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ABSTRACT: Po l yme r i z a t i o n o f ( 4 - (me th a c r y l o y l o x y )pheny l ) -
dimethylsulfoniumtriflate (MAPDST), as a key monomer containing the radiation
sensitive sulfonium functionality, with various other monomers such as methyl
methacrylate (MMA), 4-carboxy styrene (STYCOOH), N-vinyl carbazole (NVK) in
different molar ratios via free-radical polymerization method is described. This
methodology led to the development of a small chemical library of six different
radiation sensitive polymers for lithography applications. Fourier transform infrared
(FT-IR) and nuclear magnetic resonance (NMR) spectroscopy identified the
reaction products as MAPDST homopolymer and MAPDST-MMA, MAPDST-
STYCOOH, MAPDST-NVK copolymers. Molecular weights were obtained from
gel permeation chromatography and the decomposition temperature (Td) values
were determined using thermogravimetric analysis (TGA). The effect of extreme
ultraviolet (EUV) irradiation on a thin poly(MAPDST) film was investigated using
monochromatic synchrotron excitation. These new polymeric materials were also exposed to electron-beam lithography (EBL)
and extreme ultraviolet lithography (EUVL) to achieve 20-nm line patterns.

KEYWORDS: radiation sensitive resist materials, characterization, EUV degradation, e-beam and EUV lithography

■ INTRODUCTION

The semiconductor industry has been promoting high-
precision nanolithography to produce nanoscale transistors
and integrated circuits (ICs) with enhanced density. Recently,
next-generation lithography (NGL) technologies utilizing
shorter wavelengths of light or a charged particle beam have
been the subject of research to meet the resolution require-
ments of the Semiconductor Industry Roadmap (ITRS).1 In
conjunction with advances in the lithography tools, the
development of novel resist materials is necessary as the
resolution capability of conventional chemically amplified
resists (CARs) have reached their limit at the 22-nm
technology node. At features less than 20 nm, the lithographic
line edge roughness (LER) and line width roughness (LWR)
requirements become smaller than the size of polymer
molecule and new resist designs are paramount. Upon
examining the development of the microelectronics industry,
it is evident that advanced organic materials have been
necessary for realizing significant growth in semiconductors,
storage, and display devices, because of the economies of scale.
However, the maximum number of these organic polymers is
used as photoresists (sacrificial stencils).

Photoresists are key materials that are designed to undergo a
change in properties upon exposure to radiation and are
extensively used to define chip circuitry.2−4 Specific photo-
sensitive novel polymeric materials have been developed to
meet requirements such as sensitivity, resolution, and
processing needs of each successive chip generation.5

Organic polymeric materials have found many applications in
optical and electronic devices.6−8 Many different organic
monomers were polymerized to develop polymer systems for
optical applications9−14 and interests have been focused on
acrylic and methacrylic polymers, because of their well-known
optical properties and good film-forming capability.15−17 A
larger number of different methacrylic and acrylic monomers
were prepared and polymerized previously under radical
polymerization methods to produce distinct polymers with
different functional groups, polarities by covering a broad range
of molecular weights and glass-transition temperatures (Tg). At
the same time, the multicomponent polymer systems
containing various functionalities bonded to a methacrylate-
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based core have also been reported for their use in
nanolithography.18−20

In addition, polymers containing sulfonic acid groups in the
form of salts have been studied intensively21,22 and used for
both curing and microelectronic imaging of polymer films.
Sulfonium groups have long been found to be sensitive to
electron beam (e-beam) and ultraviolet (UV) radiation.23−26

Many polymers that were obtained from monomers in the form
of sulfonium salts have been used as chemically amplified resists
in lithography technology for high sensitivity and high
resolution.27,28 However, these CARs have inherent limitations
with respect to achieving features below 20 nm, as per the ITRS
roadmap, because of acid diffusion, which contributes to image
blur and leads to unacceptable LER and LWR, reduced
resolution, and lower sensitivities. To overcome these draw-
backs of current CARs, we have however utilized the radiation
sensitivity of the sulfonium group to design novel negative tone
nonchemically amplified resists (non-CARs).
Extreme ultraviolet lithography (EUVL) is one of the most

promising exposure sources for NGL technology using the
13.5-nm EUV wavelength. Over the past decade, the develop-
ment of EUV lithography has significantly progressed and
approached its realization.29 The development in the photo-
resist system greatly influences the achievable lithographic CD
(critical dimension) as well as the quality of patterns transferred
to the substrate through the mask. Recently, a variety of
radiation-sensitive polymeric resist materials have been
developed to satisfy several lithographic requirements such as
low outgassing, high resolution, high sensitivity and reduction
in line-edge roughness (LER)/line-width roughness
(LWR).30−32 Nonetheless, significant improvements are still
required.
Photons in the extreme ultraviolet (EUV) region to be used

in NGL carry enough energy to break not only the chemical
bonds of the polymers, but to produce ablation and a high yield
of secondary electrons.29,33 An electron released as a result of
photon absorption is also capable of breaking many molecular
bonds of a polymer chain. As a result of the above high-energy
processes outgassing, morphological and chemical changes in
the polymer surface can lead to line edge roughness and pattern
collapse, affecting resolution and cross-sectional profile. As a
consequence, photons in the EUV region produce some unique
challenges for EUV lithography that need to be investigated in
detail with highly sensitive surface analytical techniques in high-
vacuum environment.34 This will assist in the progressive
design of optimum resists for extreme ultraviolet lithography
(EUVL).
Based on the above literature reports and in continuation of

