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ABSTRACT: Conventional chemically amplified resists (CARs)
rely on the usage of photoacid generators to serve as the source of
chemical amplification. However, acid diffusion inevitably accom-
panies CARs and has led to the resolution, line edge roughness, and
sensitivity (RLS) trade-off, which is the most challenging technical
problem for modern photoresists. Herein, we take advantage of the
self-immolative property of polyphthalaldehyde (PPA) derivatives to
create end-cap enabled chain scissionable resists for extreme
ultraviolet (EUV) lithography. The feasibility of this strategy was
demonstrated under UV photodegradation experiments. The dose-
to-clear (DTC) under EUV radiation was 90 mJ/cm2 for the most
promising resist, representing more than a 100-fold improvement over previous PPA resists. Density functional theory (DFT)
calculations were conducted to understand the structural origin of end-cap EUV sensitivity.

Photodegradable materials have witnessed numerous
advances in the past decades in a variety of areas,

including implant materials,1−3 delivery systems,4 and transient
electronics,5 but most notably in photoresists.6 Extreme
ultraviolet (EUV) lithography, which utilizes 13.5 nm
radiation, currently serves as the state-of-the-art production
technology for transistors with sub-7 nm nodes.7 Chemical
amplification is a central requirement for polymer-based resists
to achieve the high sensitivity mandated by the EUV exposure
process. This requirement has been satisfied through the
development of photoacid generators (PAGs), which have
undergone significant improvements since their original
formulation by IBM.8 Unfortunately, the ability of new PAGs
to further enhance resist performance has become limited due
to the difficulty in simultaneously optimizing a resist’s
resolution, line edge roughness, and sensitivity (RLS).9 As
one of the primary causes of the RLS barrier is acid diffusion,10

which is inherent to all PAGs, nonchemically amplified resists
have garnered increased attention. Examples include chain-
scissionable polymers,11−13 metal-oxide nanoparticles,14−16

and cross-linkable, inorganic compounds.17 Despite improve-
ments in resolution, these novel resists are markedly below
current sensitivity demands.

Circumventing the usage of PAGs does not necessarily need
to result in the elimination of chemical amplification, and
depolymerization has proven to be a viable alternative
amplification mechanism. These self-immolative resists pre-
date18 the employment of PAGs but have long been neglected
due to their instability19 and propensity to contaminate20 the
optics of lithography tools. Recently, we reported the synthesis

of a remarkably stable poly(phthalaldehyde) (PPA) derivative
that did not suffer from monomer outgassing associated with
the original PPA resist.21−23 This brominated derivative (Br-
PPA) was studied with various PAGs to create a resist system
that was ultimately limited by acid diffusion and the stochastics
of mixing the two components. In this work, we sought to
synthesize an improved resist based on Br-PPA that did not
require the usage of separate small molecule PAGs to achieve
high EUV sensitivity.

The depolymerization of PPA can be triggered either by
radiation-induced end-cap or backbone cleavage, as shown in
Scheme 1. Significantly enhancing the rate of backbone
cleavage under EUV radiation did not seem practical, as the
bond dissociation energy (BDE) of the acetal linkages could
not be lowered via aromatic substitution without losing the
desired thermal stability of the polymer. Instead, we modified
the end-cap to control EUV sensitivity, concentrating on three
different end-capped PPA derivatives for study (Figure 1). We
learned from previous work21 that PAGs based on aryl
sulfonates were chemically active under both UV and EUV
radiation. We therefore selected a triflate group to serve as the
end-cap for PPA 2. As the triflate group could only be

Received: July 7, 2022
Accepted: August 8, 2022

Letterpubs.acs.org/macroletters

© XXXX American Chemical Society
1049

https://doi.org/10.1021/acsmacrolett.2c00395
ACS Macro Lett. 2022, 11, 1049−1054

D
ow

nl
oa

de
d 

vi
a 

C
O

R
N

EL
L 

U
N

IV
 o

n 
Se

pt
em

be
r 7

, 2
02

2 
at

 0
3:

