing precursor selected from the group consisting of methane
(CHa), acetylene (C2H2), ethylene (C2H4), propylene (C3Hs), propyne (C3Ha), allene (C3Ha),
cyclopropene (C3Ha), butane (C4H1o), cyclohexane (CsHi2), benzene (CsHe), and toluene
(C7Hs).

49. The method of claim 48, wherein the carbon-containing precursor comprises

acetylene or propylene.
50. The method of claim 47, wherein the PECVD process further comprises
introducing a gas selected from the group consisting of helium (He), argon (Ar), krypton

(Kr), neon (Ne), nitrogen (N2), and hydrogen (H2).

51. The method of claim 47, wherein the PECVD process comprises a
capacitively-coupled plasma (CCP).

52. The method of claim 47, wherein a pressure in the process chamber during the

PECVD process is 0.1 Torr to 10 Torr.

53. The method of claim 47, wherein a temperature of the substrate during the

PECVD process is 0°C to 250°C.

54. The method of claim 47, wherein a temperature of the substrate during the

PECVD process is 0°C to 100°C.
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55. The method of claim 47, wherein a temperature of the substrate during the

PECVD process is 23°C to 150°C.

56.  The method of claim 47, wherein depositing the underlayer by the PECVD
process comprises supplying RF power from an RF power supply to a pedestal in the process

chamber for powering a plasma.

57.  The method of claim 47, wherein the underlayer comprises beta hydrogen

atoms configured to be released upon exposure to radiation.

58. The method of claim 47, wherein the underlayer further comprises oxygen
atoms configured to form metal-oxygen bonds in the organo metal oxide EUV resist during

or after a post-exposure bake (PEB).

59.  The method of claim 47, wherein the underlayer is deposited on a hardmask

layer.

60. The method of claim 47, wherein the underlayer is configured to increase
adhesion between the substrate and the organo metal oxide EUV resist and reduce a radiation

dose for effective photoresist exposure of the organo metal oxide EUV resist.

61. A method, comprising:
spin-coating an organo metal oxide EUV resist on an underlayer on a
substrate, wherein the underlayer comprises an amorphous hydrogenated carbon film with
sp2 carbons, sp carbons, and/or unsaturated carbon-containing bonds, wherein the underlayer
comprises at least 30 atomic % hydrogen, wherein the underlayer has a density of 0.7 g/cm?

to 1.4 g/cm?®, and wherein the underlayer is configured to increase adhesion between the
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substrate and the organo metal oxide EUV resist and reduce a radiation dose for effective

photoresist exposure of the organo metal oxide EUV resist.

62. The method of claim 61, wherein a temperature of the substrate during the

PECVD process is 0°C to 250°C.

63. The method of claim 61, wherein a temperature of the substrate during the

PECVD process is 0°C to 100°C.

64. The method of claim 61, wherein a temperature of the substrate during the

PECVD process is 23°C to 150°C.

65.  The method of claim 61, wherein a pressure in the process chamber during the

PECVD process is 0.1 Torr to 10 Torr.

66. The method of claim 61, wherein depositing by the PECVD process comprises
introducing a carbon-containing precursor selected from methane (CH4), acetylene (C2Hz),
ethylene (C2Ha), propylene (C3He), propyne (C3Ha), allene (C3Ha), cyclopropene (C3Ha),
butane (C4Hio), cyclohexane (CsHi2), benzene (CsHe), and toluene (C7Hs).

67. The method of claim 66, wherein the carbon-containing precursor comprises

acetylene or propylene.

68. The method of claim 61, wherein the PECVD process further comprises
introducing helium (He), argon (Ar), krypton (Kr), neon (Ne), nitrogen (N2), hydrogen (H2),

or combinations thereof.
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69. The method of claim 61, wherein the PECVD process comprises a
capacitively-coupled plasma (CCP).

70. The method of claim 61, wherein depositing the underlayer by the PECVD
process comprises supplying RF power from an RF power supply to a pedestal in the process

chamber for powering a plasma.

71. The method of claim 61, wherein the underlayer comprises beta hydrogen

atoms configured to be released upon exposure to radiation.

72. The method of claim 61, wherein the underlayer further comprises oxygen
atoms configured to form metal-oxygen bonds in the organo metal oxide EUV resist during

or after a post-exposure bake (PEB).

73. The method of claim 61, wherein the underlayer is deposited on a hardmask

layer.

74. The method of claim 61, wherein the underlayer is configured to increase
adhesion between the substrate and the organo metal oxide EUV resist and reduce a radiation

dose for effective photoresist exposure of the organo metal oxide EUV resist.

75. A patterning structure, comprising:
a substrate;
an organo metal oxide EUV-sensitive imaging layer disposed over the
substrate; and
an underlayer disposed below the organo metal oxide EUV-sensitive imaging
layer, wherein the underlayer comprises an amorphous hydrogenated carbon
film with sp2 carbons, sp carbons, and/or unsaturated carbon-containing

bonds, wherein the underlayer comprises at least 30 atomic % hydrogen,
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wherein the underlayer has a density of 0.7 g/cm? to 1.4 g/cm?, and wherein
the underlayer is configured to increase adhesion between the substrate and the
organo metal oxide EUV-sensitive imaging layer and reduce a radiation dose
for effective photoresist exposure of the organo metal oxide EUV-sensitive

imaging layer.

76. The patterning structure of claim 75, wherein the amorphous hydrogenated
carbon film of the underlayer is doped with oxygen (O), silicon (Si), nitrogen (N), tungsten
(W), boron (B), iodine (I), chlorine (Cl), or a combination of two or more of any of these; and
optionally wherein the amosphous hydrogenated carbon film of the underlayer is doped with
iodine and is configured to improve generation of secondary electrons upon exposure to

radiation.

77. The patterning structure of claim 75, wherein the underlayer comprises 1
atomic % to 30 atomic % oxygen (O) and/or wherein a surface of the underlayer comprises

hydroxyl groups, carboxyl groups, and/or peroxy groups.

78. The patterning structure of claim 75, wherein the underlayer provides
increased etch selectivity; and optionally wherein the underlayer further provides decreased

line edge and line width roughness and/or decreased dose to size.

79. The patterning structure of claim 75, wherein the underlayer further comprises

beta hydrogen atoms configured to be released upon exposure to radiation.

80.  The patterning structure of claim 75, wherein the underlayer is deposited on a

hardmask layer.

81. The patterning structure of claim 75, wherein the underlayer comprises a

thickness of no more than 25 nm.
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82. The patterning structure of claim 75, wherein the underlayer comprises
oxygen atoms configured to form metal-oxygen bonds in the organo metal oxide EUV-

sensitive imaging layer during or after a post exposure bake (PEB).

83. The patterning structure of claim 75, wherein the underlayer comprises 1

atomic % to 30 atomic % oxygen.

84. The patterning structure of claim 75, wherein the underlayer is configured to
10  increase adhesion between the substrate and the organo metal oxide EUV-sensitive imaging
layer and reduce a radiation dose for effective photoresist exposure of the organo metal oxide

EUV-sensitive imaging layer.

85. An apparatus for processing a substrate, the apparatus comprising:
15 a process chamber comprising a substrate support;
a process gas source connected with the process chamber and associated
flow-control hardware;
substrate handling hardware connected with the process chamber; and
a controller having a processor and a memory, wherein the processor and the
20 memory are communicatively connected with one another, the processor is at least
operatively connected with the flow-control and substrate handling hardware, and the
memory stores computer-executable instructions for conducting the operations recited

in the methods of any one of claims 22, 47, or 61.
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