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ABSTRACT: The resolution, line edge roughness, and sensitivity (RLS) trade-off has fundamentally limited the lithographic
performance of chemically amplified resists. Production of next-generation transistors using extreme ultraviolet (EUV) lithography
depends on a solution to this problem. A resist that simultaneously increases the effective reaction radius of its photogenerated acids
while limiting their diffusion radius should provide an elegant solution to the RLS barrier. Here, we describe a generalized synthetic
approach to phthalaldehyde derivatives using sulfur(VI) fluoride exchange click chemistry that dramatically expands usable chemical
space by enabling virtually any non-ionic photoacid generator (PAG) to be tethered to phthalaldehyde. The resulting polymers
represent the first ever PAG-tethered self-immolative resists in an architecture that simultaneously displays high contrast,
extraordinary sensitivity, and low roughness under EUV exposure. We believe this class of resists will ultimately enable researchers to

overcome the RLS trade-off.

B INTRODUCTION

Development of new polymer-based resists has undergone a
renaissance in the last 5 years due to the adoption of extreme
ultraviolet (EUV) lithography as the premiere lithographic
technology necessary for further reductions in transistor
feature size."” The decade prior to 2015 was characterized
by few new advances in resist chemistry’ as the lifespan of 193
nm lithography was extended using breakthroughs in
immersion optics® and phase-shifting masks® that required
minimal changes to previously established materials.”* In
contrast, the 13.5 nm wavelength used in EUV sources has
transformed the exposure mechanism from well-understood
selective photon absorption to indiscriminate ionization of a
resist to generate secondary electrons. These secondary
electrons move through the resist and are responsible for the
ensuing chemical reactions. Additionally, the low power output
of EUV sources’ has mandated the use of high-sensitivity
resists to achieve sufficient throughput and lower costs. Such
stringent sensitivity requirements must be met while
maintaining the ability to print ever-shrinking critical
dimensions. This confluence of challenges has triggered a
flurry of research into new EUV chemistries,'*~"”
additives,”>™"° and material architectures.'®”**

resist
However,
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chemically amplified resists (CARs)*® continue to dominate
the commercial EUV resist market.

CARs utilize photoacid generators (PAGs) to produce acid
that can catalytically remove protecting groups on the polymer
chain,”*** triggering a solubility gradient between the exposed
and unexposed areas of the resist. As the generation of a single
molecule of acid can lead to numerous deprotection events, the
sensitivity of the resist is significantly amplified. Further
improvements to modern CARs are extraordinarily challenging
to introduce due to the difficulty in simultaneously optimizing
the resolution, line edge roughness, and sensitivity (RLS trade-
off).>**” It would require both the effective reaction radius of
the resist and the activation energy for diffusion of the acid to
be increased. These two conditions appear to be at odds with
one another, and unsurprisingly, the RLS trade-off has grown
into the foremost problem hampering the development of new
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Figure 1. (a) Linear PPA with PAG blending. (b) PPA with photoactive end-cap. (c) Functionalized cyclic PPA with PAG tethering.

EUV resists. Stochastic issues related to the mixing of the
polymer and PAGs accentuate the RLS trade-off by promoting
inhomogeneous acid distribution that requires increased
diffusion to smooth out.”®

Retarding acid diffusion as a means of overcoming the RLS
trade-off has seen some success through incorporation of the
PAG into the polymer. Initially, resists that integrated PAGs
into the main chain were designed to only enable high PAG
loadings in the absence of phase separation.”””’ These PAGs
were straightforward to synthesize but still dissociated into
acids that could diffuse without restriction. Once it was
demonstrated that PAGs possessing anions which remained
bound to the polymer could reduce the acid diffusion length
sevenfold,®’ numerous bound anionic PAGs were de-
signed,32_35 and a significant reduction in line edge roughness
was noted in nearly every case. Critically, the photospeed of
these polymer-bound PAGs was either comparable or inferior
to the photospeed of an unbound PAG blend of the same
concentration. This meant that ionic PAGs and thick films had
to be employed to absorb sufficient EUV radiation. Films
thicker than 50 nanometers suffer dramatic reductions in
resolution due to pattern collapse,’® and ionic PAGs such as
triphenylsulfonium triflate are dogged by a poor out-of-band
response that adversely impacts contrast.’”

