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METHODS AND STRUCTURES FOR IMPROVING ETCH PROFILE OF
METALLIC LAYER

CROSS REFERFENCETO REIATED PATENTS AND APPLICATIONS

{8881} The present application claims the benefit of U 8. Nonprovisional Apphication
No. 18/391,331 filed on Becember 20, 2023, which 1s incorporated herein by reference in ifs

entirety.

FIELD OF THE DISCLOSURE

{9883] This disclosure generally relates to methods for fabricating semiconductor
devices/structures, and more particularly to trimming a diglectric hardmask layer using an ton-free

stchant gas for improving an etched profile.

BACKGROUND

{8083} In the manufacture of a semiconductor device, various fabrication processes are
executed such as film-forming depositions, etch mask creation, patterning, matenal etchung and
removal, and doping treatruents. These processes are performed repeatedly to form desired
senuconductor device elements on a substrate. While semiconductor devices have scaled down
with their feature sizes decreased and aspect ratios increased, such scaling efforts are running into
greater challenges as scaling enters single digit nanometer semiconductor device fabrication
processes.  Although nanoscale semiconductor fabrication processes have been successfully
demonstrated and implemented, various embodiments can mclude mumerous operations, and may

mehude mereasing stability of senuconducior device element or features.

{8084} One aspect of the present disclosure is directed to a method for fabricating
semiconductor devices. The method includes sequentially forming at least a first hardmask layer
and a second hardmask layver over a metallic layer. The method mncludes patierning the second
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hardmask laver and then the first hardmask layer. The method includes oxidizing a sidewall of
the patterned first hardmask fayer. The method includes removing the oxidized sidewall of the
first hardmask layer. The method includes etching the metallic layer using a remaining portion of

the first hardmask layer as a mask.

UL In some embodiments, the step of removing the oxidized sidewall of the first
hardmask layer includes flowing an etchant gas. The step of removing the oxidized sidewall of

the first hardmask layer is ion-free.

[8006] In some embodimenis, the first hardmask fayer includes a dieleciric material
selected from the group consisting of: silicon nitride {SilN), silicon oxynitride (S1ON), silicon
nitride-based material, and combinations thereof, and the second hardmask layer includes a metal

oxide material.

{8667} In some embodiments, prior to etching the metallic layer, the method further
includes repeating the step of oxidizing a sidewall of the patterned first hardmask layer and the

step of removing the oxidized sidewall of the first hardmask layer.

{3388] In some embodimenis, subsequently to eiching the metallic laver, the method
further includes repeating the step of oxidizing a sidewall of the patterned first hardmask layer and
the step of removing the oxidized sidewall of the first hardmask layer. Subsequently to repeating
the step of oxidizing a sidewall of the patterned first hardmask layer and the step of removing the
oxidized sidewall of the first hardmask laver, the method further includes etching again the

metallic layer.

{8009 In some embodiments, prior to forming the first hardmask layer, the method

mctudes covering the metallic layer with a third hardmask layer comprising an organic dielectric.

{9818} In some embodiments, the remaining portion of the first hardmask layer has a first
dimension and the patterned second hardmask layer has a second dimension, and wherein the first

dimension is smaller than the second dimension.
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a1y Another aspect of the present disclosure is directed to a method for fabricating
semiconducior devices. The method includes forming a first hardmask layer over a metallic layer.
The method includes forming a second hardmask layer over the first hardmask laver. The method
mchudes performing a first etching process to pattern the first hardmask layer through the second
hardmask layer, thereby exposing a sidewall of the patterned first hardmask layer. The method
mcludes removing a portion of the exposed sidewall of the first hardmask layer through flowing
an ion-free etchant gas. The method includes performing a second etching process using a

remaining portion of the first hardmask layer as a mask to pattern the metaliic layer.

{8812} In some embodiments, the removed portion of the exposed sidewall comprises an

oxidized dielectric material.

18813} In some embodiments, the first hardmask layer comprises a dielectric matenal
selected from the group consisting of: sihicon mitride (SiN), silicon oxynitride {S10N}, silicon
nitride-based material, and combinations thereof, and the second hardmask layer comprises a metal

oxide material

198144 In some embodiments, prior to performing the second etching process, the method
further includes repeating the step of removing a portion of the exposed sidewall of the first

hardmask layer.

{80154 In some embodiments, subsequently to performing the second etching process, the
method further includes repeating the step of removing a portion of the exposed sidewall of the
first hardmask layer. Subsequently to repeating the step of removing a portion of the exposed
sidewall of the first hardmask layer, the method further includes performing a third etching process

on the metallic layer.

8816} In some embodiments, prior to forming the first hardmask layer, the method

mcludes covering the metallic layer with a third hardmask layver comprising an organic dielectric.
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{8817} In some embodiments, the remaining portion of the first hardmask layer has a first
dimension and the patterned second hardmask layer has a second dimension, and wherein the first

dimension is smaller than the second dimension.