our work toward the non-CARs for e-beam or EUV
lithography, herein we report the design, synthesis, and
characterization of different novel organic polymeric resist
materials based on the methyl methacrylate and sulfonium
functionalities with high sensitivity, together with some
preliminary EUV irradiation results of thin MAPDST
homopolymer films. The microstructure of such advanced
resists for EUVL and EBL is shown in Figure 1. The resists
consist of essentially a radiation-sensitive sulfonium groups that,
upon exposure, undergo a polarity change from hydrophilic to
more-hydrophobic sulfides, as depicted in Figure 2. To enhance
the sensitivity (photospeed) of these resists, various moieties
can be incorporated in the microstructure, such as dissolution
inhibitors and EUV absorption-enhancing units. The adhesion

of resists to the silicon substrate can also be improved through
the inclusion of adhesion promoters.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. 4-Carboxy styrene (STYCOOH), N-

vinyl carbazole (NVK) and N,N-diisopropylethyl amine (DIPEA) were
purchased from Sigma−Aldrich and used as received. (4-Methyl
mercapto)phenol, methacrylic acid (MAA), and tetramethylammo-
nium hydroxide (TMAH) were purchased from Acros Organics.
Methyl iodide, thionyl chloride (SOCl2), and methyl methacrylate
(MMA) were purchased from Loba Chemie. Tetrahydrofuran (THF)
was dried using sodium wire/benzophenone, and acetonitrile
(CH3CN) was dried using calcium hydride (CaH2). AIBN
(Azobisisobutryronitrile) was purchased from Paras Polymers, India
and recrystallized twice before use in polymerizations. Methacryloyl
chloride (II), 4-(methylthio)phenyl methacrylate (III), and MAPDST
[(4-(methacryloyloxy)phenyl)dimethylsulfonium triflate] monomer
(IV) were prepared via the following reported literature proce-
dures.35,36

Procedure for the Synthesis of MAPDST Homopolymer (V).
A 50-mL flask equipped with a magnetic stir bar was charged with 0.8
g (2.148 mmol) of MAPDST monomer, 1 wt % AIBN, and 12 mL of
acetonitrile under a N2 atmosphere. The mixture, after 1 h of N2
purging, was left under magnetic stirring at 60 °C for 48 h under N2
atmosphere. After completion, the reaction mixture was poured slowly
into diethyl ether (50 mL) and the separated solid was washed with
dichloromethane (DCM) and acetone. The resulting crude product
was dissolved in methanol and then reprecipitated using diethyl ether.
The separated white pure product was filtered and dried in a
temperature-controlled hot-air oven at 50 °C for 1 day. Yield: 350 mg
(43.75%). White solid. FT-IR: νmax/cm

−1 3025 and 2935 (CH), 1748
(CO), 1639, 1588, and 1498 (aromatic CC), 1254 (CF3).

1H
NMR (500 MHz, DMSO-d6) δH 8.13 (2H, br s, m,m′-ArH), 7.46 (2H,

Figure 1. Polymer microstructures for advanced EUVL resist systems.

Figure 2. Schematic diagram of the lithographic process.
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br s, o,o′-ArH), 3.23 (6H, s, S(CH3)2), 2.34 (2H, br peak, CH2
polymeric), 1.29 (3H, br peak, CH3 aliphatic);

13C NMR (100 MHz,
DMSO-d6) δC 174.98 (CO), 154.32, 132.14, 125.89, 124.44, 123.73,
122.76, 119.48, 117.63, 116.28 (aromatic, CF3), 45.89 (CH2), 28.81
(SCH3), 19.91 (CH3).

19F NMR (376 MHz; DMSO-d6) δF −77.6 (3F,
s, CF3).
Procedure for the Synthesis of MAPDST-MMA Copolymer

(VIa). MAPDST monomer (IV) (0.8 g, 2.148 mmol), methylmetha-
crylate (MMA) (0.215 g, 2.148 mmol), and AIBN (1% by weight,
relative to both monomers) were dissolved under N2 in a mixture of
THF−CH3CN (2:1) in a vial with a side arm and the resulting
solution was siphoned to the polymerization flask equipped with a
silicone septum and a Teflon stirring bar. The mixture, after 1 h of N2
purging, was left under magnetic stirring at 60 °C for 48 h under N2
atmosphere. After completion, the reaction mixture was poured slowly
into diethyl ether (50 mL) and the separated solid was washed with
dichloromethane (DCM). The resulting crude product was dissolved
in methanol and then reprecipitated using diethyl ether. The separated
white pure product was filtered and dried in a temperature-controlled
hot-air oven at 50 °C for 1 day. Yield: 500 mg (49.3%). White solid.
FT-IR: νmax/cm

−1 3031 and 2935 (CH), 1735 (CO), 1639, 1588,
and 1498 (aromatic CC), 1254 (CF3).

