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(57) Abstract: Methods for using high-speed EUV resists including resists having additives that may be detrimental to etch cham-
bers. Methods include using reversal materials and/or reversal techniques, as well as diftusion-limited etch-back and slimming for
pattern creation and transfer. A substrate with high-speed EUV resist is lithographically patterned and developed into a patterned
resist mask. An image reversal material is then over-coated on the patterned resist mask such that the image reversal material fills
and covers the patterned resist mask. An upper portion of the image reversal material is removed such that top surfaces of the pat -
terned resist mask are exposed. The patterned resist mask is removed such that the image reversal material remains resulting in a pat -
terned image reversal material mask. Residual resist material is removed via a slimming process using an acid diffusion and sub-
sequent development.
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Method for Using Post-Processing Methods for Accelerating EUV Lithography

CROSS REFERENCE TO RELATED APPLICATIONS

[6001]) The present application claims the benefit of U.S. Provisional Patent
Application No. 81/8902,223, filed on November 8, 2013, entitied "Method for Using
Post-Processing Methods for Acceleraling EUV Lithography,” which is incorporated
herein by reference in iis entirety. The present application also claims the benefit of
U.S. Provisional Patent Application No. 81/801,768, filed on November §, 2013,
entitled “Method for Chemical Polishing and Planarization,” which is incorporated

herein by reference in its entirety.

BACKGROUND OF THE INVENTION

00021 This invention relates o patierning thin films and various layers on a
substrate. Such patterning includes patterning for fabricating semiconducior devices
within a photolithographic paltermning scheme.

[0003] in material processing methodologies (such as photolithography),
creating patterned lavers comprises the application of a thin layer of radiation-
sensitive material, such as pholoresist (resist), o an upper surface of a subsirate.
This radiation-sensitive material is transformed inlo a patterned mask that can be
used fo transfer a pattern into an underlving layer on a substrate such as by eiching
processes. Patierning of the radiation-sensitive material generally involves exposure
by a radiation source through a relicle (and associated oplics) onto the radiation-
sensitive material using, for example, a photo-lithography sysiem such as a scanner
or stepper tool. This exposure can then be followed by the removal of irradiated

regions of the radiation-sensitive material (as in the case of positive photorssist), or
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non-irradiated regions {as in the case of negative resist) using a developing solvent.
This mask layer may comprise multiple sub-layers.

[0004] Extreme ultraviolet (EUV) photolithography is an emerging technology
designed o use EUV radiation {0 patiern varicus resist films. This patlerning can be
part of microfabrication processes, such as those used o make integrated circuits.
EUV radiation can include light spanning wavelengths from 124 nm down to around

10 nm, with EUV photolithography atiempting o use wavelengths between 10-20 nm.

SUMMARY

{6005] Conventional extreme ultraviclet radiation (EUV) resist films tend to
have relatively slow development times. For example, such resists can require 70
millijoules (muJd) or more of EUV exposure, which is a significant and costly challenge.
Thus, high-speed EUV resisis, that is resists with significantly shorter development
times would be beneficial for EUY lithography. One particular high-speed resist has
been developed. This high-speed resist uses hafnium nanoparticles to lessen
aexposure Hmes or energies neaded, but using this high-speed resist is problematic.
For example, one problem is iine edge roughnsss (LER). Ancther problem is that
certain nanoparticles (including hafnlum oxide) are detrimental inside elch chambers
and it is desirable to avoid placing substrates with such materials inside plasma
processing chambers. Thus, overcoming roughness problems and/or particles that
are uniriendly to efch chambers can be useful for enabling high-speed EUV resists
for use in microfabrication processes.

[00086] The semiconductor industry in general has a significant interest in
making EUV lithography and EUV tools functional. The success of the
semiconductor road map is contingent on success of the EUV tools. The speed of
EUV development is in part connecled {o EUV dose.

00071 High-speed resisis have the ability of reducing EUV dosage by roughly
a factor of ten. One example high-speed resist has been developed by Comell
University, Christopher Ober, "Current Status of Inorganic Nanoparticle Photoresisis”
02/12/12, thaca, NY, and published on the International EUV initiative,
http:/fieuvi.org/TWG/Resisti2012/021212/8-Cber-SEMATECH_TWG_2012_final.pdf,
the contents of which are herein incorporated by reference in their entirety. This
particular resist uses hafnium nanoparticles to decrease a required EUV dosage
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prior to developing the resist. One challenge with this hafnium oxide nanoparticle
resist is that currently thers is no accepiable method of using it because of
associated problems. One problem is that these particles are very delrimental inside
etch chambers. I is strongly desired o keep these pariicles out of etch chambers.
Another problem is that the fidelity of the line edge roughness does not meet desired
specifications.

(0008} Thus, one EUV lithography challenge is using high-speed resisis that
may have addilives or nanoparticles that are either detrimental or non-favorable for
etch chambers. Other challenges with using high-speed resists are that they provide
unaccepiable roughness and resolution. Techniques herein include novel methods
for using high-speed EUV resists that may be unfriendly to sich chambers.
Techniques include using reversal malerials and/or reversal techniques, as weil as
diffusion-limited etch-back and slimming techniques.

