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1 Introduction

Photolithography is the
semiconductor industry,

integrated circuit

cornerstone of the
driving significant advances in
(IC) manufacturing and

Lithographic performances of aryl sulfonate ester-
modified polystyrenes as nonchemically amplified
resistsT
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Aryl sulfonate ester modified polystyrenes with different substituents (X-SEPS, X = H-, MeO-, and CN-)
were synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization. The excellent
thermal stability and film-forming capability of these three polymers suggest that they can satisfy the
lithography process and are candidates for resist materials. Comparative electron beam lithography (EBL)
demonstrates that the three resists (H-SEPS, MeO-SEPS and CN-SEPS) exhibit different EBL performances.
Calculation of bond energies for the model compounds suggests that the influence of substituent groups
on the bond energy is not the reason for the differences in sensitivity. Results obtained using a fully
automated dissipative quartz crystal microbalance (QCM) analyzer confirm that the influence of substituent
groups on the solubility behavior of resist films in developers leads to different photolithographic
performances. The H-SEPS resist exhibits better comprehensive performance than the MeO-SEPS and CN-
SEPS resists, achieving an 18 nm line/space (L/S) pattern and a 10 nm line/4 space (L/4S) semi-dense
pattern by EBL at doses of 3200 and 2800 uC cm2, respectively. Further extreme ultraviolet lithography
(EUVL) demonstrates the capability of H-SEPS resist to form 22 nm half-pitch (HP) patterns. The detailed
study of the photochemical reaction and patterning mechanism suggests that the decomposition of
sulfonate ester groups into polar sulfonic acid groups, along with a rearrangement, leads to a solubility
switch of resist films in the developer.

Keywords: Nonchemically amplified resist; Reversible addition-fragmentation chain transfer polymerization;
Aryl sulfonate; Electron beam lithography; Extreme ultraviolet lithography.

technology." In recent decades, ongoing innovations in
photolithography have facilitated the reduction of the feature
size of semiconductor devices from several micrometers to
below 20 nm.>* The essence of photolithography lies in the
exposure process, which forms nanopatterns in the resist layer
and then transfers the pattern onto the substrate by etching.
Consequently, resist materials have become one of the urgent
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factors," and the development of high-performance resist
materials with high resolution (R), sensitivity (S), low line edge
roughness (LER) or line width roughness (LWR) is an important
issue in advanced photolithography.®”

Nonchemically amplified resists (n-CARs) have received
increasing attention in recent years due to its potential to
achieve high-resolution and low LER patterns.®*"* Different
from chemically amplified resists (CARs), which rely on acid
diffusion and chemical amplification to increase sensitivity,
n-CARs are usually single-component, avoiding uneven
component distribution and uncontrollable reaction kinetics.®
In n-CARs, the photosensitive group incorporated into the main
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skeleton or side chains undergoes direct photochemical
reactions upon irradiation, resulting in chain scission, cross-
linking, or polarity change, which facilitates the solubility
conversion of resist film in developers.® A prominent example
of n-CARs is the chain-scission polymethyl methacrylate
(PMMA) resist, which achieves a 16 nm dense line/space (L/S)
pattern with an LER of 2.2 nm at a dose of 110 mJ cm™ in
extreme ultraviolet lithography (EUVL).'® Gonsalves's group
reported a series of negative-tone n-CARs based on copolymers
bearing radiation-sensitive sulfonium functionality in recent
years,"*'”° one of which achieved sub-15 nm L/S patterns with
low LERs using electron beam lithography (EBL)."® Our research
group has developed several novel polymeric resists based on
oxime ester groups,””** which demonstrated significantly
improved sensitivity and resolution, achieving feature sizes
down to 18 nm.

Sulfonate esters are rarely studied as photosensitive groups
in previous reports on n-CARs.>* Sulfonate ester compounds are
usually used as non-ionic photoacid generators (PAGs) in CAR
formulations for both ultraviolet (UV) and EBL.>* During the
exposure process, the sulfonate ester group decomposes,
yielding the corresponding sulfonic acids and phenolic
compounds. Then, sulfonic acid catalyzes the decomposition or
polymerization of acid-sensitive resist material.>>>’ Inspired by
the photosensitivity of the sulfonate ester group and the polarity
difference before and after exposure, we consider it possible to
design a new type of n-CARs based on sulfonate ester.

Herein, a series of aryl sulfonate ester-modified polystyrene
derivatives with different substituents (X-SEPS, X = H-, MeO-,
and CN-) were designed and synthesized, as shown in Fig. 1.
The change in substituent groups affects the solubility of the
resist materials in the developer and changes the elemental
composition of the materials, thus affecting the sensitivity,
resolution and LER of the resist patterns. An aryl ester group
was introduced into the side chain to increase the resistance of
the resist film, which is an important parameter for pattern
transfer by etching.*® The polydispersity and molecular weight
of polymers also affect the pattern resolution and LER formed
by the resist material.” To improve the resolution and reduce
LER, the polystyrene derivatives were synthesized by the
reversible addition-fragmentation chain transfer (RAFT)
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H-SEPS Me0-SEPS CN-SEPS

Fig. 1 Structures of aryl sulfonate ester-modified polystyrenes with
hydrogen, methoxyl, and cyanide substituents (X-SEPS, X = H-, MeO-,
and CN-).
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polymerization, giving the polydispersity index (PDI) below 1.2
and the molecular weight (Mw) between 5.7 and 7.1 kDa for the
polymers. The n-CAR based on the polymers was extensively
evaluated by EBL and EUV lithography, achieving 18 nm L/S
and 10 nm L/4S lithographic patterns with low LERs,
respectively. The exposure mechanism was further investigated,
confirming that the decomposition of sulfonate ester during
exposure causes a solubility switch.

