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METHOD TO PATTERN A SEMICONDUCTOR SUBSTRATE USING A
MULTILAYER PHOTORESIST FILM STACK

CROSS REFERENCE TO RELATED PATENTS AND APPLICATIONS

[0001] This application claims priority to and the benefit of the filing date of U.S.
Non-Provisional Patent Application No. 18/387,619, filed November 7, 2023, which

application is incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The present invention relates generally to patterning methods for
semiconductor substrates and, in particular embodiments, to methods to increase

photoresist film thickness while avoiding photoresist pattern collapse.

BACKGROUND

[0003] Generally, a semiconductor device, such as an integrated circuit (IC) is
fabricated by sequentially depositing and patterning layers of dielectric, conductive,
and semiconductor materials over a semiconductor substrate to form a network of
electronic components and interconnect elements (e.g., transistors, resistors,
capacitors, metal lines, contacts, and vias) integrated in a monolithic structure. At each
successive technology node, the minimum feature sizes are shrunk to reduce cost by

roughly doubling the component packing density.

[0004] A common patterning method is to use a photolithography process to
expose a coating of photoresist over the target layer to a pattern of actinic radiation
and then transfer the relief pattern to the target layer or an underlying hard mask layer
formed over the target layer. With this technique, the minimum feature size would be
limited by the resolution of the optical system. Scaling of feature sizes for advanced

technology nodes is driving lithography to improve resolution. For sub-10 nm
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technology nodes (for example, 7 nm and 5 nm nodes), 13.5 nm extreme ultraviolet
(EUV) lithography is commonly used to pattern a photoresistive fiim with EUV

radiation.

[0005] EUV lithography techniques offer significant advantages in patterning sub-
10 nm features with its high optical resolution. However, one major engineering
challenge for EUV lithography is that photoresists developed for conventional
photolithography systems may not satisfy the cost and/or quality requirements for
patterning sub-10 nm features. For example, chemically amplified resist (CAR) or
similar polymer resists, which are commonly used in 193 nm lithography, are typically
produced using liquid based spin-on techniques that consume a significant amount of
complex metal cluster precursors, resulting in very high cost. CARs also tend to have
low absorption coefficients at 13.5 nm, and thus, may suffer poor sensitivity. Further,
the diffusion of photo-activated species in CARs may cause blurring and increase line-

edge roughness (LER) in the subsequently formed pattern.

[0006] Metal-oxide photoresists are attracting attention for use in EUV lithography
due to the high etch resistance/selectivity and photo reactivity to EUV of such resists.
In a typical EUV lithography process, a wet or dry process may be used to deposit a
metal-oxide photoresist film on at least one underlayer formed above a semiconductor
substrate. The metal-oxide photoresist film can be patterned with EUV lithography to
form a photoresist pattern on the underlayer(s) before an etch process is used to
transfer the photoresist pattern to the underlayer(s). Although a wet or dry process
may be utilized, a dry etch process (e.g., a plasma-based etch process) is typically

used to transfer the metal-oxide photoresist pattern to the underlayer(s).

[0007] Challenges remain with patterning underlayers using metal-oxide
photoresists and other photoresists typically utilized for EUV lithography. When
relatively thin photoresist films (having a film thickness < 15 nm) are used to form low
aspect ratio photoresist patterns, the etch process used to transfer the photoresist
pattern to the underlayer(s) may damage the photoresist pattern by significantly
etching (or completely removing) portions of the thin photoresist film. In some cases,
photoresist damage may be alleviated by depositing a substantially thicker photoresist

film (having a film thickness > 20 nm) on the underlayer(s) to form a higher aspect
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ratio photoresist pattern. However, patterning thick photoresist films has its own

challenges, oftentimes resulting in photoresist line or pillar collapse.

[0008] Accordingly, a need remains for improved EUV photoresists and methods

of forming such resists.

SUMMARY

[0009] The present disclosure provides various embodiments of improved process
flows and methods for processing a semiconductor substrate. More specifically, the
present disclosure provides improved process flows and methods that utilize a
multilayer photoresist film stack to form an extreme ultra-violet (EUV) photoresist
pattern on a semiconductor substrate. The multilayer photoresist film stack disclosed
herein includes a plurality of relatively thin photoresist film layers, each layer

comprising a different photoresist material.

[0010] In the disclosed embodiments, a multilayer photoresist film stack is
deposited on at least one underlayer formed above a semiconductor substrate and
patterned using EUV lithography to form an EUV photoresist pattern on the
underlayer(s). The multilayer photoresist film stack deposited on the underlayer(s)
includes at least a first photoresist layer and a second photoresist layer formed above
the first photoresist layer. The first and second photoresist layers are relatively thin
photoresist films (having, e.g., a film thickness less than 15 nm) formed from different
photoresist materials. A wide variety of photoresist materials may be used within the

multilayer photoresist film stack, as discussed further below.

[0011] The improved processes and methods disclosed herein provide a multilayer
photoresist film stack for use in EUV lithography. In the disclosed embodiments, the
multilayer photoresist film stack is exposed to EUV radiation to convert portions of the
first and second photoresist layers to reacted photoresist in a single exposure step.
After EUV exposure, the multilayer photoresist film stack is exposed to at least two
different development steps to selectively develop the first and second photoresist

layers included within the multilayer photoresist film stack. Because the first and
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second photoresist layers are implemented with different photoresist materials, each

photoresist layer is selectively developed, one at a time, to mitigate pattern collapse.

[0012] The improved processes and methods disclosed herein overcome the
challenges typically faced when conventional EUV lithography are used to form a
photoresist pattern on a semiconductor substrate. As noted above and described
further below, a plurality of relatively thin, yet different, photoresist film layers are
combined within a multilayer photoresist film stack to increase the overall resist film
thickness. By combining different photoresist layers within a multilayer photoresist film
stack, and using two different development steps to selectively develop the different
photoresist layers, the processes and methods disclosed herein avoid the photoresist
damage and photoresist line or pillar collapse that often occurs during conventional

EUV lithography processes.

[0013] According to one embodiment, a method is provided herein for processing
a semiconductor substrate. The method may generally begin by forming a multilayer
photoresist film stack on a surface of the semiconductor substrate. The multilayer
photoresist film stack may generally include a first photoresist layer and a second
photoresist layer formed above the first photoresist layer. The first photoresist layer
may comprise a metal oxide resist material, and the second photoresist layer may
comprise a resist material that differs from the metal oxide resist material used in the

first photoresist layer.

[0014] After forming multilayer photoresist film stack, the method may further
include exposing the multilayer photoresist film stack to extreme ultra-violet (EUV)
radiation in a single exposure step to: (a) convert regions of the first photoresist layer
exposed to the EUV radiation to reacted regions, while regions of the first photoresist
layer not exposed to the EUV radiation remain unchanged as unreacted regions, and
(b) convert regions of the second photoresist layer exposed to the EUV radiation to
reacted regions, while regions of the second photoresist layer not exposed to the EUV

radiation remain unchanged as unreacted regions.

[0015] After EUV exposure, the method may expose the multilayer photoresist film
stack to at least two different development steps to separately, and selectively,

develop the first and second photoresist layers included within the multilayer
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photoresist film stack. For example, the method may expose the multilayer photoresist
film stack to a first development process to selectively develop the second photoresist
layer by removing the reacted regions or the unreacted regions of the second
photoresist layer to form a pattern in the second photoresist layer. Thereafter, the
method may subsequently expose the multilayer photoresist film stack to a second
development process to selectively develop the first photoresist layer by removing the
reacted regions or the unreacted regions of the first photoresist layer to form a pattern

in the first photoresist layer.

[0016] A wide variety of photoresist materials may be used within the first and
second photoresist layers. For example, the metal oxide resist (MOR) material used
in the first photoresist layer may comprise an organometallic oxide containing a central
metal atom of tin (Sn), zirconium (Zr), indium (In), antimony (Sb), bismuth (Bi), zinc
(Zn), hafnium (Hf), aluminum (Al), or combinations thereof. In some embodiments, the
second photoresist layer may include a chemically amplified resist (CAR) material. In
other embodiments, the second photoresist layer may include another metal oxide
resist (MOR) material, which differs from the MOR material used in the first photoresist
layer. Like the MOR material included within the first photoresist layer, the MOR
material used within the second photoresist layer may contain an organometallic oxide
having a central metal atom of tin (Sn), zirconium (Zr), indium (In), antimony (Sb),
bismuth (Bi), zinc (Zn), hafnium (Hf), or aluminum (Al), or combinations thereof.
However, when the first and second photoresist layers both include MOR materials,
the organometallic oxide included within the second photoresist layer must be different

from the organometallic oxide included within the first photoresist layer.

[0017] Additional layers may also be included within the multilayer photoresist film
stack. In some embodiments, for example, the method may form an EUV
enhancement layer on at least one underlayer provided on the surface of the
semiconductor substrate before forming the first photoresist layer on the EUV
enhancement layer. The EUV enhancement layer may comprise a metal or non-metal
material that generates and emits secondary electrons when exposed to the EUV
radiation. Thus, when an EUV enhancement layer is included within the multilayer
photoresist film stack, the EUV enhancement layer may increase exposure of the first

photoresist layer to the EUV radiation during the single exposure step. In some



10

15

20

25

30

WO 2025/101248 PCT/US2024/043873

embodiments, the method may form a barrier layer on the first photoresist layer before
forming the second photoresist layer on the barrier layer. The barrier layer may
comprise a hydrophilic material that improves adhesion for the second photoresist

layer and provides an etch stop during the first development process.

[0018] In one embodiment, the method may form the multilayer photoresist stack
by: (a) forming an EUV enhancement layer on at least one underlayer provided on the
surface of the semiconductor substrate, wherein the EUV enhancement layer
comprises a metal or non-metal material that generates and emits secondary electrons
when exposed to the EUV radiation, and wherein the EUV enhancement layer has a
thickness ranging between 0.5 nm and 5 nm; (b) forming the first photoresist layer on
the EUV enhancement layer, wherein the metal oxide resist material used in the first
photoresist layer comprises a first organometallic oxide and has a thickness ranging
between 1 nm and 15 nm; (c) forming a barrier layer on the first photoresist layer,
wherein the barrier layer comprises a hydrophilic material and has a thickness ranging
between about one monolayer to less than 2 nm; and (d) forming the second
photoresist layer on the barrier layer, wherein the second photoresist layer comprises:
(i) a chemically amplified resist (CAR) material, or (ii) a metal oxide resist material that
differs from the metal oxide resist material used in the first photoresist layer, and has
a thickness ranging between 1 nm and 15 nm. In such an embodiment, a combined

thickness of the multilayer photoresist film stack may range between 2 nm and 35 nm.

[0019] A wide variety of development processes may be used to selectively
develop the second photoresist layer and the first photoresist layer, depending on the

materials used to form such layers.