08
:3

2 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingyuan+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+Bailey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruiwen+Ai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+Delmonico"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+Denbeaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaoyi+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+K.+Ober"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+K.+Ober"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmacrolett.2c00395&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00395?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00395?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00395?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00395?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00395?fig=tgr1&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf


incorporated using an electrophilic reagent that terminated
polymerization, this left the end-cap of the opposite terminus
of the polymer unused. Fortunately, inclusion of this end-cap
was made possible through the naphthalimide group, another
moiety previously shown to be susceptible to UV and EUV
radiation, as it could be easily added as a nucleophilic initiator.
This resulted in PPA 3, which possessed two responsive end-
caps at the head and tail of the polymer. For comparison, PPA
1 was constructed to bear a phenyl carbonate end-cap known
to be inactive22 under UV radiation. TGA analysis (SI)
demonstrated that PPA 2 and 3 still enjoyed good thermal
stability, with degradation temperatures of 143 and 147 °C,
respectively. The number average molecular weights of PPA
1−3 were assessed by gel permeation chromatography and
found to be 4730, 4250, and 3970 g/mol, respectively.

We first conducted photodegradation experiments under UV
irradiation to discern if the well-known effectiveness of triflate
and naphthalimide groups in UV-sensitive PAGs would
translate to end-cap removal. PPA 1−3 were dissolved in
DMSO-d6 and transferred to quartz NMR tubes. The NMR
tubes were exposed to UV irradiation at a wavelength of 254
nm (20 mW/cm2) for 30 min followed by heating to 110 °C
for 5 min. The degradation processes of PPA 2 and 3 were
studied by NMR and the spectra are shown in Figures 2 and 3,
respectively. The spectrum of PPA 1 was unchanged over the
course of the photodegradation experiment. Figure 2b
illustrates the beginning of dialdehyde formation in PPA 2,
as indicated by the NMR signal at 10.5 ppm, which becomes
more intense upon heating, as shown in Figure 2c. Figure 2c
also reveals that a significant amount of polymer residue is left
in solution, suggesting that most polymers are still end-capped.
This experiment demonstrates that while the triflate group is
capable of undergoing O−S bond cleavage under UV radiation
and initiating depolymerization, likely via the photodegrada-
tion pathway given in the SI (Figure S13), its activity as an
end-cap is significantly limited compared to its capability as a
PAG.24−26

In contrast, PPA 3 underwent complete depolymerization, as
seen in Figure 3c. Significant color change accompanied this
process (Figure 3), with the yellow color indicating the
formation of the monomer. The photodegradation pathway of
PPA 3 is almost identical to Figure 2 with the exception that
depolymerization can also be initiated via homolytic N−O
bond cleavage from the polymer head. While the increased
sensitivity of PPA 3 compared to 2 is not unexpected given
that naphthalimide PAGs have higher acid yields24 under UV
radiation than triflate PAGs, it is surprising that the extent of
depolymerization between 2 and 3 is substantially different.

Applying the same postexposure bake temperature as
employed in the UV photodegradation experiments, EUV
contrast curves were collected for each PPA derivative (Figure
4) using isopropanol as the developer. PPA 1 did not exhibit
any noteworthy decrease in film thickness, indicating that its
carbonate end-cap was unreactive to the secondary electrons
generated by EUV radiation (considered to be the primary
reaction mechanism27 of polymers with EUV photons). PPA 2
possessed considerably higher sensitivity, but its thickness
decreased linearly, suggesting a lack of amplification. PPA 3
had sharp contrast for doses in the range of 0 to 20 mJ/cm2