1H NMR (500 MHz,
DMSO-d6) δH 8.10 (2H, br s, m,m′-ArH), 7.46 (2H, br s, o,o′-ArH),
3.54 (3H, split peak, OCH3), 3.25 (6H, s, S(CH3)2), 1.95 (2H, br
peak, CH2 polymeric), 1.26 (3H, br peak, CH3 aliphatic);

13C NMR
(100 MHz, DMSO-d6) δC 177.65, 176.99, 174.98 (CO), 154.18,
132.34, 126.01, 124.63, 123.54, 122.71, 119.95, 116.38 (aromatic,
CF3), 52.53 (OCH3), 45.92 and 44.55 (CH2), 29.00 (SCH3), 19.10
(CH3).

19F NMR (376 MHz; DMSO-d6) δF −77.6 (3F, s, CF3).
MAPDST-MMA copolymers (VIb and VIc) were also prepared

using the same procedure by changing feed ratios of monomers (see
Table 1).
Procedure for the Synthesis of MAPDST-STYCOOH Copoly-

mer (VIII). The same procedure for compound (VIa) was followed by
using MAPDST monomer (IV) (0.9 g, 2.417 mmol), 4-carboxy
styrene (STYCOOH) (VII) (0.1 g, 0.675 mmol), and AIBN (1% by
weight, relative to both monomers), was left under magnetic stirring at
65 °C for 48 h under N2 atmosphere. Yield: 690 mg (69.0%). White
solid. FT-IR: νmax/cm

−1 3030 and 2935 (CH), 1753 (CO), 1703
(COOH), 1636 and 1497 (aromatic CC), 1263 (CF3).

1H NMR
(500 MHz, DMSO-d6) δH 6.96−8.08 (8H, br m, ArH), 3.25 (6H, s,
S(CH3)2), 2.18 (3H, br peak, CH and CH2 polymeric), 1.28 (3H, br
peak, CH3 aliphatic); 13C NMR (125 MHz, DMSO-d6) δC 174.31
(CO), 166.96 (CO), 153.76, 131.53, 123.30, 121.96, 119.40,
116.84 (aromatic, CF3), 64.97 (CH), 44.74 (CH2), 28.46 (SCH3),
18.63 (CH3).

19F NMR (376 MHz; DMSO-d6) δF −77.6 (3F, s, CF3).
Procedure for the Synthesis of MAPDST-NVK Copolymer

(X). The same procedure for compound (VIa) was followed by using
MAPDST monomer (IV) (0.9 g, 2.417 mmol), N-vinyl carbazole
(NVK) (IX) (0.1 g, 0.517 mmol), and AIBN (1% by weight, relative to
both the monomers), was left under magnetic stirring at 65 °C for 48
h under N2 atmosphere. Yield: 560 mg (56%). Off-white solid. FT-IR:
νmax/cm

−1 3029 and 2934 (CH), 1750 (CO), 1638 and 1587
(aromatic CC), 1262 (CF3).

1H NMR (500 MHz, DMSO-d6) δH
6.26−8.04 (12H, br m, ArH), 3.23 (6H, s, S(CH3)2), 2.15 (3H, br
peak, CH and CH2 polymeric), 1.22 (3H, br peak, CH3 aliphatic);

13C

NMR (125 MHz, DMSO-d6) δC 174.31 (CO), 153.40, 131.79,
124.52, 123.30, 121.95, 119.39, 116.83 (aromatic, CF3), 52.52 (CH),
44.72 (CH2), 28.46 (SCH3), 18.77 (CH3).

19F NMR (376 MHz;
DMSO-d6) δF −77.6 (3F, s, CF3).

Characterization. Fourier transform infrared (FT-IR) spectra
were recorded between 4000 cm−1 to 400 cm−1 using a Perkin−Elmer
Spectrum 2 spectrophotometer at a resolution of 4 cm−1 and averaging
16 scans per spectrum. 1H and 13C NMR spectra were recorded on
JEOL Model JNM ECX 500 MHz and 400 MHz spectrometers in
deuterated dimethyl sulfoxide (DMSO-d6) and methanol (MeOH-d4)
as solvents at ambient temperature. Molecular weights and
polydispersity (PDI) were determined by performing gel permeation
chromatography (GPC) analysis with PL gel mixed B and C 10-μm
columns, using an Agilent Technologies 1260 Infinity Series
instrument. DMF with 0.1% LiBr was used as a mobile phase at a
flow rate of 0.5 mL/min and a column temperature of 70 °C.
Thermogravimetric analysis (TGA) measurements were done on
Netzsch Model STA 449 F1 JUPITER Series instrument. The heating
rate was 10 °C/min in N2 atmosphere over a temperature range from
20 °C to 500 °C.