[0020] When the second photoresist layer comprises a chemically amplified resist
(CAR) material, for example, said exposing the multilayer photoresist film stack to the
first development process may comprise exposing the multilayer photoresist film stack
to a wet development process to remove the reacted regions or the unreacted regions
of the second photoresist layer and form the pattern in the second photoresist layer.
When a wet development process is used to selectively develop the second
photoresist layer, the surface of the semiconductor substrate may be exposed to a

develop solution to dissolve the reacted regions or the unreacted regions of the second
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photoresist layer. Examples of develop solutions that may be used in the wet
development process include, but are not limited to, propylene glycol methyl ether
acetate (PGMEA), tetramethylammonium hydroxide (TMAH), normal butyl alcohol

(NBA), 2-heptanone and other organic solvents with an acid additive.

[0021] When the second photoresist layer comprises a metal oxide resist (MOR)
material that differs from the metal oxide resist (MOR) material used in the first
photoresist layer, said exposing the multilayer photoresist film stack to the first
development process may comprise exposing the multilayer photoresist film stack to
a dry development process to remove the reacted regions or the unreacted regions of
the second photoresist layer and form the pattern in the second photoresist layer.
When a dry development process is used to selectively develop the second
photoresist layer, the surface of the semiconductor substrate may be exposed to one
or more process gases, which react with exposed surfaces of the second photoresist
layer to remove the reacted regions or the unreacted regions of the second photoresist
layer. Examples of process gases that may be used in the dry development process
include, but are not limited to, hydrogen (Hz), ammonia (NH3), a halogen containing

gas or combinations thereof.

[0022] When the first photoresist layer comprises a metal oxide resist (MOR)
material, said exposing the multilayer photoresist film stack to the second development
process may also comprise exposing the multilayer photoresist film stack to a dry
development process to remove the reacted regions or the unreacted regions of the
first photoresist layer and form the pattern in the first photoresist layer. When a dry
development process is used to selectively develop the first photoresist layer, the
surface of the semiconductor substrate may be to one or more process gases, which
react with exposed surfaces of the first photoresist layer to remove the reacted regions
or the unreacted regions of the first photoresist layer. Examples of process gases that
may be used in the dry development process include, but are not limited to, hydrogen

(H2), ammonia (NH3), a halogen containing gas or combinations thereof.

[0023] According to another embodiment, another method is provided herein for
processing a semiconductor substrate. The method may generally begin by forming a

multilayer photoresist film stack on a surface of the semiconductor substrate by: (a)
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depositing an extreme ultra-violet (EUV) enhancement layer on at least one underlayer
provided on the surface of the semiconductor substrate; (b) depositing a first
photoresist layer on the EUV enhancement layer, the first photoresist layer comprising
a metal oxide resist material; (¢) depositing a barrier layer on the first photoresist layer;
and (d) depositing a second photoresist layer on the barrier layer, the second
photoresist layer comprising a resist material that differs from the metal oxide resist
material used in the first photoresist layer. In some embodiments, a combined

thickness of the multilayer photoresist film stack ranges between 2 nm and 35 nm.

[0024] After forming multilayer photoresist film stack, the method may further
include exposing the multilayer photoresist film stack to EUV radiation in a single
exposure step to convert regions of the first photoresist layer and regions of the second
photoresist layer exposed to the EUV radiation to reacted regions, while regions of the
first photoresist layer and regions of the second photoresist layer not exposed to the
EUV radiation remain unchanged as unreacted regions. After EUV exposure, the
method may use two different development steps to selectively develop the first and
second photoresist layers. For example, the method may expose the multilayer
photoresist film stack to a first development process to selectively develop the second
photoresist layer by removing the reacted regions or the unreacted regions of the
second photoresist layer to form a pattern in the second photoresist layer. Thereafter,
the method may expose the multilayer photoresist film stack to a second development
process to selectively develop the first photoresist layer by removing the reacted
regions or the unreacted regions of the first photoresist layer to form a pattern in the
first photoresist layer. In some embodiments, said forming the multilayer photoresist
film stack, said exposing the multilayer photoresist film stack to the first development
process and said exposing the multilayer photoresist film stack to the second
development process may form a pattern in the second photoresist layer and in the

first photoresist layer that avoids pattern collapse.

[0025] In some embodiments, said depositing the first photoresist layer may
include depositing the metal oxide resist material on the EUV enhancement layer,
where the metal oxide resist material comprises an organometallic oxide having a
thickness ranging between 1 nm and 15 nm. When the first photoresist layer

comprises a MOR material, said exposing the multilayer photoresist film stack to the



10

15

20

25

30

WO 2025/101248 PCT/US2024/043873

second development process may comprise exposing the multilayer photoresist film
stack to a dry development process to remove the reacted regions or the unreacted

regions of the first photoresist layer and form the pattern in the first photoresist layer.

[0026] In some embodiments, said depositing the second photoresist layer may
include depositing a chemically amplified resist (CAR) material on the barrier layer,
where the CAR material has a thickness ranging between 1 nm and 15 nm. When the
second photoresist layer comprises a CAR material, said exposing the multilayer
photoresist film stack to the first development process may include exposing the
multilayer photoresist film stack to a wet development process to remove the reacted
regions or the unreacted regions of the second photoresist layer and form the pattern

in the second photoresist layer.

[0027] In other embodiments, said depositing the second photoresist layer may
include depositing a metal oxide resist material, which differs from the metal oxide
resist material used in the first photoresist layer, on the barrier layer. The metal oxide
resist material used within the second photoresist layer may comprise an
organometallic oxide, which differs from the organometallic oxide included within the
first photoresist layer, and has a thickness ranging between 1 nm and 15 nm. When
the second photoresist layer comprises a MOR material, said exposing the multilayer
photoresist film stack to the first development process may include exposing the
multilayer photoresist film stack to a dry development process to remove the reacted
regions or the unreacted regions of the second photoresist layer and form the pattern

in the second photoresist layer.

[0028] A wide variety of deposition processes may be used in the methods
described herein to form the layers included within the multilayer photoresist stack.
For example, the EUV enhancement layer, the first photoresist layer, the barrier layer
and the second photoresist layer may each be deposited using spin coating, chemical
vapor deposition (CVD) or atomic layer deposition (ALD) deposition processes. In
some embodiments, one or more layers of the multilayer photoresist stack may be
deposited in situ within the same process chamber. For example, at least the EUV

enhancement layer, the first photoresist layer and the barrier layer may be deposited
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in situ using the same deposition technique, in some embodiments. Other deposition

processes not specifically mentioned herein may also be used.

[0029] The methods described herein can be used to form negative tone or positive
tone photoresist patterns on the semiconductor substrate. In some embodiments, the
first photoresist layer and the second photoresist layer may each comprise a negative
photoresist, and the EUV exposure and development steps may be performed to form
a negative tone EUV photoresist pattern on the substrate. In other embodiments, the
first photoresist layer may comprise a negative photoresist and the second photoresist
may comprise a positive photoresist, and the EUV exposure and development steps

may be performed to form a positive tone EUV photoresist pattern on the substrate.

[0030] Various embodiments of methods are provided herein for processing a
semiconductor substrate, and more specifically, for forming an EUV photoresist
pattern on a semiconductor substrate. Of course, the order of discussion of the
different steps as described herein has been presented for the sake of clarity. In
general, these steps can be performed in any suitable order. Additionally, although
each of the different features, techniques, configurations, etc. herein may be
discussed in different places of this disclosure, it is intended that each of the concepts
can be executed independently of each other or in combination with each other.
Accordingly, the present invention can be embodied and viewed in many different

ways.

[0031] Note that this summary section does not specify every embodiment and/or
incrementally novel aspect of the present disclosure or claimed inventions. Instead,
this summary only provides a preliminary discussion of different embodiments and
corresponding points of novelty over conventional techniques. For additional details
and/or possible perspectives of the invention and embodiments, the reader is directed
to the Detailed Description section and corresponding figures of the present disclosure

as further discussed below.

10
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BRIEF DESCRIPTION OF THE DRAWINGS

[0032] A more complete understanding of the present inventions and advantages
thereof may be acquired by referring to the following description taken in conjunction
with the accompanying drawings, in which like reference numbers indicate like
features. It is to be noted, however, that the accompanying drawings illustrate only
exemplary embodiments of the disclosed concepts and are therefore not to be
considered limiting of the scope, for the disclosed concepts may admit to other equally

effective embodiments.

[0033] FIG. 1 is a flowchart diagram illustrating a method for processing a
semiconductor substrate in accordance with one embodiment of the present

disclosure.

[0034] FIG. 2 illustrates one example of a process flow that utilizes the method
shown in FIG. 1 to form an EUV photoresist pattern on a semiconductor substrate,

according to a first embodiment of the present disclosure.

[0035] FIG. 3 illustrates another example of a process flow that utilizes the method
shown in FIG. 1 to form an EUV photoresist pattern on a semiconductor substrate,

according to a second embodiment of the present disclosure.

[0036] FIG. 4 is a flowchart diagram illustrating another method for processing a
semiconductor substrate in accordance with another embodiment of the present

disclosure.

[0037] FIG. 5 illustrates one example of a process flow that utilizes the method
shown in FIG. 4 to form an EUV photoresist pattern on a semiconductor substrate,

according to a third embodiment of the present disclosure.

[0038] FIG. 6 illustrates another example of a process flow that utilizes the method
shown in FIG. 4 to form an EUV photoresist pattern on a semiconductor substrate,

according to a fourth embodiment of the present disclosure.

11
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0039] Embodiments of the present disclosure provide improved process flows and
methods for processing a semiconductor substrate. More specifically, the present
disclosure provides improved process flows and methods that utilize a multilayer
photoresist film stack to form an extreme ultra-violet (EUV) photoresist pattern on a
semiconductor substrate. The multilayer photoresist film stack disclosed herein
includes a plurality of relatively thin photoresist film layers, each layer comprising a

different photoresist material.

[0040] In the disclosed embodiments, a multilayer photoresist film stack is
deposited on at least one underlayer formed above a semiconductor substrate and
patterned using EUV lithography to form an EUV photoresist pattern on the
underlayer(s). The multilayer photoresist film stack deposited on the underlayer(s)
includes at least a first photoresist layer and a second photoresist layer formed above
the first photoresist layer. The first and second photoresist layers are relatively thin
photoresist films (having, e.g., a film thickness less than 15 nm) formed from different
photoresist materials. A wide variety of photoresist materials may be used within the
multilayer photoresist film stack. For example, the first photoresist layer may include
a metal oxide resist (MOR) material and the second photoresist layer may include a
chemically amplified resist (CAR) material or another MOR material, which differs from
the MOR material used in the first photoresist layer. Although MOR and CAR resists
are provided herein as examples, other EUV-active photoresist materials may also be

utilized within the multilayer photoresist film stack.

[0041] The improved processes and methods disclosed herein provide a multilayer
photoresist film stack for use in EUV lithography. In the disclosed embodiments, the
multilayer photoresist film stack is exposed to EUV radiation to convert portions of the
first and second photoresist layers to reacted photoresist in a single exposure step.
After EUV exposure, the multilayer photoresist film stack is exposed to at least two
different development steps to selectively develop the first and second photoresist
layers included within the multilayer photoresist film stack. Because the first and
second photoresist layers are implemented with different photoresist materials, each

photoresist layer is selectively developed, one at a time, to mitigate pattern collapse.