2 Results and discussion

2.1 Synthesis and characterization of aryl sulfonate ester-
modified polystyrene (X-SEPS)

The procedure for the synthesis of the aryl sulfonate ester
polymers is shown in Scheme 1. Treatment of sodium 4-styrene
sulfonate with dichlorosulfoxide in N,N-dimethylformamide
(DMF) quantitatively yields 4-styrene sulfonyl chloride. The
etherification ~ of  4-styrene  sulfonyl chloride  with
para-substituted phenol afforded aryl 4-styrene sulfonate ester
monomers. Further polymerization of the monomers by RAFT
in the presence of the chain transfer agent isopropyl
dithiobenzoate (CDB) and free radical initiator 2,2"-azobis(2-
methylpropionitrile) (AIBN) gave the aryl sulfonate ester-
modified polystyrene with the target Mw and PDI. The
experimental procedures are detailed in the ESL{ The
synthesized monomers were fully characterized using 'H NMR,
HR-MS, and FTIR spectroscopy (Fig. S1-S71), confirming the
successful preparation of the monomers. The aryl sulfonate
ester-modified polystyrene was further characterized by 'H
NMR (Fig. S8-S101) and GPC, yielding Mw values between 5.7
and 7.1 kDa and PDI values below 1.2, respectively (Fig. S11,f
Table 1).

2.2 Physical properties of the X-SEPS

Good thermal stability and film-forming properties are
prerequisites for resist materials. The thermogravimetric
analysis (TGA) of all the polymers was conducted using a
comprehensive thermal analyzer, and the decomposition
temperature (Ty) of the polymers was above 200 °C (Fig.
S12at). Differential scanning calorimetry (DSC) revealed that
the glass-transition temperatures (T) of the polymers were in
the range of 90-108 °C (Fig. Si12bt). The side-chain
substituent is significantly efficient at the T, of polymers.
CN-SEPS exhibits the highest 7, of 108 °C among the
polymers, while MeO-SEPS exhibits the lowest T, of 90 °C.
The increased T, of the CN-SEPS may be attributed to the
increased polarity of sidechains by the CN group, which
improves the interaction between the polymer chains.>*°
The results demonstrate the excellent thermal stability of the
polymers, which are stable enough for the baking process in
lithography. To demonstrate the film-forming ability of the
polymers, the surface morphology of the spin-coated films
was investigated by AFM (Fig. S12ct). The root-mean-square
(RMS) roughness of the polymer films was calculated to be
about 0.29-0.31 nm in an area of 5 x 5 um? (Table 1). These
results indicate that the polymer films are sufficiently

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5im00046g

Open Access Article. Published on 12 Juni 2025. Downloaded on 29.01.26 12:43:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Industrial Chemistry & Materials Paper
= A X
=
SOCl, HOOX
. —_— > AIBN, CDB
K DMF idi =S= —————» 0=$=0
Ne O: N cl Pyridine 0=$=0 THF, reflux o)
[elme} >SS o
X X
X=H, OCH,, CN

Scheme 1 Synthetic procedure for aryl sulfonate ester-modified polystyrene (X-SEPS).
Table 1 Characterization and physical properties of the aryl sulfonate ester-modified polystyrene
Polymer Mn Mw PDI Tq (°C) Ty (°C) RMS (nm)
H-SEPS 6.2 kDa 6.5 kDa 1.05 375 101 0.31
MeO-SEPS 6.7 kDa 7.1 kDa 1.05 321 90 0.30
CN-SEPS 5.3 kDa 6.0 kDa 1.14 281 108 0.30

smooth to meet the requirements of high-resolution
lithography.