Imaging Experiment. Resist Processing. Resist solutions were
prepared using 3% by weight of polymer in methanol by subsequent
filtration through a 0.2 μm Teflon filter and were used in all
experiments. The substrates were 2-in.-diameter p-type Si (100) wafers
purchased from Wafer World, Inc. Prior to spinning, silicon wafers
were cleaned using an RCA cleaning method to remove organic
contaminants, subjected to a dehydration bake at 200 °C for 10 min,
and finally cooled to room temperature. The soft-bake was done on a
hot plate to dry out the solvent completely. Resist-coated films were
exposed at a beam energy of 20 keV with a 20-μm aperture, and the
beam current was 196.8 pA by covering a broad range of doses (see
Supporting Information for details). For EUV exposure evaluation,
resist solutions were spin-coated on HMDS-treated 200 mm silicon
wafers for ∼40 nm thin films, followed by a soft-bake, and the resultant
thin films of photoresists were flood-exposed with the respective E0
array using SEMATECH Berkeley Microfield Exposure Tool (MET),
which is a high-resolution EUV (13.5 nm) lithography tool. Samples
were exposed using mask IMO228775 with a field of R4C3. A post-
exposure bake (PEB) method was followed, to obtain good resist mask
edges using a hot plate. Development was completed using standard
concentration TMAH, 0.003 N aqueous solution by maintaining pH
11.5 at room temperature, rinsed with DI water, and finally dried by
passing pure nitrogen gas over the films (see the Supporting
Information for details).

Imaging. Resolution and image quality were determined by
examining the developed resist profiles with SEM attached to Raith
150 lithography system at INUP, IIT Bombay. The exposed features
were evaluated at energy of 5 keV. HRSEM images were taken using
Nova Nano SEM 450 FEI instrument HRSEM at JMI Central
University (New Delhi, India).

Thin Film Irradiation and Characterization. Thin MAPDST
homopolymer films (∼100 nm thickness) were prepared inside a
glovebox in a dry and inert atmosphere by the spin-coating technique
from a ∼10−4 mol/L chloroform solution. The films were cast on ∼5
× 10 mm Si (100) wafers. Oxygen (99.99%, White Martins−Praxair,
Inc.) was used as received.

Table 1. Polymerization Results of poly(MAPDST-co-MMA)

Feed Ratio
(mol %)

Co-polymer
Compositionsa

(mol %)

polymer MAPDST MMA MAPDST MMA
yield
(%)

weight-average molecular weight, Mw
b

(g/mol)
polydispersity index,

PDIb
decomposition temperature, Td

c

(°C)

VIa 50 50 75 25 49.3 17700 2.45 189
VIb 83.3 16.7 90 10 71.5 8900 1.89 252
VIc 87.5 12.5 92 8.0 56.3 13700 2.47 219

aCo-polymer compositions were calculated via 1H NMR. bMw and PDI were determined using PEO and PEG standards using DMF solvent. cTd was
measured at a heating rate of 10 °C/min in N2.
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Synchrotron radiation (SR) experiments were carried out at the
Brazilian Synchrotron Light Source (LNLS), Campinas, Brazil. The
Planar Grating Monochromator (PGM) beamline, for VUV and soft
X-ray spectroscopy (100−1500 eV), which gives a spectral resolution
(E/ΔE) of 25 000, was used as the monochromatic photon source.
The experimental setup includes a XYZ sample manipulator housed in
an ultrahigh vacuum (UHV) chamber with a base pressure of 10−7 Pa.
The silicon wafers were directly attached to the sample holder by using
conducting double-sided tape and the SR beam was slightly defocused.
No sample charging was observed throughout the experiments.
X-ray photoelectron spectroscopy (XPS) data were obtained using a

high performance hemispheric SPECSLAB II (Phoibos-Hs 3500 150
analyzer, SPECS) energy analyzer. A pass energy of 50 eV was used for
the survey spectra, whereas high-resolution (HR)-XPS spectra of
single core atom excitations were recorded with a pass energy of 10
eV. The C 1s signal (position of the C−C/C−H signals), 285 eV, was
used for energy calibration. The HR-XPS envelopes were analyzed and
peak-fitted after subtraction of the Shirley background, using
Gaussian−Lorenzian peak shapes obtained from the CasaXPS software
package.
Near-edge X-ray absorption fine structure (NEXAFS) spectra were

obtained by measuring the total electron yield (electron current at the
sample) simultaneously with a photon flux monitor (gold grid). The
final data were normalized by this flux spectrum to correct for
fluctuations in beam intensity.
When SR was used to irradiate the films, a specific energy was

selected (103.5 eV) that corresponds to the maximum intensity of
ondulatory radiation at the PGM beamline. During selected fixed
periods of time the polymer was irradiated under UHV conditions.
After irradiation, pure oxygen at atmospheric pressure was introduced
into the UHV chamber for 30 min to neutralize the remaining radicals
on the film surface. Finally, XPS and NEXAFS spectra were obtained
before and after irradiation. In addition, a quadrupole mass
spectrometer (QMS) was integrated into the vacuum chamber in
order to examine the volatile defragmentation products ablated from
the irradiated polymer surface by an in situ gas analysis.