A second major initiative to overcome the RLS trade-off was
through the advancement of self-immolative polymers.**~*’
These resists possess an alternative source of chemical
amplification, and it was anticipated that the lack of acid
diffusion would lead to simultaneous improvement of the RLS
parameters. Examples include poly(olefin sulfones),*** poly-
(esters),”™** and poly(acetals).” =" While many self-immola-
tive resists are unable to achieve sensitivities comparable to
typical CARs, a class of poly(acetals), poly(phthalaldehyde)
(PPA), has proven to be one of the most promising due to its
unprecedented rate of depolymerization in the solid phase.
Unfortunately, PPA and related materials are afflicted with a
tendency to contaminate the optics of EUV instruments and a
lack of bench stability.

Recently, we reported the synthesis of a thermally stable
brominated PPA resist with extremely low levels of outgas-
sing.""™>° This polymer was blended with novel PAGs and
achieved sensitivities as low as 12 mJ/cm® under EUV
radiation. Our attempt to further improve this resist system
by eliminating PAGs and relying only on the scission of a
radiation responsive end-cap to initiate depolymerization was
moderately successful as the photospeed of the material
reached 90 mJ/cm®®" Rather than further pursue a PAG-free
strategy, we reasoned that functionalizing a PPA monomer
with different non-ionic PAGs would enable us to take
advantage of the roughness reduction witnessed in many
polymer-bound PAG resists (Figure 1). This reduction could
also enable high sensitivity and contrast due to a dual
amplification mechanism through use of non-ionic PAGs. No
single component resist commanding two different forms of
chemical amplification has been previously reported, consid-
ering the well-known difficulty in synthesizing functionalized
phthalaldehydes .>*>**

Herein, we report the development of a versatile synthetic
strategy using sulfur(VI) fluoride exchange (SuFEx) click
chemistry™* to prepare EUV-active PPA derivatives with highly
sensitive functional groups that are otherwise inaccessible
through conventional methods. Polymerization of these
derivatives yielded the first PAG-tethered self-immolative
resists that displayed unprecedented photospeed, contrast
and low roughness under EUV exposure.

B RESULTS AND DISCUSSION

PAG Design. Numerous classes of non-ionic PAGs exist,
including aryl sulfonates, diazo sulfones, and nitrobenzyl
sulfonates. However, only imido sulfonates and imino
sulfonates have proven to be sufficiently sensitive to EUV
radiation.> Based on our initial work demonstrating that imido
sulfonates and imino sulfonates with extended conjugation
systems possessed favorable reduction potentials critical for the
attachment of secondary electrons,™ we designed highly EUV-
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Scheme 1. Chemical Structures of PAG 1 to 4
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active PAGs using N-aryl imino sulfonate and naphthalimide
structures (Scheme 1). Our initial synthesis of the N-aryl imino
sulfonate PAGs was complicated by stability issues. Upon
isolation, PAG 1 was a white crystalline solid but became
yellow and sticky within 12 h on the benchtop. The
degradation process was monitored by 'H NMR spectral
change in CDCl,. In the nuclear magnetic resonance (NMR)
spectra (Supporting Information, Figure S11), we observed
formation of sulfonic acid as indicated by the peak at 12.4 ppm.
The water peak was also shifted downfield and broadened,
signifying interaction between the residual water and sulfonic
acid. The presence of sulfonic acid was confirmed by DART—
MS of PAG 1 after 48 h of isolation (Supporting Information,
Figure S15). There are two possible pathways of generating
sulfonic acid from PAG 1. One requires N—O bond cleavage.
This seemed extremely improbable as the N—O bond will not
cleave without any applied stimuli (such as radiation), and high
stability of PAG 2 would be impossible. The other possible
pathway is through a Beckman-type rearrangement as
proposed in Scheme 2. A similar rearrangement was previously
reported for the reaction of a-hydroxyimino-ketones with p-
toluenesulfonyl chloride.”® 'H NMR analysis of PAG 1 after 23
days of isolation unambiguously showed that 4-bromoacetani-
lide is the sole rearrangement product (Supporting Informa-
tion, Figures $12 and S13), indicating that only the aryl group
migrated. The proposed degradation pathway was further
supported by DART—MS of PAG 1 after 48 h of isolation
(Supporting Information, Figure S14). Mass peaks were found
that corresponded to the molecular ion of 4-bromoacetanilide
and the nitrilium ion intermediate. We anticipated that a

sufficiently electron-withdrawing substituent could destabilize
the nitrilium intermediate. A trifluoromethyl group was
selected for this purpose with the added benefit of increasing
the EUV absorption cross section®® of the PAG.
Fortuitously, we found PAG 2 to be completely bench-stable
for more than 2 years. Its increased stability can also be seen in
DART—MS as the molecular ion of PAG 2 was observable,
which was not possible for PAG 1 even immediately after
isolation (Supporting Information, Figure S16). PAG 3 was
synthesized without bromination on the para position of the
N-aryl ring to probe the effect of the PAG reduction potential
on single component resists. The naphthalimide-based PAG 4
did not suffer from any stability issues.