{6018 Yet another aspect of the present disclosure is directed to a method for fabricating
semiconductor devices. The method inchudes forming a first hardmask layer over a metallic layer.
The method includes forming a second hardmask layer over the first hardmask layer. The method
mchudes performing a first etching process to pattern the first hardmask layer through the second
hardmask layer. The method includes oxidizing a sidewall of the patterned first hardmask layer.
The method includes removing the oxidized sidewall of the first hardmask layer through flowing
an ton-free etchant gas. The method includes performing a second etching process using a

remaining portion of the first hardmask layer as a mask to pattern the metaliic layer.

{8019 In some embodiments, the first hardmask layer comprises a dielectric material
selected from the group consisting of: silicon nitride (SiN), silicon oxynitride {(Si1ON), silicon
nitride-based material, and combinations thereof, and the second hardmask layer comprises a metal

oxide material.

{80204 In some embodiments, the remaining portion of the first hardmask layer has a first
dimension and the patterned second hardmask layer has a second dimension, and wherein the first

dimension is smaller than the second dimension.

8821} These and other aspecis and implementations are discussed in detail below. The
foregomg information and the following detailed description include illustrative examples of
various aspects and implementations, and provide an overview or framework for understanding
the nature and character of the claimed aspects and implementations. The drawings provide
dlustrations and a further understanding of the various aspects and implementations, and are
meorporated in and constitute a part of this specification. Aspects can be combined, and it will be
readily appreciated that features described in the context of one aspect of the invention can be

combined with other aspects. Aspects can be implemented in any convenient form. As used in
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the specification and in the claims, the singular form of “a,” “an,” and “the” include plural referents

unless the context clearly dictates otherwise.

BRIEF BESCRIPTION OF THE DRAWINGS

80221 Non-hmiting embodiments of the present disclosure are described by way of
example with reference to the accompanying figures, which are schematic and are not intended to
be drawn to scale. Unless imdicated as representing the background art, the figures represent
aspects of the disclosure. For purposes of clarity, not every component may be labeled in every

drawing.

13823} FIG. 1 shows a flow chart of a method for fabricating a semiconductor siructure,
according to some embodiments.

180244 FIGR. 2A-2K show cross-sectional views of a semiconductor structure, made by
the method of F1G, 1, during various fabrication stages, according {o some embodiments.

j25] FIG. 3 shows a flow chart of a method for fabricating a semiconductor siructure,
according to some embodiments.

18826} FIGS. 4A-4H show cross-sectional views of a semiconductor structure, made by

the method of FIG. 3, during various fabrication stages, according o some embodiments.

R g FIGK. 5A-8E show cross-sectional views of a semiconductor structure during

varigus fabrication stages, according to some embodiments.

DETAILED DESCRIPTION

@828} Reference will now be made to the llustrative embodiments depicted in the
drawings, and specific language will be used here to describe the same. It will nevertheless be
understood that no limstation of the scope of the claims or this disclosure is thereby mtended.
Alterations and further modifications of the inventive features thlustrated herein, and additional
applications of the principles of the subject matter dlustrated heremn, which would occur to one
skilled m the relevant art and having possession of this disclosure, are 1o be considered within the

&
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scope of the subject matter disclosed herein. Other embodiments may be used and/or other changes
may be made without departing from the spirit or scope of the present disclosure. The illustrative
embodiments described in the detailed description are not meant to be limiting of the subject matter

presented.

18829 The present disclosure provides various embodiments of methods for improving an
etch profile of one or more underlying metallic layers in a semiconductor device. For example,
the underlying meal layer may be configured as one or more aceess lines {e.g., bit lines, word lines,
source lines, etc.} or interconnect structures {e.g., power lines, signal lines, etc.} of the
semiconductor device. In some embodiments, the disclosed methods include trimming a dielectric
hardmask layer over a metallic layer using an ion-free etchant gas and then etching the metallic
layer using the trimmed dielectric hard mask layer as a mask. This allows for additional hardmask
margin for etching an underlying metallic laver while preventing metal from re-sputtering on the
rimmed dielectric hardmask layer. Accordingly, an etch profile of the underlying metallic layer
can be efficiently shrunken. The method described herein can be applied to various metal etch

processes and applications, for example in fabrication processes of memaory and logic devices.

{8836} Reference will now be made to the figures, which for the convenience of visualizing
the fabrication techniques described herein, illustrate a variety of materials undergoing a process
flow in various views. Unless expressly indicated otherwise, each Figure represents one {or a set)
of fabrication steps 1 a process flow for manufacturing the devices described herein. In the
various views of the Figures, connections between conductive layers or materials may or may not
be shown. However, it should be understood that connections between various layers, masks, or
materials may be implemented 10 any configuration to create electric or electronic circuits. When
such connections are shown, it should be understood that such connections are merely lustrative
and are intended to show a capability for providing such connections and should not be considered
Hmiting to the scope of the claims.