■ RESULTS AND DISCUSSION

A series of organic polymers, based on (4-(methacryloyloxy)-
phenyl)dimethylsulfonium triflate (MAPDST) or on a
combination of MAPDST and methylmethacrylate (MMA)
or 4-carboxy styrene (STYCOOH) or N-vinyl carbazole
(NVK) to increase the sensitivity toward e-beam or EUV,
were prepared (see Schemes 1−3). MAPDST monomer is the
crucial part in designing a polymer containing sulfonium

functionality at the para position of phenyl ring for the
preparation of nonchemically amplified polymeric resist
materials. MAPDST monomer (IV) was synthesized by
reacting 4-(methylthio)phenylmethacrylate (III) with silver
trifluoromethanesulfonate and iodomethane in acetonitrile at 0
°C in darkness under a N2 atmosphere. Compound III was
synthesized from the reaction between 4-(methylmercapto)
phenol and methacryloyl chloride (II) in the presence of N,N′-
diisopropylethylamine using dichloromethane solvent at 0 °C
under a N2 atmosphere (Scheme 1; see the Supporting
Information for the detailed reaction procedures).
Homopolymerization of MAPDST monomer was initiated

by 1 wt % AIBN in acetonitrile at a temperature of 60 °C under
a N2 atmosphere for 2 days. MAPDST homopolymer was
obtained as a white powder with 40% yield. GPC measurement
showed a weight-average molecular weight (Mw) of 20.7 × 103

g/mol, with a polydispersity index (PDI) of 2.52 for this
polymer.
MAPDST-MMA co-polymers were prepared by using

different molar ratios of MAPDST and MMA monomers (see
Table 1). Polymerizations were carried out by free radical
polymerization method using AIBN (1% by weight, relative to
both monomers) as an initiator in a combined organic solvent
of tetrahydrofuran (THF) and CH3CN (2:1 ratio) at 60 °C
under a N2 atmosphere for 2 days. The compositions of co-
polymers were calculated using 1H NMR and are given in Table
1. The molecular weights of the synthesized co-polymers were
determined using gel permeation chromatography (GPC), and
the weight-average molecular weight ranged fromMw = 8900 to
Mw = 17 700 (see Table 1).
Both FT-IR and NMR confirmed the chemical structures of

the MAPDST homopolymer and MAPDST-MMA/STY-
COOH/NVK copolymers. The 1H NMR spectra of MAPDST
monomer (IV), homopolymer (V), and MAPDST-MMA
copolymer (VIa) are shown in Figure 3. The resonance
peaks of all the protons of homo and copolymers are readily
assignable. The resonance of olefinic protons of MAPDST
monomer are located at δ 5.95 and 6.32, which almost
disappeared in the spectrum of homopolymer (V) and
copolymer (VIa). This confirms the complete conversion of
monomer into polymers (see the Supporting Information for
details).

Scheme 1. Synthesis of MAPDST Homopolymer and MAPDST-MMA Co-polymer
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IR spectra of MAPDST homo and co-polymers exhibiting
absorption bands at 1748, 1735, and 1254 cm−1 indicate the
presence of CO stretching and CF3 stretching, respectively,
and 13C NMR spectra of homo (V) and copolymer (VIa) show
signals δ 174.98 and 177.65, 176.99, 174.98 indicating the
presence CO carbon, respectively. The carbon resonance
peak of methoxy group (OCH3) of methacrylate moiety at δ
52.53 indicates the formation of co-polymer (VIa).
The FT-IR and NMR (see the Supporting Information for

details) spectral profiles of VIb and VIc are similar to that of
VIa. These results confirm the structure of MAPDST-MMA
copolymers obtained from the free radical polymerization
process.
Thermogravimetric analysis (TGA) was used to investigate

the thermal stabilities of the polymers (Figure 5). TGA was
performed at a heating rate of 10 °C/min under an N2
atmosphere to measure the decomposition temperatures of
the polymers. In TGA analyses, all these polymers exhibited
distinct thermal transition peaks in the scanning range of 20−
500 °C. Table 1 summarizes the corresponding decomposition
temperatures (Td, 5% weight loss). The decomposition
temperatures of MAPDST homopolymer (V) and MAPDST
copolymers with MMA (VIa, VIb, and VIc) were 226 °C and
189, 252 °C, 219 °C, respectively, indicating suitable thermal
stability for lithographic applications.
MAPDST-STYCOOH (VIII) and MAPDST-NVK (X) co-

polymers were prepared by similar free radical polymerization
method using AIBN (1% by weight relative to both the
monomers) as initiator in a combined organic solvent of

tetrahydrofuran (THF) and CH3CN (2:1 ratio) at 65 °C under
N2 atmosphere for 2 days (see Schemes 2 and 3).

The structures of MAPDST-STYCOOH and MAPDST-
NVK copolymers were characterized using spectroscopic
techniques. The 1H NMR spectra of VIII and X are shown
in Figure 4, and the resonance peaks for all the protons of
copolymers (VIII and X) are readily assignable (see the
Supporting Information for details).
The successful synthesis of MAPDST-STYCOOH and

MAPDST-NVK co-polymers was also proved by FT-IR and
13C NMR measurements. For example, there are two
characteristic absorption bands for the VIII co-polymer, at
1703 cm−1 and 1753 cm−1, corresponding to CO stretching
vibrations of carboxylic and methacrylate functionalities,
respectively. A strong absorption band at 1263 cm−1 is assigned
for C−F stretching of CF3SO3 functionality. This clearly
confirms the presence of MAPDST and 4-carboxy styrene
moieties in the co-polymer structure, poly(MAPDST-co-
STYCOOH). Infrared (IR) spectra of poly(MAPDST-co-
NVK) exhibiting absorption bands at 1750 and 1262 cm−1

indicate the presence of CO stretching of methacrylate
moiety and CF3 stretching of CF3SO3 functionality, respec-
tively.