12
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[0042] The processes and methods disclosed herein overcome the challenges
typically faced when conventional EUV lithography are used to form a photoresist
pattern on a semiconductor substrate. As noted above and described further below, a
plurality of relatively thin, yet different, photoresist film layers are combined within a
multilayer photoresist film stack to increase the overall resist film thickness. By
combining different photoresist layers within a multilayer photoresist film stack, and
using two different development steps to selectively develop the different photoresist
layers, the processes and methods disclosed herein avoid the photoresist damage
and photoresist line or pillar collapse that often occurs during conventional EUV

lithography processes.

[0043] Turning now to the Drawings, FIG. 1 illustrates one embodiment of a method
for processing a semiconductor substrate in accordance with the present disclosure.
More specifically, FIG. 1 illustrates one embodiment of a method that utilizes a
multilayer photoresist film stack to pattern a semiconductor substrate in an EUV
photolithographic process. It will be recognized that the embodiment of FIG. 1 is
merely exemplary and additional methods may utilize the techniques described herein.
Further, additional processing steps may be added to the method shown in the FIG. 1
as the steps described are not intended to be exclusive. Moreover, the order of the
steps is not limited to the order shown in the figures as different orders may occur

and/or various steps may be performed in combination or at the same time.

[0044] The method 100 shown in FIG. 1 begins by forming a multilayer photoresist
film stack on a surface of a semiconductor substrate (in step 110). The multilayer
photoresist film stack formed in step 110 includes at least a first photoresist layer and
a second photoresist layer formed above the first photoresist layer. In the embodiment
shown in FIG. 1, the first photoresist layer includes a metal oxide resist material, and
the second photoresist layer includes a resist material that differs from the metal oxide
resist material used in the first photoresist layer. Regardless of the particular material
used, the first photoresist layer and the second photoresist layer may each be
relatively thin layers. For example, the first photoresist layer and the second
photoresist layer may each have a thickness ranging between 1 nm and 15 nm. In
some embodiments, the multilayer photoresist film stack formed in step 110 may

further include an EUV enhancement layer formed under the first photoresist layer

13
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and/or a barrier layer formed between the first photoresist layer and the second

photoresist layer, as discussed further herein.

[0045] After the multilayer photoresist film stack is formed in step 110, the method
100 exposes the multilayer photoresist film stack to EUV radiation in a single exposure
step (in step 120) to: (a) convert regions of the first photoresist layer exposed to the
EUV radiation to reacted regions, while regions of the first photoresist layer not
exposed to the EUV radiation remain unchanged as unreacted regions, and (b)
convert regions of the second photoresist layer exposed to the EUV radiation to
reacted regions, while regions of the second photoresist layer not exposed to the EUV
radiation remain unchanged as unreacted regions. The process conditions utilized
during the EUV exposure step (e.g., EUV dose and exposure time) may generally be
selected to ensure that regions of the first photoresist layer and the second photoresist
layer not covered by an overlying photomask are adequately exposed to EUV radiation
to convert the exposed regions into reacted photoresist in a single exposure step. In
some embodiments, an optional post-exposure bake (PEB) step (or other heat-treating
step) may be performed to stabilize the photoresist after EUV exposure by completing

the reactions initiated during EUV exposure.

[0046] After EUV exposure (and optional PEB), the method 100 exposes the
multilayer photoresist film stack to at least two different development steps to
separately, and selectively, develop the first and second photoresist layers included
within the multilayer photoresist film stack. For example, the method 100 may expose
the multilayer photoresist film stack to a first development process to selectively
develop the second photoresist layer by removing the reacted regions or the unreacted
regions of the second photoresist layer to form a pattern in the second photoresist
layer (in step 130). After the first development process is complete, the method 100
may expose the multilayer photoresist film stack to a second development process to
selectively develop the first photoresist layer by removing the reacted regions or the
unreacted regions of the first photoresist layer to form a pattern in the first photoresist

layer (in step 140).

[0047] A wide variety of semiconductor materials may be used to implement the

substrate, the first photoresist layer, and the second photoresist layer in the method
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100 shown in FIG. 1. Examples of suitable semiconductor materials are provided
below for explanatory purposes. However, one skilled in the art having the benefit of
this disclosure would readily understand how other semiconductor materials not

specifically mentioned herein may also be utilized.

[0048] The semiconductor substrate may be any substrate for which patterning of
the substrate is desirable. For example, the substrate may be a semiconductor
substrate having one or more semiconductor processing layers (all of which together
may comprise the substrate) formed thereon. Thus, in one embodiment, the substrate
may be a semiconductor substrate that has been subject to multiple semiconductor
processing steps which yield a wide variety of structures and layers, all of which are
known in the substrate processing art, and which may be considered to be part of the
substrate. For example, in one embodiment, the substrate may be a semiconductor
wafer having one or more semiconductor processing layers formed thereon. The
concepts disclosed herein may be utilized at any stage of the substrate process flow
such as, for example, any of the numerous deposition, photolithography and etching

steps that may be utilized to form a completed substrate.

[0049] A wide variety of photoresist materials may be used within the first and
second photoresist layers. In some embodiments, the first photoresist layer may
include a metal oxide resist (MOR) material containing an organometallic oxide. In one
example, the MOR material used within the first photoresist layer may be an
organometallic oxide comprising tin oxide (SnQ). It is noted, however, that the MOR
material used within the first photoresist layer is not limited to such an example and
may include other organometallic oxides having a central metal atom of tin (Sn),
zirconium (Zr), indium (In), antimony (Sb), bismuth (Bi), zinc (Zn), hafnium (Hf),
aluminum (Al) or combinations thereof. It is further noted that the first photoresist layer
disclosed herein is not strictly limited to organometallic oxides, and may include other

organic and inorganic photoresist film layers that are suitable for EUV lithography.

[0050] As noted above, the second photoresist layer may generally include a resist
material that differs from the MOR material used in the first photoresist layer. In some
embodiments, the second photoresist layer may include a chemically amplified resist

(CAR) material. Chemically amplified resists (CARs) generally include a polymer resin,
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a photoacid generator (PAG) to provide sensitivity to UV light and a dissolution
inhibitor to provide a solubility switch before and after UV exposure. Examples of CAR
materials suitable for use in EUV lithography include, but are not limited to,
polymethylmethacrylate (PMMA), a polyhydroxystyrene (PHS), and other materials

commonly used for CARs.

[0051] In other embodiments, the second photoresist layer may include another
metal oxide resist (MOR) material, which differs from the MOR material used in the
first photoresist layer. Like the MOR material included within the first photoresist layer,
the MOR material used within the second photoresist layer may contain an
organometallic oxide having a central metal atom of tin (Sn), zirconium (Zr), indium
(In), antimony (Sb), bismuth (Bi), zinc (Zn), hafnium (Hf), or aluminum (Al), or
combinations thereof. When the first and second photoresist layers both include MOR
materials, it is necessary for the organometallic oxide included within the second
photoresist layer to be different from the organometallic oxide included within the first
photoresist layer. In one example, the MOR material used in the second photoresist
layer may be an organometallic oxide comprising titanium oxide (TiO) or another
organometallic oxide that differs from the organometallic oxide (e.g., SnO) used in the
first photoresist layer. Although MOR and CAR resists are provided herein as
examples, other EUV-active photoresist materials may also be used to implement the

second photoresist layer.

[0052] The first and second photoresist layers may each comprise negative or
positive photoresist materials. As known in the art, a negative photoresist (or negative
tone resist) is a photosensitive material that is strengthened (either polymerized or
cross-linked) when exposed to light, rendering the exposed portions of the material in-
soluble (or less soluble) in the develop solution or more difficult to remove in a dry
development process. A positive photoresist (or positive tone resist) is a
photosensitive material that is weakened or degraded by light, rendering the exposed
portions of the material soluble (or more soluble) in the develop solution or easier to
remove in a dry development process. The MOR and CAR resists described above
may be negative photoresists, positive photoresists or a combination of negative and
positive photoresists, depending on the particular photoresistive materials included

within the photoresist layers.
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[0053] In some embodiments, the multilayer photoresist film stack formed in step
110 may further include an EUV enhancement layer formed under the first photoresist
layer and/or a barrier layer formed between the first photoresist layer and the second
photoresist layer, as noted above. For example, the method 100 may: (a) form an EUV
enhancement layer on at least one underlayer provided on the surface of the
semiconductor substrate before forming the first photoresist layer on the EUV
enhancement layer, and/or (b) form a barrier layer on the first photoresist layer before

forming the second photoresist layer on the barrier layer.

[0054] The underlayer(s) formed on and/or above the semiconductor substrate
may include one or more underlayers commonly used for patterning. Examples of
underlayer(s) include, but are not limited to, bottom anti-reflective coating (BARC)
layers, hard mask layers, carbon layers and other organic and inorganic material
layers. For example, the underlayer(s) may include a carbon (C) layer, an amorphous
carbon layer (a-C), a silicon carbide (SiC) layer, a silicon oxycarbide (SiOC) layer, a
silicon carbide (SiC) layer, an amorphous silicon (a-Si) layer, a silicon dioxide (SiOz2)
layer and/or combinations thereof. Other semiconductor materials suitable for use as

underlayers may also be utilized, as discussed further herein and known in the art.

[0055] In some embodiments, the EUV enhancement layer may be included within
the multilayer photoresist film stack to increase exposure of the first photoresist layer
to the EUV radiation during the single exposure step (in step 120). The EUV
enhancement layer may generally include materials having high electron emission
when exposed to EUV radiation. As such, the EUV enhancement layer may enhance
exposure dose via secondary electron generation upon EUV exposure. Examples of
such materials include, but are not limited to, metals and non-metal materials, such as
transition metals, lanthanides and graphitic materials (e.g., graphene). In some
embodiments, inclusion of the EUV enhancement layer within the multilayer
photoresist film stack may enable the EUV dose to be reduced and/or provide scaling.
The secondary electrons emitted by the EUV enhancement layer facilitate further
reactions in the first photoresist layer, thereby improving the exposed area and

reducing the required EUV dose.
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[0056] In some embodiments, the barrier layer may be included within the
multilayer photoresist film stack to improve adhesion for the second photoresist layer
and provide an etch stop during the first development process (in step 130). The
barrier layer may generally include a hydrophilic material or another material that
provides good adhesion between the first and second photoresist layers, especially
when the first photoresist layer is a MOR and the second photoresist layer is a CAR.
As used herein, a hydrophilic material is defined as a material having a water contact
angle less than or equal to 60°. Examples of hydrophilic materials suitable for use as
a barrier layer include, but are not limited to, amorphous carbon (a-C), silicon
oxycarbide (SiOC), amorphous silicon, silicon dioxide (SiO2) and other metal
containing materials having properties that provide good adhesion for the second

photoresist layer.

