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Etchant-Free Dry-Developable Extreme Ultraviolet
Photoresist Materials Utilizing N-Heterocyclic

Carbene—Metal Complexes

Dowon Kim, Jinhwan Byeon, Jaeboong Ahn, Sangjin Kim, In-Uk Moon, Huijeong Ryu,
Dong Suk Oh, Yang Hun Yoon, Hae-geun Jee, Chan-Cuk Hwang,* and Sukwon Hong*

Extreme ultraviolet (EUV) lithography has enabled significant

reductions in device dimensions but is often limited by capillary force-driven
pattern collapse in conventional wet processes. Recent dry-development
approaches, while promising, frequently require toxic etchants or specialized
equipment, limiting their broader applicability and highlighting the need

for more sustainable, cost-effective alternatives. In this study, highly reactive,
etchant-free dry-developable EUV photoresists using N-heterocyclic carbene
(NHC)-based metal-ligand complexes, achieving half-saturation at EUV doses
of 8.5 or 27 m) cm~2, are synthesized. A simple thermal dry development
process is employed, utilizing a standard furnace to remove unexposed

areas of the photoresist, leading to 80 nm resolution with line-edge roughness
(LER) comparable to wet-developed patterns. Moreover, EUV-induced
chemical reactions of the NHC metal-ligand complexes are investigated via
EUV-photoelectron spectroscopy, near-edge X-ray absorption fine structures,
X-ray photoelectron spectroscopy, and density functional theory. It is suggested
that the high EUV sensitivity of the NHC metal-ligand complexes is attributed

1. Introduction

Advances in semiconductor industries have
heightened the demand for cutting-edge
lithographic technology. The miniaturiza-
tion of devices is essential, as dictated by
Moore’s Law.'=*! Although deep ultravio-
letlithography (DUVL) currently dominates
the semiconductor manufacturing market,
it demonstrates limited resolution due to
the characteristic wavelength (193 nm, E
= 6.4 eV) of ArF light sources and diffrac-
tion limit as light cannot be focused on
a line or spot smaller than half its wave-
length. To address the scaling limitations
inherent in ArF immersion lithography, ex-
tensive efforts were undertaken, enabling
the achievement of features near 15 nm
through the use of multiple patterning
techniques.[*°l However, this approach re-

to branching polymerization reactions initiated by secondary electron

and photoelectron generation. These EUV-sensitive, dry-developable NHC
metal-organic photoresists offer a sustainable and economical alternative
to conventional techniques, eliminating the need for toxic and corrosive
etchants while achieving high-resolution nanopatterns through simple
thermal treatment, thus advancing future nanofabrication technologies.
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sulted in a substantial increase in man-
ufacturing costs and introduced signifi-
cant yield challenges. These factors, cou-
pled with the physical limitations of fur-
ther scaling using ArF immersion, ulti-
mately drove the industry to adopt ex-
treme ultraviolet lithography (EUVL) as the
preferred technology for continued minia-
turization in semiconductor fabrication.
EUVL technology uses the short wavelength
of an EUV light source (13.5 nm, E = 92 eV). It drastically im-
proves the resolution of the decreasing critical dimensions (CDs)
in current nanoscale devices.’"!1]

Despite overcoming the fundamental limitations of DUVL,
EUVL presents several significant challenges. The higher energy
of EUV photons results in fewer photons at the same dose com-
pared to DUV light, leading to reduced photon flux.1*14l Ad-
ditionally, the high energy of EUV photons induces secondary
electron-based reaction pathways, which can trigger acid gen-
eration and diffusion.['] As pattern dimensions continue to
shrink, conventional chemically amplified resists (CARs) have
shown their limitations in achieving high-resolution patterns, of-
ten suffering from increased pattern roughness due to the in-
trinsic properties of their organic polymeric structures.['®! Con-
sequently, producing patterns with ever-decreasing CDs using
conventional photoresists has become increasingly challenging,

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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prompting extensive research into the development of novel EUV
PRs specifically engineered for EUVL.

EUV PRs target 10 nm pattern resolution, <20% line edge
roughness (LER), and 20 m] cm™2 EUV sensitivity based
on the International Roadmap for Devices and Systems.!'’]
Metal-organic photoresists (MOPRs), specifically metal-oxo
cluster-based MOPRs and small molecule-based MOPRs, can
achieve high resolution and low LER with a low EUV dose
requirement.['¥-24] Notably, Sn-oxo cluster-based MOPRs, first re-
ported in 2014, showed promising performance with an 18 nm
resolution at a minimum EUV dose of 350 m] cm~2.12% Contin-
ued progress has led to the achievement of 15 nm patterns with
a 20 mJ cm~2 EUV dose by 2023.1%°] Similarly, small molecule-
based MOPRs, especially those utilizing oxalate complexes, have
exhibited significant potential, with meticulous screening of met-
als and ligands enhancing EUV sensitivity, reducing the required
dose to 36 mJ cm™2.17]

To further advance these developments, solvent-free dry pro-
cesses have been explored to address the limitations of conven-
tional solvent-based wet development methods, such as the risk
of pattern collapse due to solvent-induced capillary forces.!?®] In-
dustries, such as LAM Research, are at the forefront of developing
advanced dry techniques for nanoscale pattern formation.!?%3l
However, despite a few attempts to implement these novel dry
processes, their application in EUVL to achieve precise nanoscale
patterns remains limited, highlighting the need for further inno-
vation in this area.31-3%]