13C NMR spectra of MAPDST co-polymers (VIII and X)
were recorded in DMSO-d6. The carbon resonance of the
carbonyl (CO) and aromatic groups appear at a range of δ
174.31, 166.96, and 116.83−153.76 ppm; other chemical shifts
belonging to polymeric CH/CH2 carbons, CH3 attached to a
sulfonium moiety and CH3 attached to a polymeric chain of
copolymers VIII and X respectively appear at a range of δ
64.97/44.74 and 52.52/44.72, 28.46 and 18.63, and 18.77 ppm.
The molecular weights of the synthesized copolymers were

determined using GPC, and the weight-average molecular
weights of MAPDST-STYCOOH (VIII) and MAPDST-NVK
(X) copolymers were Mw = 2800 and Mw = 15 200 with a
polydispersity (PDI) of 1.199 and 2.148, respectively (see
Table 2). According to our previous reports, styrene-containing
co-polymers show low molecular weights.19,27 The styrene-

Figure 3. 1H NMR spectra of (A) monomer (IV), (B) homopolymer
(V), and (C) copolymer (VIa).

Scheme 2. Synthesis of Poly(MAPDST-co-STYCOOH)

Scheme 3. Synthesis of Poly(MAPDST-co-NVK)
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based co-polymer (VIII) was also found to have low molecular
weight, compared to other newly developed polymers.
Thermogravimetric analysis (TGA) was used to investigate
the thermal stabilities of the polymers (Figure 5). Table 2
summarizes the corresponding decomposition temperatures
(Td, 5% weight loss). The decomposition temperatures of
poly(MAPDST-co-STYCOOH) and poly(MAPDST-co-NVK)
co-polymers were 225 and 148 °C, respectively, indicating good
thermal stability and suitability for lithographic applications.
EUV Irradiation. To meet the resolution requirements for

next-generation node technology, a value of 13.5 nm (98.5 eV)
has emerged as a potential excitation energy.37 Despite that
information, there is a lack of detailed irradiation studies in this
energy region, particularly with regard to chemical changes,
outgassing, and new functional groups that are generated on the
surface region after irradiation. The excitation energy of 103.5
eV is close to 98.5 eV and due to its high intensity in the PGM

beamline; it was selected to test the effect of the EUV radiation
on the MAPDST homopolymer films.
XPS spectroscopy was used to prove the surface chemical

changes after irradiation. Survey XPS spectra of pristine and
irradiated MAPDST homopolymer films showed a continuous
decrease in the F 1s and O 1s signal together with an increase
in the C 1s signal with the increase in the irradiation time (see
Supporting Information for details). The changes in the surface
chemistry with the irradiation time can be seen clearly in the
HR-XPS spectra of the C 1s envelope (Figure 6).
C 1s HR-XPS spectra revealed a clear change in the surface

chemistry of the MAPDST homopolymer film after irradiation
at 103.5 eV. The untreated films showed typical signals
corresponding to the aliphatic and aromatic contributions (C−
C/C−H), C−O, COO, and CF3 functionalities. After 1 min of
irradiation time, the CF3 and COO contributions in the XPS
spectra almost disappeared, whereas the C−O contribution was
also strongly affected by the SR light. The CF3 (from triflate)

Figure 4. (A, C) FT-IR and (B, D) 1H NMR spectra of poly(MAPDST-co-STYCOOH) (panels A and B) and poly(MAPDST-co-NVK) (panels C
and D).

Table 2. Polymerization Results of Poly(MAPDST-co-STYCOOH) and Poly(MAPDST-co-NVK)

Feed Ratio (wt %)
Copolymer Compositionsa (wt

%)

polymer MAPDST STYCOOH NVK MAPDST STYCOOH NVK
yield
(%)

weight-average molecular
weight, Mw

b (g/mol)
polydispersity
index, PDIb

decomposition
temperature, Td

c (°C)

VIII 90 10 84 16 69 2800 1.199 225
X 90 10 87 13 56 15200 2.148 148

aCo-polymer compositions were calculated via 1H NMR. bMw and PDI were determined using PEO and PEG standards using DMF solvent. cTd was
measured at a heating rate of 10 °C/min in N2.
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and the ester groups seemed to be the weakest parts in the
MAPDST homopolymer film.
Core-level excitation spectroscopy in its various forms is also

a powerful probe of the short-range structure and bonding in
molecules and solids. The most prominent spectral features in
NEXAFS spectroscopy can be easily monitored during a surface
modification treatment. Figure 7 shows that, before MAPDST
homopolymer films irradiation, three main signals correspond-
ing to O 1s → π*CO, O 1s → σ*C−O and O 1s → σ*CO
excitations appeared in the NEXAFS spectrum (see Figure 7
top spectrum).38,39 The SO3 contribution of the triflate group
can be attributed similar to sulfates and SOx compounds.40,41

The nonstructured spectra have a main absorption peak that
can be assigned to the transition from O 1s to an S−O
antibonding orbital at 537.5 eV. This transition is overlapping
with the O 1s → σ*C−O absorption. After irradiation, those
features rapidly decreased with an associated change in the

relative intensity, showing evidence that also the SO3 group
together with CF3 and COO groups are mainly affected by the
SR radiation.
The S 2p signals from the (dimethylthio)phenyl and triflate

groups are clearly distinguishable, because of the different
chemical environment of their S atoms. In particular, the S 2p
time evolution with the increase in the irradiation time gives
information about the fragmentation process. Figure 8 shows
HR-XPS spectra of the S 2p envelope of the MAPDST
homopolymer films before irradiation and after SR irradiation.
The S 2p core-level spectrum of the pristine MAPDST
homopolymer surface shows three spin−orbit split doublets,

Figure 5. Thermogravimetric analysis (TGA) plots of polymers (V,
VIa−c, VIII, and X) with a heating rate of 10 °C min−1 under a N2
atmosphere.