[0057] A wide variety of deposition processes may be used to form the layers
included within the multilayer photoresist stack (in step 110). For example, the EUV
enhancement layer, the first photoresist layer, the barrier layer and the second
photoresist layer may each be deposited using spin coating, chemical vapor deposition
(CVD) or atomic layer deposition (ALD) deposition processes. In some embodiments,
one or more layers of the multilayer photoresist stack may be deposited in situ within
the same process chamber. For example, at least the EUV enhancement layer, the
first photoresist layer and the barrier layer may be deposited in situ using the same
deposition technique, in some embodiments. Other deposition processes not

specifically mentioned herein may also be used.

[0058] A wide variety of development processes may be used to selectively
develop the second photoresist layer (in step 130) and selectively develop the first
photoresist layer (in step 140), depending on the resist materials used within the first
and second photoresist layers. In some embodiments, the method 100 may use a
combination of wet and dry development processes to selectively develop the second
photoresist layer (in step 130) and selectively develop the first photoresist layer (in
step 140). In other embodiments, a combination of two or more wet development
processes, or two or more dry development processes, may be used to selectively
develop the second photoresist layer (in step 130) and selectively develop the first

photoresist layer (in step 140).
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[0059] In one example embodiment, the second photoresist layer may include a
CAR material, and the method 100 may expose the multilayer photoresist film stack
to a wet development process (in step 130) to remove the reacted regions (or the
unreacted regions) of the second photoresist layer and form the pattern in the second
photoresist layer. During a wet development process, the surface of the substrate is
treated with a develop solution to dissolve the reacted regions (in case of a positive
tone resist) or unreacted regions (in case of a negative tone resist) of the post-
exposure, second photoresist layer. The develop solution supplied to the substrate
surface may generally depend on the resist material used within the second
photoresist layer. Examples of develop solutions that may be used to selectively
develop the second photoresist layer include, but are not limited to, propylene glycol
methyl ether acetate (PGMEA), tetramethylammonium hydroxide (TMAH), normal

butyl alcohol (NBA), 2-heptanone and other organic solvents with an acid additive.

[0060] In another example embodiment, the second photoresist layer may include
a MOR material, and the method 100 may expose the multilayer photoresist film stack
to a dry development process (in step 130) to remove the reacted regions (or the
unreacted regions) of the second photoresist layer and form the pattern in the second
photoresist layer. The dry development process may comprise, for example, a
selective plasma etch process or a thermal process, advantageously eliminating the
use of a developing solution. In certain embodiments, the dry development process
may be performed using reactive ion etching (RIE), atomic layer etching (ALE) or

chemical vapor etching (CVE).

[0061] During a dry development process, the surface of the substrate is exposed
to one or more process gases, which react with the exposed surfaces of the second
photoresist layer to remove the reacted regions (in case of a positive tone resist) or
unreacted regions (in case of a negative tone resist) of the post-exposure, second
photoresist layer. A wide variety of process gases (and optionally non-reactive gases)
may be used in the dry development process to selectively develop the second
photoresist layer. Examples of process gases that may be used to selectively develop
the second photoresist layer include, but are not limited to, hydrogen (Hz), ammonia
(NHs), halogen containing process gases (e.g., process gases containing chlorine,

fluorine, bromine, efc.) and/or combinations thereof. Examples of non-reactive gases
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that may be combined with one or more process gases include, but are not limited to,

argon (Ar) and nitrogen (N2).

[0062] In one example embodiment, the method 100 may expose the multilayer
photoresist film stack to a dry development process (in step 140) to remove the reacted
regions or the unreacted regions of the first photoresist layer and form the pattern in
the first photoresist layer. During the dry development process, the surface of the
substrate is exposed to one or more process gases, which react with the exposed
surfaces of the first photoresist layer to remove the reacted regions (in case of a
positive tone resist) or unreacted regions (in case of a negative tone resist) of the post-
exposure, first photoresist layer. A wide variety of process gases (and optionally non-
reactive gases) may be used in the dry development process to selectively develop
the first photoresist layer, as discussed above in reference to the second photoresist

layer.

[0063] In certain embodiments, wet development processes are generally
preferred when developing CAR materials, due to the ease with which post-exposure
CAR materials are removed with developing solutions, whereas dry development
processes are generally preferred when developing MOR materials. When a MOR
material is used in the first photoresist layer and a CAR material is used in the second
photoresist layer, the dry development process used in step 140 improves
development selectivity between the CAR and MOR materials. When different MOR
materials are used in the first and second photoresist layers, the dry development
processes used in steps 130 and 140 may utilized different process gases to

selectively develop the first and second photoresist layers.

[0064] The method 100 shown in FIG. 1 improves upon conventional EUV
photolithographic processes by: (a) providing a multilayer photoresist film stack
comprising at least two different relatively thin photoresist film layers (e.g., each
photoresist film may have a film thickness < 15 nm), and (b) using two different
development steps to selectively develop the different photoresist film layers. In doing
so, the method 100 avoids the pattern collapse that often occurs when a relatively
thick photoresist film layer (e.g., a photoresist film having a film thickness > 20 nm) is

developed in a single wet or dry development step, and avoids damaging the
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photoresist film stack when transferring the photoresist pattern to underlying target

layer(s).

[0065] FIG. 2 illustrates one example of a process flow 200 that utilizes the method
100 shown in FIG. 1 to form an EUV photoresist pattern on a semiconductor substrate
in accordance with a first embodiment of the present disclosure. Like the method 100
described above, the process flow 200 begins by forming a multilayer photoresist film
stack on a surface of a semiconductor substrate 205 (in step 110). In the process flow
200 shown in FIG. 2, the multilayer photoresist film stack is formed in step 110 by: (a)
depositing an EUV enhancement layer 215 on at least one underlayer 210 provided
on the surface of the semiconductor substrate 205; (b) depositing a first photoresist
layer 220 on the EUV enhancement layer 215; and (c) depositing a second photoresist

layer 225 on the first photoresist layer 220.

[0066] The at least one underlayer 210 may generally include one or more
underlayers, such as an under layer (UL), a middle layer (ML) and/or a bottom layer
(BL). Examples of UL, ML and BL materials include, but are not limited to, amorphous
carbon for UL materials, oxides (such as silicon oxides) for ML materials and nitrides
(such as titanium nitride) for BL materials. Other UL, ML and BL materials may be
used, as is known in the art. As noted above, the EUV enhancement layer 215
deposited on at least one underlayer 210 may include a metal or non-metal material,
which demonstrates high electron emission when exposed to EUV radiation.
Examples of such materials include, but are not limited to, metals (e.g., transition
metals and lanthanides) and graphitic materials such as, for example, graphene. In
some embodiments, a thickness of the EUV enhancement layer 215 may range

between 0.5 nm and 5 nm.

[0067] Insome embodiments, the first photoresist layer 220 deposited on top of the
EUV enhancement layer 215 may include a metal oxide resist (MOR) material
containing a first organometallic oxide. In one example embodiment, the first
photoresist layer 220 may be a negative tone resist comprising tin oxide (SnO). It is
noted, however, that the first photoresist layer 220 is not strictly limited to such an
example and may alternatively include other negative or positive photosensitive

materials comprising other organometallic oxides such as, but not limited to, zirconium
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oxide (ZrO), indium oxide (InO), antimony oxide (SbO), bismuth oxide (BiO), zinc oxide
(Zn0), hafnium oxide (HfO), aluminum oxide (AIO) and metal oxide frameworks
(MOFs). The first photoresist layer 220 may include a relatively thin photoresist film
(e.g., a photoresist film having a film thickness < 15 nm). In some embodiments, a

thickness of the first photoresist layer 220 may range between 1 nm and 15 nm.

[0068] The second photoresist layer 225 deposited above the first photoresist layer
220 includes a resist material, which differs from the MOR material used in the first
photoresist layer 220. For example, the second photoresist layer 225 may include a
chemically amplified resist (CAR) material or a MOR material that differs from the MOR
material used in the first photoresist layer 220. The CAR or MOR material may be a
negative or positive photosensitive material. In one example, the MOR material used
in the second photoresist layer 225 may be another negative tone resist comprising a
second organometallic oxide (such as, e.g., titanium oxide (TiO) or another
organometallic oxide) that differs from the first organometallic oxide (e.g., tin oxide
(SnQ)) used in the first photoresist layer 220. The second photoresist layer 225 may
include a relatively thin photoresist film (e.g., a photoresist film having a film thickness
<15 nm). In some embodiments, a thickness of the second photoresist layer 225 may

range between 1 nm and 15 nm.

[0069] The multilayer photoresist film stack shown in FIG. 2, which includes EUV
enhancement layer 215, first photoresist layer 220 and second photoresist layer 225,
may have a combined thickness ranging between 2 nm and 30 nm. The use of two
different photoresist layers 220/225 increases resist thickness, while mitigating pattern
collapse concerns. In some embodiments, the combined thickness of the multilayer
photoresist film stack may enable the overall thickness of the stack to be reduced by
eliminating one or more of the underlayers. For example, the UL and/or the ML may
be omitted from the at least one underlayer 210 when the multilayer photoresist film

stack shown in FIG. 2 is utilized to form an EUV pattern.

[0070] The at least one underlayer 210, the EUV enhancement layer 215, the first
photoresist layer 220 and the second photoresist layer 225 may each be deposited
using a wide variety of wet or dry deposition processes. For example, the at least one

underlayer 210, the EUV enhancement layer 215, the first photoresist layer 220 and
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the second photoresist layer 225 may be deposited using spin coating, chemical vapor
deposition (CVD) or atomic layer deposition (ALD) deposition processes. In some
embodiments, one or more layers of the multilayer photoresist stack may be deposited
in situ within the same process chamber. For example, at least the EUV enhancement
layer 215, the first photoresist layer 220 and the barrier layer 222 may be deposited in
situ using the same deposition technique, in some embodiments. Other deposition

processes not specifically mentioned herein may also be used.

[0071] After forming the multilayer photoresist film stack (in step 110), the process
flow 200 uses EUV lithography to pattern the multilayer photoresist film stack and form
an EUV photoresist pattern on the semiconductor substrate 205. As shown in FIG. 2,
the EUV lithography process exposes the semiconductor substrate 205 containing the
multilayer photoresist film stack to EUV radiation 230 (for example, at a wavelength of
13.5 nm) in a single EUV exposure step 120. The EUV lithography process may utilize
a photomask (not shown) such that a photo-induced reaction occurs only in regions
240 of the second photoresist layer 225 and regions 250 of the first photoresist layer
220 that are exposed to the EUV radiation 230. The regions 240 of the second
photoresist layer 225 and the regions 250 of the first photoresist layer 220 exposed to
the EUV radiation 230 are converted to reacted photoresist. The regions 245 of the
second photoresist layer 225 and regions 255 of the first photoresist layer 220, which
are not exposed to the EUV radiation 230, remain unchanged as unreacted regions.
After the EUV exposure step 120, an optional post-exposure bake (PEB) step may be
performed to stabilize the photoresist layers after EUV exposure by completing the
reactions initiated during exposure. In some embodiments, the optional PEB step may
prevent changes in line edge roughness (LER), line width roughness (LWR) and/or

critical dimension (CD).