2.3 Primary optimization of the developers for X-SEPS resists

As n-CARs, post-exposure baking (PEB) is not a necessary
process because it avoids the subsequent chemical
amplification.?® In this case, the development process is a
key factor in lithography. To investigate the developers of the
X-SEPS resists, 254 nm light (~10 mW cm™?) was used to
expose the spin-coated resist films for 4 min. The thickness
of the resist films before and after development by different
developers was then measured using an ellipsometer. The
film remaining ratio was calculated by comparing the film
thicknesses. In the case of positive tone development (PTD),
the film remaining ratio for the exposed area should be low
(close to 0%), whereas the unexposed area exhibits a high
remaining ratio. Conversely, the developer dissolves the
unexposed area as much as possible to increase the residual
film rate in the exposed area with negative-tone development
(NTD). After exposure to 254 nm, the remaining ratios of the
polymer resist films before and after development in
different developers are shown in Table S1.f Nine different
developers were investigated. Developers such as butyl
acetate, ethanol, isopropanol, n-propanol, and TMAH cannot
fulfill the requirements of all three polymer resists. The
results show that methyl isobutyl ketone (MIBK),
acetonitrile (AN), and 1,2-dichloroethane can be used as
the common developers of these three polymer resists, all
providing NTD patterns. Considering that MIBK is more
commonly used in the semiconductor industry and the
film remaining ratio of the three polymer resist films is
high in MIBK, we used MIBK as a common developer to
evaluate the photolithographic performance of the polymer
resists. The use of MIBK as a developer for X-SEPS resists
was further confirmed by 254 nm lithography. As shown in
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Fig. S13, all three polymeric resists can form uniform
micron-scale NTD patterns, indicating the solubility
switching and patterning ability of X-SEPS resists in MIBK
developers.

2.4 EBL performance of the X-SEPS resists

The lithographic performance of the X-SEPS resists in the
MIBK developer was further investigated by EBL. The dose-to-
gel curve was used to analyze the contrast and sensitivity of
the three polymer resists. A series of frames of 1.5 x 1.5 um”
were exposed on the resist films with increasing doses,
starting at 65 pC cm > with a dose increment of 15%. After
exposure, the wafers with resists were developed in MIBK for
60 s and dried under nitrogen flow. The thickness of the
exposed frames was measured by AFM. A three-dimensional
(3D) AFM image of the H-SEPS patterns is shown in Fig. 2a
as an example. With increasing exposure dose, the film
thickness gradually increases and finally reaches an almost
constant thickness, showing an NTD resist characteristic. The
contrast curves were obtained from the AFM images by
measuring the variation in retained film thickness with dose,
as shown in Fig. 2b (black). The other X-SEPS resists
exhibited similar NTD characteristics. A logistic function was
used to fit the data,*** and a slope at y = 0.5 was created to
form a line. The doses of the line at y = 0 and y = 1 are
denoted as D, and Djq, respectively. The D;o, is used to
evaluate the sensitivity of the resist, and the contrast value (y)
was calculated by formula (1).*?

1
7:@ (1)

The calculated EBL sensitivity and contrast of the three X-
SEPS resists are summarized in Table 2. The CN-SEPS resist
exhibits the highest sensitivity (1196 uC cm™?) but poor
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Fig. 2
resists.

contrast (1.4). The contrasts of the H-SEPS and MeO-SEPS
resists are both above 3, suggesting the potential to form
high-resolution patterns. The sensitivities of the three resists
were in the order of Scy-sgps (1196 UC em ™) > Syy_gpps (2264
uC em™) > Ryeo-seps (3276 uC em™2), and the contrasts were
in the order of yg_sgps (4-1) > Pmeo-seps (3-2) > Yen-seps (1.4)-
The results suggest that the different substituents of the aryl
sulfonate ester-modified polystyrene exhibited a significant
effect on the lithographic performance of the resists.

To confirm the patterning capability, the lithographic
performance of the X-SEPS resists was further investigated by
EBL. Fig. 3 shows SEM images of 30, 25, 22 and 20 nm half-
pitch (HP) line/space (L/S) patterns together with their LERs
and LWRs for the three resist materials. All the resists were
patterned under the same lithographic process conditions,
that is, the film thickness of 30 nm and MIBK developer for
60 s. The H-SEPS and MeO-SEPS resists can resolve the 30,
25 and 22 nm HP patterns without collapse or bridge defects
at exposure doses of 3400 and 4600 uC cm™>, respectively.
However, in the case of a smaller feature size of 20 nm, the
patterns became blurred because of the collapse due to the
high aspect ratio, suggesting the limitation of the resolution
of 20 nm for X-SEPS resists during the lithographic process.
The CN-SEPS resist failed to give any clear lithographic
patterns even at the best exposure dose of 2500 uC cm>,
maybe due to its low contrast. The LER and LWR of the SEM
images of the lithographic pattern were calculated by the
software ProSEM (Fig. S15-S207). The LER and LWR values of
the 22 nm HP patterns formed by the H-SEPS resists are only
2.6 and 4.3 nm, respectively, which are smaller than those of
the chemically amplified photoresist.®'> These results confirm

Table 2 Sensitivity and contrast of X-SEPS resists developed by EBL in
MIBK

Resist Sensitivity (D9, 1C cm ) Contrast
H-SEPS 2264 4.1
MeO-SEPS 3276 3.2
CN-SEPS 1196 1.4
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(a) 3D AFM images of the H-SEPS resist pattern at different exposure doses after development in MIBK. (b) Contrast curves of X-SEPS

the ability of the H-SEPS and MeO-SEPS resists to form
high-resolution patterns.