(00091 For example, embodiments herein include methods for patferning a
substrate. Such methods can include receiving a subsirate having a radiation-
sensifive layer. The radiation-sensitive layer comprising a resist compaosition having
material properties that provide lithographic resolution of less than about 40
nanometlers when exposed {o exireme ultraviolet radiation lithography. Nexta
patierned resist mask can be crealed on the substrate by developing a pattern
transferred into the radiation-sensitive layer vig an exireme ultraviolet lithography
process. The exireme ultravioletl ithography process indudes exposure of less than
about 10 millijouies of exireme uliraviolet radiation per centimeter squared of the
substrate. The extreme ullra violet radiation has wavelengths between about 10
nanomelers {0 124 nanometers. An image reversal material is then over-coated on
the patterned resist mask such that the image reversal material fills and covers the
patterned resist mask. An upper portion of the image reversal malerial is removed
such that top surfaces of the patterned resist mask are exposed. The patierned
resist mask is also removed such that the image reversal material remains resuiting
in a patterned image reversal material mask. The patterned image reversal material
mask is then slimmed such that initial dimensions of the palterned image reversal
material mask are reduced and residual resist material, embedded within sxposed
surfaces of the patterned image reversal material mask, is removed,

{6010] Other embodiments can include transferring a patiern defined by the

patierned image reversal material mask into an underlying layer via a dry elching
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process resulting in a patlterned underlving layer. The palterned image reversal
material mask can then be removad (o execute a sidewall image transfer process
using the patierned underlving layer as a mandrel for the sidewall image transfer
process.

160113 Of courss, the order of discussion of the diffsrent steps as described
herein has been presenied for clarity sake. In general, these steps can be
performed in any suitable order. Additionally, although each of the different features,
technigues, 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.

[6612] Note that this summary section does not specify every embodiment
and/or incrementally novel aspect of the present disclosure or claimed invention.
Instead, this summary only provides a preliminary discussion of different
embodiments and corresponding points of novelty over conventional technigues.

For additional detaiis andfor possible perspectives of the invention and embuodiments,
the reader is direcied to the Detailed Description section and corresponding figures

of the present disclosure as further discussed below.

BRIEF DESCRIPTION OF THE DRAWINGS

(0013} A more complete appraciation of various embodiments of the invention
and many of the atlendant advantages thereof will become readily apparent with
reference 1o the following detalled description considered in conjunclion with the
accompanying drawings. The drawings are not necessarily to scale, with emphasis
inslead being placed upon illustrating the fealures, principles and concepls.

(06014} FIGS. 1-15 are schematic, cross-seclional views of a substrale

segment showing a process seguence for patterning a substrate.

DETAILED DESCRIFTION

[6015] Techniques herein include novel methods for using high-speed EUV
resists having additives or materials that may be unfriendly o etch chambers.

Techniques include using reversal materials and/or reversal techniques, as weil as
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diffusion-limited elch-back and slimming techniques. Such technigues enable use of
various high-speed resists. With techniques herein, by way of a non-limiting
example, an EUV resist can be used to pattern an underlying anti-refleclive coating
(ARC) layer and layers beneath as well as implementing one or more a double
patiemning processss.

[0016] Embodiments include methods for patierning substrates. Referring
now to FIG. 1, a cross-sectional schematic diagram shows an exampie substrale
segment. A radiation-sensitive layer 120 is deposited on a substrate having one or
more underlying levels. A coater/developer {ool or track tool can be used for
depositing the radiation-sensitive layer 120. Radiation-sensitive layer 120 canbe a
high-speed resist in that radiation-sensitive layer 120 can be fully developed after
exposure 1o less than approxdimately 10 millijoules of exireme ultraviolet radiation per
centimeter squared of a given substrate. Conventionaily, lithographic light exposure
dosages arg given in terms of energy applied per centimeter sguared. Thus,
radiation-sensitive layer 120 can have development speeds that are 5-10 timss
faster than conventional photoresisis. An example high-speed resist is a hafnium
oxide-containing photo resist (a resist containing embedded or suspended
nancoparticles). Radiation-sensitive layer 120 can be constructed/selected to provide
a relatively quick developing speed, butl added nanoparticles may or may not provide
a product composition that is safe (o elch in etch chambers. In other words, when
eiched, the radiation-sensitive layer 120 can release particies that are damaging to
conventional semiconductor etch chambers. Another challenge with radiation-
sensitive layer 120 is that radiation-sensitive lfayer 120 may not provide an
acceptable line edge roughness (LER) in that a resulting degree of roughness is (oo
rough as compared {0 a specified roughness for a given semiconductor product
design.

(00177 Underlying radiation-sensitive laver 120 can be mulliple layers of
various materials and thicknesses. For convenience in explaining embodiments
hersin, examples will primarily focus on a three layer stack on a substrate 105.
Fositioned below the radiation-sensitive layer 120 is transfer faver 115, which in tum
is positioned on mask layer 110 {(a target layer), into which a patlern can be
eventually transferred.

{6018] Using EUV photolithography imaging techniques, a patiern
{photolithographic patiern) can be transferred into radiation-sensitive layer 120.
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When imaging is executed at, for example, a 32 nm set point, energy used for
imaging can be on the order of 6.6 milidoules per cm?, resulting in a line width
roughness (LWR) value of around 3.8 nanometers. Note that this is an example set
point only. In another example, if a target of interest is 1o have 16 nm nodes (having
a 16 nm specified critical dimension), then conventional EUV resists can require 30-
60 md of radiation per om®. Thus, radiation-sensitive layer 120 can provide a
significant increase in development speed.