[0072] The process conditions utilized during the EUV exposure step 120 (e.g.,
EUV dose and exposure time) may generally be selected to ensure that the regions
240 of the second photoresist layer 225 and regions 250 the first photoresist layer 220
not covered by the overlying photomask are adequately exposed to the EUV radiation
230 to convert the exposed regions into reacted photoresist in a single exposure step.
For example, an EUV dose less than 70 millijoules (mJ) per cm? may be used during

the EUV exposure step 120 to convert the exposed regions 240/250 of the photoresist
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layers to reacted photoresists. The EUV enhancement layer 215 included within the
multilayer photoresist film stack increases exposure of the first photoresist layer 220
to the EUV radiation 230 during the single EUV exposure step 120. In some
embodiments, inclusion of the EUV enhancement layer 215 within the multilayer

photoresist film stack may enable the EUV dose to be reduced.

[0073] After completing the EUV exposure step 120 and the optional PEB step, a
first development process is performed (in step 130) to remove the reacted regions (in
case of a positive tone resist) or the unreacted regions (in case of a negative tone
resist) of the second photoresist layer 225 and form a pattern in the second photoresist
layer 225. The first development process may be a wet development process or a dry
development process, depending on the resist material used in the second photoresist
layer 225. In one example, a portion of the second photoresist layer 225 may be
removed by treating the substrate with a develop solution (e.g., PGMEA, TMAH, efc.)
to dissolve the reacted regions 240 (in case of a positive tone resist) or unreacted
regions 245 (in case of a negative tone resist) of the second photoresist layer 225
when the second photoresist layer 225 includes a CAR material. Alternately, a dry
development process may be used to remove the reacted regions 240 or unreacted
regions 245 of the second photoresist layer 225 when the second photoresist layer
225 includes a MOR material.

[0074] Regardless of whether a wet or dry process is used, the first development
process performed in step 130 selectively develops the second photoresist layer 225
by removing select portions of the second photoresist layer 225 without reacting with
or removing any portion of the first photoresist layer 220 underlying the second
photoresist layer 225. In the process flow 200 shown in FIG. 2, the first development
process performed in step 130 selectively develops the second photoresist layer 225
by removing the unreacted regions 245 of the second photoresist layer 225 to form a
negative tone resist pattern in the second photoresist layer 225. However, one skilled
in the art would readily understand how the first development process could be
modified to remove the reacted regions 240 of the second photoresist layer 225 to

form a positive tone resist pattern in the second photoresist layer 225.
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[0075] After selectively developing the second photoresist layer 225, a second
development process is performed (in step 140) to remove the reacted regions (in
case of a positive tone resist) or the unreacted regions (in case of a negative tone
resist) of the first photoresist layer 220 and form a pattern in the first photoresist layer
220. The second development process may be a wet development process or a dry
development process, depending on the resist material used in the first photoresist
layer 220. In one example, a dry development process may be used to remove the
reacted regions 250 (in case of a positive tone resist) or unreacted regions 255 (in
case of a negative tone resist) of the first photoresist layer 220 when the first

photoresist layer 220 includes a MOR material.

[0076] Like the first development process, the second development process
performed in step 140 selectively develops the first photoresist layer 220 by removing
select portions of the first photoresist layer 220 without reacting with or removing any
portion of the second photoresist layer 225 overlying the first photoresist layer 220. In
the process flow 200 shown in FIG. 2, the second development process performed in
step 140 selectively develops the first photoresist layer 220 by removing the unreacted
regions 255 of the first photoresist layer 220 to form a negative tone resist pattern in
the first photoresist layer 220. However, one skilled in the art would readily understand
how the second development process could be modified to remove the reacted
regions 250 of the first photoresist layer 220 to form a positive tone resist pattern in
the first photoresist layer 220. After selectively developing the first photoresist layer
220, additional processing step(s) may be performed to transfer the resist pattern to
the at least one underlayer 210, thereby forming an EUV photoresist pattern on the
semiconductor substrate 205. The semiconductor substrate 205 may generally include

one or more target layers for pattern transfer.

[0077] FIG. 3 illustrates another example of a process flow 300 that utilizes the
method 100 shown in FIG. 1 to form an EUV photoresist pattern on a semiconductor
substrate, according to a second embodiment of the present disclosure. Many of the
process flow 300 steps shown in FIG. 3 are identical to the process flow 200 steps
shown in FIG. 2, and thus, will not be repeated herein for the purpose of brevity. The

process flow 300 differs from the process flow 200 by omitting the EUV enhancement
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layer 215 and adding a barrier layer 222 between the first photoresist layer 220 and

the second photoresist layer 225.

[0078] As noted above, the barrier layer 222 improves adhesion for the second
photoresist layer 225 and provides an etch stop during the first development process
(in step 130). In some embodiments, the barrier layer 222 may be included within the
multilayer photoresist film stack when the first photoresist layer 220 includes a MOR
material and the second photoresist layer 225 includes a CAR material. The barrier
layer 222 may include a wide variety of hydrophilic materials or other materials that
provide good adhesion between the first and second photoresist layers. Examples of
hydrophilic materials suitable for use within the barrier layer 222 include, but are not
limited to, amorphous carbon (a-C), silicon oxycarbide (SiOC), amorphous silicon,
silicon dioxide (SiO2) and other metal containing materials having properties that
provide good adhesion for the second photoresist layer 225. In some embodiments, a
thickness of the barrier layer 222 may range between about one monolayer to less

than 2 nm.

[0079] Depending on the material used for the barrier layer 222, at least portions
of the barrier layer 222 may be removed during the first development process (in step
130) or during the second development process (in step 140). In the embodiment
shown in FIG. 3, portions of the barrier layer 222 not covered by the pattern formed in
the second photoresist layer 225 may be removed during the second development
process (in step 140). Alternatively, exposed portions of the barrier layer 222 may be

removed during the first development process (in step 130).

[0080] FIG. 4 illustrates another method 400 for processing a semiconductor
substrate in accordance with the present disclosure. More specifically, FIG. 4
illustrates another method 400 that can be used to form an EUV photoresist pattern
on a semiconductor substrate in accordance with the present disclosure. It will be
recognized that the embodiment of the method 400 shown in FIG. 4 is merely
exemplary and additional methods may utilize the techniques described herein.
Further, additional processing steps may be added to the method 400 shown in FIG.

4 as the steps described are not intended to be exclusive. Moreover, the order of the
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steps is not limited to the order shown in the figure as different orders may occur and/or

various steps may be performed in combination or at the same time.

[0081] Like the previous method 100 shown in FIG. 1, the method 400 shown in
FIG. 4 includes forming a multilayer photoresist film stack on a surface of the
semiconductor substrate (in step 410), exposing the multilayer photoresist film stack
to extreme ultra-violet (EUV) radiation (in step 420), exposing the multilayer
photoresist film stack to a first development process (in step 430) and exposing the

multilayer photoresist film stack to a second development process (in step 440).

[0082] Inthe method 400, the multilayer photoresist film stack is formed in step 410
by: (a) depositing an EUV enhancement layer on at least one underlayer provided on
the surface of the semiconductor substrate; (b) depositing a first photoresist layer on
the EUV enhancement layer; (c) depositing a barrier layer on the first photoresist layer,;
and (d) depositing a second photoresist layer on the barrier layer. The EUV
enhancement layer, the first photoresist layer, the barrier layer and the second
photoresist layer may comprise various materials and layer thicknesses, as described

above in reference to FIGS. 1-3.

[0083] After forming the multilayer photoresist film stack (in step 410), the method
400 exposes the multilayer photoresist film stack to EUV radiation in a single exposure
step (in step 420) to convert regions of the first photoresist layer and regions of the
second photoresist layer exposed to the EUV radiation to reacted regions, while
regions of the first photoresist layer and regions of the second photoresist layer not
exposed to the EUV radiation remain unchanged as unreacted regions. After EUV
exposure (and optional PEB), the method 400 exposes the multilayer photoresist film
stack to at least two different development steps to separately, and selectively,
develop the first and second photoresist layers included within the multilayer

photoresist film stack.

[0084] For example, the method 400 exposes the multilayer photoresist film stack
to a first development process to selectively develop the second photoresist layer by
removing the reacted regions (in case of a positive tone resist) or the unreacted
regions (in case of a negative tone resist) of the second photoresist layer to form a

pattern in the second photoresist layer (in step 430). After the first development
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process is complete, the method 400 exposes the multilayer photoresist film stack to
a second development process to selectively develop the first photoresist layer by
removing the reacted regions (in case of a positive tone resist) or the unreacted
regions (in case of a negative tone resist) of the first photoresist layer to form a pattern

in the first photoresist layer (in step 440).

[0085] A wide variety of development processes may be used to selectively
develop the second photoresist layer (in step 430) and selectively develop the first
photoresist layer (in step 440), depending on the resist materials used within the first
and second photoresist layers. In some embodiments, the method 100 may use a
combination of wet and dry development processes to selectively develop the second
photoresist layer (in step 430) and selectively develop the first photoresist layer (in
step 440). For example, when a CAR material is used in the second photoresist layer
and a MOR material is used in the first photoresist layer, a wet development process
may be used in step 430 to develop the CAR material and a dry development process
may be used in step 440 to develop the MOR material. The use of different
development processes in steps 430 and 440 improves development selectivity
between the CAR and MOR materials. In other embodiments, a combination of two or
more wet development processes, or two or more dry development processes, may
be used to selectively develop the second photoresist layer (in step 430) and
selectively develop the first photoresist layer (in step 440). For example, when different
MOR materials are used in the first and second photoresist layers, dry development
processes utilizing different process gases may be used in steps 430 and 440 to

selectively develop the first and second photoresist layers.

[0086] Like the method 100 shown in FIG. 1, the method 400 shown in FIG. 4
improves upon conventional EUV photolithographic processes by: (a) providing a
multilayer photoresist film stack comprising at least two different relatively thin
photoresist film layers (e.g., each photoresist film may have a film thickness < 15 nm),
and (b) using two different development steps to selectively develop the different
photoresist film layers. In doing so, the method 400 avoids the pattern collapse that
often occurs when a relatively thick photoresist film layer (e.g., a photoresist film

having a film thickness > 20 nm) is developed in a single wet or dry development step,
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and avoids damaging the photoresist film stack when transferring the photoresist

pattern to underlying target layer(s).

[0087] The method 400 shown in FIG. 4 differs from the method 100 explicitly
shown in FIG. 1 by including an EUV enhancement layer, first photoresist layer, barrier
layer and second photoresist layer within the multilayer photoresist film stack. When
an EUV enhancement layer and barrier layer are included along with the photoresist
layers, the combined thickness of the multilayer photoresist film stack ranges between
2 nm and 35 nm. As noted above, the EUV enhancement layer increases exposure of
the first photoresist layer to the EUV radiation during the single exposure step, thus
allowing the EUV dose to be reduced. The barrier layer improves adhesion for the
second photoresist layer and provides an etch stop during the first development
process, thus further improving development selectivity between the first and second

photoresist layers.