We had previously observed a highly unusual degradation
pathway for PAG 4 that involved the simultaneous generation
of acid and base.*® We were concerned that PAG 2 could
undergo a similar mechanism, which would negatively impact
the sensitivity of the resist. Therefore, EUV exposure
experiments were conducted by mixing PAG 2 with
brominated linear PPA (Br-IPPA) to elucidate its behavior
under EUV radiation. A wafer coated with the Br-IPPA resist
and PAG 2 was exposed to EUV radiation at a dosage of 12
mJ/cm® and post-baked at 110 °C for 1 min. The wafer was
then developed in isopropanol for 1 min. The development
solution was concentrated in vacuo and used for direct analysis
in real time (DART)—MS analysis. From the mass spectra
(Supporting Information, Figures S17—S19), we observed
peaks corresponding to the brominated monomer under
positive-ion mode and peaks corresponding to sulfonic acid
and the isopropanol adduct of 4-bromo-trifluoromethylaceto-
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Scheme 3. Proposed Decomposition Mechanism of PAG 2 under EUV Radiation

Br Br—l-@

o 1
\Y O,
’s EUV radiation Br S
Y — . o
1 (0]
ZN

CF,4 CF3

O
&°
o
®
>
.

Br
—_— cry t 2 Q/
@o/s\\ ®
Br o

\ )
O /@
\Y
’s

o\
HO b

Photoacid Generation

Scheme 4. Synthesis of Aryl Sulfonate PAG-Tethered Phthalaldehyde
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phenone under negative-ion mode. Based on these findings,
the proposed degradation pathway is shown in Scheme 3. PAG
2 forms an imine species after hydrogen abstraction that is
highly prone to hydrolysis in the presence of water vapor from
the environment. The final result is a chemically unreactive
ketone and ammonia gas that is quickly lost to the surrounding
atmosphere. This is in sharp contrast to PAG 4, which
generates a stable solid base. With these stable and EUV-active
PAGs in hand, we moved on to the construction of a single
component resist by tethering these PAGs to the brominated
monomer.

Synthesis of PAG-Tethered Monomers and Polymers.
Significant effort and research have been devoted to finding
applications for o-phthalaldehyde (0-PA) in the past decades as
it is easily accessible via commercial suppliers.””~** Function-
alized o-PA is very rarely reported as the synthesis is
challenging and tedious,” often requiring multiple low-
yielding steps. Two methods to access substituted PPAs have
been reported in the literature. First, functionalized o-PAs have
been prepared by synthesizing the related diols and oxidizing
them to form the dialdehyde.”> The synthetic routes suffered
from low yielding steps and necessitated the usage of redox
reactions that would not tolerate the labile functional groups
key to EUV activity. Second, copolymerization of function-
alized benzaldehydes with o-PA has proven to be a successful
method to obtain substituted PPA.** The limitation of this
methodology lies in the low incorporation ratio of the

functionalized benzaldehydes and poor polymerization yield.
A theoretically possible strategy to synthesize derivatized PPA
is to perform post-polymerization functionalization on PPA
using reactive side-chain groups on the polymer backbone.
However, this did not seem feasible as PPA would be prone to
decomposition during the process due to its metastability,
especially considering that many post-polymerization reactions
require either prolonged reaction times or elevated temper-
atures to achieve reasonable yields. In this work, we sought to
unlock the first synthetic access to PAG-tethered self-
immolative polymers by developing a new, modular approach
to the synthesis of 0-PA derivatives using mild conditions that
would be compatible with sensitive EUV motifs.

We first envisioned accomplishing these goals by employing
cross-coupling chemistry on brominated o-PA to establish a
generalized route for the incorporation of EUV-active groups.
The monomer synthesis began by treating commercially
available 4-bromophthalic acid with borane to afford the diol
followed by Swern oxidation to the brominated dialdehyde in
76% vyield (two steps). Crucially, we found that mineral
impurities that significantly disrupted subsequent steps had to
be removed using vacuum sublimation as chromatography
proved insufficient. A condensation reaction between 4-
hydroxyacetophenone and 4-bromobenzenesulfonyl chloride
yielded the brominated PAG precursor that then underwent
Miyaura borylation to give the initial boronic ester coupling
partner of the dialdehyde. Attempted Suzuki—Miyaura
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coupling on 4-bromo phthalaldehyde (Scheme 4) failed to
produce the desired product and instead resulted in a complex
mixture of high molecular weight di-brominated species. It was
apparent that a form of cross linking was occurring between
the dialdehyde functional groups.