Hwang and co-workers at POSTECH reported pentacene-
based EUVL in 2010 through a solvent-free dry development
process.32] This approach leveraged the quasi-polymerization
properties of pentacene upon EUV exposure, allowing selective
removal of pentacene from unexposed film areas through sim-
ple thermal treatment. Ekinci and co-workers later reported a
resistless patterning method using HF-treated Si surfaces and
tetramethylammonium hydroxide (TMAH) etching, which lever-
aged the etch resistance of SiO,.33! Fairbrother and co-workers
demonstrated an all-dry resist technology that employed zinc-
imidazolate and 1,1,1,5,5,5-hexafluoroacetylacetone for chemical
etching.3*l More recently, Kenane and co-workers at Lam Re-
search developed a dry patterning method for tin-oxo cluster-
based resists, using HBr vapor to cleave Sn—O—Sn bonds, lead-
ing to pattern development.[**]

Promising advancements in dry deposition processes for re-
sists include molecular layer deposition (MLD) for vertically tai-
lored hybrid multilayers, hafnium-based hybrid thin films, and
vapor-phase infiltration for poly(methyl methacrylate) indium ox-
ide (PMMA-InO0,).>%-38 However, despite achieving uniform dry
deposition of resists, many of these techniques still rely on wet
development processes, highlighting the growing need for widely
applicable dry development techniques.

Among these techniques, we focused on thermal dry develop-
ment, as it eliminates the need for toxic and corrosive etchants
during the development process and does not require special-
ized equipment—a standard furnace is sufficient. However, con-
ventional MOPRs are not well-suited for thermal dry develop-
ment applications. Metal-oxo cluster-based MOPRs often have
high molecular weights, leading to undesirably high sublima-
tion temperatures, while oxalate-based small molecule MOPRs
are prone to thermal decomposition. Therefore, designing new
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highly reactive EUV PRs that can withstand thermal decomposi-
tion while maintaining low sublimation temperature and molec-
ular weights is essential.

Organometallic complexes with N-heterocyclic carbene (NHC)
ligands can serve as the basis for synthesizing EUV PRs with
thermal development capability. NHC ligands are a class of het-
erocycles featuring carbene and at least one nitrogen atom in a
ring structure. NHC ligands are strong o-electron donors, and
the organometallic complexes with NHC ligands often exhibit
high stability against heat, moisture, and oxygen. Furthermore,
organometallic complexes with NHC ligands can be designed to
exhibit low sublimation temperatures. This could be achieved by
manipulating bulky functional groups or incorporating halide
groups.?**2) Glessi et al. explored Au(I)-NHC complexes and
their sublimation abilities. Complexes with simple side chain
structures depicted significantly low sublimation temperatures
(<100 °C) at #107° atm.[*?] Organometallic complexes with NHC
ligands and diverse metals, including silver (Ag), copper (Cu),
and cobalt (Co), have shown similar volatile but stable character-
istics. Thus, NHC ligands are promising for developing thermal
EUV PRs.[#]

Herein, we present a series of EUV PRs [1,3-bis(4-
vinylbenzyl)imidazol-2-ylidene-silver ~ chloride  ((VinylBn)L-
AgCl), 1-isopropyl-3-(4-vinylbenzyl)imidazol-2-ylidene—
gold  chloride  ((i-Pr)L-AuCl), and  1l-isopropyl-3-(4-
vinylbenzyl)imidazol-2-ylidene—gold hexafluorophosphate
((-Pr)L-AuPF)] using the volatile but stable properties of
organometallic NHC complexes. EUV sensitivity was achieved
by incorporating Ag, Au, and hexafluorophosphate (PF,) groups,
featuring a high EUV cross-section, and the styrene group
further improved the EUV reaction allowing for branching
polymerization reactions as summarized in Figure 1la. The
(VinylBn)L-AgCl and (i-Pr)L-AuPF, showed outstanding EUV
sensitivities with values of 9 and 27 m] cm~2 for half-saturated
thickness (Ds,), respectively. Furthermore, using these materials,
we achieved 80 nm scale patterns through a thermal dry devel-
opment method, illustrated in Figure 1b. This study introduces
an advanced dry development technique that is both sustain-
able and economical, eliminating the need for toxic, corrosive
etchants, while maintaining high performance through simple
thermal treatment with specifically designed materials.[*¢*]

2. Results and Discussion

2.1. EUV PRs Based on Organometallic Complexes with NHC
Ligands

The EUV PRs were synthesized by using a multi-step strategy
to optimize performance as depicted in Scheme S1 (Supporting
Information). First, isopropyl groups were incorporated to intro-
duce molecular asymmetry, effectively reducing the sublimation
temperature. Second, vinyl groups were introduced to the ligands
via an amine substitution reaction, promoting the formation of a
polymer network upon EUV exposure. Third, metals, silver and
gold, were integrated along with their corresponding ligands (Cl
and PF;) through metalation and ligand exchange reactions. This
integration leveraged the EUV sensitivity of the metals for re-
action initiation and utilized the robust metal-NHC structure
as the backbone, leading to the synthesis of NHC-based small
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Figure 1. a) Advantages of (i-Pr)L-AuPFg are based on the side chain, metal-ligand core, and N-heterocyclic carbene. b) A schematic diagram of the

thermal development method.

molecule metal-organic photoresists (NHC MOPRs) including
(VinylBn)L-AgCl, (i-Pr)L-AuCl, and (i-Pr)L-AuPF

The structural properties of these complexes were confirmed
via single-crystal X-ray diffraction (SC-XRD) as illustrated in
Figure 2a. (VinylBn)L-AgCl displayed a symmetric dimeric struc-
ture with four reactive vinyl groups and two EUV-sensitive sil-
ver atoms, promoting network formation and rapid reaction ini-
tiation. (i-Pr)L-AuCl exhibited an asymmetric structure with two
reactive vinyl groups and one EUV-sensitive gold atom, which
lowers sublimation temperature and enhances thermal develop-
ment capability. The (i-Pr)L-AuPF, complex, with its bulky PF~
anion, further improves the photoresist by increasing asymme-
try, for better thermal development capability, and boosting EUV
sensitivity, with its high EUV cross-section.