The three (H-SEPS, MeO-SEPS and CN-SEPS) resists
exhibit different EBL performances. The H-SEPS resist
exhibits higher sensitivity, contrast, and lower LER and LWR
values for patterning, suggesting excellent comprehensive
performance among the three resists. The MeO-SEPS resist
exhibits the poorest sensitivity and LER. The CN-SEPS resist
is the most sensitive, but its contrast is too low to provide
clear patterns. The lithographic conditions were almost the
same for the three resists except for the substituents of the
aryl sulfonate ester structure. The difference in patterning
performance is attributed to the presence of substituents of
H, MeO-, and CN- groups in the aryl sulfonate ester-
modified polystyrenes.

A previous report demonstrated that the homolytic
cleavage of ArO-S bonds in aryl sulfonate ester groups occurs
after exposure,®® resulting in the formation of sulfonic acid
and phenolic compounds (see the following mechanism
study). The effect of substituents on the ArO-S bond energy
of the aryl sulfonate ester may be an important factor leading
to the difference in sensitivity.>> Smaller bond energy will
lead to facile cleavage and higher sensitivity of the
corresponding resist. To understand the differences among
these resists for patterning, the bond energy (or dissociation
energy) of the ArO-S bonds in the three model compounds
(Fig. S147) of aryl ester sulfonates was calculated using the
ORCA 5.0.3 software package based on density functional
theory (ESIt). The bond energies of ArO-S bonds (Epong) wWere
calculated to be 291.5, 278.8, and 294.8 k] mol™" for the
hydrogen (H-), methoxy (CH3;0-), and cyano (CN-) groups
substituted model compounds, respectively (Table S2t). It
was found that the substituents of aryl sulfonate ester result
in different bond energies. However, the bond energy is not
consistent with the sensitivity of the corresponding resists.
The hydrogen- and cyano-substituted model compounds
exhibited higher bond energy than that of the methoxy-
substituted model compound, whereas the corresponding
substituted polymeric resists showed higher sensitivity. This
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Fig. 3 SEM images of 30, 25, 22 and 20 nm HP line/space patterns formed by aryl sulfonate ester-modified polymer resists using EBL. (a) H-SEPS
and MeO-SEPS resist patterns. (b) CN-SEPS resist patterns (developer: MIBK; film thickness: ~30 nm).

suggests that the influence of the substituent groups on the
bond energy is not the main reason for the differences in
sensitivity.

To further clarify the reason for the different performances
of the resists, the effect of the substituting groups on the
solubility of the materials was considered. All the resist films
became insoluble in developers after exposure and exhibited
NTD performance, as summarized in Table S1.f Therefore, the
photolithographic performance is mainly affected by the
solubility of the unexposed areas. The lower the solubility of the
polymer film before exposure in the developer, the lower the
exposure dose needed to switch the solubility, which means a
higher sensitivity but lower contrast. A QCM analyzer was used
to characterize the dissolution behavior of films formed by
polymers with different substituents. Fig. 4 shows the dissolving

—— H-SEPS
—— MeO-SEPS
—— CN-SEPS

o e ) — — o — ) —

-200 —— T T T
0 100 200 300 400
Development time (s)

Fig. 4 Dissolving dynamics curves of X-SEPS resist films during
development in MIBK measured by QCM.
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dynamics curves of the H-SEPS, MeO-SEPS and CN-SEPS resist
films during their development in MIBK. The H-SEPS and
MeO-SEPS resist films dissolve rapidly in MIBK, and the
frequency of QCM reaches a maximum when developing for 25
s, indicating complete dissolution of the film. In the case of
CN-SEPS resist film, it first undergoes a swelling process in
MIBK, and then slowly dissolves. The film did not completely
dissolve after development for 430 s, indicating a very slow
dissolution rate in MIBK. A previous report demonstrated that
the contrast of a resist is determined by the dissolution
behavior of polymeric films,*> suggesting that the slower
dissolution rate of CN-SEPS leads to a smaller contrast and an
obvious resist residue in the patterns.®® The results confirm that
the influence of the substituent groups on the solubility
behavior of the resist films in developers leads to different
photolithographic performances.

2.5 Lithographic performance optimization of the H-SEPS
resist for EBL and EUVL

The H-SEPS resist exhibits better comprehensive performance
than the MeO-SEPS and CN-SEPS resists. Then, we further
optimized the photolithographic performance of the H-SEPS
resist. Although MIBK is commonly used as the developer for
all three resists, it is necessary to confirm the optimal developer
for H-SEPS resists by conducting comprehensive pattern
experiments with EBL. The film-remaining ratios (Table S1f)
demonstrate the possibility of forming NTD patterns in MIBK,
AN, butyl acetate, and 1, 2-dichloroethane developers. The
contrasts and sensitivities of the H-SEPS resist in the four
developers were further evaluated by EBL using a similar
method described in section 2.4. The contrast curves of the H-

Ind. Chem. Mater, 2025, 3, 553-566 | 557
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Fig. 5 Contrast curves of the H-SEPS resist in different developers by
EBL.

SEPS resist for different developers are shown in Fig. 5, and the
calculated results are presented in Table 3. The H-SEPS resist
achieved the highest sensitivity of 1220 uC cm™ by using butyl
acetate as a developer, but it had a poor contrast of 1.7. A higher
contrast of 3.5 with a sensitivity of 1705 uC cm™> is achieved for
the H-SEPS resist when developing in acetonitrile, suggesting
the potential for superior lithographic performance. In the case
of 1,2-dichloroethane and MIBK developers, both the
sensitivities and contrasts decrease.