Eliminating this problem necessitated the protection of the
dialdehyde moiety. Protection to an imine would be ideal as
the resulting product would likely be crystalline and therefore
facile to purify. Additionally, an imine-protected aldehyde
could potentially undergo an iridium-catalyzed meta C—H
borylation reaction® such that functionalized phthalaldehyde
could be synthesized directly from the commercially available
original phthalaldehyde. Attempted protection failed as the
initial formation of the imine on one aldehyde group resulted
in cyclization to a stable five-membered ring, leaving the
remaining aldehyde group in its hemiacetal form.

Following this initial setback, we employed the diacetal
protecting group shown in Scheme S. From the crude NMR

Scheme 5. Synthesis of Diacetal-Protected Brominated
Phthalaldehyde
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spectrum, two diastereomers, cis and trans, were observed.
Surprisingly, we were able to recrystallize one of the isomers
from this mixture despite the infamous reputation acetal-
protecting groups have for promoting the formation of
amorphous substances. This compelled us to determine the
relative stereochemistry of the isolated diastereomer. We were
able to determine the identity of the diastereomer by
combining two-dimensional (2D) nuclear Overhauser effect
spectroscopy (NOESY) and 2D "*C-coupled 'H/"*C hetero-
nuclear single quantum coherence spectroscopy (HSQC)—
NOESY NMR experiments on the mixture of both isomers.
The detailed analysis is given in the Supporting Information,
pages S27—S32. The trans isomer was determined to be
crystalline and was exclusively used for all the derivatization
reactions for NMR simplicity and convenience in weighing
throughout this work. It should be noted that the cis isomer
can also be furnished in high purity via distillation.

Using the previously synthesized boronic ester PAG, we
successfully obtained the biaryl product using Suzuki—Miyaura
coupling with the phthalaldehyde diacetal. The chemical
activity of each isomer was evaluated, and no reactivity
difference was found.

We screened different ligands and Pd precursors to optimize
the reaction yield as shown in the Supporting Information,

Table S1. Among all of the conditions tested, tris(1-
adamantyl)phosphine (P(Ad);) in combination with Pd,dba,
was the only one capable of providing a sufficient yield of 67%
in comparison to the less than 25% vyield afforded by
alternative ligands (Scheme 6). P(Ad); had previously been
devised to possess an excellent electron-releasing character and
a robust catalytic performance in various Pd-catalyzed
reactions.””®” Presumably, the diacetal-protected phthalalade-
hyde was electron-rich enough to inhibit oxidative addition by
Pd, and this was able to be overcome with a sufficiently
powerful ligand. Our previous work showed that the S—O
bond in aryl sulfonate PAGs was not sufficiently weak to be
cleaved under EUV radiation despite possessing excellent DUV
activity.”® Thus, we moved onto the more difficult and
sensitive imido and imino sulfonates. Unfortunately, the
boronic ester of PAG 4 could not be formed via Miyaura
borylation. Suzuki—Miyaura coupling between the borylated
phthalaldehyde diacetal and brominated PAG 4 (Scheme 7)
also failed to give any product. We hypothesized that Pd could
be inserting into the N—O bond, which is supported by a
previous work in which the authors isolated the oxidative
addition product during the development of a Pd-catalyzed
amination reaction using oxime esters.”® Pd-catalyzed reactions
were thus abandoned in favor of metal-free alternatives.

Our next trial focused on the catalytic SuFEx reaction, a
highly selective and rapid click chemistry developed in 2014.>
We first built the sulfonyl fluoride moiety onto the protected
phthalaldehyde diacetal using conditions designed during our
previously successful Suzuki—Miyaura coupling reaction
conducted on the diacetal-protected brominated phthalalde-
hyde. Scheme 8 shows that we successfully cross-coupled 4-
(fluorosulfonyl)phenylboronic acid to obtain 4-benzenesulfon-
yl fluoride phthalaldehyde diacetal (SuFDA). Traditionally,
SuFEx reactions have utilized H, R;Si*, and/or organic bases
such as tertiary amines, amidines, and phosphazenes to activate
the sulfonyl fluoride, transforming it from a strong covalent
bond to a leaving group. More recently, an accelerated SuFEx
click chemistry was conceived for coupling aryl and alkyl
alcohols with SuFExable hubs utilizing Barton’s hindered
guanidine base, 2-tert-butyl-1,1,3,3-tetramethylguanidine and
hexamethyldisilazane as a silylating reagent to activate sulfonyl
fluoride.*