Thermal stability, a critical factor for thermal develop-
ment, was assessed using thermogravimetric analysis (TGA)
(Figure 2b). All three materials maintained their initial weight
at temperatures <300 °C. Subsequent weight loss occurs in the
following order: (VinylBn)L-AgCl > (i-Pr)L-AuPF > (i-Pr)L-AuCL
The TGA curves indicate that (VinylBn)L-AgCl, (i-Pr)L-AuCl, and
(i-Pr)L-AuPF, decomposition is initiated at 340, 292, and 360 °C,
respectively. (i-Pr)L-AuPF, depicts the most substantial weight
loss (40%), followed by (i-Pr)L-AuCl (35%) and (VinylBn)L-AgCl
(30%), indicating significant evaporation before thermal decom-
position, making it ideal for thermal development. However, the
residual weight of the materials at 500 °C after decomposition
suggests that thermal development conditions should be opti-
mized to minimize the thermal decomposition of NHC MOPRs.

The sensitivity of NHC MOPRs to EUV exposure was also eval-
uated. The normalized PR thickness curve was acquired using
a microscale mash pattern mask for the EUV dose test. Multi-
ple spots were exposed using an incremental EUV dose for the
contrast (y) curve with the resulting normalized thickness sum-
marized in Figure 2c. (VinylBn)L-AgCl demonstrated the high-
est EUV sensitivity of 8.5 and 30 m] cm~2 for Dy, and D, re-
spectively. Conversely, (i-Pr)L-AuCl showed insufficient sensitiv-
ity, rendering it impractical for EUV PR applications. However,
ligand optimization with (i-Pr)L-AuPF, led to improved EUV sen-
sitivity with values of 27 and 90 m] cm~2 for D5, and D, respec-
tively.

To examine the homogeneity within the resist films, we con-
ducted atomic force microscopy (AFM, Figure S1, Supporting In-
formation), energy-dispersive X-ray spectroscopy (EDS, Figures
S2 and S3, Supporting Information), and X-ray diffraction (XRD,
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Figure S4, Supporting Information). AFM analysis confirmed
uniform spin-coated films with low surface roughness. XRD re-
vealed the amorphous structure of the resist films, while EDS ver-
ified well-distributed atomic composition within the films. These
findings collectively confirm the structural uniformity and homo-
geneity of the resist film.

The high reactivity of (VinylBn)L-AgCl and (i-Pr)L-AuPF
was investigated through EUV-based photoelectron spectroscopy
(PES) (Figure 3a,b). The spectra reveal photoelectrons with a ki-
netic energy of ~80 eV, originating from the 4d and 5d valence or-
bitals of Ag and Au, respectively.>®>!l The photoelectrons gener-
ate excess secondary electrons with low energy (<80 eV) through
their inelastic scattering with atoms (Figure 3c).>2>*] Chemical
reactions, including the attachment, ionization, or excitation of
molecules initiated by low-energy electrons, are the reaction path-
ways of compounds during EUV irradiation.l®®] Therefore, gen-
erating a large number of low-energy secondary electrons causes
the high reactivity of (VinylBn)L-AgCl and (i-Pr)L-AuPF,.

2.2. Extreme Ultraviolet Lithography

Based on the high EUV sensitivity of NHC MOPR, the lithog-
raphy ability of the as-prepared compounds was investigated
through line/space pattern formation. A 92 eV synchrotron EUV
light source was passed through a transmission diffraction mask
fabricated via ArF lithography. We used a transmission mask
made with ArF lithography on a 100 nm silicon nitride (Si;N,)
membrane with tantalum absorber patterns (Figure 4). Linear
grating masks with a 100 to 80 nm half-pitch were used in these
experiments and this was placed near the targeted wafer to form
the desired pattern utilizing EUV interference lithography.*]
The process mechanism is illustrated in Figure 4a.

The top-view scanning electron microscopy (SEM) and atomic
force microscopy (AFM) results demonstrate the EUV-exposed
image and properties of patterns (Figure 4b,c). The Si;N, mem-
brane absorbs ~60% of the EUV light, while residual tantalum
in the open areas of the mask further reduces EUV transmission
(Figure S5, Supporting Information), requiring a higher EUV
dose.[®] Additionally, limitations in the nanoscale control of the
exposure system made it challenging to accurately quantify the
contrast in the energy absorbed by the patterned regions of the
resist layer. Despite these challenges, the desired pattern was
successfully achieved with a dose of ~4 ] cm~2 illuminated onto

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. a) Chemical and crystal structures of NHC MOPRs. b) Thermogravimetric analysis and c) dose-thickness contrast (y) curve of NHC MORPs. For
the crystal structures, thermal ellipsoids are set at 50% probability. The hydrogen atoms are omitted for clarity. The selected bond lengths (&) and angles

(°) of (VinylBn)L-AgCl: Ag(1)—Cl(1) = 2.3845(6) A, Ag(1)—C(1) =2.091(2) A, C(1)—
—N(2) = 103.7(2)°, (i-Pr)L-AuCl: Au(1)—C(1) _203( A, Au(1)—Au(2) = 3.006(2) A, Au(2)—Cl(1) =2.317(5) A, Au(2)—Cl(2)

89.35(2)°, and N(1)—C(1)
=2318(6) A, C(1)—N(1) = 1.35(2) A, C(1)—N(2) = 1.32(2) A, Au(1)—A
94.3(4)°, and N(1)—C(1)—N(2) = 106(1)°, and (i-Pr) L-AuPFg: Au(1)—C(1) =
1.340(6) A, P(1)—F(1) = 1.558(6), P(1)—F(2) = 1.541(6), C(1)—Au(1)—C(2)

the mask from above for both (VinylBn)L-AgCl and (i-Pr)L-AuPF
films. An extended exposure beyond this dose could induce over-
reaction and reduce line-space contrast, leading to lower pattern
resolution.