The EBL patterns of the H-SEPS resists of the four
developers were also evaluated, as shown in Fig. 6. The
calculation of LERs and LWRs for all patterns is shown in Fig.
S21-S33.+ It exhibits completely different resolution limits for
the H-SEPS resist in different developers. In the case of
1,2-dichloroethane and MIBK, only 25 nm HP patterns can be
resolved (Fig. 6a and c). When the developers were changed to
AN or butyl acetate, the pattern resolutions were greatly
improved, solving the 18 and 20 nm HP patterns, respectively
(Fig. 6b and d). It exhibits the best performance for forming
dense line/space (1:1) patterns in AN developers, with a
maximum resolution of 18 nm, LER of 3.2 nm and LWR of 3.9
nm at an exposure dose of 3200 uC cm™>. The H-SEPS resist
exhibits superior EBL performance compared with previous
reports on oxime sulfonate- or oxime carboxylate-based
polystyrene resist.>"** In the case of semi-dense line patterns,
the H-SEPS resist can resolve the 14 and 10 nm L/4S patterns
with LERs of 3.8 and 3.5 nm and LWRs of 4.5 and 4.3 nm in AN
and butyl acetate developers, respectively. The results suggest
that developers exhibit a significant influence on the

Table 3 Calculated sensitivities and contrasts of X-SEPS resists in
different developers by EBL

Developer Sensitivity (D9, 1C cm ) Contrast
1,2-Dichloroethane 2684 2.2
AN 1705 3.5
MIBK 2069 (22649 3.1 (4.19
Butyl acetate 1220 1.7

“ The contrast curve in the MIBK developer was measured twice,
exhibiting no obvious difference.
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lithographic performance of the H-SEPS resist, consistent with
the influence of the substituent groups on the solubility
behavior.

The EUV lithographic performance of the H-SEPS resist was
also investigated. We attempted to obtain the contrast curve of
the H-SEPS resist using EUVL. However, due to the limitations
of time and equipment used in EUVL experiments, only the
contrast curve of EBL was measured. The EBL and EUVL have
some similarities, both of which generate secondary electrons
to induce photochemical reactions. Our previous study
demonstrated that similar contrasts were observed for the
sulfonium-based resists by EBL and EUVL, giving contrast
values of 5.4 and 4.6, respectively.”” The grating masks forming
30, 25, 22, and 20 nm HP patterns on the wafer were performed
at the Shanghai Synchrotron Radiation Facility (SSRF). AN was
used as the developer for EUVL, which was consistent with the
optimized conditions in EBL. The film thickness was reduced to
20 nm to prevent pattern collapse. Fig. 7 shows the 30 nm HP
patterns of the H-SEPS resist by EUVL at different exposure
doses, along with their LER values. The H-SEPS resist can form
lithographic patterns without any collapse or bridging in a wide
dose range from 120 to 193 mJ cm>. Obvious necking and
breakage stripes are observed at a low exposure (113 mJ cm ).
With increasing exposure dose, the line widths of the patterns
increased, and the patterns improved (Fig. 7 and S34-S41%),
and the LERs of the lithographic patterns decreased from 7.7 to
4.0 nm below. This result is consistent with the characteristics
of the negative-tone resist.

The SEM images of 25, 22 and 20 nm HP patterns by
EUVL are shown in Fig. 8. The H-SEPS resist resolved the 25
and 22 nm HP patterns with LERs of 4.7 and 4.8 nm at an
exposure of 169.0 mJ cm™> (Fig. 8 and S42 and $43%). In the
case of smaller feature sizes of 20 nm HP patterns, an
obvious break was observed. Previous reports have confirmed
that EUV lithography usually shows a low LER and higher
resolution than EBL because of the lower proximity effect of
EUV patterning.”"*”° However, the LERs of H-SEPS resist
patterns by EUVL are higher than those by EBL. The
resolution of the H-SEPS resist patterns was also much lower
than that of the n-CARs previously reported by our research
group.**”*® The reason for the roughness of EUVL patterns
may be related to the roughness of the grating and the
vibration of the EUV exposure platform. Both contribute to
the LER and limit resolution improvement.