(006197 Radiation-sensitive layer 120 can be applied as a fiim. Such a film can
be applied by conventional techniques such as spin coating in a2 coater/developer
tool or track tool, and then baked and transferred to an EUV lithography tool. Then
the substrate can return to a thermal processing system and recsive a post-exposure
bake, after which the exposed radiation-sensitive faver can be deveioped such that
soluble portions are dissolved and removed {exposad or unsxposed portions
depending on whether the resist is positive or negative) yielding a patterned resist
mask 121 developed from radiation-sensitive layer 120 as shown in FIG. 2. FIG. 2
shows patlernad resist mask 121 as two plugs or lines in this example cross-
sectional view,

[6020] One difference with radiation-sensitive layer 120, as compared o
conventional resists and other EUV resisls, is that radialion-sensitive layer 120 can
include nancparticles (such as hafnium oxide) and/or other ingredients. Solubility of
these nanoparticles can be such that the nanopariicies have a diffusion
characteristic or propensity for diffusion. These nanoparticles can be suspended in a
photo resist, and then this pholo resist can be conventionally dispensed, processed,
exposed, and spin cast. Thus, radiation-sensitive laver 120 can be a film processed
on conventional tools, albeit the high-speed resist tself is not conventionally used.
60213 After developing a latent paltern {o create palterned radiation-sensitive
laver 121, it may not be desirable to elch an underlying layer in an etch chamber
using radiation-sensitive layer 120 as a mask because the radiation-sensitive layer
120 may release particles that contaminate the eich chamber. To enable use of
high-speed resists with detrimental or potentially detrimental particles, techniques
herein include execuling one or more reversal steps. For example, an image
revarsal over-coat can be applied to the substraie stack. Such a technigue can be
executed using a coater/developer tool. Referring to FIG. 3, an overcoat of image

reversal material 125 is applied on patierned resist mask 121, The image reversal
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material 125 can have a potential for solubility change such that a top portion of the
image reversal material 125 can have its solubility shiffed or changed to become
soluble. This overcoat processes can include an etch-back, or stop and fill then
etch-back step. For some applications, there arg advantages and disadvaniages to
selecting a develop-back that has some residual solubllity, which can depend on
whether a wel sich or a dry etch process is subsequently used. Any number of
reversal agents can be used for image reversal material 125, such as polymers with
a residual develop back capability. In alternative embodiments, oxide films can be
used, followed by chemical-mechanical planarization (CMP}, or an etch-back using a
dry sich.

{6022} The image reversal material can be selected to have an inherent
solubility potential and behave similarly to a conventional pholoresist so that the
image reversal material can be responsive o wet slimming. Aliernatlive
embodiments can use a material that does not behave like a resisi, and in these
embodiments an isofropic etch can be performed to slim and/or etch-back image
reversal material to reveal the patterned resist mask. Thus, in response o selecting
a reversal material that has a capability to shift its solubility through photo acid
diffusion, wet slimming can be used. In response o using a reversal material that is
not sensitive 1o photo acid (SIARC reversal or developable SIARC material), then a
form of dry elching can be used, atomic layer etching or other elching technique with
coniroliable etch depth.

[0623] Image reversal material 125 can overcoal, overfill, or otherwise partially
cover some of patlerned resist mask 121, Because of this an elch-back process can
be used 1o reveal the patterned resist mask 121, With fechnigues herein, the
substrale can remain in a coater/developer system for this efch-back process. In
one embodiment, a diffusion-limited acid trim of the image reversal material 125 can
be sxecuied. A chemical trim overcoat is one example where applied acid diffuses
from the top surface (where the acid or solubility-changing agent is applied) down
into the film and changes a solubility of the film. Such a sclubility change can
correspond 1o a pariicular developer, solvent, or group of developers. After this
change in solubiiity of a top portion of image reversal material 125, the substrate can
again be processed by the coater/developer {0 dissolve and remove this fop portion,
which process can be considered a typs of wet efch process. In embodiments using

an stch chamber, an incomplete eich can be performed o avoid particles from the
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radiation-sensitive layer 121 being released within the eich ¢hamber thereby
contaminating the etch chamber. When performing the etch-back in a
coater/developer sysiem, a wet eich can be performed, such as with the lop-down
diffusion for solubility shifting.

10024 Cne technigue as disciosed herein is 1o coat (or overceat) the stack
with acid for a top-down acid trim back. Top-down acid frim back comprises coating
the substrate stack with an acid agent on the top. Then the stack is baked so that
the acid diffuses downwardly into the film, that is, diffuses into a top portion of the
image reversal material 125, The result is image reversal material 125 receiving a
top-down solubility profile change. With the top portion of the image reversal
material 125 now being soluble, the film can be washed and developed such that the
top portion of the image reversal material 125 is removed. FIG. 4 shows an example
result from a top-down acid trim back process. Nole that paiterned resist mask 121
can profrude above the image reversal material 125 to iHlusirate that material from
the radiation-sensitive layer 120 is now expossed or revealed. Several parameters
can be adjusted to control an amount or depth of the acid diffusion. For example,
hake time, concentration of overcoat, molecular weight of the photo acid, bake temp,
additicnal overcoat exposure o drive added acid, type of acid group, and so forth.
[0025) After the top-down trim back, the image reversal material 125 can be
set or frozen with a bake. In other words, a thermal treatment can be used o
remove an ability of the material to have further solubility shifis. Then the patterned
resist mask 121 can be removed. FIG. 5 illustrates a resulling stack after such
removal. With the radiation-sensitive layer removed, the resull is a patterned image
reversal material mask 128, Removing the high-speed resist is beneficial because i
is desirable to remove harmful (or potentially harmiul) nanoparticles from the
substrale stack {o prevent contamination in an etch chamber during subseguent
processing. Note thal not all of the nanoparticles may be removed/dissolved with the
top-down Irim back step because some of the nanoparticles will become embedded
in surfaces of the image reversal material 125 defined by the patterned image
reversal material mask 126. Some nanoparticles can have a diffusion aspect and
move into adjacent malerial, or otherwise become entangled al interface areas.
Arga 127 shows where nanopariicles have become embedded within sidewalls of
the patterned image reversal material mask 128, essentially where the reversal