{88344 Likewise, although the Figures and aspects of the disclosure may show or describe
devices herem as having a particular shape, 1t should be understood that such shapes are merely

Hhustrative and should not be considered imiting to the scope of the techmques described hergin,
-6-
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For example, the technigues described herein may be implemented i any shape or geometry for
any material or layer to achieve desired results. In addition, examples in which two transistors or
devices are shown stacked on fop of one ancther are shown for Hlustrative purposes only, and for
the purposes of simplicity. Indeed, the techniques described herein may provide for one to any
number of stacked devices. Further, although the devices fabricated using these techniques are
shown as transistors, it should be understood that any type of electric electronic device may be
manufactured using such techuoiques, including but not limited to transistors, variable resistors,

resistors, and capacitors.

188324 FIG. 1 dlustrates a flow chart of a method 188 for fabricating a semiconductor
device, in accordance with some embodiments. It is noted that the method 106 is merely an
example and is not intended to limit the present disclosure. Accordingly, 1t is understood that
additional operations may be provided before, during, and after the method 180 of ¥FIG, 1, that
anvy operation may be omitted, and that some other operations may only be briefly described herein.
In various embodiments, operations of the method 188 may be associated with cross-sectional
views of example siructures at various fabrication stages as shown in FIGS. 2A to 2B, which will
be discussed in further detail below. It should be understood that the structure, shown n FIGS.
2A to 2E, may include a number of other structures, while remaining within the scope of the
present disclosure.

{8033 In brief overview, the method 108 starts with operation 182 of formung a fust
hardmask layer over a metallic layer and forming a second hardmask layer over the first hardmask
fayer. The method 188 continues to operation 164 of patterning the first hardmask layer through
the second hardmask layer. The method 108 can proceed to operation 186 of oxidizing a sidewall
of the first hardmask layer. The method 188 can proceed to operation 188 of removing the oxidized
sidewall of the first hardmask layer to trim the first hardmask layer. The method 180 can proceed

io operation 110 of etching the metallic layer using the tnimmed first bardmask layer as a mask.

188344 Corresponding to operation 102 of FIG. 1, FIG. 2A s a cross-sectional view of a
structure 206 m which a first hardmask layer 228 s formed over a metallic layer 218, and a second

hardmask layer 236 15 formed over the first hardmask laver 228. The metallic layer 216, formed
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of one or more metal materials, may be formed over a substrate 205, The metallic layer 210 may
serve as a target to be patterned based on a pattern formed i the second hardmask layer 238, The
pattern in the second hardmask laver 238 can be transferred to the metallic layer 288 (e.g., to form
a number of patterned segments) through the first hardmask layer 220 that is later trimmed to have
a shrunken dimension. The patterned segments of the metallic layer 210 may operatively serve as
access lines or interconnect structures of the structure 2806, respectively.

j8035) In some embodiments, the metal materials {of the metallic layer 218} can include
at least one of: ruthenium (Ru}, copper {Cu}, aluminum (Al}, or titanium (T1). However, it should
be undersiood that the metallic layer 219 can be any of various compound materials that include
the above-listed metal material, while remaining within the scope of the present disclosure. In
some embodiments, the substrate 205 mayv be a semiconductor substrate, such as a bulk
semiconductor, a semiconductor-on-insulator {SOI) substrate, or the like, which may be doped
{e.g., with a p-type or an n-type dopant} or undoped. The subsirate 203 may be a wafer, such as a
silicon wafer.  Other substrates, such as a multi-layered or gradient substrate may also be used.
In some embodiments, the first hardmask laver 228 may include a dielectric material selected from
the group consisting of! silicon witride {(SiN), sihicon oxyuitride (SiON), silicon mitride-based
material, and combinations thereof, and the second hardmask layer 2380 may include a metal oxade
material such as, for example, zirconium (Zr) oxide, tuanium (T1) oxide, tungsten (W) oxide,
aluminum {Al) oxide, or combinations thereof. In some other embodiments, the second hardmask
iayer 230 may mclode a metal nitride, 3 metal carbide, or combinations thereof,

6836} Corresponding to operation 184 of FIG. 1, FIG, 2B 13 a cross-sectional view of the
structure 288 in which the first hardmask layer 228 18 patterned through the second hardmask layer
23¢. In some embodiments, the first hardmask layer 228 may be patterned through performing a
directional or amisotropic etching process 235, For example, through the anisotropic etching
process 235, the pattern formed in the second hardmask layer 23¢ can be transferred to the
underlying first hardmask layer 228. In some embodiments, the anisotropic etching process 235

may be stopped upon the metallic layer 216 being exposed.
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{8837} In the example where the first hardmask laver 220 is formed of SiN, the anisotropic
etching process 238 may include flowing CHsF gas with ions (or reactive ions) in presence.
Further, the anisotropic siching process 235 may be a reactive ton eiching {(RIE) process. In
general, the RIE process entails exposing a workpiece to a reactive plasma that may include gases
that generate species, such as fluorine, carbon, hydrogen, and molecules and radicals of the
combination of these elements. Energetic ion bombardment by species extracted from the RIE
plasma can generally have a trajectory normal to a surface of the workpiece that horizontal surfaces
are subject to the 1on bombardment to the exclusion of other surfaces such as vertical surfaces. As
a non-limiting example, a high-frequency power of about 345 Watts and a low-frequency power
of about 100 Watts, a pressure of about 30 mullitorr, and a flow of the etchant gas (CH3F) of about