We adapted this reaction condition to synthesize an imido
PAG-tethered phthalaldehyde diacetal as shown in Scheme 9.
The reaction generated the desired product in 81% yield even
though the coupling partner was not an aryl or alkyl alcohol.
We also employed the same reaction conditions to construct
the previously synthesized aryl sulfonate PAG-tethered
phthalaldehyde diacetal using a commercially available phenol
as shown in Scheme 10. The reaction was conducted at
ambient temperature and finished within 30 min with over
90% isolated yield. On comparing SuFEx click chemistry with
our optimized Suzuki—Miyaura coupling, it is obvious that

Scheme 6. Synthesis of Aryl Sulfonate PAG-Tethered Phthalaldehyde Diacetal
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Scheme 7. Attempted Suzuki—Miyaura Coupling on PAG 4
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SuFEx click chemistry is superior for tethering PAGs as it does
not use metals, requires a lower reaction temperature and
shorter reaction time, and provides a higher yield. Because
almost all known non-ionic PAGs (both DUV and EUV) are

derivatizations of sulfones,”® this methodology provides a
general route to an entire class of previously synthetically
inaccessible materials. Additionally, the broadly available
commercial SuFExable substrates, including amines and
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alcohols, strongly suggest that the synthetic strategy we
developed could be used to create a wide variety of
phthalaldehyde derivatives that may possess unique properties
(T./stability, mechanical properties, and so forth) for different
applications.

We applied the same SuFEx reaction conditions to couple
imino and imido oximes with sulfonyl fluoride as shown in
Scheme 10. The reaction worked efficiently in all cases and
generated the corresponding imino and imido PAG-tethered
phthalaldehyde diacetals in yields of 81—86%. The dialdehyde
groups were reintroduced using mild acid-catalyzed hydrolysis
on the PAG-tethered phthalaldehyde diacetals to give PAG-
tethered phthalaldehydes DA 1, 2, 3, and 4 in high yield.

With DA 1, 2, 3, and 4 in hand, we synthesized cyclic
homopolymers of PA 1 and PA 2 as shown in Scheme 11
through cationic polymerization reactions. We discovered that
PA 2 was too sensitive (<1 mJ/cm” photospeed) under EUV
radiation to properly evaluate its lithographic properties with
the tools accessible to us. Therefore, we synthesized
copolymers PA 3, 4, and § as shown in Scheme 11 by mixing
10 mol % of PAG-tethered phthalaldehydes with brominated
phthalaldehydes. The incorporation ratio of the PAG-tethered
monomers in the copolymer was calculated by dissolving the
copolymer in CDCI; and allowing the residual DCI to trigger
depolymerization. The integration ratio between the two
different dialdehyde proton peaks was interpreted as the ratio
of the incorporated PAG-tethered monomers in the copoly-
mer. We chose this ratio to compare the sensitivity between
the single-component system in this work and the two-
component system in our previous work where the mixed PAG
ratio to the monomer was also 10 mol %. The nearly identical
feed ratio and copolymer composition suggests either an
alternating or a statistical sequence as previously observed by
other groups.52 Surprisingly, PA 2, 3, 4, and 5 possessed
excellent thermal stability, with T4 ranging from 153 to 203 °C
(Supporting Information, Figures S1—S3). Additionally, these
polymers were found to be stable at room temperature over 1
month as we did not observe any degradation via NMR. This
sharply contrasted with the brominated cyclic polyphthalalde-
hyde homopolymer, which started to decompose in less than 1
month. There are two possible reasons that could lead to this
improved stability. The first is likely due to the strong electron-
withdrawing character of the PAG moiety. According to prior
research, phthalaldehyde derivatives with strong electron-
withdrawing groups displayed higher experimentally deter-
mined ceiling temperatures.”” Ceiling temperatures could also
be calculated through density functional theory (DFT) based
on the assumption that AS remains constant for different
monomers. Although the calculated values are not quantita-
tively accurate, they can help us qualitatively estimate ceiling
temperature based on thermodynamic parameters and see a
rough trend. We calculated the ceiling temperatures based on
the assumption that AS remains constant for different
monomers, and the results are summarized in Table S2 of
the Supporting Information. Cyclic brominated PPA had a
calculated T, of —22 °C, whereas homo PPA polymerized from
DA 4, DA 3, and DA 2 had calculated T, values of -5, 13, and
2 °C, respectively. The calculated ceiling temperatures were
thus found to be strongly correlated to the electron-
withdrawing character of different PAG moieties and the
overall stability of each polymer. The second is presumably due
to the residual Lewis acid from the polymerization reactions.
The imino and imido groups on the PAG-tethered derivatives