agent interfaced with the radiagtion-sensitive material.
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[0028] A diffusion-limited slimming process can now be used o remove these
residual nanoparticles. This can be a wel slimming process, which is beneficial
aspedcially when the nanoparticles are potential contaminants. In one embodiment,
photo acid is again appiied to the stack and baked down through the top surfaces
and through the sidewalls of the patternad image reversal material mask 126. This
step is executed o provide diffusion-limited slimming, that is, subsequent removal of
material will be limited 1o a portion that the photo acid {(or other agent) has made
soluble or has changed solubllity. Thus, after acid application and diffusion, the
stack can be developed o remove this newly soluble portion. Nole that any baking
step after removal of patlerned resist mask 121 may be withheld so that image
reversal material maintains a solubility shifting potential for removing residual
parlicles. A more detailed description of this wel slimming process can be found in
US Provisional Application Serial Number 6§1/801,7868, titled "Method for Chemical
Polishing and Planarization” filed on November 8, 2013.

(00271 In FIG. 8, patterned image reversal material mask 126 is shown having
features slimmed down as compared to Figure 5. Such Irim back can also provide
smoothing o the patierned image reversal material mask 126, resulting in a LWR
specified and having stripped away all harmful nanoparticies (such as Hf
nancparticles) that could cause contamination in a dry etch/plasma elch chamber.
Thus, the diffusion-limiled slim back, as disclosed herain, can have mulliple
applications, such as with gtching through a reversal agent overcoat to reveal a high-
speed resist patiern, as wslls as to remove residual nanoparticies within the reversal
agent. The diffusion-limited slim back can be used as an alternative o CMP, as well
as a smoothing/simming alternative. Figure 6 thus shows a pattern that is smaller
and with all contaminants removed with a LWR ready for subsequent paltern fransfer.
Note that some nanoparticles may not stop the concentration gradients of diffusion
within photo malerials, which is why these pholo materials can stiil make an image
and have developer developing through the nanoparticles as if they were not there,
while still having photo acids changing protection groups embadded within a
nanoparticle matrix.

[0028] Referring now fo FIG. 7, the patterned image reversal material mask
126 can be transferred info one or more underlying layers, such as the underlying
transfer layer 115, At this point, the substrate siack can be elched within a plasma

elch chamber without the danger of contamination from harmful particles. Another
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advaniage is having accepiable line widih roughness and/or line edge roughness in
the pattern. With conventional EUV resists (resists that are not high-speed), by this
stage there is often a LWHR that is unacceptable Tor the 32 nanometer CD set point
and below.

100629} In FiG. 8, the image reversal material can be siripped, Isaving a
mandral 115 10 continue with additional fabrication steps, such as a sidewall image
fransfer (SiT) process. The first mandrel LWR is perhaps the most crifical. if the
mandre! is rough, then spacers could be created having one smooth side and ong
reugh side. Technigues herein, however, can resull in spacers with two smooth
sides. Thus, the wet slimming/smoothing disclosed herein can be used io address
imagery problems with EUV treatment. Conventionally, high-speed EUV resists
have been avoided because of the LWR problems. Technigues hersin, however,
mitigate the LWR challenges through these process flows, and mitigate the
resolution through SiT processing. One or more of these process steps enables
EUV o be successiul, otherwise high-speed resists and EUY lithography are
typically not compatible with downstream processing.

[0030] Continuing with the SIT processing and referring to FIG. 8, a conformal
film 130 can be applied over mandrel 115, such as via atomic layer deposition o
continue with a seif-aligned double patterning (SADP) scheme. In FIG. 10,
conformal film 130 is elched back 1o vield spacers 131, For example, an anisotropic
eich is execuled that clear material from on top of mandrels and on top of mask layer
110 expect at sidewall locations where material is sufficiently thick fo avoid being
etched away. In FIG. 11, mandrels 115 have been removed, leaving spacers 131
This essentiiaily doubles the patlern from FIG. 8. In FIG. 12, this doubled pattern is
transferred into mask layer 110, In FIG. 13, spacers can be removed, (such as by
etching or ashing or wet cleaning), resulling in a mask or hard mask that is patlterned
having a desired resolution, smoothness, and critical dimension. Instead of a
hardmasik, permanent structures can result from this transfer. Any number of
subsequent fabrication steps can be continuad. For exampls, FIGS. 14 and 15 show
that a plating damascene process can be executed, foliowed by CMP and cleaning,
and/or other specified use of mask layer 110.

{60311 These several technigues help enable use of EUV resisis for
semiconductor fabrication. Currently, high-speed resists are not being used for

commercial fabrication becauss of poor LWR, poor resolution, and/or contaminant
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content. Processes herein, however, enable use of EUV lithography and high-speed
resists. These process address LWR by using a slimming agent and reversal flow
together. This removes a need Tor plasma/dry eiching of the high-speed resist bul
while removing any harmful nanoparticles. In other words, LWR issues are
addressed as well as sich selectivity/contamination concerns. In addition o the
diffusion-limited etch-back and reversal flow processes, sidewall image transfer (SIT)
processes can be added to address resclution concerns and meet CD specifications.
In some eambaoadiments, a reversal flow can be coupled with diffusion-limited eich-
back, especially when using a harmiul high-speed resist. Certain harmful high-
speed rasists can provide sufficient resclution after image reversal and residual
material removal. SIT schemes can also be added as a sub process when
resolution is not sufficient. In other embodiments, the reversal flow can be coupled
with a SIT process {(excluding the slimming/eich-back step), espedially when the
high-speed resist provides acceptable LWR, but still needs higher resolution. In
other embodiments, sspecially when using a high-speed resist that does not contain
harmful particles, the reversal flow can be skipped. In such embodiments, after EUV
image transfer and developmant a process flow can include diffusion-iimited eich-
back o address roughness, and then SIT o fix resolution.