2.6 Mechanism study of X-SEPS resist

To understand the photochemical reaction of aryl sulfonate
ester during exposure, the "H NMR spectra of the model
compound phenyl p-toluenesulfonate in deuterated DMSO
were recorded under different doses of 254 nm light
irradiation. Fig. 9 shows the changes in the signal peaks in
'"H NMR spectra at exposure times of 0, 20, and 40 min,
respectively. The reduction of the signal peak at 2.43 ppm
assigned to the methyl protons, together with the appearance
of the new methyl proton signal peak at 2.29 ppm, indicates
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Fig. 6 SEM images of EBL patterns formed by the H-SEPS resist in different developers (film thickness: 31 nm). (a) 1,2-Dichloroethane, (b) AN, (c)

MIBK, and (d) butyl acetate.

the decomposition of sulfonate esters to p-toluenesulfonic
acid.>” Two new signal peaks at 2.34 and 2.37 ppm suggest
the production of two new toluenesulfonate-containing
compounds. The ratio of the three compounds was calculated
to be 2:1:1 by the integral area of the signal peaks at 2.37,
2.34, and 2.29 ppm. To confirm the new compounds upon
irradiation, the model compound phenyl p-toluenesulfonate
was exposed at 254 nm for 60 min, and the resulting
compounds were separated by thin-layer chromatography
(TLC), as shown in Fig. S44,i giving two new compounds as
well as p-toluenesulfonic acid and phenyl p-toluenesulfonate.

H-SEPS

120 mJ cm?2
LER: 6.0 nm

113 mJ cm2
LER: 7.7 nm

\

69 mJ cm?
ER: 3.8 nm

147 mJ cm2
LER: 4.0 nm

The purified new compounds were analyzed by "H NMR and
HR-MS, as shown in Fig. S45.f Compound 1 exhibited signal
peaks of three methyl protons at 2.34 ppm, eight aromatic
protons at 6.90-7.75 ppm, and a sulfonic acid proton at 10.60
ppm (Fig. S45at). Combined with the molecular ion peak at
m/z = 247.0435 obtained by HR-MS, it is inferred that
compound 1 is a phenyl-substituted p-toluenesulfonic acid
(Fig. S45at). Similarly, compound 2 was inferred as a phenyl
and phenol double-substituted p-toluenesulfonic acid by the
signal peaks of methyl protons at 2.37 ppm, sulfonic acid
proton at 10.60 ppm, phenolic hydroxyl proton at 9.37 ppm,

HP 30 nm

129 mJ cm2
! LER: 5.3 nm

193 mJ cm™2
LER: 3.9 nm

180 mJ cm=2
' LER:3.9n

Fig. 7 SEM images of 30 nm HP patterns of the H-SEPS resist at different exposure doses by EUVL (developer: AN; film thickness: 20 nm).
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AN; film thickness: 20 nm).

model 40 min

compound JJjLJ x

20 min

0 min

2.37 2.34

the methyl
protons of the p-
toluenesulfonic
acid (2.29 ppm)

The methyl protons

of the phenyl p-
/" toluenesulfonate
(2.43 ppm)

o s 70 65 €0 S5 S0
1 (ppm)

252 248 244 240 236 232 2.28
1l (ppm)

s I s 30 75

Fig. 9 'H-NMR spectra of the model compound phenyl p-toluenesulfonate at different exposure times under 254 nm light.

and molecular ion peaks at m/z = 339.0699 in HR-MS (Fig.
S45b7). The results suggest that the cleavage of the ArO-S or
Ar-OS bond results in the formation of p-toluenesulfonic acid
and the rearrangement of compounds 1 and 2, which is
consistent with a previous report.>* The ratio of rearrangement
compounds to p-toluenesulfonic acid is 3 : 1, suggesting the main
pathway cleavage of Ar-OS bond under UV light (Fig. S467).

The cleavage mechanism of the model compound under
UV light provides an important reference for studying the
reaction of H-SEPS resist films under EUV irradiation. In situ
outgassing analysis by a quadrupole mass spectrometry
(QMS) was performed to identify the volatile fragments
released from the H-SEPS resist film during EUV exposure. A
H-SEPS resist film with a thickness of 50 nm was exposed to
EUV for 300 s over an area of about 0.6 x 0.8 cm?. New signal
peaks assigned to the fragment species of SO" and SO," at m/
z = 48 and 64 in the MS spectra were observed during
exposure at 2 s (Fig. 10), suggesting the generation of the
sulfonic acid group by EUV irradiation. The results are
consistent with those of UV irradiation.

To further understand the mechanism of resist patterning
after exposure, the H-SEPS resist films before and after EUV
exposure were investigated by X-ray photoelectron
spectroscopy (XPS). The high-resolution XPS full-scan survey
spectrum of the H-SEPS resist film before and after EUV
exposure for 300 s is shown in Fig. S47.F The C1 s spectrum
(Fig. 11a) before exposure can be fitted well into three peaks,
the binding energies at 284.80, 286.43, and 291.30 eV can be
assigned to the bonds of C-C/C-H, C-O, and shake-up n-n*

560 | /nd. Chem. Mater., 2025, 3, 553-566

from the polystyrene phenyl ring.*>*' No significant change

was observed in the C-O signal after EUV exposure (Fig. 11b),
indicating a very small proportion of Ar-OS bond cleavage by
EUV irradiation. It is different from the result that cleavage
occurs mainly at Ar-OS for the model compound under UV
light in solution. This may be due to the different
photochemical reaction conditions. The free radical is easy to
migrate in solution and form rearrangement compounds,
whereas the migration is limited in polymeric resist films.
The XPS spectrum of the O1s envelope (Fig. 11c) is fitted by
two peaks as O-H and O-C/SO; at binding energies of 533.55
and 532.17 eV, respectively, which come from the water
adsorbed by the film** and the sulfonate ester group.**>*?
After EUV irradiation, the peak of O-H bonding energy shifts
from 533.55 to 533.36 eV (Fig. 11d), suggesting the formation
of the new SO,;-H bond.** In addition, the bond energies of
the SO; group shifted from 532.17 to 532.31 eV after
irradiation, indicating a change in the SO; group. This result
is consistent with the conversion of sulfonate ester to
sulfonic acid. The intensity of the SO; signal decreased,
which was attributed to the decomposition of sulfonic acid,
and is consistent with observation in situ outgassing analysis.