50 scem may be used in the anisotropic etching process 235

{8038] Corresponding to operation 166 of FIG, 1, FIG. 2C 15 a cross-sectional view of the
structure 200 in which a sidewall of the first hardmask layer 228 is oxadized.  In some
embodiments, the sidewall of the first hardmask layer 228 may be partially formed as an oxidized
layer 221 through an oxidation process. The oxidized layer 221 may surround an outer
circurnference of the first hardmask layer 226 that has not been oxidized and may mwardly extend
from the intact {or oniginal) sidewall of the furst hardmask layer 228 into a core of the furst
hardmask laver 228, In some embodiments, such an oadation process can be performed in the
same chamber where operation 184 was performed by flowing oxygen  Alternatively or
additionally, the oxidation process can be performed in a vacuom chamber of a gas chemical eich

system that is configured to later perform a removal process (e g., operation 108).

R Corresponding to operation 108 of FIG. 1, FIG. 2B 15 a cross-sectional view of the
structure 2808 in which the oxidized sidewall of the first hardmask layer 228 {or the oxidized layer
2213 1s removed to trim the first hardmask layer 228, Depending on a thickness or extension of
the oxidized layer 221, the first hardmask layer 2208 may be trumaned to have a smaller dimension.
For example, prior to the oxidation process, the first hardmask layer 228 may have a diameter of
about 200 nanometers {nm} and the oxidized laver 221 may have a thickness of about 2 nm. After

removing the oxidized layer 221, the first hardmask layer 228 may be trimmed to have a diameter
9.
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of about 196 nm. In some embodiments, an iteration of operations 186 and 108 may be repeatedly

performed until the dimension of the first hardmask layer 228 reaches a desired value.

188348} In some embodiments, the removal process of the oxidized laver 221 may include
an isotropic etching process with a sufficient etching selectivity between the oxidized layer 221
and other materials, e.g., the materials of the second hardmask layer 230, the first hardmask layer
228, and the metallic layer 288, As such, while removing the oxidized layer 221, the second
hardmask layer 230 may remain substantially intact. For example, the removal process may
mchude flowing an on-free etchant gas. As a non-limiting example, a radio frequency-power of
about O Watts, a pressure of about 200 mullitorr, and a flow of the etchant gas (HF} of about 50

scem may be used in the removal process.

j8i41} Corresponding to operation 118 of FIG. §, FIG. 2E 15 a cross-sectional view of the
structure 200 i which the metallic layer 218 is patterned through the trimmed first hardmask layer
228 In some embodiments, the metallic layer 218 may be patterned through performing a
directional or anisotropic etching process 285, For example, through the anisotropic etching
process 258, the patiern formed in the trimmed first hardmask layer 228 can be transferred to the
underlying metallic layer 218, For example, the first hardmask layer 226 is trimmed to have a
smaller dimension with respect to the pattern formed in the second hardmask layer 2340, and thus,
the metaliic laver 218 can follow the dimension of the trimmed first hardmask layer 226 to form a
number of metal segments with a shruok dimension. In some embodiments, the anisotropic
etching process 238 may be stopped upon the substrate 205 being exposed. In some embodiments,
after the metallic layer 218 has been patterned to have a desired profile, the remaining portions of

the second hardmask layer 230 and the first hardmask layer 226 are removed.

{8042} In the example where the metallic layer 218 s formed of Ry, the arusotropic etching
process 228 may wnclude flowmng Ch gas with 1ons {or reactive tons) in presence. Further, the
anusotropic etching process 258 may be a reactive 1on etching (RIE) process. As a non-limiting

example, a high-frequency power of about 1200 Watts and a low-frequency power of about 100

~10-
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Watts, a pressure of about 50 mullitorr, and a flow of the etchant gas {Ch) of about 60 ~ 70 scem

may be used in the anisotropic etching process 228,

19843} FIG. 3 iflustrates a flow chart of 3 method 308 for fabricating a semiconductor
device, in accordance with some embodiments. It is noted that the method 308 is merely an
example and 13 not intended to limit the present disclosure. Accordingly, it 15 understood that
additional operations may be provided before, during, and after the method 360 of ¥Fi{. 3, that
any operation may be omitted, and that some other operations may only be briefly described herein.
In various embodiments, operations of the method 300 may be associated with cross-sectional
views of example structures at various fabrication stages as shown in FIGS. 4A to 4H, which will
be discussed in further detail below. It should be understood that the structure, shown in FIGS.
4A to 4H, may include a number of other structures, while remaining within the scope of the
present disclosure.