Figure 6. High-resolution XPS spectra of the C 1s envelope of the
MAPDST homopolymer films before irradiation and after 1 and 5 min
of irradiation via synchrotron radiation (SR) at 103.5 eV.

Figure 7. Oxygen K-edge NEXAFS spectra of untreated and SR-
irradiated MAPDST homopolymer thin films. Excitation energy =
103.5 eV.

Figure 8. High-resolution XPS spectra of the S 2p envelope of the
MAPDST homopolymer films before irradiation and after SR
irradiation at 103.5 eV. Inset: Desorption of gases during irradiation
of the films at 103.5 eV.
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having binding energies that are characteristic of the SO3,
42 S

O,42 and S−C43,44 species. After 1 min of irradiation, the XPS
signal intensity strongly decreased; after 5 min of irradiation,
only the low energy S 2p signal remained. This signal, centered
at ∼163.5 eV (see Figure 8, bottom) shows that, after
irradiation, the S−C bonding, probably belonging to the
(dimethylthio)phenyl group, resisted the effect of irradiation via
SR.
In order to examine the volatile defragmentation products

ablated from the irradiated polymer surface, an in situ gas
analysis was carried out by QMS simultaneously to the
irradiation of the films. The inset of Figure 8 confirms clearly
the fragmentation processes discussed in relation to the data
presented in Figures 6−8. When the MAPDST homopolymer
film is irradiated with SR light, a fast desorption of SO2

+, SO+,
and CF3

+ fragments (m/z = 64, 48, and 69, respectively) was
observed. Hydrocarbons were also observed as background
gases in the UHV chamber. One of them is the C5H9

+ fragment
coincident with the CF3

+ ion. Whereas SO2
+ and SO+

intensities increased from zero to reach a maximum and then
decreased to zero within a few minutes, the m/z = 69 signal
increased from a background level to a maximum and then
decreased to the original signal before irradiation. The change
observed in the intensity of the m/z = 69 signal corresponds to
the expected desorption of CF3

+ ions produced by a photon
excitation of 103.5 eV.
The conclusions from the EUV irradiation study are given as

follows:

(a) the obtained results showed efficient photodegradation
processes that affected mainly the triflate group but also
the carbon backbone of the polymers;

(b) the CH3SCH3 group bonded to the phenyl ring was very
resistant to the irradiation;

(c) irradiation at 103.5 eV produced a high rate of gas
evolution (SO2, SO, and CF3 fragments); and

(d) the combination of XPS, NEXAFS, and QMS techniques
allowed confirmation of the low stability of the triflate
group, compared to the polymer backbone.

Based on the above EUV irradiation data and also that the
phenyl C−S bond is stronger than the C−CH3 bond,45 we
hypothesized that the neutral sulfide Ar−S−CH3 is formed
during the post-exposure bake and development processes.
This renders the irradiated area insoluble in the developer,
because of the change in polarity from initially hydrophilic to
hydrophobic.
Electron Beam Lithography (EBL). As a prelude to EUV

lithography (EUVL), extensive EBL of the resists was
performed, the details of which are given below.
Resist solutions were prepared by dissolving 3% by weight of

the synthesized polymers in methanol solvent. In order to
remove particles, all the resist solutions were filtered through a
0.2 μm Teflon filter. The prepared resist solutions of polymers
were then spin-coated on 2-in. quarter pieces of p-type silicon
(100) wafer at 5000 rpm for 60 s to obtain the thin films of
polymers. A pre-exposure bake for the resist coated wafers of
MAPDST homopolymer (V) and MAPDST-MMA co-polymer
(VIa) was performed at 100 °C for 90 s and 90 °C for 90 s,
respectively, on a hot plate to remove solvent from the coated
resist. Exposures were carried out using EBL (Raith150 system)
at the exposure energy of 20 keV with 20 μm aperture and
196.8 pA beam current by covering a broad range of doses.
After exposure, a post-exposure bake was performed at 115 °C

for 90 s and 100 °C for 90 s on a hot plate for polymers V and
VIa. The exposed samples of polymers V and VIa were
developed in 0.003 and 0.022 N tetramethyl ammonium
hydroxide (TMAH) solutions prepared in deionized (DI) water
by maintaining the solutions at pH 11.5 at room temperature
for 17 and 20 s, rinsing them in deionized water for ∼5 s and
∼15 s, respectively, and then blow-drying with pure N2 gas.
The patterning of the synthesized polymeric resists with high