Thus, the nanoscale patterns were acquired through EUV in-
terference lithography as illustrated in Figure 4b, which high-
lights the SEM and AFM image of 80 nm CD (VinylBn)L-AgCl
lines developed in THF after 30 s exposure at ~4 ] cm™ dose.
The AFM pattern reveals ~#13 nm LER, 9 nm average height, and
a relatively flat space area. The SEM image depicts a grainy tex-
ture of (VinylBn)L-AgCl patterns, which elevates the LER of the
pattern and suppresses the small resolution pattern formation.
The SEM image (Figure 4c) of 80 nm CD (i-Pr)L-AuPF; indicates
a smooth pattern with 9 nm LER and 10 nm depth, as confirmed
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N(1) =1.361(3) A, C(1)—N(2) = 1.348(4) A, Ag(1)—Cl(1)—Ag(1') =

)

—CI(1) = 96.9(1)°, Au(1)—Au(2)—Cl(2) = 98.2(2)°, C(1)—Au(1)—Au(2)
1(3) A, Au(1)—C(2) =2.016(3) A, C(1)—N(1) = 1.355(6) A, C(1)—N(2)
178.7(2)°, N(1)—C(1)—N(2) = 106.0(4)°, and F(1)—P(1)—F(2) = 89.3(4)°.

by AFM analysis. A significant degree of the observed LER was in-
fluenced by the inherent roughness of the ArF-prepared masks,
given the high LER value of the masks, as shown in Figure S5
(Supporting Information).7>8]

We analyzed the thermal development capability of NHC
MORPs under EUV light. TGA results (Figure 2b) highlight the
need to lower the sublimation temperature of NHC MORPs to
prevent ligand decomposition, achievable under reduced pres-
sure. We used a vacuum pump to acquire the reduced pressure
of 107* atm for condition screening.

Initial screening of pristine NHC MORP films at various tem-
peratures demonstrated that (i-Pr)L-AuPF films achieved opti-
mal development at 110 °C. Above 120 °C, however, deformation
occurred, leading to incomplete material removal. In contrast,

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. EUV-based PES results of a) (VinylBn)L-AgCl and b) (i-Pr)L-AuPF—6 with EUV irradiation ranging from 5 to 100 eV. c¢) Schematic diagram
illustrating the generation of photoelectrons and secondary electrons induced by an EUV photon.
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Figure 4. a) Schematic of synchrotron EUV source Talbot pattern lithography. Top-view SEM and AFM images of b) 80 nm CD (VinylBn)L-AgCl patterns
and c) 80 nm CD (i-Pr)L-AuPF¢ patterns.
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Figure 5. Top-view SEM and AFM images of thermally developed a) 100 nm and b) 80 nm (i-Pr)L-AuPFg line patterns. The AFM image insets show the

average height profile of NHC PR lines.

(VinylBn)L-AgCl films began to deform at v100 °C, prior to subli-
mation, resulting in thicker films remaining post-development,
as depicted in Figure S6 and Table S1 (Supporting Information).
This behavior can be attributed to the weaker NHC—Ag bond
strength compared to the NHC—Au bond, resulting in lower sta-
bility and faster decomposition of (VinylBn)L-AgCL.>® Conse-
quently, (i-Pr)L-AuPF, was selected as the candidate for dry pho-
toresist.

Optimized film coating parameters for line-space contrast and
LER were established using DUV-exposed patterns for the initial
screening as shown in Figure S7 and Table S2 (Supporting In-
formation). The accessibility of DUV-exposed patterns facilitated
this process, with commercially available 1 ym masks used for
pattern generation. By adjusting the spin-coating speed, we con-
trolled the film thickness from 45 nm at 3000 rpm to 28 nm at
5000 rpm. Further optimization of development time identified
optimal conditions at 5000 rpm (28 nm thickness) and 110 °C for
30 min, yielding high-contrast patterns with LER performance
comparable to traditional wet development methods. Preliminary
tests suggest that development time may be shortened under
higher vacuum (6x10~ atm) conditions (Figure S8, Supporting
Information).

The thermally developed patterns under dry conditions with
extended air exposure before development often exhibited lower
quality. This issue was effectively mitigated by briefly exposing
the patterns to THF vapor, which improved pattern quality not
by altering the chemical structure but by controlling the hydro-
gen bonds between PF, and water molecules, enabling faster
removal. This is supported by the XPS analysis of the film illus-
trated in Figure S9 (Supporting Information), which shows no
significant difference after air exposure and THF treatment. Dur-
ing air exposure, (i-Pr)L-AuPF, film absorbs water, which inter-
feres with the sublimation process by forming hydrogen bonds
with the PF,~ anion.[®®! After the vapor-phase insertion of THF,
the hydrogen bonding between the PF, anion and water com-
petes with the hydrogen bonding between THF and water.[°!] As
aresult, the proportion of PF anions participating in hydrogen
bonding with water decreases, promoting effective sublimation.