[0088] FIG. 5illustrates one example of a process flow 500 that utilizes the method
400 shown in FIG. 4 to form an EUV photoresist pattern on a semiconductor substrate
in accordance with a third embodiment of the present disclosure. Like the method 400
described above, the process flow 500 begins by forming a multilayer photoresist film
stack on a surface of a semiconductor substrate 205 (in step 410). In the process flow
500 shown in FIG. 5, the multilayer photoresist film stack is formed in step 410 by: (a)
depositing an EUV enhancement layer 215 on at least one underlayer 210 provided
on the surface of the semiconductor substrate 205; (b) depositing a first photoresist
layer 220 on the EUV enhancement layer 215; (c) depositing a barrier layer 222 on
the first photoresist layer 220; and (d) depositing a second photoresist layer 225 on
the barrier layer 222. The EUV enhancement layer 215, the first photoresist layer 220,
the barrier layer 222 and the second photoresist layer 225 may comprise various

materials and layer thicknesses, as described above in reference to FIGS. 1-3.

[0089] Like the process flows 200/300 shown in FIGS. 2-3, the process flow 500
uses EUV lithography to pattern the multilayer photoresist film stack and form an EUV
photoresist pattern on the semiconductor substrate 205. As shown in FIG. 5, the EUV
lithography process exposes the semiconductor substrate 205 containing the

multilayer photoresist film stack to EUV radiation 230 (for example, at a wavelength of
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13.5 nm) in a single EUV exposure step 420 convert regions 250 of the first photoresist
layer 220 and regions 240 of the second photoresist layer 225 exposed to the EUV
radiation 230 to reacted regions, while regions 255 of the first photoresist layer 220
and regions 245 of the second photoresist layer 225 not exposed to the EUV radiation
230 remain unchanged as unreacted regions. As noted above, the process conditions
utilized during the EUV exposure step (e.g., EUV dose and exposure time) may be
selected to ensure that the regions of the first photoresist layer and the regions of the
second photoresist layer not covered by an overlying photomask are adequately
exposed to EUV radiation to convert the exposed regions 240/250 into reacted
photoresist in a single exposure step. Examples of process conditions used during the

EUV exposure step 420 are discussed above in reference to FIG. 2.

[0090] After completing the EUV exposure step 420 (and optional PEB step), a first
development process is performed (in step 430) to remove the reacted regions (in
case of a positive tone resist) or the unreacted regions (in case of a negative tone
resist) of the second photoresist layer 225 and form a pattern in the second photoresist
layer 225. The first development process may be a wet development process or a dry
development process, depending on the resist material used in the second photoresist
layer 225. In one example, a portion of the second photoresist layer 225 may be
removed by treating the substrate with a develop solution (e.g., PGMEA, TMAH, efc.)
to dissolve the reacted regions 240 (in case of a positive tone resist) or unreacted
regions 245 (in case of a negative tone resist) of the second photoresist layer 225
when the second photoresist layer 225 includes a CAR material. Alternately, a dry
development process may be used to remove the reacted regions 240 or the
unreacted regions 245 of the second photoresist layer 225 when the second

photoresist layer 225 includes a MOR material.

[0091] Regardless of whether a wet or dry process is used, the first development
process performed in step 430 selectively develops the second photoresist layer 225
by removing select portions of the second photoresist layer 225 without reacting with
or removing any portion of the first photoresist layer 220 underlying the second
photoresist layer 225. The barrier layer 222 improves development selectivity between
the second photoresist layer 225 and the first photoresist layer 220 by providing etch

stop for the first development process. In the process flow 500, the first development
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process performed in step 430 selectively develops the second photoresist layer 225
by removing the unreacted regions 245 of the second photoresist layer 225 to form a
negative tone resist pattern in the second photoresist layer 225. However, one skilled
in the art would readily understand how the first development process could be
modified to remove reacted regions 240 of the second photoresist layer 225 to form a

positive tone resist pattern in the second photoresist layer 225.

[0092] After selectively developing the second photoresist layer 225, a second
development process is performed (in step 440) to remove the reacted regions (in
case of a positive tone resist) or the unreacted regions (in case of a negative tone
resist) of the first photoresist layer 220 and form a pattern in the first photoresist layer
220. The second development process may be a wet development process or a dry
development process, depending on the resist material used in the first photoresist
layer 220. In one example, a dry development process may be used to remove the
reacted regions 250 (in case of a positive tone resist) or unreacted regions 255 (in
case of a negative tone resist) of the first photoresist layer 220 when the first
photoresist layer 220 includes a MOR material. As noted above, exposed portions of
the barrier layer 222 may be removed during the first development process (in step

430) or the second development process (in step 440), as shown in FIG. 5.

[0093] Like the first development process, the second development process
performed in step 440 selectively develops the first photoresist layer 220 by removing
select portions of the first photoresist layer 220 without reacting with or removing any
portion of the second photoresist layer 225 overlying the first photoresist layer 220. In
the process flow 500, the second development process performed in step 440
selectively develops the first photoresist layer 220 by removing the unreacted regions
255 of the first photoresist layer 220 to form a negative tone resist pattern in the first
photoresist layer 220. However, one skilled in the art would readily understand how
the second development process could be modified to remove the reacted regions
250 of the first photoresist layer 220 to form a positive tone resist pattern in the first
photoresist layer 220. After selectively developing the first photoresist layer 220,
additional processing step(s) may be performed to transfer the resist pattern to the at

least one underlayer 210, thereby forming an EUV photoresist pattern on the
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semiconductor substrate 205. The semiconductor substrate 205 may generally include

one or more target layers for pattern transfer.

[0094] FIG. 6 illustrates another example of a process flow 600 that utilizes the
method 400 shown in FIG. 4 to form an EUV photoresist pattern on a semiconductor
substrate, according to a fourth embodiment of the present disclosure. Many of the
process flow 600 steps shown in FIG. 6 are identical to the process flow 500 steps
shown in FIG. 5, and thus, will not be repeated herein for the purpose of brevity. The
process flow 600 differs from the process flow 500 by depositing the second
photoresist layer 225 on the EUV enhancement layer 215 and depositing the first
photoresist layer 220 on the barrier layer 222 in step 410. During the development
steps 430 and 440, the process flow 600 selectively develops the first and second
photoresist layers by removing the reacted regions 250 of the first photoresist layer
220, and subsequently removing the reacted regions 240 of the second photoresist
layer 225 to form a positive tone EUV photoresist pattern on the semiconductor
substrate 205.

[0095] In the process flow 600, the first photoresist layer 220 and the second
photoresist layer 225 comprise different types of photosensitive materials. In one
example, the second photoresist layer 225 deposited on the EUV enhancement layer
215 is a negative photoresist (e.g., a negative tone MOR) and the first photoresist
layer 220 deposited on the barrier layer 222 is a positive photoresist (e.g., a positive
tone CAR). In one embodiment, a wet development process may be used in step 430
to selectively remove the reacted regions 250 of the first photoresist layer 220 by
treating the semiconductor substrate 205 with a develop solution (e.g., PGMEA,
TMAH, efc.), which dissolves the reacted regions 250, while leaving the unreacted
regions 255, of the first photoresist layer 220. Thereafter, a dry development process
may be used in step 440 to selectively remove the reacted regions 240 of the second
photoresist layer 225 by exposing the semiconductor substrate 205 to a gas-phase
developer (e.g., a halogen containing gas), which etches the reacted regions 240,

while leaving the unreacted regions 245, of the second photoresist layer 225.

[0096] In other embodiments, wet development processes may be used in steps

430 and 440, as long as different developing solutions are used to selectively develop
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the photoresist layers. In one example, a PGMEA solution may be used in step 430 to
selectively remove the reacted regions 250 of the first photoresist layer 220 when the
first photoresist layer 220 comprises a positive tone CAR, and a TMAH solution may
be used in step 440 to selectively remove the reacted regions 240 of the second
photoresist layer 225 when the second photoresist layer 225 comprises a negative
tone MOR. One skilled in the art would readily understand how other developing
solutions may be used to selectively develop the first photoresist layer 220 and the

second photoresist layer 225.

[0097] Improved process flows and methods for forming an EUV photoresist
pattern for use in EUV photolithographic processes are described in various
embodiments. The process flows and methods shown in FIGS. 1-6 and disclosed
above improve upon conventional methods of forming EUV-active photoresists by
providing a multilayer photoresist film stack that combines a plurality of relatively thin,
yet different, photoresist film layers. By combining different photoresist layers within a
multilayer photoresist film stack, and using two different development steps to
selectively develop the different photoresist layers, the process flows and methods
disclosed herein increase resist thickness and improve development selectivity. In
doing so, the improved process flows and methods disclosed herein avoid the
photoresist damage and photoresist pattern collapse that often occurs during
conventional EUV lithography processes, while meeting resolution (LER, LWR) and
sensitivity (dose) requirements for EUV lithography. In some embodiments, use of the
multilayer photoresist film stack described herein may enable on or more of the
underlayers (e.g., the UL and/or ML underlayer) to be removed, thus reducing the

overall thickness of the stack.

[0098] The techniques described herein allow for flexibility in material selection for
the layers included within the multilayer photoresist film stack. As noted above, the
photoresist layers may include a wide variety of EUV-active photoresist materials
including, but not limited to, chemically amplified resist (CAR) materials and metal
oxide resist (MOR) materials. In some embodiments, one of the photoresist layers
(e.g., the top or bottom photoresist layer) within the multilayer photoresist film stack
may comprise a CAR material, while the other photoresist layer (e.g., the bottom or

top photoresist layer) comprises a MOR material. Alternatively, the photoresist layers
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included within the multilayer photoresist film stack may each comprise MOR materials
having different organometallic oxides. The use of different photoresist materials
enables the process flows and methods disclosed herein to selectively develop the
photoresist layers in separate development steps. This selective development, along
with the barrier layer optionally included within the multilayer photoresist film stack,

increases selectivity and mitigates pattern collapse.

[0099] As illustrated in the process flows shown above, the techniques described
herein can be used to form negative tone or positive tone photoresist patterns on a
semiconductor substrate. In some embodiments, the top and bottom photoresist layers
may each comprise a negative photoresist, and the EUV exposure and development
steps may be performed to form a negative tone EUV photoresist pattern on the
substrate, as shown in FIGS. 2, 3 and 5. In other embodiments, the bottom photoresist
layer may comprise a negative photoresist and the top photoresist layer may comprise
a positive photoresist, and the EUV exposure and development steps may be
performed to form a positive tone EUV photoresist pattern on the substrate, as shown
in FIG. 6. In some embodiments, a positive tone EUV photoresist pattern may also be
formed using a positive photoresist for the top photoresist layer and a negative

photoresist for the bottom photoresist layer.