10032} Embodiments herein include additional methods for palterning a
subsirate. An additional method can comprise mulliple sleps. A substrale is
received or provided having radiation-sensitive layer. This radiation-sensitive layer
can alsc be appiled to the substrate as part of the method. The radiation-sensitive
laver comprisas a resist composition having material properties that provide
lithographic resolution of less than about 40 nanometers when exposead to exireme
ultraviolet radiation lithography. A patterned resist mask is ¢reated on the subsirate
by developing a pattern transferred into the radiation-sensitive laver via an exireme
uitraviclet lithography process. The extrems ultraviolet lithography process can
include exposure to less than about 10 millijoules of extreme ultraviolet radiation per
cantimeter squarad of the substrate. The extreme ultra viclet radiation has
wavelengths between about 10 nanometers {0 124 nanometers, and preferably
between about 10-20 nanometers. With this amount of energy, the radiation-
sensitive layer can be fully developed. In other words, a high-speed regist is used.
A high-speed resist, as ussed hersin, refers {0 a rasist that can be fully deveioped

with less than about 10 md of EUV radiation, provide a resolution of less than about
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40 nanometers, and roughness less than three nanomelers (or a standard deviation
of 3 nm for the roughness of line or width). The patlemned resist mask is over-coated
with an image reversal material such that the image reversal material fills and at
teast partially covers the patterned resist mask. Typically the image reversal
material is spun on or otherwise deposiied, and during this process the patlerned
resist mask is essentially covered. Covering the palterned resist mask is typical, but
not required. Reversal material can fill between sidewalis of the palterned resist
mask without actually covering a top of the patlerned resist mask, but such a filling
technigue is typically difficult. Nexd, an upper portion of the image reversal material
can be removed such that top surfaces of the patierned resist mask are exposed
{revaaled or uncovered). The patierned resist mask is then removed such that (in a
way that} the image reversal material remains, resulling in a patterned image
reversal material mask. In other words, the patierned defined by the image reversal
material has been reversed using a second material. The patierned image reversal
material mask ¢an then be slimmaead such that initial dimensions of the patterned
image reversal material mask are reduced and residual resist material, embedded
within exposed surfaces of the patterned imags reversal material mask, is removed.
{0033} The radiation-sensitive layer {(high-speed resist), can include additives
that enable modifying solubility of the radiation-sensitive layer with less than about
10 millijoules of extremne uliraviclet radiation per centimeter sguared of subsirate
surface area. For example, the additives can include a suspension of nanopariicles
such as hafium oxide, zirconium oxide, etc. The patterned resist mask can be
characterized by an edge roughness of less than about 4 nanometers with a
standard deviation of about 3 nanometers or less. The resist mask can also be
characterized by a critical dimension {CD} of less than about 40 nanometers.

100834} Removing the upper portion of the image reversal material can include
using a wet etching process. The wetl stching process can include coating the image
reversal material with an acid, then baking the acid so that the acid diffuses info the
upper portion of the image reversal material and changes a solubility of the upper
portion of the image reversal material, and then deveioping the image reversal
material such thatl the upper portion of the image reversal material is removed. The
acid diffusion can be limited 10 a predetermined thickness, which can be control by

various factors, such as by amount of acid, type of acid, bake tims, pressure, elc. In
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alternative embodiments, siching the upper portion of the image reversal material
includes using a dry etch process.

[0035] Slimming the patierned image reversal material mask can include
using a wet eiching process. For example, the patlerned imags reversal material
mask is coated with an acid. The coated subsirate is then baked such that the acid
diffuses into exposed surfaces of the patlerned image reversal material mask and
changes a solubility of the exposed surfaces of the pattermned image reversal material
mask. The patterned image reversal material mask is developed such that the
exposed surfaces of the patterned image reversal material mask are removed to a
depth sufficient to remove residual resist material embedded with the exposed
surfaces of the pattemed image reversal malerial mask., Note that this process can
be repeated one or more times 1o ensure that all contaminanis have been removed.
[0036] In additional embodiments, a pattern defined by the palterned image
reversal material mask is transferred into an underlying laver via a dry eiching
process resulting in a patterned underlying fayer. The patterned image reversal
material mask is removed, and then a sidewall image transfer process can be
executed using the patterned underlving layer as a mandrel for the sidewall image
transfer process. This is beneficial when a particular high-spesd resist and EUV
lithography process cannoct meet a specified resclution. The sidewall image transfer
process includes applving a conformal film {o the palterned underlying laver. The
conformal film is then partiaily efched such that a double pattern of the patierned
underlying laver is created with the conformal film. The patterned underlying layer is
removed, and then the double patiern is transferred 0 a mask layer underlying the
conformal film,

[6037] Note that there are several alternative embodiments that ¢an include or
exclude varicus sieps based on a type of high-spead resist used. In another
embodiment a method for palterning a substrale includes recsiving a substrate
having a radiation-sensitive iayer. The radiation-sensitive layer comprises a rgsist
compaosition having material properties that provide lithographic resolution of less
than about 40 nanometers when exposed (o exireme ultraviolet radiation lithography.
A patterned resist mask is created on the subsirate by developing a paltemn
transferred info the radiation-sensitive layer via an extreme uliraviolet lithography
process. The exireme ultraviclet ithography process includes exposure 1o less than

about 10 millijoules of extreme uliraviolet radiation per centimeler squared of the
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subistrate, the extreme ultra violet radiation having wavelengths between about 10
nanomelers {0 124 nanometers. The resist mask is over-coated with an image
reversal material such that the image reversal material fills and covers the patterned
resist mask. An upper portion of the image reversal material is removed such that
top surfaces of the palterned resist mask are exposed or uncovered. The patlermned
resist mask is removed such that the image reversal material remains resuiting in a
patterned image reversal material mask. A sidewall image transfer process is
executed using the patternad image reversal material mask as a mandrel! for the
sidewall image transfer process. Optionally, prior 1o executing the sidewall image
transfer process, the patiernad image reversal material mask can be simmed such
that initial dimensions of the pattemed image reversal material mask are reduced
and residual resist material, embedded within exposed surfaces of the patterned
image reversal malerial mask, is removed. This can include diffusing an acid into
the exposed surfaces of the paiternad image reversal material mask such that the
diffused acid changes a solubility of the exposed surfaces of the patterned image
reversal material mask.