The optimized conditions of 10~* atm pressure, 110 °C tem-
perature, and 30 min evaporation time enabled the production
of high-contrast patterns comparable to those obtained through
wet processes. (Figure 5) By utilizing the EUV interference lithog-
raphy method and optimized development conditions, patterns
with CDs of 100 and 80 nm were successfully generated, as de-
picted in Figure 5a and b, respectively. AFM analysis revealed that
the average height of the dry-developed patterns was 7 nm, with
a line edge roughness (LER) of 7 nm for the 100 nm CD pat-
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tern, and 6 nm with an LER of 10 nm for the 80 nm CD pattern.
Both patterns demonstrated LER that was comparable to or im-
proved upon, those of wet-developed patterns. Notably, this out-
come was achieved without the use of toxic solvents or etchants,
utilizing only a highly accessible furnace and vacuum pump. This
demonstrates the potential of etchant-free thermal dry develop-
ment methods.

2.3. EUV-Induced Chemical Reaction Analysis

To get a further understanding of chemical reactions upon EUV
exposure in NHC MORPs as a function of EUV dose, near-
edge X-ray absorption fine structure (NEXAFS) analysis was per-
formed with the 10D HRPES beamline in the Pohang Accelera-
tor Laboratory (PAL) (Figure 6a,b). We focused on the C and F
K-edge spectra region to determine the covalent bond peaks of
the as-prepared compounds. To minimize photochemical reac-
tions during the NEXAFS measurements, the scan range was
restricted to 282-292 eV, with the effect of the scan range on
the carbon peaks shown in Figure S10 (Supporting Informa-
tion). The reaction saturation was investigated with the incre-
mental EUV doses of (VinylBn)L-AgCl (5, 15, and 30 m] cm~2)
and (i-Pr)L-AuPF, (30, 60, and 90 m] cm~2). Figure 6a reveals
the spectra of (VinylBn)L-AgCl with a decrease in peak inten-
sity from 286-288 eV, with the most significant decrease at
287 eV. Figure 6b shows that the changes in the spectra of (i-
Pr)L-AuPF; are similar to those of (VinylBn)L-AgCl, suggesting
that (i-Pr)L-AuPF and (VinylBn)L-AgCl follow similar reaction
pathways.

To determine the origin of this change, we performed a com-
parative analysis of the covalent bond peak positions associ-
ated with vinyl benzyl groups and NHC ligands, potential re-
action sites, incorporating data from previous peak analysis re-
ports (Figure S11, Supporting Information).®?% By compar-
ing 1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene-silver chlo-
ride (IMes-AgCl), which contains double bonds in the NHC back-
bone, with 1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-
ylidene-silver chloride (SIMes-AgCl), which lacks these double
bonds, we identified the peaks corresponding to double bonds
in NHC groups at ~287 eV, as shown in Figure S3a (Support-
ing Information). Our analysis suggests that the double bond
character in the NHC ligand contributes to the polymerization
process.

A moderate decrease in peak intensity near the 286 eV in
Figure 6a,b implies a reaction on the vinyl group of the styrene.
A comparative study between (VinylBn)L-AgCl, which contains
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Figure 6. Fitted NEXAFS spectra of the C K-edge region of a) (VinylBn)L-AgCl before and after 5, 15, and 30 m) cm~2 EUV exposure, and b) (i-Pr)L-AuPF
before and after 30, 60, and 90 m) cm~2 EUV exposure. The Raman spectra of c) (VinylBn)L-AgCl and d) (i-Pr)L-AuPF. The calculated HOMOs and
LUMOs of ) (VinylBn)L-AgCl and f) (i-Pr)L-AuPFg through DFT.
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Figure 7. a) NEXAFS spectra of the F K-edge region of (i-Pr)L-AuPFg with incremental EUV doses. The comparison of the XPS spectra of (i-Pr)L-AuPFg
b) F 1s and c) P 2p regions before and after EUV exposure.

vinyl groups, and 1,3-bis(4-ethylbenzyl)imidazol-2-ylidene—  reveal distinct peaks at 682.5, 687.7, and 691.3 eV, correspond-
silver chloride ((EthylBn)L-AgCl) complexes, which lacks them, ing to the presence of PF,~.7%l The intensity of the peaks de-
showed a similar moderate decrease in intensity near the clined after EUV-irradiation, with the most significant changes
286 eV region (Figure S11b, Supporting Information). This  observed at 682.1 eV, followed by the peaks at 687.7 and 691.3 eV,
shift is indicative of the modification of the double bond in the  highlighting the dissociation of the P—F bond in PF,~. NEXAFS
vinyl groups to a single bond. These results suggest that an  analysis confirms that P—F bond cleavage occurs upon EUV ex-

EUV-induced vinyl benzyl polymerization reaction is present. posure, suggesting that the cleaved F atoms are likely involved in
To further confirm the presence of vinyl group reactions, the polymerization process.
Raman spectroscopy can effectively examine chemical reac- To further explore the implication of P—F bond dissociation,