could behave as Lewis bases, which sequester residual Lewis
acid left over from the polymerization reactions and thus
enhance the stability of the material. PA 6 (T4 158 °C), the
cyclic homopolymer of brominated phthalaldehyde, only has
acetal oxygens that can behave as Lewis bases to sequester
residual Lewis acid, and consequentially the polymer has a
shorter shelf life. This reasoning is also supported by our
previous work*® as the linear homopolymer of brominated
phthalaldehyde, which was prepared without Lewis acid, has a
higher Ty (178 °C).

The literature offers several outstanding examples of
polymers with high EUV activity. We provide a comparison
here that illustrates the novelty of our methodology and its
advantages to previously published work on chain scissionable
materials. The prior synthetic approaches may be divided into
multiple classes including poly(olefin sulfone)s,""** poly-
(esters),**”° poly(carbonates),”"”* and poly(acetals).*® Poly-
(esters), poly(carbonates), and poly(acetals) are synthesized
via step-growth polymerization, which severely limits their
conversion and dispersity. In contrast, we were able to employ
ionic polymerization with our monomers to circumvent these
obstacles. Notably, the reactivity of the diastereomers of our
monomers was of no impact to the synthesis, whereas prior
work on poly(esters)* suffered from having to isolate one
diastereomer to ensure a high yield during the polymerization
process. Our route also managed to completely exclude the
usage of copper during polymerization, which is significant as
single-digit parts per million levels of copper can result in
disastrous device defects.”” In contrast, work on poly(olefin
sulfone)s*” required the usage of copper in their atom transfer
radical polymerization, which would make it extremely
challenging, if not impossible, to reach acceptable copper
contaminant levels in these resists. Additionally, the storage
stability of our precursors is not dependent on air- or moisture-
free conditions, which plagued the bis-carbonylimidazolide
monomers re%uired in the synthesis of EUV-active poly-
(carbonates).”” Lastly, all preceding literature on PAG-
tethered polymers (both anionic and cationic) has required
completely new synthetic routes for each derivative,*>”*~"°
whereas our route can incorporate an entire library of covalent
PAGs from a single parent building block.

EUV Exposure. A resist’s resolving power is dependent on
its ability to quickly transition between insolubility and
complete solubility over a narrow range of exposure doses.
As EUV resists are characteristically thin due to processing
requirements, the thickness of the resist after development
T(x) may be assumed to be determined by the dose alone.””
Exposing areas of a resist coated on a wafer to different doses
and evaluating the remaining thickness after development is
the basis of the contrast curve. The curve is plotted using the
residual thickness at a specific dose T(E) normalized to the
initial thickness T(0). Formally, the contrast  is defined”” as
T(E)/T(0) = ylog(E,/E) where E, is the dose to clear and E <
E, is taken from the linear region within the vicinity E,. The
standard procedure given by ASTM F1059-87 allows for a
more well-defined measure of y using a least squares regression
analysis between the points at which T(x)/T(0) is equal to 0.7
and 0.1. y is also critical to another important aspect of the
resist profile: the sidewall angle, which affects the ability of the
etching process to differentiate between the exposed and
unexposed regions of the resist.”® An ideal photoresist profile
will possess a sidewall angle @ of 90° to minimize the rate at
which the critical dimension is altered during the etching
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Figure 2. EUV contrast curve for PA 1 to PA 6.