10Q44] In brief overview, the method 308 starts with operation 302 of formung a first
hardmask laver over a metallic layer and forming a second hardmask laver over the first hardmask
layer. The method 308 continues to operation 364 of patterning the first hardmask layer through
the second hardmask layer. The method 308 can proceed to operation 306 of oxidizing a sidewall
of the first hardmask layer. The method 380 can proceed o operation 368 of removing the oxidized
sidewall of the first hardmask layer to trim the first hardmask layer. The method 360 can proceed
to operation 318 of etching the metallic laver using the trimmed first hardmask layer as a mask.
The method 366 can proceed to operation 312 of further oxidizing the sidewall of the first
hardmask layer. The method 308 can proceed to operation 314 of removing the oxidized sidewall
of the first hardmask layer to Rurther trim the first hardmask layer. The method 388 can proceed
to operation 316 of etching the metallic laver using the further trimmed first hardmask layer as a

mask.

[8045] Corresponding to operation 302 of FIG. 3, FIG. 4A 6 a cross-sectional view of a
structure 408 in which a firat hardmask layer 428 is formed over a metallic layer 418, and a second
hardmask layer 430 s formed over the first hardmask layer 428, The metallic layer 418, formed

of one or more metal materials, may be formed over a substrate 468, The metallic layer 410 may
-11-
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serve as 3 target 1o be patterned based on a pattern formed in the second hardmask laver 436, The
pattern in the second hardmask layer 430 can be transferred to the metallic layer 418 (e g., to form
a number of patterned segments) through the first hardmask laver 428 that is later trimmed to have
a shrunken dimension. The patterned segments of the metallic laver 410 may operatively serve as
access lines or interconnect structures of the structure 488, respectively.

{8044] In some embodiments, the metal materials (of the metallic laver 418) can include
at least one of: ruthenium (R}, copper (Cu), aluminum (AD, and titanium (T1). However, it should
be understood that the metallic layer 410 can be any of various compound materials that include
the above-listed metal material, while remaining within the scope of the present disclosure. In
some embodiments, the substrate 405 may be a semiconductor substrate, such as a bulk
semiconductor, a semiconductor-on-nsulator {SOY) substrate, or the like, which may be doped
{e.g., with a p-type or an n-tyvpe dopant) or undoped. The substrate 488 may be a wafer, suchas a
stlicon wafer. Other substrates, such as a multi-layered or gradient substrate may also be used.
In some ernbodiments, the first bardmask layer 428 may include a dielectric material selected from
the group consisting of silicon nitride (8iN), silicon oxynuride {SiON), silicon nuride-based
material, and combinations thereof, and the second hardmask layer 430 may include a metal oxide
material such as, for exarple, zivconium (Zr} oxade, titanium (T1) oxide, tungsten (W) oxide,
aluminum {Al oxade, or combinations thereof. In some other embodiments, the second hardmask
layer 430 may wnchude a metal nitride, a metal carbide, or combinations thereof.

{83347} Corresponding to operation 384 of FIG. 3, FIG. 48 1s a cross-sectional view of the
structure 488 in which the first hardmask layer 428 1s patterned through the second hardmask layer
438, In some embodiments, the first hardmask layer 428 may be patterned through performing a
directional or anisotropic etching process 435, For example, through the anisotropic etching
process 435, the pattern formed in the second hardmask layer 438 can be transferred to the
underlying first hardmask layver 428. In some embodiments, the anisotropic etching process 435

may be stopped upon the metatlic laver 410 being exposed.

{8048} In the example where the first hardmask layer 428 15 formed of SIN, the anisotropic

eiching process 435 may mnclude flowing CHsF gas with ions (or reactive ions) in presence.

12«
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Further, the anisotropic eiching process 438 may be a reactive ion eiching (RIE) process. In
general, the RIE process entails exposing a workpiece to a reactive plasma that may include gases
that generate species, such as fluorine, carbon, hydrogen, and molecules and radicals of the
combination of these elements. Energetic ion bombardment by species exiracted from the RIE
plasma can generally have a trajectory normal to a surface of the workpiece that horizontal surfaces
are subject to the ion bombardment to the exclusion of other surfaces such as vertical surfaces. As
a non-limiting example, a high-frequency power of about 345 Watis and a low-frequency power
of about 100 Watts, a pressure of about 30 mulhitorr, and a flow of the etchant gas (CH5E) of about

50 scem may be used in the anisotropic eiching process 435,

{0049 Corresponding to operation 306 of FIG, 3, FIG. 4C 15 a cross-sectional view of the
structure 406 n which a sidewall of the first hardmask layer 428 i1s oxidized. In some
embodiments, the sidewall of the first hardmask layer 420 may be partially formed as an oxidized
layer 421 through an oxidation process. The oxidized layer 421 may swiround an outer
circumference of the first hardmask layer 426 that has not been oxidized and may inwardly extend
from the intact {or original} sidewall of the furst hardmask layer 420 into a core of the first
hardmask layer 428, In some embodiments, such an oxndation process can be performed o the
same chamber where operation 384 was performed by flowing oxygen  Alternatively or
additionally, the oxidation process can be performed in a vacuum chamber of a gas chemical etch

system that is configured to later perform a removal process {e.g., operation 388).