tions, particularly those involving C=C double bonds in ligands. ~ the (i-Pr)L-AuPF, film was further analyzed using XPS before
Figure 6¢,d shows the Raman spectra of unreacted (VinylBn)L-  and after EUV exposure (Figure 7b,c). The results reveal a trend
AgCl and (i-Pr)L-AuPF, (EUV 0 mJ cm~2) with the main bands  consistent with PF,~ decomposition reaction pathways, includ-
present at 1410, 1600, and 1647 cm™, each corresponding to  ing the generation of F radicals.’*7?] The F 1s spectrum analy-
Vinyl 6(= CH,), Ring v(C = C), and Vinyl v(C = C), as reportedin  sis in Figure 7b reveals that the P—F (686.5 eV) peak from PF~
previous studies.[®] The bands corresponding to the vinyl groups  is dominant before EUV exposure, with traces of the O=P—F
(1412 and 1630 cm™") disappear while the band at 1610 cm™' re-  (687.8 eV) peak present from the oxidized PF,O,. However, upon
mains after EUV exposure for both (VinylBn)L-AgCl (EUV 30m]  EUV exposure, the intensity of the O=P—F peak increases, and
cm~?) and (i-Pr)L-AuPF, (EUV 90 mJ] cm~2) showing a peak shift  a new C—F peak (689 eV) emerges. The increase in the O=P—F
often observed in styrene polymerization. This result providesev-  peak and the generation of the new C—F peak is more clearly
idence of EUV-induced vinyl benzene polymerization. shown in Figure S12 (Supporting Information), where we sub-
Considering that both NHC double bond and vinyl group can  tracted the unreacted (EUV 0 mJ/cm?) F 1s X-ray photoelectron
act as acceptors to secondary electrons, we hypothesized that  spectroscopy (XPS) from the EUV-reacted (EUV 90 mJ/cm?) F 1s
the secondary electrons are likely to be populated into the low- ~ XPS in Figure 7b after normalizing the two graphs.
est unoccupied molecular orbital (LUMO) of the molecules.[¢! The generation of the C—F bond peak, as revealed by XPS
The LUMO and highest occupied molecular orbital (HOMO) of  analysis, and the decomposition of PF;~, evidenced by NEX-
each compound were obtained through density functional the-  AFS analysis, suggest the formation of F radicals. These radi-
ory (DFT) calculations to identify the destination of secondary  cals likely initiate polymerization by reacting with vinyl groups
electrons. The LUMOs of (VinylBn)L-AgCl and (i-Pr)L-AuPF; ap-  to form C—F bonds. The location of the C—F XPS peak pro-
pear on the styrene moiety of the compounds with energies of  vides evidence that a single F atom is bonded to vinyl benzyl
—1.667 and —1.382 eV, respectively. This suggests the insertion  groups, shifting the peak to higher energy compared to that of
of secondary electrons into the vinyl groups which can lead to  the F atom in the PF;~ anion (Figure 7b). Furthermore, the pres-
polymerization reaction of NHC MOPRs. ence of remaining PF, is indicated by the formation of PF,O,
Fluorine radical generation has been reported to play a sig-  during air exposure and the thermal development process. We
nificant role in crosslinking inorganic resists by enhancing or  observed a significant increase in the O=P—F peak in the F 1s
altering the reactivity of functional groups within the resist  spectrum (Figure 7b) and the O—P (132.5 eV) peak in the P 2p
matrix.[-%] This contributes to photo-induced processes, such  spectrum (Figure 7c) after EUV exposure, suggesting the forma-
as radical generation, which modify the structural and chemical  tion of PF,O, from remaining PF,. In addition, the presence of
integrity of the resist during lithography. The high EUV cross-  the Au—F peak indicates that some decomposed F atoms bind to
section of PF~ further prompted an analysis of its contribution =~ gold metal, forming a metal-halide bond, though it does not influ-
to the polymerization process. PF,~ alterations were analyzed  ence the polymerization reaction and results in a ligand exchange
through F K-edge NEXAFS, as depicted in Figure 7a. The spectra  reaction.
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Building upon these analyses, we propose two potential reac-
tion pathways depicted in Figure 8 comprising radical polymer-
ization initiated by F radical from PF,~ and the anionic poly-
merization of (i-Pr)L-AuPF, styrene. NEXAFS and XPS analyses
reveal the decomposition of PF,~ with the P—F bond dissocia-
tion and C—F bond formation during EUV exposure. Based on
these results, the proposed EUV-induced radical polymerization
reaction mechanism of (i-Pr)L-AuPF; is depicted in Figure 8a.
The generated secondary electrons induce cation generation on
the (i-Pr)L-AuPF, film for charge neutralization (Figure 3b). Sec-
ondary electron emission from PF,~ dissociates the P—F bond to
generate F radicals. This initiates radical polymerization, which
is indicated by the formation of new C—F species after EUV
exposure.!”37]

DFT calculations, NEXAFS measurements at the C K-edge,
and Raman spectroscopy studies indicate that the secondary elec-
trons target the LUMO of the styrene moiety in NHC ligands,
followed by anion polymerization. The styrene groups, upon
gaining an extra electron, form styryl radical anions, which sub-
sequently dimerize to produce distyryl dianion, as previously
reported.[’®77] These dianionic species initiate anionic propaga-
tion to build a polymeric structure. The reactivity of the adjacent
NHC double bonds is evident through NEXAFS peak analysis,
indicating that the adjacent NHC double bonds are involved in
polymerization. Thus, electron-initiated (i-Pr)L-AuPF, reaction
pathways are proposed (Figure 8b). The polymerization pathways
at multiple reaction sites form intricate branched polymer struc-
tures (Figure 8c). This facilitates rigid pattern formation and en-
hances pattern contrast by improving the sublimation tempera-
ture of polymers.