process, and the sidewall angle is related to the contrast
through tan(@) = [—T(0)y/E(x)][dE(x)/dx] where E(x) is
the exposure dose at distance x across the resist image.”” Thus,
y may be viewed as a crucial metric for evaluating the
performance of high-resolution resists. Contrast curve
measurements were made by first dissolving each resist
polymer (35 mg) in 1 mL of y-butyrolactone. The solutions
were spin-coated onto a silicon wafer at 2000 rpm for 1 min,
resulting in film thicknesses of 40 nm, and then soft baked on a
hot plate at 70 °C for 1 min to remove the residual casting
solvent from the film. After EUV exposure, each wafer was
postexposure-baked at 110 °C for 1 min and developed in
isopropanol for 1 min. Using the ASTM F1059-87 definition of
contrast, we found y to be 2.74 for PA 4 and 3.74 for PA §
(Supporting Information, Figure S37). These are excellent
contrast values as commercial resists typically command y
values in the range of 2—3.”” Since the contrast curve tool
could only measure doses in integer values, we could not
accurately determine y for PA 3 due to its exceptionally low E,.
As previously mentioned, minimizing E, is vital for resists to
achieve high throughput on low-power EUV sources. The EUV
contrast curves (Figure 2) show that the sensitivities of PA 3,
4, and § were 3, 4, and 7 mJ/cm?, respectively. PA 6 was used
as a control. To the best of our knowledge, a dose to clear of 3
mJ/ cm? is the lowest value reported in the literature for single-
component EUV resists to date. This is especially significant as
comparable works have relied on multi-component re-
sists,”*"®” which suffer from stochastic problems, and ionic
PAGs that have poor out-of-band responses to achieve similar
sensitivity."”*” As with the two-component version of PA 1, no
chemical amplification was observed with the aryl sulfonate
moiety, providing more evidence that a highly UV active group
can be completely inactive under EUV exposure. It is
important to note that the previously encountered base
quencher effect” for PAG 4 was not observed in the
corresponding PAG-tethered resist PA 4. The quencher had
been shown to improve roughness at the expense of contrast.
As tethering the PAGs rendered this roughness improvement
unnecessary, it was especially convenient that the effect was no
longer present. This was likely due to the fact that the
generated acids were prevented from diffusing away from the
polymer backbone and encountering the quencher.

Line edge roughness is defined as the standard deviation of
the edge of a resist feature relative to an averaged, straight
edge. It emerges from a combination of photon and material
stochastics, including deprotection efficiency and dark loss.”® A
strong correlation between surface roughness and line edge
roughness has been repeatedly demonstrated across multiple
forms of exposure and processing conditions.”*™*° Measuring
surface roughness after coating and comparing it to the
roughness after exposure and development allows the
inhomogeneity induced by the resist’s initial non-uniformity
and adhesion to the substrate to be decoupled from stochastics
caused by the efficiency of the resist’s chemical amplification
reaction as well as reaction disparities driven by dark loss.*® We
conducted surface roughness measurements on PA 3 before
coating and after development and compared these with
unfunctionalized PPA mixed with an equivalent 10 mol % of
PAG 3. The root mean square (RMS) values in Table 1

Table 1. Results of Surface Roughness Measurements

surface roughness after

surface roughness after
coating (nm)

resist system development (nm)

PPA + PAG 2 0.26 0.29
PA 3 0.25 0.25

indicate that both the PAG-tethered and PAG-blended systems
exhibited outstanding film formation behavior. Most signifi-
cantly, no increase in roughness was found in PA 3 after
exposure and development. This means that the chemically
amplified reaction in PA 3 did not result in significant chemical
heterogeneity. This observation stands out in the photoresist
field as state-of-the-art EUV photoresists typically suffer from
at least 1.0 nm of degradation to the RMS roughness in the
exposure process alone. It demonstrates that the double
amplification mechanism in PA 3 from self-immolation of the
polymer and the catalytic reactions between the polymer and
photogenerated acids has resulted in extremely efficient
formation of the latent image.

DFT Calculations. DFT calculations were conducted to
understand the unparalleled EUV sensitivity observed on
samples PA 3—5. We used model molecules SC 1-3 to
simulate the PAG-tethered polyphthalaldehydes as shown in
Figure 3. The primary sensitization mechanism of PAGs under
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EUV radiation begins with the ejection of secondary electrons
from the polymer upon absorption of high-energy EUV
photons.”” These mobile electrons diffuse through the resist
and are captured by PAGs, generating a radical anion species
that decomposes to form an acid and other byproducts. It has
been well established that the acid generation yield of a PAG is
directly linked to its reduction potential.”’~*" Furthermore,
reduction potentials are linearly related to the vertical electron
affinities (VEAs) of the PAGs.”® Therefore, we sought to
calculate the VEAs of SC 1-3 to understand the electron
attachment process. We also elected to ascertain bond
dissociation energies (BDEs) as they would allow us to
discern the ease of PAG decomposition. Conducting standard
DFT calculations on radical anion species is very challenging as
they display strong static electron correlation (SEC), which
cannot be adequately described by standard single-reference
DFT as SEC may bring capricious effects into electronic wave
functions and derived properties. First, to gauge the strongly
correlated and chemically active electrons in the radical anions
of the model molecules, fractional occupation number-
weighted density (FOD) analysis was performed.”’ The results
are shown in Figure 4.