{8056} Corresponding to operation 308 of FIG. 3, FIG. 4B 15 a cross-sectional view of the
structure 400 i which the oxidized sidewall of the first hardmask layer 428 {or the oxidized layer
421} 1s removed to trim the first hardmask layer 428, Depending on a thickness or extension of
the oxidized layer 421, the first hardmask layer 420 may be trumuned to have a smaller dimension.
For example, prior to the oxidation process, the first hardmask layer 428 may have a diameter of
about 200 vanometers {nm) and the oxidized layer 421 may have a thickoess of about 2 nm. After
removing the oxidized layer 421, the first hardmask laver 428 may be trimmed to have a diameter
of about 196 nm. In some embodiments, an iferation of operations 386 and 308 may be repeatedly

performed until the dimension of the first hardmask layer 428 reaches a desired value.
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{9851} In some embodiments, the removal process of the oxidized laver 421 may include
an isotropic etching process with a sufficient etching selectivity between the oxidized layer 421
and other materials, e.g., the materials of the second hardmask layer 430, the first hardmask fayer
428, and the metallic layer 418, As such, while removing the oxidized layer 421, the second
hardmask layer 430 may remain substantially intact. For example, the removal process may
mclude flowing an won-free etchant gas. As a non-limiting example, a radio frequency-power of
about O Watts, a pressure of about 200 mullitorr, and a flow of the etchant gas (HF} of about 50

scem may be used in the removal process.

180524 Corresponding to operation 318 of FIG. 3, FIG. 4K is a cross-sectional view of the
structure 400 in which the metallic layver 410 15 patterned through the trimmed first hardmask layer
428 In some embodiments, the metallic layer 418 may be patterned through performing a
directional or anisotropic etching process 453 For example, through the anisotropic etching
process 455, the pattern formed in the trimmed first hardmask layver 428 can be transferred to the
underlying metallic layer 410, For example, the first hardmask layer 428 is trimmed to have a
smaller dimension with respect to the pattern formed in the second hardmask layer 43¢, and thus,
the metallic layer 418 can follow the dimension of the trimmed first hardmask layer 426 to form a
number of metal segments with a shruok dimension. In some embodiments, the anisotropic

etching process 455 may be stopped upon the substrate 408 being exposed.

[80583] In the example where the metallic layer 418 1s formed of Ru, the arusotropic etching
process 458 may wnclude flowing Ch gas with 1ons {or reactive ions) in presence. Further, the
amusotropic etching process 458 may be a reactive ion etching (RIE) process. As a non-linuting
example, a high-frequency power of about 1200 Watts and a low-frequency power of about 100
Watts, a pressure of about 50 mullitorr, and a flow of the etchant gas {Clz) of about 60 ~ 70 scom

may be used in the anisotropic etching process 4558,

{8054} Corresponding to operation 312 of FIG. 3, FIG. 4F 15 a cross-sectional view of the
structure 400 in which a sidewall of the trimmed first hardmask layer 428 is oxidized. In some

embodiments, the sidewall of the trimmed first bardmask laver 428 may be partially formed as an
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oxidized layer 423 through an oxidation process. The oxidized layer 423 may surround an outer
circumference of the trimmed first hardmask layer 428 that has not been oxidized and may
mwardly extend from the intact {or oniginal) sidewall of the trimmed firat hardmask layver 428 into
a core of the trimmed first hardmask layer 426, Alternatively stated, the oxidized laver 423 may
be formed above the patterned metal segments of the metallic laver 4189, In some embodiments,
such an oxidation process can be performed in the same chamber where operation 304 was
performed by flowing oxygen. Alternatively or additionally, the oxidation process can be
performed n a vacuum chamber of a gas chenucal etch system that 1s configured to later perform

a removal process {e.g., operation 314).

jO055] Corresponding to operation 314 of FIG. 3, FIG. 4G is a cross-sectional view of the
structure 408 in which the oxidized sidewall of the first hardmask layer 428 {or the oxidized layer
423y 1s removed to further trim the first hardmask layer 428. Depending on a thickness or
extension of the oxidized layer 423, the first hardmask layer 428 mav be further trimmed to have
an even smaller dimension. For example, prior to the oxidation process, the trimmed first
hardmask layer 420 may have a diameter of about 193 nanometers (nm} and the oxidized layer
413 may have a thickness of about 2 nm. After removing the oxidized layer 423, the first hardmask

laver 420 may be further trimmed to have a diameter of about 192 nm.