[0038] In another patterning embodiment, the reversal step is skipped, and &
pattermnad resist mask is slimmead using a wet etch process. The wet etch process
can include diffusing an acid into exposed surfaces of the pallerned resist mask such
that the diffused acid changes a solubility of the exposed surfaces of the patlerned
resist mask. This slimming improves an edge roughness of the patierned resist
mask as compared {0 an initial edge roughness of the exposed surfaces of the
patterned resist mask. A sidewall image transfer process can then be executed
using the patterned resist mask as a mandrel for the sidewall image transfer process,
the sidewall image transfer process transferring a doubled pattern of the patterned
resist mask inte an underlying layer via a dry etching process.

(6039 In the preceding description, specific details have been set forth, such
as a particular geometry of a processing system and descriptions of various
compaonents and processes used therein, It should be understood, however, that
technigues hersin may be practiced in other embodiments that depart from these
specific details, and that such details are for purposes of explanation and not
imitation. Embodiments disclosed herein have been described with reference o the
accompanying drawings. Similarly, Tor purposes of explanation, specific numbers,

malerials, and configurations have been set forth in order to provide a thorough
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understanding. Nevertheless, embodiments may be pracliced without such spedific
details. Components having substantially the same funclional constructions are
denoled by like reference characters, and thus any redundant descriptions may be
omitied.

10040] Various technigues have been described as multiple discrels
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, thess operations need not be performead in the order of
presentation. Operations described may be performed in a different order than the
described embodiment. Various additional operations may be performed andfor
described operations may be omitled in additional embodiments.

{6041} “‘Substrate” or "target substrate” as used herein generically refers to an
object being processead in accordance with the invention. The subsirate may include
any material portion or structure of a device, particularly a semiconductor or other
electronics device, and may, for example, be a base substrate siructure, such as a
sermiconducior wafer, reticle, or a layer on or overlying a base substrate structure
such as a thin film. Thus, substrate is not limited 0 any particular base siructure,
underlying laver or overlyving laver, patterned or un-pattemned, but rather, is
contemplated {o include any such layer or base structure, and any combination of
lavers and/or base structures. The description may reference particular types of
subsirates, but this is for ilustrative purposes only.

(0042} 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
achisving the same objsctivas of the invention. Such variations are intended o be
covered by the scope of this disclosure. As such, the foregoing descriptions of
embodiments of the invention are not intended o be limiting. Rather, any limitations

o embodiments of the invention are presenied in the following claims.
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CLAIMS

1. A method for patterning a subsirale, the method comprising:

receiving a substrate having a radiation-sensitive layer, the radiation-sensitive
fayer comprising a resist composition having material properties that provide
fithographic resolution of less than about 40 nanometers when exposed o extreme
ultraviolet radiation lithography;

creating a patterned resist mask on the substrate by developing a pattern
transferred into the radiation-sensitive iayer via an extreme ultraviolet lithography
process, the exireme uliraviolet lithography process includes exposure of less than
about 10 milliioules of extreme uliraviolet radiation per centimeter squared of the
substrale, the extreme ultra violet radiation having wavelengths betlween about 10
nanometers {0 124 nanometers;

over-coating the patterned resist mask with an image reversal material such
that the image reversal material filis and covers the pattermned resist mask;

remoeving an upper portion of the image reversal material such that top
surfaces of the patterned resist mask are exposed;

removing the patlerned resist mask such that the image reversal material
remains resulting in a patlerned image reversal material mask; and

slimming the palterned image reversal material mask such that initial
dimensions of the patierned image reversal material mask are reduced and residual
resist material, embeddad within exposed surfaces of the patterned image reversal

material mask, is removed.

2. The method of claim 1, wherein the radiation-sensitive layer includes additives
that enable modifying solubility of the radiation-sensitive layer with less than about
10 millijoules of extremne uliraviclet radiation per centimeter sguared of subsirate

surface area.
3. The method of claim 2, wherein the additives include a suspension of

nanoparticles selected from the group consisting of hafnium oxide and zirconium

oxide,

16



WO 2015/069658 PCT/US2014/063924

4. The method of claim 1, wherein the patierned resist mask is characterized by an
edge roughness value of less than aboul 4 nanometers with a standard devigtion of
about 3 nanometers or less, and wherein the resist mask is characterized by a

critical dimension {CD) of less than about 40 nanometers.

5. The method of claim 1, wherein removing the upper portion of the image reversal

material includes using a wet eiching process.

6. The method of claim 5, wherein using the wet eiching process includes:

coating the image reversal material with an acid;

baking the acid such that the acid diffuses into the upper portion of the imags
reversal material and changes a solubility of the upper portion of the image reversal
material; and

developing the image reversal material such that the upper portion of the

image reversal material is removed.

7. The method of claim 1, wherein etching the upper portion of the image reversal

material includes using a dry etch process.

8. The method of claim 1, wherein slimming the palternad image reversal material

mask includes using a wet etching process.