3. Conclusion

In this study, we developed NHC MOPRs ((VinylBn)L-AgCl, (i-
Pr)L-AuCl, and (i-Pr)L-AuPF) using wet and dry methods and
demonstrated their nanopatterning capabilities. These materi-
als demonstrated remarkable EUV sensitivity, with (VinylBn)L-
AgCl requiring 8.5 m] cm™ and (i-Pr)L-AuPF needing 27
m] cm~2 EUV doses for Dy,. These properties played a
pivotal role in achieving high-resolution nanopatterning. An
80 nm wide, dense pattern was produced with a transmis-
sion mask-based synchrotron EUVL source. The significant dif-
ference in sublimation temperature between EUV-reacted and
unreacted materials, combined with the robustness of intri-
cate polymer structures, enabled successful thermal develop-
ment. This approach produced 80 nm dry-developed patterns
with quality comparable to wet-developed patterns, underscor-
ing the potential of this simple, non-toxic thermal treatment
method.

Additionally, through NEXAFS, Raman, and XPS analysis, we
proposed two possible EUV-induced chemical reaction pathways
of the NHC MOPRs: i) radical polymerization of the styrene
moiety initiated by F radical produced through P—F bond de-
composition during secondary electron generation and ii) an-
ion polymerization of the styrene moiety and NHC double
bond initiated by secondary electron attachment to the LUMO
of the styrene moiety. These insights demonstrate that NHC
MOPRs, with their promising thermal development capabili-
ties, offer a significant breakthrough for future EUV photore-
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sists, providing a sustainable and economic alternative to con-
ventional lithographic techniques by eliminating the need for
toxic and corrosive etchants, enabling high-resolution patterning
through straightforward thermal processes, and advancing high-
resolution dry lithography technologies, thereby paving the way
for more efficient and environmentally friendly nanofabrication
Ppractices.

4. Experimental Section

Materials: n-Hexane (GR grade), acetone, tetrahydrofuran (THF),
methylene chloride (CH,Cl,), acetonitrile, ethyl ether (GR grade), and
ethanol (HPLC grade) were procured from DUKSAN Reagents. All the
chemicals were bought from Sigma—Aldrich Co, ThermoFisher Scientic
Inc., and Sejin Cl Co. The chemicals were utilized without further purifi-
cation.

1-(4-Vinylbenzyl)- 1H-Imidazole: Sodium  bicarbonate  (NaHCOj3)
(2.63 g, 31.4 mmol) and imidazole (6.8 g, 50 mmol) were dissolved in a
50-mL binary mixture of water and acetone (1:1 mixture). 4-Vinylbenzyl
chloride (3.39 mL, 24 mmol) was added dropwise to the mixture after
stirring at room temperature. The solution was heated at 50 °C and
stirred for 22 h at this temperature. The solution was filtered to remove
the unreacted salt while concentrating the filtrate under reduced pres-
sure. The product was dissolved in ethyl ether and washed thrice with
50 mL of deionized water. The organic phase was washed thrice using
2.0 m hydrochloric acid (HCl) and washed with 4.0 m sodium hydroxide
(NaOH). The final product was extracted using ethyl ether and dried using
anhydrous magnesium sulfate (MgSO,). The solution was concentrated
under reduced pressure to obtain the final product. Clear liquid (52%);
TH NMR (400 MHz, CDCI3) (6 ppm) = 5.101(s, 2H), 5.263(dd, ] = 0.3,
11.4 Hz, 1H), 5.755(dd, ) = 0.8, 18.3 Hz, 1H), 6.685(dd, | = 10.7, 17.6 Hz,
TH), 6.899(t, | = 1.1 Hz, TH), 7.086-7.122 (m, 3H), 7.385(d, 2H), 7.544(s,
TH)

1,3-Bis(4-Vinylbenzyl)-TH-Imidazolium Chloride: ~ 4-Vinylbenzylchloride
(7.45 mL, 50 mmol) and 1-(4-vinylbenzyl)-TH-imidazole (6.8 g, 50 mmol)
were dissolved in 50-mL acetonitrile. The mixture was stirred for 24 h at
70 °C. The solution was concentrated under reduced pressure and washed
using 40-mL THF to retrieve a yellowish solid product (78%); TH NMR
(400 MHz, CDCI3) (5 ppm) = 5.264 (d, 2H, | = 10.9 Jz), 5.520 (s, 4H),
5.755(dd, ) = 17.9 Hz, 2H), 6.635(dd, ) = 10.7, 17.6 Hz, 2H), 7.22-7.23(m,
2H), 7.32-7.43 (m, 8H), 11.08(s, TH).

(VinylBn) L-AgCl:  1,3-Bis(4-vinylbenzyl)-1H-imidazolium chlo-
ride (1.65 g, 5 mmol) was dissolved in 15-mL CH,Cl,. Ag,O
(0.75 g, 3 mmol) was added, stirring the solution for 24 h.
The solution was filtered through the celite. The filtrate was
concentrated under reduced pressure. n-Hexane was introduced to
the concentrated filtrate. A white solid product was obtained as a residue,
which was dried using a vacuum. White solid (86%); TH NMR (400 MHz,
CDCI3) (6 ppm) = 5.264 (s, 4H), 5.27 (d, | = 13.2 )z, overlapping 2H),
5.755 (d, ) = 17.6 Hz, 2H), 6.695 (dd, ] = 10.7, 17.6 Hz, 2H), 6.912 (s,
2H), 7.21(d, | = 8.2 Hz, 4H), 7.40 (d, | = 8.2 Hz, 4H)