resolution was conducted using 20 keV EBL, and the exposed
films were developed using an aqueous TMAH developer.
Unexposed regions of the resist film readily dissolved in an
aqueous TMAH developer while the exposed regions
(patterns) were maintained after dipping the exposed resist
film in developer. The unexposed polymer was polar in nature,
because of the ionic character of the polymer, and, therefore,
the unexposed area was readily soluble in water. After exposure
to radiation, the polymer loses its ionic character due to
degradation of trifluoromethane sulfonate from the sulfonium
cation of polymer, as evidenced from the EUV fragmentation
studies, and the resulting exposed polymer became less polar,
making it insoluble in polar solvents (such as water). The
exposed features were evaluated using the scanning electron
microscopy (SEM) function that was attached to the Raith 150
system at an energy of 5 keV. HRSEM images of negative tone
lines obtained from this polymeric resist were clean and highly
resolved. Figure 9 shows the SEM/HRSEM images of

homopolymer (V) and copolymer (VIa) resists upon exposure
to an electron beam at 20 keV for 20-nm line patterns with
different line/space (exposed at an energy dose of 40 μC/cm2).
The SEM images of EB-exposed resists VIII and X for 20-nm
line patterns are provided in the Supporting Information
(Figures S4 and S5).

Extreme Ultraviolet Lithography (EUVL). The resist
solutions were prepared in methanol and filtered by 0.2 μm
Teflon filter and spin-coated onto HMDS-treated 200-mm
silicon wafer for ∼40 nm thin films before EUV exposure
evaluation. The resist films of the MAPDST homopolymer (V)
and the MAPDST-MMA copolymer (VIa) were prebaked at
100 °C for 90 s and 90 °C for 90 s, respectively. First, test
wafers were run to calculate the E0 center dose value for each of
the resist layers. An E0 center dose of 10 mJ/cm2 was obtained
for the MAPDST-MMA co-polymer and an E0 center dose of
∼30 mJ/cm2 was observed for the MAPDST homopolymer.
The resulting photoresist layers were flood exposed with the
respective E0 array using a high-resolution EUV (13.5 nm)
lithography tool (SEMATECH Berkeley Microfield Exposure
Tool (MET)). Samples were exposed using mask IMO228775
with a field of R4C3. The exposed samples of polymers V and

Figure 9. SEM images of the e-beam patterning of negative tone
homopolymer (V) and co-polymer (VIa) resists for 20 nm with
different line space, exposed at a dose of 40 μC/cm2 at 20 keV. (Insets
show HRSEM images.)
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VIa were post-exposure-baked at 115 °C for 90 s and 100 °C
for 90 s, respectively. The exposed samples of polymers V and
VIa were developed in a 0.003 N TMAH solution prepared in
DI water by maintaining the solution at pH 11.5 at room
temperature for 18 s each rinsing in DI water for ∼10 s, and
then blow-drying with pure N2 gas to obtain nanofeatures and
line space patterns. Figure 10 shows line patterns of the

MAPDST homopolymer (V) and the poly(MAPDST-co-
MMA) (VIa) co-polymer resists. The experimental results
strongly support our conclusion that these sulfonyl function-
alized methyl methacrylate (MMA)-based polymers can be
used as potential resist materials for e-beam and EUV
lithography.
The EBL studies indicate the capability of our negative tone

non-CARs to clearly image at the 20-nm level. Furthermore,
from this, we can infer that the inclusion of the dissolution
inhibitor (MMA) and the radiation absorption moiety (NVK)
increases the photospeed (sensitivity) of the resists, as per the
model microstructures previously depicted in Figure 1. This is
also carried over to EUVL, where a similar trend is observed.
The MAPSDT-MMA copolymer (VIa) has enhanced sensi-
tivity, with respect to the base homopolymer resist.

■ CONCLUSIONS
Considering the pressing need for highly sensitive photoresists
materials in order to meet the requirements of the Semi-
conductor Industry Roadmap, our efforts were directed to
develop different novel polymeric photoresist materials
containing the radiation-sensitive sulfonium group. These
polymers were synthesized by the polymerization of MAPDST
as a common backbone material and methyl methacrylate
(MMA) or 4-carboxy styrene (STYCOOH) or N-vinyl
carbazole (NVK) as a co-unit via a free-radical polymerization
process. All these polymers were characterized using
instrumental techniques such as Fourier transform-infrared
spectroscopy (FT-IR), nuclear magnetic resonance (NMR), gel
permeation chromatography (GPC), and thermogravimetric
analysis (TGA). As expected, the polymers were found to be
sensitive to extreme ultraviolet (EUV) irradition and the
preliminary EUV irradiation experiments at 103.5 eV showed
that the triflate and the ester group are the weakest part of the
MAPDST homopolymer with important desorption of SO2

+,
SO+ and CF3

+ fragments during irradiation. These newly
developed polymers were coated on Si wafers and then exposed
to electron-beam lithography (EBL) using a 20-keV instrument,
while the MAPDST homopolymer (V) and the MAPDST-
MMA co-polymer (VIa) were exposed to extreme ultraviolet
lithography (EUVL), using a high-resolution (13.5 nm)

lithography tool at different energy doses to obtain 20-nm
line patterns with different line/space. Further investigations on
high-resolution EBL and EUVL imaging, roughness (line edge
roughness (LER) and line width roughness (LWR)), and
thickness measurements will be reported in future publications.
These 20-nm patterns with the new negative-tone non-
chemically amplified resists (non-CARs) developed by us are
a significant step up from the chemically amplified resists
(CARs) used to achieve features below 20 nm.
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