before becoming linear. To understand this behavior, we
examined the likely depolymerization pathway (SI, Figure S14)
initiated by the addition of a secondary electron to PPA 3 to
form a radical anion. Chain scission ensuing from loss of the
end-cap generates multiple monomers and resulted in clear
evidence of amplification in the contrast curve. However, as
the dosage increases and the monomer concentration goes up,
the anionic species at the chain end reacts reversibly with
monomers to form a hemiacetal. The linearization of the
contrast curve therefore arises from an in situ equilibrium
established in the exposed region. This equilibrium did not
form during the UV photodegradation experiments as
depolymerization occurs via a radical mechanism (Figure
S13) that can be effectively quenched in air due to oxygen
coupling, preventing monomers from reacting with the chain
end of the polymer. Despite this undesirable effect, the dose-
to-clear (DTC) of 90 mJ/cm2 for PPA 3 far exceeds recent
attempts20 to utilize PPA as a PAG free EUV photoresist where
DTC measurements exceeded 10000 mJ/cm2. Furthermore,
the absence of PAGs in this resist is likely to significantly
improve the resolution and line edge roughness beyond the
previously developed two component system22 by eliminating
the deleterious effects of acid diffusion.

Our experimental observations were also supported by DFT
calculations. We used two model molecules to imitate both
chain ends as shown in Figure 5. As the proposed EUV
degradation pathway occurs with the formation of a radical
anion species followed by bond cleavage in the end-cap,

Scheme 1. Depolymerization Reaction Triggered by (a)
Polymer Backbone Cleavage and (b) End-Cap Cleavage

Figure 1. End-cap functionalized polyphthalaldehyde synthesized in this work.
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vertical electron affinity (VEA) and bond dissociation energy
(BDE) were calculated for these model compounds to study
the reason why the naphthalimide end-cap outperforms the
triflate end-cap. The molecular geometries were optimized at

FT-TPSS/def2-SVP (Tel = 5000 K) theoretical level28−32 with
the gCP empirical counterpoise correction,33 D4 dispersion
correction,34 and the final electronic energies were calculated
at FT-B97M-V/def2-TZVPP (Tel = 5000 K) level.32,35,36

Figure 2. 1H NMR spectra of 2 (a) before UV irradiation and (b) after UV irradiation for 30 min and (c) after UV irradiation for 30 min and
heated at 110 °C for 5 min.

Figure 3. 1H NMR spectra of 3 (a) before UV irradiation, (b) after UV irradiation for 30 min, and (c) after UV irradiation for 30 min and heated at
110 °C for 5 min. The embedded picture shows the change of color before and after the photodegradation experiment.
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There are four different isomers for each of the model
molecules. Calculation results of the different isomers are
summarized in Table S2. As no significant differences existed
between the calculated values for each isomer, SEC 1 and 5
were chosen for comparative purposes.

As shown in Table S1, calculations revealed that the N−O
BDE was 20 kcal/mol smaller than the S−O BDE, indicating
N−O bond cleavage is preferred. VEA results demonstrated
that electron attachment was much more thermodynamically
favorable for SEC 1 compared to SEC 5. Both the VEA and
BDE calculations reinforce the superior EUV sensitivity of the
naphthalimide end-cap.

In summary, we have successfully developed one of the first
polymeric resists that is chemically amplified directly by EUV
radiation and without using free PAGs. Its DTC of 90 mJ/cm2

is in the range37 of commercial viability. Both UV and EUV
experiments highlighted that the naphthalimide and triflate
moieties possessed far greater differences when employed as
end-caps in comparison to their performance as PAGs. This
result was explained using DFT calculations to demonstrate
the overwhelming advantage of the naphthalimide group under
EUV exposure, which was magnified by the absence of catalytic
acid. The primary limitation of the newly developed resist was
identified as the formation of an equilibrium between
monomer and polymer. We are currently developing a single
component photoresist by tethering EUV active groups to the
polymer backbone to prevent establishment of the equilibrium
by driving monomer formation using cleavage of these EUV
active side chains to initiate depolymerization via a cascade
mechanism.
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