1-Isopropyl-3-(4-Vinylbenzyl)- 1H-Imidazolium Chloride:  4-
Vinylbenzylchloride (7.45 mL, 50 mmol) and T-isoproyl-1H-imidazole
(5.5 g, 50 mmol) were dissolved in 50-mL acetonitrile and stirred for 24 h
at 70 °C. The solution was concentrated under reduced pressure and was
washed using 40 mL THF to obtain a solid product. Yellow solid (78%);
TH NMR (400 MHz, DMSO) (6 ppm) = 1.473 (d, 6H, | = 6.9 Jz), 4.636
(m, TH), 5.305 (d, TH, ) = 10.30), 5.390 (s, 2H), 5.875 (d, | = 17.6 Hz,
TH), 6.735(dd, ) = 10.7, 17.6 Hz, TH), 7.410(dd, 4H), 7.882 (dd, 2H),
9.437 (s, TH)

(i-Pr)L-AuCl:  1-Isopropyl-3-(4-vinylbenzyl)-1H-imidazolium chloride
(1.31 g, 5 mmol) was dissolved in 15-mL CH,Cl,. Ag,0 (0.75 g, 3 mmol)
was added to the solution, stirred for 24 h, and filtered using celite.
Chloro(dimethyl sulfide)Au(l) [(SMe,)AuCl] (1.47 g, 5 mmol) was added to
the solution, stirred for 24 h at room temperature, and filtered using celite
to obtain a clear solution. The filtrate was concentrated under reduced
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pressure. n-Hexane was added to the concentrated solution. A white solid
product was precipitated and dried under a vacuum. White solid (56%);
TH NMR (400 MHz, CDCI3) (6 ppm) = 1.47 (d, 6H), 5.08 (m, TH), 5.27
(d, TH, ) = 10.3), 5.33 (s, 2H), 5.75 (d, TH), 6.70 (dd, TH), 6.90 (m, 2H),
7.28 (m, 2H), 7.39 (m, 2H)

(i-Pr)L-AuPF4:  Asolution of (i-Pr)L-AuCl(397 mg, 0.5 mmol) was pre-
pared in 15 mL MeOH. NH,PF; (120 mg, 0.75 mmol) was added to the
solution and stirred for 48 h. The solution was concentrated under reduced
pressure. The product was dissolved in CH,Cl, and filtered using celite.
The filtrate was concentrated under reduced pressure. Adding n-hexane
to the concentrated filtrate precipitated a white solid product, which was
dried under a vacuum. White solid (60%); TH NMR (400 MHz, CDCI3) (6
ppm) = 1.50 (d, 6H, | = 6.9 Jz), 4.77 (m, TH), 5.26 (d, TH, | = 10.3), 5.27
(s, 2H, overlapped), 5.72 (d, ) = 17.6 Hz, 1H), 6.661 (dd, ) = 10.7, 17.6 Hz,
TH), 7.064 (m, 2H), 7.140 (m, 2H), 7.340(m, 2H). 19F NMR (400 MHz,
CDCI3) §(ppm) = —72.29, —74.17

Material Characterization: The thermal properties of PR materials
were analyzed with a thermogravimetric analyzer (TGA-50, Shimadzu).
TGA was performed at 15-400 °C at a heating rate of 10 °C min~" under an
N2 atmosphere. Near computational calculations were conducted at the
B3LYP/6-31G(d) level. The unreported compounds were validated through
NMR (JEOL; 400 MHz for TH NMR and 75.4 MHz for 13C NMR). NEXAFS
and EUV lithography were performed at the 10D beamlines of the PAL in
Korea. The atomic interaction of Ag, Au, C, N, O, and P atoms was ana-
lyzed through XPS (K-ALPHA+). The Raman spectrum (NRS-5100) anal-
ysis was performed using a 532-nm laser. AFM was performed with an
XE-100 atomic force microscope (Park Systems, Inc.) and a PPP-NCHR
10 M cantilever. Field emission scanning electron microscopy (FE-SEM)
was performed using a JSM-7500F+EDS field emission scanning electron
microscope (Oxford).

Film Fabrication: The Si films were cleaned using deionized water, ace-
tone, and isopropyl alcohol for 15 min each using a sonicator. PR solutions
were prepared by dissolving 10 mg of each material within their respective
solvents. (VinylBn)L-AgCl and (i-Pr) L-AuCl were dissolved in a 1:1 solution
of CH,Cl,:THF while (i-Pr)L-AuPFg was dissolved in THF. The samples
used for lithography were prepared by spin coating the solutions of each
PR at 3000 rpm for 30 s with (VinylBn)L-AgCl and 5000 rpm for 30 s with
(i-Pr)L-AuPFg. The coated films were used without further treatment.

Lithography Procedure: DUV exposure experiments used an AC-3 ultra-
violet (UV) ozone cleaner (AhTech LTS) as the light source. The dosage of
the light was determined using a light sensitizer. EUV lithography was per-
formed at the 10D beamlines of the PAL in Korea. Desired pattern masks
were kept directly above each coated film. The samples were loaded inside
a high vacuum chamber and exposed to the EUV light source. The mask
utilized for lithography was prepared using Si3N4. A tantalum-based mask
was prepared using an XT1250D ArF dry scanner (ASML) at the National
Nanofab Center. The wet development process of (VinylBn)L-AgCl and (i-
Pr)L-AuCl was conducted with a CH,Cl,:THF::1:1 mixture, while THF was
used for (i-Pr)L-AuPFg. The EUV-exposed films were dipped into their re-
spective developer for 30 s for pattern development.

Thermal Development Process: ~ A thermal furnace linked with a vacuum
pump helped in thermal development. A boat was placed in the vacuum
furnace and heated to 130 °C before an EUV-reacted film was placed in
it for 30 min. The EUV-reacted film was exposed to THF vapor and po-
sitioned adjacent to a sealed vial with THF. Then, the film was placed in
the boat and inside a vacuum furnace set at 130 °C for 30 min for pattern
development.
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