{8054] In some embodiments, the removal process of the oxidized layer 423 may include
an isotropic etching process with a sufficient etching selectivity between the oxidized layer 423
and other materials, e.g., the materials of the second hardask layer 438, the first hardmask layer
420, and the metallic layer 410, As such, while removing the oxidized layer 423, the second
hardmask layer 430 may remain substantiaily ntact. For example, the removal process may
mclude flowing an ion-free etchant gas. As a non-limiting example, a radio frequency-power of
about 0 Watts, a pressure of about 200 millitorr, and a flow of the etchant gas (HF) of about 50

scem may be used in the removal process.

{89371 Corresponding to operation 316 of FIG. 3, FIG. 4H is a cross-sectional view of the

structure 400 in which the metailic layver 416 1s further patierned through the trimmed first
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hardmask layer 420, In some embodiments, the metallic laver 418 may be patierned through
performing a directional or anisotropic etching process 475. For example, through the anisotropic
eiching process 475, the pattern formed 1n the trimmed first hardmask layer 428 can be transferred
to the underlying metallic layer 418 (or metal segments). For example, the first hardmask layer
428 is trimmed to have a further smaller dimension with respect to the pattern formed in the second
hardmask layer 430, and thus, the metallic layer 410 can follow the dimension of the trimmed first
hardmask layer 420 to form a number of metal segments with a further shrunk dimension. In some
embodiments, after the metallic layer 418 has been patterned to have a desired profile, the

remaining portions of the second hardmask layer 436 and the first hardmask layer 428 are removed.

jO058] In the example where the metallic layer 419 is formed of Ry, the anisotropic etching
process 425 may include flowmng Ch gas with ions {or reactive ions) in presence. Further, the
anisotropic etching process 478 may be a reactive icn etching (RIE) process. As a non-limiting
example, a high-frequency power of about 1200 Watts and a low-frequency power of about 100
Watis, a pressure of about 30 militorr, and a flow of the etchant gas (Ch) of about 60 ~ 70 scem

may be used in the anisotropic etching process 475,

=

{8059 FiGs. 5A, 8B, 5C, 3D, and 5K illustrate cross-sectional views of a structure 560,
made by at least some of the operations of the method 100 (FIG. 1) or 308 (FIG. 3), at various
fabrication stages, respectively. The structure 560 is substantially similar to the structures 280 and
400 except that the structure 580 1ncludes an organic hardmask layer, and thus, the following
discussion of FEGs., 5A-8E will be focused on the difference. For example, in FIG. 84, the
structure 500 includes a substate 888 sequentially overlaid by a metallic layer 818, an organic
hardmask layer 518, a first bardmask layer 528, and a second hardmask layer 538 mncluding a
pattern. The organic hardmask layer 315 may be or include an amorphous carbon layver (ACL) or
an organic under layer {ODL) such as, for example, CHaand/or CoHz. To FIG. 8B, the pattern in
the second hardmask layer 530 s transferred to the first hardmask laver 328 through an RIE
process, with some portions of the top surface of the organic hardmask layer 515 being exposed.
Since the underlying metallic layer 518 15 covered by the organic hardmask layer 515, the first

hardmask Iayer 528 can be trimmed by either an 1on-based RIE process (e.g., 525 in FIG. 3C) or
-16-
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an oxidation process foliowed by flowing an ion-free etchant gas similar to operations 106-188 or
operations 306-308 (e.g., FIG. 5D). After the first hardmask layer 528 is trimmed, the metallic
layer 518 (together with the organic hardmask layer 518} can be patterned through another RIE

process 835 using the trimmed first hardmask layer 526 as a mask.

5 j8d6d] In the preceding description, specific details have been set forth, such as a particular
geometry of a processing system and descriptions of various components and processes used
therein. 1t should be understood, however, that techniques herein may be practiced in other
embodiments that depart from these specific details, and that such details are for purposes of
explanation and not limitation. Embodiments disclosed herein have been described with reference

10 to the accompanving drawings. Similarly, for purposes of explanation, specific numbers,
materials, and configurations have been set forth m order to provide a thorough understanding.
Nevertheless, embodiments may be practiced without such specific details. Components having
substantially the same functional constructions are denoted by like reference characters, and thus

any redundant descriptions may be omitted.

15 8861} Various techniques have been described as multiple discrete operations to assist in
understanding the various embodiments. The order of description should not be construed as to
imply that these operations are necessarily order dependent. Indeed, these operations need not be
performed in the order of presentation. Operations described may be performed in a different order
than the described embodiment. Various additional operations may be performed and/or described

20 operations may be omitted 1n additional embodiments.

{80862} “Substrate” or “target substrate” as used herein generically refers to an object being
processed in accordance with the invention. The substrate may nclude 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 semuconductor wafer, reticle, or a layer on or
25 overlying a base substrate structure such as a thin film. Thus, substrate 18 not limited to any
particular base structure, underlying layer or overlying layer, patterned or un-patterned, but rather,

13 contemplated to include any such layer or base structure, and any combnation of layers and/or

17
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base structures. The description may reference particular types of substrates, but this is for

iliustrative purposes only.