Combining the above experimental results and previous
reports,”’* the exposure mechanism of the H-SEPS resist film
was proposed, as shown in Fig. 12. The aryl sulfonate ester
groups in the H-SEPS resist film decompose upon EUV
exposure, with the cleavage of the ArO-S bond being the major
pathway and the Ar-OS bond being the minor pathway. Both
pathways produce sulfonic acid and a small amount of
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Fig. 10 Mass spectra of the in situ outgassing of the H-SEPS resist film before and during EUV irradiation for 2 s.

rearrangement compounds. A few of the sulfonic acid is further
decomposed into gas fragments. These decompositions of aryl
sulfonate into polar sulfonic acid groups, along with minor
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rearrangement, lead to a solubility switch of resist films in the
developer after exposure, forming negative-tone patterns. The
exposure mechanism of the resist is similar in EBL and

Fig. 11 C1 s core XPS spectra of the H-SEPS resist films (a) before and (b) after EUV exposure for 300 s; XPS of O1 s core spectra of the H-SEPS

resist films (c) before and (d)

after EUV exposure for 300 s.
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Fig. 12 Proposed exposure mechanism of the H-SEPS resist film by
EUV irradiation.

EUVL. Previous studies have confirmed that similar chemical
reactions occur in resist films upon e-beam and EUV
irradiation, both of which generate secondary electrons to
induce chemical reactions.*>*°

2.7 Etching resistance of the X-SEPS resists

The etching resistance is an important parameter for the resist
to transfer the lithographic pattern to the substrate. To evaluate
the etching resistance of the aryl sulfonate ester-modified
polymer resists, the H-SEPS and MeO-SEPS resists, which can
form high-resolution patterns by EBL, were etched using a dry
plasma technique. A pattern of 1.5 x 1.5 um?® square formed by
EBL was etched using an SF¢/O, mixture at -110 °C for 10 s.
After etching, the resist residue was removed using a plasma
cleaning machine, and the heights of the pattern at each
process were characterized by AFM. The 3D AFM images of the
H-SEPS resist patterns before and after etching and after resist
stripping, together with the cross-sectional morphology and
height values, are shown in Fig. 13. The height of the
photolithographic pattern before etching was 45 nm. The height
after etching was 193 nm. After resist stripping, the height is
166 nm. Therefore, the etching depths of the resist and silicon
wafer were 18 and 166 nm, giving the etching rate of the H-
SEPS resist film and the silicon wafer 1.8 and 16.6 nm s *,

View Article Online
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respectively. The etching selectivity of the H-SEPS resist on the
silicon substrate was 9.2:1. The etching resistance of MeO-
SEPS resist was measured in the same way, resulting in an
etching selectivity of 8.8:1. All the aryl sulfonate ester-modified
polymer resists exhibited excellent etching resistance, which is
much better than that of the commercial PMMA (950 K) resist
(~6:1)* and is comparable to the iodonium-functionalized
polystyrene resists (9.5:1).>

3 Conclusions

In conclusion, we designed and prepared three kinds of n-CARs
based on aryl sulfonate ester-modified polystyrenes (X-SEPS, X =
H-, MeO-, and CN-). They exhibit completely different EBL
performances. The QCM analysis combined with the bond
energy calculation confirms that the influence of the substituent
groups on the solubility behavior of the resist films in
developers leads to different photolithographic performances.
The H-SEPS resist was further optimized to achieve an 18 nm
dense L/S pattern and a 10 nm semi-dense L/4S pattern by EBL.
Further EUVL performance demonstrates that the H-SEPS resist
can form the 22 nm HP patterns. The mechanism study shows
that the decomposition of aryl sulfonate to sulfonic acid is the
major pathway leading to the solubility switch of the resist film.
This study demonstrates that the lithographic performance of
n-CARs based on an aryl sulfonate ester-sensitive group can be
modulated by changing the substituent. The modifications of
substituent groups mainly change the solubility of the resist
film rather than the bond energy of the sensitive group,
providing useful guidelines for the design and development of
n-CARs. A further study of the resist to EUVL for high-resolution
patterns is currently underway.