[0100] The term “substrate” as used herein means and includes a base material or
construction upon which materials are formed. It will be appreciated that the substrate
may include a single material, a plurality of layers of different materials, a layer or
layers having regions of different materials or different structures in them, etc. These
materials may include semiconductors, insulators, conductors, or combinations
thereof. For example, the substrate may be a semiconductor substrate, a base
semiconductor layer on a supporting structure, a metal electrode or a semiconductor
substrate having one or more layers, structures or regions formed thereon. The
substrate may be a conventional silicon substrate or other bulk substrate comprising
a layer of semi-conductive material. As used herein, the term “bulk substrate” means
and includes not only silicon wafers, but also silicon-on-insulator (“SOI”) substrates,
such as silicon-on-sapphire (“SOS”) substrates and silicon-on-glass (“SOG”)
substrates, epitaxial layers of silicon on a base semiconductor foundation, and other

semiconductor or optoelectronic materials, such as silicon-germanium, germanium,
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gallium arsenide, gallium nitride, and indium phosphide. The substrate may be doped

or undoped.

[0101] The substrate may also include any material portion or structure of a device,
particularly a semiconductor or other electronics device, and may, for example, be a
base substrate structure, such as a semiconductor substrate or a layer on or overlying
a base substrate structure. Thus, the term “substrate” is not intended to be limited to
any particular base structure, underlying layer or overlying layer, patterned layer or
unpatterned layer, but rather, is contemplated to include any such layer or base

structure, and any combination of layers and/or base structures.

[0102] It is noted that reference throughout this specification to “one embodiment”
or “an embodiment” means that a particular feature, structure, material, or
characteristic described in connection with the embodiment is included in at least one
embodiment of the invention, but do not denote that they are present in every
embodiment. Thus, the appearances of the phrases “in one embodiment” or “in an
embodiment” in various places throughout this specification are not necessarily
referring to the same embodiment of the invention. Furthermore, the particular
features, structures, materials, or characteristics may be combined in any suitable
manner in one or more embodiments. Various additional layers and/or structures may

be included and/or described features may be omitted in other embodiments.

[0103] One skilled in the relevant art will recognize that the various embodiments
may be practiced without one or more of the specific details, or with other replacement
and/or additional methods, materials, or components. In other instances, well-known
structures, materials, or operations are not shown or described in detail to avoid
obscuring aspects of various embodiments of the invention. Similarly, for purposes of
explanation, specific numbers, materials, and configurations are set forth in order to
provide a thorough understanding of the invention. Nevertheless, the invention may
be practiced without specific details. Furthermore, it is understood that the various
embodiments shown in the figures are illustrative representations and are not

necessarily drawn to scale.

[0104] Further modifications and alternative embodiments of the methods

described herein will be apparent to those skilled in the art in view of this description.
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It will be recognized, therefore, that the described methods are not limited by these
example arrangements. It is to be understood that the forms of the methods herein
shown and described are to be taken as example embodiments. Various changes may
be made in the implementations. Thus, although the inventions are described herein
with reference to specific embodiments, various modifications and changes can be
made without departing from the scope of the present inventions. Accordingly, the
specification and figures are to be regarded in an illustrative rather than a restrictive
sense, and such modifications are intended to be included within the scope of the
present inventions. Further, any benefits, advantages, or solutions to problems that
are described herein with regard to specific embodiments are not intended to be

construed as a critical, required, or essential feature or element of any or all the claims.
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WHAT IS CLAIMED IS:

1. A method of processing a semiconductor substrate, the method comprising:

forming a multilayer photoresist film stack on a surface of the semiconductor
substrate, the multilayer photoresist film stack comprising a first
photoresist layer and a second photoresist layer formed above the first
photoresist layer, the first photoresist layer comprising a metal oxide
resist material, and the second photoresist layer comprising a resist
material that differs from the metal oxide resist material used in the first

photoresist layer;

exposing the multilayer photoresist film stack to extreme ultra-violet (EUV)
radiation in a single exposure step to: (a) convert regions of the first
photoresist layer exposed to the EUV radiation to reacted regions, while
regions of the first photoresist layer not exposed to the EUV radiation
remain unchanged as unreacted regions, and (b) convert regions of the
second photoresist layer exposed to the EUV radiation to reacted
regions, while regions of the second photoresist layer not exposed to the

EUV radiation remain unchanged as unreacted regions;

exposing the multilayer photoresist film stack to a first development process to
selectively develop the second photoresist layer by removing the reacted
regions or the unreacted regions of the second photoresist layer to form

a pattern in the second photoresist layer; and

exposing the multilayer photoresist film stack to a second development process
to selectively develop the first photoresist layer by removing the reacted
regions or the unreacted regions of the first photoresist layer to form a

pattern in the first photoresist layer.

2. The method of claim 1, wherein the metal oxide resist material used in the first
photoresist layer comprises an organometallic oxide containing a central metal atom
of tin (Sn), zirconium (Zr), indium (In), antimony (Sb), bismuth (Bi), zinc (Zn), hafnium

(Hf), aluminum (Al), or combinations thereof.
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3. The method of claim 2, wherein said forming the multilayer photoresist film

stack comprises:

forming an EUV enhancement layer on at least one underlayer provided on the
surface of the semiconductor substrate, the EUV enhancement layer
comprising a metal or non-metal material that generates and emits

secondary electrons when exposed to the EUV radiation; and
forming the first photoresist layer on the EUV enhancement layer,

wherein the EUV enhancement layer increases exposure of the first photoresist

layer to the EUV radiation during the single exposure step.

4. The method of claim 2, wherein said exposing the multilayer photoresist film

stack to the second development process comprises:

exposing the multilayer photoresist film stack to a dry development process to
remove the reacted regions or the unreacted regions of the first

photoresist layer and form the pattern in the first photoresist layer.

5. The method of claim 4, wherein said exposing the multilayer photoresist film

stack to the dry development process comprises:

exposing the surface of the semiconductor substrate to one or more process
gases, which react with exposed surfaces of the first photoresist layer to
remove the reacted regions or the unreacted regions of the first

photoresist layer;

wherein the one or more process gases comprise hydrogen (Hz2), ammonia

(NHs), a halogen containing gas or combinations thereof.

6. The method of claim 2, wherein the second photoresist layer comprises a
chemically amplified resist (CAR) material, and wherein said exposing the multilayer

photoresist film stack to the first development process comprises:
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exposing the multilayer photoresist film stack to a wet development process to
remove the reacted regions or the unreacted regions of the second

photoresist layer and form the pattern in the second photoresist layer.

7. The method of claim 6, wherein exposing the multilayer photoresist film stack

to the wet development process comprises:

exposing the surface of the semiconductor substrate to a develop solution to
dissolve the reacted regions or the unreacted regions of the second

photoresist layer;

wherein the develop solution comprises propylene glycol methyl ether acetate
(PGMEA), tetramethylammonium hydroxide (TMAH), normal butyl

alcohol (NBA), 2-heptanone or an organic solvent with an acid additive.

8. The method of claim 6, wherein said forming the multilayer photoresist film

stack comprises:

forming a barrier layer on the first photoresist layer, the barrier layer comprising

a hydrophilic material; and
forming the second photoresist layer on the barrier layer;

wherein the barrier layer improves adhesion for the second photoresist layer

and provides an etch stop during the first development process.

9. The method of claim 2, wherein the second photoresist layer comprises a metal
oxide resist material that differs from the metal oxide resist material used in the first
photoresist layer, and wherein said exposing the multilayer photoresist film stack to

the first development process comprises:

exposing the multilayer photoresist film stack to a dry development process to
remove the reacted regions or the unreacted regions of the second

photoresist layer and form the pattern in the second photoresist layer.

10.  The method of claim 9, wherein the metal oxide resist material used in the

second photoresist layer comprises an organometallic oxide containing a central metal
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atom of tin (Sn), zirconium (Zr), indium (In), antimony (Sb), bismuth (Bi), zinc (Zn),
hafnium (Hf), or aluminum (Al), or combinations thereof, and wherein the
organometallic oxide included within the second photoresist layer differs from the

organometallic oxide included within the first photoresist layer.

11.  The method of claim 9, wherein exposing the multilayer photoresist film stack

to the dry development process comprises:

exposing the surface of the semiconductor substrate to one or more process
gases, which react with exposed surfaces of the second photoresist
layer to remove the reacted regions or the unreacted regions of the

second photoresist layer;

wherein the one or more process gases comprise hydrogen (Hz2), ammonia

(NHs), a halogen containing gas or combinations thereof.

12. The method of claim 1, wherein said forming the multilayer photoresist film

stack comprises:

forming an EUV enhancement layer on at least one underlayer provided on the
surface of the semiconductor substrate, wherein the EUV enhancement
layer comprises a metal or non-metal material that generates and emits
secondary electrons when exposed to the EUV radiation, and wherein
the EUV enhancement layer has a thickness ranging between 0.5 nm

and 5 nm;

forming the first photoresist layer on the EUV enhancement layer, wherein the
metal oxide resist material used in the first photoresist layer comprises
a first organometallic oxide and has a thickness ranging between 1 nm

and 15 nm;

forming a barrier layer on the first photoresist layer, wherein the barrier layer
comprises a hydrophilic material and has a thickness ranging between

about one monolayer to less than 2 nm; and

forming the second photoresist layer on the barrier layer, wherein the second

photoresist layer comprises: (a) a chemically amplified resist (CAR)
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material, or (b) a metal oxide resist material that differs from the metal
oxide resist material used in the first photoresist layer, and has a

thickness ranging between 1 nm and 15 nm.

13. The method of claim 12, wherein said forming the multilayer photoresist film

stack comprises:

forming the EUV enhancement layer, the first photoresist layer, the barrier layer
and the second photoresist layer such that a combined thickness of the

multilayer photoresist film stack ranges between 2 nm and 35 nm.
14. A method of processing a semiconductor substrate, the method comprising:

forming a multilayer photoresist film stack on a surface of the semiconductor

substrate by:

(a) depositing an extreme ultra-violet (EUV) enhancement layer on at
least one underlayer provided on the surface of the

semiconductor substrate;

(b) depositing a first photoresist layer on the EUV enhancement layer,

the first photoresist layer comprising a metal oxide resist material;
(c) depositing a barrier layer on the first photoresist layer; and

(d) depositing a second photoresist layer on the barrier layer, the second
photoresist layer comprising a resist material that differs from the

metal oxide resist material used in the first photoresist layer;

exposing the multilayer photoresist film stack to EUV radiation in a single
exposure step to convert regions of the first photoresist layer and regions
of the second photoresist layer exposed to the EUV radiation to reacted
regions, while regions of the first photoresist layer and regions of the
second photoresist layer not exposed to the EUV radiation remain

unchanged as unreacted regions;
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exposing the multilayer photoresist film stack to a first development process to
selectively develop the second photoresist layer by removing the reacted
regions or the unreacted regions of the second photoresist layer to form

a pattern in the second photoresist layer; and

exposing the multilayer photoresist film stack to a second development process
to selectively develop the first photoresist layer by removing the reacted
regions or the unreacted regions of the first photoresist layer to form a

pattern in the first photoresist layer.