The single size-extensive number, Nrop, is the integration of
the FOD over all space, which was established to globally
quantify SEC.”" Ngop for all radical anions is far above an
indicative threshold value (0.2) between a single and
multireference system, indicating the strong multireference
nature of these species. From the FOD plots, significant and
delocalized FODs were seen in all radical anions, demonstrat-
ing that these species represent true multireference systems. To
obtain reliable molecular energies and structures for these
multiconfigurational systems, finite-temperature DFT with the

meta-generalized gradient approximation functional TPSS (T,
= 5000 K),92 combined with D4 dispersion correction,” the
def2-SVP basis set, and the gCP empirical counterpoise
correction were utilized for geometry optimizations and
thermal corrections. The final energies were calculated at the
FT-B97M-V/def2-TZVPP (T, = 5000 K) level.’* The
calculated VEAs and BDEs of SC 1—3 are summarized in
Table 2. These results are compared with the computed values
for the corresponding PAGs 1—4.

Table 2. Table Summarizing Results of VEA, BDE, and
Photospeed for SC 1-3 and PAGs 1-4

VEA N-O BDE S—O BDE photospeed
name (kcal/mol) (kcal/mol) (kcal/mol) (mJ/cm?)
SC1 48.0 6.26 16.3 3
SC2 44.1 7.04 17.3 7
SC3 S1.2 9.55 27.7 4
PAG 1 36.6 N/A N/A N/A
PAG 2 43.1 14.4 21.6 12
PAG 3 38.6 14.9 22.3 23
PAG 4 49.9 14.1 29.4 15

“For SC 1-3, it is the copolymer with PAG-tethered monomer
incorporated (i.e, PA 3—5).

A comparison of the calculated VEAs between PAGs 1 and 2
demonstrates the essential use of the CF; group as it not only
stabilizes the whole chemical structure and enhances the EUV
absorption cross section but also sharply increases the VEA.
Comparing calculated VEAs and N—O BDEs between SC 1-3
and the corresponding PAGs 2—4, it is evident that in all cases,
PAG tethering reduces BDE values and increases VEAs,
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Figure S. (a) PAGs are tethered with the resist, the photogenerated acid after exposure is confined in vicinity of the reactive polymer backbone
with a smaller diffusion radius. (b) PAGs are blended with the resist, the photogenerated acid after exposure diffuses with a larger diffusion radius.

revealing a previously unknown method of sensitivity enhance-
ment. However, the improvements in these thermochemical
parameters are unable to fully explain the 3-4-fold improve-
ments in sensitivity. PAG-tethered resists using protecting
groups in their solubility switch process do not display such a
radical enhancement in photospeed when compared to the
corresponding blended resist. Indeed, sensitivity improvements
rarely exceed 10%. We propose that our usage of a self-
immolative polymer resulted in every photogenerated acid
being confined to the vicinity of labile acetal linkages on the
polymer backbone as shown in Figure S. This directly contrasts
with a protecting group-based resist in which the randomized
distribution of bound PAGs and protecting groups leads to
photogenerated acids that may be restricted to a region
overlapping with few potential reactive sites.

Bl CONCLUSIONS

PAG-tethered polymers have generated significant interest in
the photoresist community as the requirements for state-of-
the-art EUV resists have become increasingly demanding.
These resists have thus far been limited to deprotection-based
polymers that employ ionic PAGs, which have substantial
limitations in terms of stability. In this study, we have
demonstrated a modular synthetic approach using SuFEx click
chemistry to derivatize o-PA and subsequently provide access
to the first PAG-tethered self-immolative polymers. These
polymers were found to possess extraordinary sensitivity to
EUV radiation, excellent contrast, and unprecedented rough-
ness despite the use of unoptimized processing conditions and
non-ionic PAGs. These polymers have been observed to be
bench-stable for over a month thus far in contrast to
unfunctionalized PPA, which decomposed in the same time
frame. DFT calculations helped uncover a previously unknown
benefit of tethering PAGs: noteworthy improvements in the
thermodynamic parameters relevant to PAG acid generation
efficiency. We proposed that the restricted diffusion of every
photogenerated acid to the reactive backbone of the polymer
was the primary reason for the 3-4-fold enhancement in
sensitivity, a synergistic effect never witnessed with prior PAG-
tethered polymers. We anticipate that the methodology
developed in this work will give researchers the opportunity
to tether the vast majority of the known PAGs to the o-PA
monomers and discover even higher performing resists. Finally,

the aforementioned advantageous lithographic properties of
these polymers strongly indicate that they would be excellent
candidates for the next generation of EUV resists. Patterning
experiments utilizing these polymers are ongoing and will be
reported in due course.
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