4 Experimental section
4.1 Reagent and synthesis process

The initiator 2,2"-azobis(2-methylpropionitrile) (AIBN) was used
after recrystallization with ethanol twice. Other standard

200

250
193 nm c 200

166 nm

250.0 nm

-50.0 nm

250.0 nm 250.0 nm

-50.0 nm -50.0 nm

Fig. 13 AFM topography images and sectional profiles of the H-SEPS resist pattern (a) before etching, (b) after etching, and (c) after resist

stripping.
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reagents were purchased from commercial sources and used as
received without further purification. The synthetic procedure
of the X-SEPS is shown in Scheme 1. Detailed synthesis steps
and characterization data are presented in the ESLY

4.2 Analytical measurements

5-10 mg of the sample was dissolved in 0.5 mL of deuterated
dimethyl sulfoxide (DMSO-ds) or deuterated chloroform
(chloroform-d) and analyzed by proton nuclear magnetic
resonance (1H NMR) spectrometry on an Ascend 600 M. The
mass-to-charge ratio (mm/z) and infrared characteristic absorption
frequency of the monomers were determined by high-resolution
mass spectra (HR-MS) Solarix FTICR mass spectrometers and
Fourier transform infrared spectroscopy (FTIR) Excalibur 3100,
respectively. The polymer molecular weight (M,) and
polydispersity index (PDI) were tested using gel permeation
chromatography (GPC) (Wyatt DAWN Series), with
tetrahydrofuran as the mobile phase and a flow rate of 1.0 mL
min~". The thermal decomposition temperature (Ty) and glass
transition temperature (7y) of the polymer were measured under
a nitrogen atmosphere using an integrated thermal analyzer
JCT-1 and a differential scanning calorimeter (DSC)
PerkinElmer DSC 4000, respectively, at a temperature rise rate
of 10 °C min". The resist films were prepared using a coating
machine CEE200X and Apogee Bake Plate, and their thickness
was measured using a spectroscopic ellipsometer ES01A-DU.
The initial exposure of the photoresist film was performed using
a 254 nm mercury lamp CEL-LPH120-254. The mask used for
the 254 nm exposure was purchased from Beijing China
Sciences Shengze Electric Company Limited, with a mask
resolution of 1 um. Electron beam lithography (EBL) was
performed using the electron beam exposure system Vistec
EBPG 5000 plus ES at a beam current of 100 pA and an
acceleration voltage of 100 kV. The extreme ultraviolet (EUV)
lithography of the resist film was carried out on a soft X-ray
interference lithography beamline (BLOSU1B) at the Shanghai
Synchrotron Radiation Facility. In situ outgassing analysis was
performed using quadrupole mass spectrometry (QMS). The
lithographic patterns were captured by a Regulus 8230 scanning
electron microscope (SEM) at an accelerated voltage of 1.0 kV.
To characterize the surface topography of the resist films,
atomic force microscope (AFM) images were captured using the
Dimension FastscanBio system in tapping mode. A fully
automated dissipative quartz crystal microbalance (QCM)
analyzer (QSense Omni) was used to characterize the
dissolution behavior of resist films in developers. The etching
resistance of the resist films was tested using a plasma etcher,
(Sentech/Etchlab 200). The plasma cleaner CPC-F was used to
remove the residual resist after etching. X-ray photoemission
spectroscopy (XPS), ESCALAB 250Xi, was used for mechanistic
investigation.

4.3 Preparation of resists and their films

The polymer was dispersed in PGMEA or PGMEA/cyclohexanone
mixture (due to the poor solubility of CN-SEPS in PGMEA, 25
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v% cyclohexanone was added to PGMEA for CN-SEPS resist
preparation), and a transparent and uniform polymer solution
was obtained after stirring for 2 h. The polymer solution was
filtered using a 0.22 pm polytetrafluoroethylene filter to give a
resist solution with a concentration of 20-50 mg mL™. The
resist solutions were spin-coated directly on two-inch bare
silicon wafers at a rotational speed of 2000-5000 revolutions per
minute (RPM) to obtain uniform films. After baking for 180 s
on a bake plate at 100 °C, the thicknesses of the resist films
were measured using a spectroscopic ellipsometer. The
thickness of the resist film can be controlled by changing the
concentration of the resist solution and the spin coating speed.
For example, an H-SEPS resist solution of 23 mg mL™ provides
a resist film with a thickness of 34 nm at a speed of 3500 RPM.

4.4 QCM analysis of the resist films

The resist solution with a concentration of 50 mg mL™" was
spun on the Au substrate of the QCM analyzer at 2000 RPM,
and a post-application bake (PAB) at 100 °C for 180 s was
applied to the film-coated substrate to remove excess solvent.
During the test, the flow rate of the developer was 30 pL
min~!, the development time was 5-10 min, and the
sampling interval was 0.2 s.

The QCM analyzer is a well-known method for testing the
dissolution dynamics of the resist film during the
development process.’®*® The QCM can detect extremely
small mass changes in the nanogram order from the quartz
crystal's resonant frequency during in situ development. The
relationship between frequency change Af and mass change
Am in the QCM test is shown as formula (2):

2
L Am (2)
atq

A\/p_

where f, is the resonant frequency, A is the area of the gold
electrode on the quartz substrate, pq is the quartz crystal
density, and g, is the shear modulus.”® The increase in
frequency corresponds to the dissolution of the material,
whereas the decrease in frequency corresponds to the
swelling of the material.**>"

Af =
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