19863} Those skilled in the art will also understand that there can be many variations made
to the operations of the techniques explained above while still achieving the same objectives of
the invention. Such variations are intended to be covered by the scope of this disclosure. As such,
the foregoing descriptions of embodiments of the invention are not intended to be limiting. Rather,

any hmitations to embodiments of the invention are presented in the following claims.

-1 R-



WO 2025/136487 PCT/US2024/049697

CLAIMS

What is claimed is:
1. A method for fabricating semiconductor devices, comprising:

sequentially forming at least a first hardmask layver and a second hardmask layer over a
metallic laver;

patterning the second hardmask layer and then the first hardmask layer;

oxidizing a sidewall of the patterned first hardmask layer;

removing the oxidized sidewall of the first hardmask layer; and

etching the metallic layer using a remaining portion of the first hardmask layer as a mask.

2. The method of claim 1, wherein the step of removing the oxidized sidewall of the first

hardmask layer comprises flowing an etchant gas.

3. The method of claim 2, wherein the step of removing the oxidized sidewall of the first

hardmask layer is ton-free.

4, The method of claim 1, wherein the first hardmask layer comprises a dielectric material
selected from the group consisting oft silicon nittide (SiN), silicon oxynitride (810N), silicon
nitride~-based material, and combinations thereof, and the second hardmask layer comprises a metal

oxide matenal,

5. The method of claim i, prior to etching the metallic fayer, further comprising repeating the
step of oxidizing a sidewall of the patterned first hardmask layer and the step of removing the

oxidized sidewall of the first hardmask layer.

6. The method of clamm 1, subsequently to etching the metallic layer, further comprising
repeaiing the step of oxidizing a sidewall of the patterned first hardmask layer and the step of

removing the oxidized sidewall of the first hardmask layer.

-10.
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The method of claim 6, subsequently to repeating the step of oxidizing a sidewali of the
patterned first hardmask layer and the step of removing the oxidized sidewall of the first hardmask

layer, further comprising etching again the metallic laver.

8. The method of claim 1, further comprising
prior to forming the first hardmask layer, covering the metallic layer with a third hardmask

layer comprising an organic dielectric.

9. The method of claim 1, wherein the remaining portion of the first hardmask layer has a
first dimension and the patterned second hardmask layer has a second dimension, and wherein the

first dimension is smaller than the second dimension.

10. A method for fabricating semiconductor devices, comprising:

forming a first hardmask layer over a metallic layer;

forming a second hardmask laver over the first hardmask layer;

performing a first etching process to pattern the first hardmask layer through the second
hardmask layer, thereby exposing a sidewall of the patterned first hardmask laver;

removing a portion of the exposed sidewall of the first hardmask laver through flowing
an ton-free etchant gas; and

performing a second etching process using a rematning portion of the first hardmask layer

as a mask to pattern the metailic layer.

11 The method of claim 10, wherein the removed portion of the exposed sidewall comprises

an oxidized dielectric material.

12. The method of claim 10, wherein the first hardmask laver comprises a dielecinic matenal
selected from the group consisting of: silicon nitride (81N}, silicon oxynitride {S1ON}, silicon
nitride-based material, and combinations thereof, and the second hardmask laver comprises a metal

oxide material.
20~
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13. The method of claim 10, prior to performing the second eiching process, further comprising

repeating the step of removing a portion of the exposed sidewali of the first hardmask layer.

14, The method of claim 10, subsequently o performing the second etching process, further
comprising repeating the step of removing a portion of the exposed sidewall of the first hardmask

faver.

18. The method of claim 14, subsequently to repeating the step of removing a portion of the
exposed sidewall of the first hardmask layer, further comprising performing a third etching process

on the metallic layer.

16. The method of claim 10, further comprising:
prior to forming the first hardmask layer, covering the metallic layer with a third hardmask

fayer comprising an organic diefectric,

17, The method of claim 10, wherein the remaining portion of the first hardmask laver has a
first dimension and the patterned second hardmask layer has a second dimension, and wherein the

first dimnension is smaller than the second dimension.

13 A method for fabricating semiconductor devices, comprising:

forming a first hardmask layer over a metallic layer;

forming a second hardmask layer over the first hardmask Jayer;

performing a first etching process to pattern the first hardmask layer through the second
hardmask layer;

oxidizing a sidewall of the patterned first hardmask layer;

removing the oxadized sidewall of the first hardmask laver through flowing an 1on-free
etchant gas; and

performing a second etching process using a remaining portion of the first hardmask layer
as a mask to paitern the metallic layer.
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19. The method of claim 18, wherein the first hardmask laver comprises a dielectric matenal
selected from the group consisting of: sihicon mitride (SiN), silicon oxynitride {S10ON}, silicon
nitride-based material, and combinations thereof, and the second hardmask layer comprises a metal

oxide material.

20. The method of claim 18, wherein the remaining portion of the first hardmask layer has a
first dimension and the patterned second hardmask laver has a second dimension, and wherein the

first dimension is smaller than the second dimension.
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