15. The method of claim 14, wherein a combined thickness of the multilayer
photoresist film stack ranges between 2 nm and 35 nm, and wherein said forming the
multilayer photoresist film stack, said exposing the multilayer photoresist film stack to
the first development process and said exposing the multilayer photoresist film stack
to the second development process forms a pattern in the second photoresist layer

and in the first photoresist layer that avoids pattern collapse.

16. The method of claim 14, wherein said depositing the first photoresist layer

comprises:

depositing the metal oxide resist material on the EUV enhancement layer, the
metal oxide resist material comprising an organometallic oxide and

having a thickness ranging between 1 nm and 15 nm.

17.  The method of claim 16, wherein said exposing the multilayer photoresist film

stack to the second development process comprises:

exposing the multilayer photoresist film stack to a dry development process to
remove the reacted regions or the unreacted regions of the first

photoresist layer and form the pattern in the first photoresist layer.

18. The method of claim 14, wherein said depositing the second photoresist layer

comprises:

depositing a chemically amplified resist (CAR) material on the barrier layer, the

CAR material having a thickness ranging between 1 nm and 15 nm.
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19. The method of claim 18, wherein said exposing the multilayer photoresist film

stack to the first development process comprises:

exposing the multilayer photoresist film stack to a wet development process to
remove the reacted regions or the unreacted regions of the second

photoresist layer and form the pattern in the second photoresist layer.

20.  The method of claim 14, wherein said depositing the second photoresist layer

comprises:

depositing a metal oxide resist material, which differs from the metal oxide resist
material used in the first photoresist layer, on the barrier layer, the metal
oxide resist material used within the second photoresist layer comprising
an organometallic oxide, which differs from an organometallic oxide
included within the first photoresist layer, and having a thickness ranging

between 1 nm and 15 nm.

21.  The method of claim 20, wherein said exposing the multilayer photoresist film

stack to the first development process comprises:

exposing the multilayer photoresist film stack to a dry development process to
remove the reacted regions or the unreacted regions of the second

photoresist layer and form the pattern in the second photoresist layer.

22. The method of claim 14, wherein the EUV enhancement layer, the first
photoresist layer and the barrier layer are deposited in situ within the same process

chamber.

23. The method of claim 14, wherein the first photoresist layer and the second
photoresist each comprise a negative photoresist, and wherein said exposing the
multilayer photoresist film stack to the EUV radiation, said exposing the multilayer
photoresist film stack to the first development process and said exposing the multilayer
photoresist film stack to the second development process forms a negative tone EUV

photoresist pattern.

24.  The method of claim 14, wherein the first photoresist layer comprises a negative

photoresist and the second photoresist comprises a positive photoresist, and wherein
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said exposing the multilayer photoresist film stack to the EUV radiation, said exposing
the multilayer photoresist film stack to the first development process and said exposing
the multilayer photoresist film stack to the second development process forms a

positive tone EUV photoresist pattern.
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Form a multilayer photoresist film stack on a surface of the
semiconductor substrate, the multilayer photoresist film stack
comprising a first photoresist layer and a second photoresist layer
Ve 110
formed above the first photoresist layer, the first photoresist layer
comprising a metal oxide resist material, and the second photoresist
layer comprising a resist material that differs from the metal oxide resist
material used in the first photoresist layer;

Expose the multilayer photoresist film stack to extreme ultra-violet

(EUV) radiation in a single exposure step to: (a) convert regions of the
first photoresist layer exposed to the EUV radiation to reacted regions,
while regions of the first photoresist layer not exposed to the EUV | -~ 120
radiation remain unchanged as unreacted regions, and (b) convert
regions of the second photoresist layer exposed to the EUV radiation to
reacted photoresist, while regions of the second photoresist layer not

exposed to the EUV radiation remain unchanged as unreacted regions;

!

Expose the multilayer photoresist film stack to a first development

130

process to selectively develop the second photoresist layer by removing Ve
the reacted regions or the unreacted regions of the second photoresist

layer to form a pattern in the second photoresist layer; and

!

Expose the multilayer photoresist film stack to a second development

process to selectively develop the first photoresist layer by removing the Ve 140
reacted regions or the unreacted regions of the first photoresist layer

and form a pattern in the first photoresist layer.

FIG. 1
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400

~

Form a multilayer photoresist film stack on a surface of the
semiconductor substrate by:
(a) depositing an extreme ultra-violet (EUV) enhancement layer on at
least one underlayer provided on the surface of the semiconductor

substrate; 410

(b) depositing a first photoresist layer on the EUV enhancement layer, |
the first photoresist layer comprising a metal oxide resist material;

(c) depositing a barrier layer on the first photoresist layer; and

(d) depositing a second photoresist layer on the barrier layer, the second
photoresist layer comprising a resist material that differs from the metal

oxide resist material used in the first photoresist layer;

!

Expose the multilayer photoresist film stack to EUV radiation in a single

exposure step to convert regions of the first photoresist layer and

regions of the second photoresist layer exposed to the EUV radiationto [ _~— 420
reacted regions, while regions of the first photoresist layer and regions
of the second photoresist layer not exposed to the EUV radiation remain

unchanged as unreacted regions;

'

Expose the multilayer photoresist film stack to a first development

430

process to selectively develop the second photoresist layer by removing| -~
the reacted regions or the unreacted regions of the second photoresist

layer to form a pattern in the second photoresist layer; and

'

Expose the multilayer photoresist film stack to a second development
process to selectively develop the first photoresist layer by removing the va 440
reacted regions or the unreacted regions of the first photoresist layer to

form a pattern in the first photoresist layer.

FIG. 4



WO 2025/101248 PCT/US2024/043873
5/6

500 ~
225
292 222
220\
2 1 5 L L UL LN N N S S S
[ RN i 21 5\
210 210 210
205 205 205
" ~— -
Form Multilayer Photoresist ﬂ
Film Stack 410

EUV radiation 23

55 0 s, 338343

215—\
) 210
—
205
First Develop 430 Post Exposure & Opt. Post EUV Exposure 420
B Exposure Bake (PEB)
240 240
222\% [250 222\% fz5o
,,,,,,,,,, 215 i i ~215
210
X 210 \ 4
—) —
205 205
Negative Tone
Second Develop 440 EUV Photoresist Pattern

FIG. 5



WO 2025/101248

6/6

PCT/US2024/043873

600
. 220
f215
210 210
205 205
v

Form Multilayer Photoresist
Film Stack 410

T ] TATATATE
] ] b
Helels Sk 555

L2552

EUV radiation 23

$315¢3

210

First Develop 430

Post Exposure & Opt. Post
Exposure Bake (PEB)

205

EUV Exposure 420

205

Second Develop 440

Positive Tone

FIG. 6

EUV Photoresist Pattern




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2024/043873

A.

CLASSIFICATION OF SUBJECT MATTER

GO3F 7/00(2006.01)i; GO3F 7/004(2006.01)i; GO3F 7/039(2006.01)i; GO3F 7/20(2006.01)i; GO3F 7/36(2006.01)i;
GO3F 7/32(2006.01)i; GO3F 7/095(2006.01)i; HO1L 21/027(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B.

FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GO3F 7/00(2006.01); GO3C 1/492(2006.01); GO3C 5/00(2006.01); GO3C 5/16(2006.01); GO3F 7/09(2006.01);
GO3F 7/16(2006.01); HO1L 21/027(2006.01); HO1L 21/033(2006.01); HO1L 21/308(2006.01)

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

eKOMPASS(KIPO internal) & Keywords: semiconductor substrate, multilayer photoresist film stack, first photoresist layer,
second photoresist layer, metal oxide resist material, extreme ultra-violet (EUV) photoresist pattern, EUV enhancement layer,

development process

C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 2021-0305047 Al (TAIWAN SEMICONDUCTOR MANUFACTURING CO., LTD.) 30 September
2021 (2021-09-30)

X paragraphs [0043], [0046], [0055], [0056], [0059], [0073], [0075]; claims 1, 12; and 1,2

figures 4A, 5, 7B

Y 3-24
WO 2021-067632 A2 (LAM RESEARCH CORPORATION) 08 April 2021 (2021-04-08)

Y paragraphs [0043], [0080], [0089]; and claims 1, 12, 15 3,8,12-24
WO 2022-235475 Al (TOKYO ELECTRON LIMITED et al.} 10 November 2022 (2022-11-10)

Y claim 1 4-11,17,19,21
US 5407782 A (KOBAYASHI, SHUN-ICHI) 18 April 1995 (1995-04-18)

A whole document 1-24

Further documents are listed in the continuation of Box C.

See patent family annex.

*

“p”

“pr
“g»

“p

“«o”

“p»

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application
earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later than
the priority date claimed

w

D&

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand the
principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

Date of mailing of the international search report

35208, Republic of Korea

Facsimile No. +82-42-481-8578

10 December 2024 10 December 2024
Name and mailing address of the ISA/KR Authorized officer
Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon HEO, Joo Hyung

Telephone No. +82-42-481-5373

Form PCT/ISA/210 (second sheet) (July 2022)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US2024/043873
C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
US 4533624 A (SHEPPARD, JOHN E.) 06 August 1985 (1985-08-06)
A whole document 1-24

Form PCT/ISA/210 (second sheet) (July 2022)



INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members

PCT/US2024/043873
. Pate.‘/nt document Publication date Patent family member(s) Publication date
cited in search report (day/month/year) (day/month/year)
uUs 2021-0305047 Al 30 September 2021 CN 113109995 A 13 July 2021
DE 102021101198 Al 30 September 2021
KR 10-2021-0122675 A 12 October 2021
KR 10-2630481 Bl 29 January 2024
™ 202136912 A 01 October 2021
™ 1801831 B 11 May 2023
us 11784046 B2 10 October 2023
uUsS 2023-369048 Al 16 November 2023
WO 2021-067632 A2 08 April 2021 CN 114730133 A 08 July 2022
EP 4038454 A2 10 August 2022
JP 2022-550568 A 02 December 2022
KR 10-2022-0076488 A 08 June 2022
™ 202129421 A 01 August 2021
us 2022-365434 Al 17 November 2022
WO 2021-067632 A3 14 May 2021
WO 2022-235475 Al 10 November 2022 CN 117461111 A 26 January 2024
JP 2024-519492 A 14 May 2024
KR 10-2024-0003444 A 09 January 2024
™ 202307957 A 16 February 2023
us 2022-350246 Al 03 November 2022
us 2022-350247 Al 03 November 2022
uUsS 2022-351966 Al 03 November 2022
uUs 5407782 A 18 April 1995 JP 05-067566 A 19 March 1993
JP 05-267126 A 15 October 1993
uUsS 4533624 A 06 August 1985 None

Form PCT/ISA/210 (patent family annex) (July 2022)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - wo-search-report
	Page 54 - wo-search-report
	Page 55 - wo-search-report