8. The method of claim 8, wherein using the wet eiching process includes:

coating the patierned image reversal material mask with an acid;

baking the acid such that the acid diffuses into exposed surfaces of the
patiermned image reversal material mask and changes a solubility of the exposed
surfaces of the patierned image reversal material mask; and

developing the patterned image reversal material mask such that the exposed
surfaces of the patterned image reversal material mask are removed to a depth
sufficient to remove residual resist material embedded with the exposed surfaces of

the patlerned image reversal material mask.
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10. The method of claim 1, further comprising:

transferring a pattern defined by the pallerned image reversal material mask
into an underlying laver via a dry gtching process resulting in a patterned underlying
faver,

removing the patterned image reversal material mask; and

executing a sidewall image fransfer process using the patierned underlying

layer as a mandrel for the sidewall image transfer process.

11. The method of claim 10, wherein executing the sidewall image transfer process
includes:

applying a conformal film fo the patterned underlying layer;

partially etching the conformal film such that a double patitern of the patterned
underlying layer is created with the conformal film;

removing the patterned underlying laver; and

fransferring the double pattern {0 a mask layer underlying the conformal film.

12. A method for patterning a substrate, the method comprising:

receiving a substrate having a radiation-sensitive layer, the radiation-sensitive
laver comprising a resist composition having material properiies that provide
fithographic resolution of less than about 40 nanometers when exposed o extreme
ultraviolet radiation lithography;

creating a patterned resist mask on the substrate by developing a pattern
transferred into the radiation-sensitive iayer via an extreme ultraviolet lithography
process, the extreme uliraviolst lithography process includes exposure of less than
about 10 milliioules of extreme uliraviolet radiation per centimeter squared of the
substrale, the extreme ultra violet radiation having wavelengths betlween about 10
nanometers {0 124 nanometers;

over-coating the patterned resist mask with an image reversal material such
that the image reversal material filis and covers the pattermned resist mask;

removing an upper portion of the image reversal material such that top
surfaces of the patterned resist mask are exposed; and

removing the patierned resist mask such that the image reversal material

remains resulting in a patterned image reversal material mask
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13. The method of claim 12, wherein the radiation-sensitive layer includes additives
than enable modifying solubility of the radiation-sensitive layer with less than about
10 millijoules of exireme ultraviolet radiation per centimeter squared of substrate
surface area; and

wherein the patternad resist mask is characterized by an edge roughness
value of less than about 4 nanometers with a standard deviation of less than about 3
nanometars, and wherein the patterned resist mask is characierized by a critical

dimension (CD)} of less than about 40 nanometers.

14. The method of claim 13, wherein the additives include a suspension of
nancparticles selected from the group consisting of hafnium oxide and zirconium

pxide.

15. The method of claim 12, wherain removing the upper portion of the image
reversal material includes using a wet etching process, the wet eiching process
including diffusing an acid into the upper portion of the image reversal material, the

acid changing a solubility of the upper portion of the image reversal material.

16. The method of claim 12, further comprising:

executing a sidewall image transfer process using the patterned image
reversal matarial mask as a mandrel for the sidewall image transfer process; and

prior to executing the sidewall imags transfer process, slimming the patterned
image reversal material mask such that initial dimensions of the patterned image
reversal material mask are reduced and residual resist material, embedded within
exposed surfaces of the pattemed image reversal material mask, is removed,
wherein slimming the patterned image reversal material mask includes diffusing an
acid into the exposed surfaces of the patterned image reversal material mask such
that the diffused acid changes a solubility of the exposed surfaces of the patlterned

image reversal material mask.
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17. A method for patlerning a subsirate, the method comprising:

receiving a subsirate having a radiation-sensitive iayer, the radiation-sensilive
laver comprising a resist composition having material properties that provide
fithographic resolution of less than about 40 nanometers when exposed {o extreme
ultraviolet radiation lithography;

creating a paiterned resist mask on the substrate by developing a patiern
fransferred into the radiation-sensitive layer via an extreme ultraviolet lithography
pracess, the extreme ultraviclet lithography process includes exposure of less than
about 10 millijouies of extreme uliraviolet radiation per centimeter squared of the
substrale, the extreme ultra violet radiation having wavelengths between about 10
nanometers {0 124 nanomesters;

slimming the patlerned resist mask using a wet elch process, the wet elch
process including diffusing an acid info exposed surfaces of the patterned resist
mask such that the diffused acid changes a solubility of the exposed surfaces of the
patterned resist mask, the slimming improving an edge roughness value of the
patterned resist mask as compared to an initial edge roughness value of the
axposed surfaces of the patterned rasist mask; and

aexacuting a sidewall image transfer process using the patterned resist mask
as a mandrel for the sidewall image transfer process, the sidewall image transfer
process transferring a doubled pattern of the patterned resist mask into an

underlying layer via a dry elching process.

18. The method of claim 17, wherein the radiation-sensitive layer includes additives
than enable modifying solubility of the radiation-sensitive layer with less than about
10 millijoules of exireme ultraviolet radiation per centimeter squared of substrate
surface area; and

wherein the patterned resist mask is characierized by an initial edge
roughness value of less than about 4 nanometers, and wherein the pafterned resist

mask is characterized by a critical dimension (CD) of less than about 40 nanometers.
189. The method of claim 18, wherein the additives include a suspension of

nanoparticles selectad from the group consisting of hafnium oxide and zirconium

oxide.
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20. The method of claim 17, wherein slimming the palterned resist mask includes
coating the patierned resist mask with the acid;
baking the acid such that the acid diffuses into the exposed surfaces of the
pattemned resist mask; and
developing the patlermned resist mask such that the exposed surfaces of the

patiemed resist mask are removad.

21



PCT/US2014/063924

WO 2015/069658

120

D O OO
000

QQQQ

QQQQ

o000

2000

QQOQQ

O O000 00

SECEVEOGEOEY

DO Q OO0

OOOOOOOOOO

000000

@Q@ro

[SRCRCRORE/
OO0C00

000 O

e g g g gt

l\\;‘iGS

FIG. 1

AT S LA T T S S S S LA TS S SR SN

R\.",’EGS

FIG. 2




PCT/US2014/063924

WO 2015/069658

105

[ORORGRGRORURGRY]
OO\J)\ o000

) OQOQ Q [ORORURON(
QQQQQQOOOO y
i) O OO OO0 E
L OD000OOO00

OO0 00

o)
o)

//121

. mw,,w 00000 /v ) ,v

boooo
Booooo
OO0 0C
POO0OO

, SRORS)
QQ 0000

OO0 00 000!
O /u D000

9] Q Q O C

H000000000
: ooogoo@ooo

ATLITLT LTSS A S S S AT L SR SR S
g g g

L?QS

=

4

»

FIG




WO 2015/069658 PCT/US2014/063924

127 127

126

115

R A R S S AR A S S

FIG. 5 o

- 110

BLVATATLTL AL LS EANAASTL S SRS SR SRS S,

FIG. 6 s




WO 2015/069658 PCT/US2014/063924

126

4115

110

Lﬁ)ﬁ

FIG. 7

115
(/m,

~110

\ N \\\\ \ T \\\\\ \ e

FIG. 8

105



WO 2015/069658 PCT/US2014/063924

AR AATATATL SRS SR S LA LSRR SR

FIG. 9

ATLIMTLI STV S S S AT A SR A

FIG. 10 e

131

g
&

RN AATATATASASSSSSL LA AT SRR SR

FiG. 11 s




WO 2015/069658 PCT/US2014/063924

T e e

FIG. 12

Lwﬁ

T T e g g ey

FIG. 13 o

o L

e

FIG. 15




INTERNATIONAL SEARCH REPORT International application No.
PCT/US 14/63924

A. CLASSIFICATION OF SUBJECT MATTER

|PC(8) - A47G 19/22 (2014.01)

CPC - C03C 17/32; CO3C 17/42; C03B 9/31 .
According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification §ystem followed by classification symbols
CPC (C03C17/32; C03C17/42; C03B9/31; GO3F7/095; GO3F7/0392; GO3F7/0397; H01L.21/76816; H01L.21/3088; H01L21/0273;

H01L21/0338; HO1L21/31144; HO1L21/3086; HO1L27/10; HO1L21/32139; HO1L21/0337; H01L27/1052; B82Y 30/00; GO3F7/092

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
USPC (428/34.6; 428/35.9; 428/36.91; 438/669;.430/5; 430/326; 438/703; 257/E21.231; 428/209; 430/276.1; 430/322; 430/323; 430/325;

430/278.1; 977/755; 430/272.1; 430/311; 430/270.1; 438/674; 257/499; 438/703; 216/41; 430/325; 430/324; 216/58; 438/689, 216/83; 43

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

PatBase, Google Patents/Scholar - Terms: extreme ultraviolet radiation lithography EUV sensitive photoresist mask layer wavelength
resolution pattern mJ/cm2 overcoat overfill remove etch wet dry image reversal slim trim minimum size feature critical dimension diffuse
acid solubility change edge roughness sidewall image transfer double mandrel CD mi

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2013/0129995 A1 (QUATTARA et al.) 23 May 2013 (23.05.2013) . 1-20
para [0030], [0036], [0038], [0044], [0076]; claims 8-10
A US 2010/0130016 (DEVILLIERS et al.) 27 May 2010 (27.05.2010) ' 1-20
para [0028], [0069], [0082], [0096])-[0105]; figures 3A-3C and 5A-5D; abstract
A US 2009/0214953 A1 (HUANG et al.) 27 Aug 2009 (27.08.2009) E
para {0011], [0032], [0042], [0048]-[0050]; figures 1 and 2A-2D; abstract 1-16
A US 2013/0171571 A1 (DUNN et al.) 4 July 2013 (04/07.2013) 17-20
para [0007], [0025], [0071], [0076]; abstract : :
A US 7,659,050 B2 (BUCCHIGNANO et al.) 9 Feb 2010 (09.02.2010) -- the entire patent 1and 12
A US 8,470,711 B2 (ARNOLD et al.) 25 June 2013 (25.06.2013) -- the entire patent 1and 12
A US 6,709,807 B2 (HALLOCK et al.) 23 March 2003 (23.03.2003) -- the entire patent 17
D Further documents are listed in the continuation of Box C. l:l
* Special categories of cited documents: ) "“T"  later document published after the international filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the international «“X” document of particular relevance; the claimed invention cannot be
: filing date considered novel or cannot be considered to involve an inventive
“L” dpcgmem wltl,il(_:hhm;y thrglyv dcpubL(si on prfiority hclaim(s)'or whicl:‘ is step when the document is taken alone
cited to establish the publication date of another citation or other «y» gocyment of particular relevance; the claimed invention cannot be
special reason (a.s specified) . considered top involve an inventive step when the document is
“Q” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means ' being obvious to a person skilled in the art

“P” document published prior to the international filing date butlater than  «g»  4ocument member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
29 Dec 2014 (29.12.2014) 1 4 jA N 20-,5
Name and mailing address of the ISA/US _ Authorized officer:
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Lee W. Young
P.O. Box 1450, Alexandria, Virginia 22313-1450
- PCT Helpdesk: 571-272-4300
Facsimile No. 571-273-3201 PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)



	Page 1 - front-page
	Page 2 - description
	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 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report

