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ABSTRACT: A novel molecular glass (TPSiS) with photoacid generator (sulfonium salt group) binding to tetraphenylsilane
derivatives was synthesized and characterized. The physical properties such as solubility, film-forming ability, and thermal stability of
TPSiS were examined to assess the suitability for application as a candidate for photoresist materials. The sulfonium salt unit
underwent photolysis to effectively generate photoacid on UV irradiation, which catalyzed the deprotection of the t-
butyloxycarbonyl groups. It demonstrates that the TPSiS can be used as a ‘single-component’ molecular resist without any
additives. The lithographic performance of the TPSiS resist was evaluated by electron beam lithography. The TPSiS resist can
resolve 25 nm dense line/space patterns and 16 nm L/4S semidense line/space patterns at a dose of 45 and 85 μC/cm2 for negative-
tone development (NTD). The etching selectivity of the TPSiS resist to Si substrate is 8.6 under SF6/O2 plasma, indicating a
potential application. Contrast analysis suggests that the significant solubility switch within a narrow exposure dose range (18−47
μC/cm2) by NTD is favorable for high-resolution patterns. This study supplies useful guidelines for the optimization and
development of single-component molecular glass resists with high lithographic performance.

■ INTRODUCTION
The fabrication of nanoscale semiconductor devices increas-
ingly requires high-resolution patterns with smaller feature
sizes to meet expectations set by Moore’s law.1−4 As the
feature size decreases, the requirements for resists’ perform-
ance have gradually increased. Chemically amplified resists
(CARs) have dominated the semiconductor industry for
decades due to their high sensitivity.5−7 Usually, CARs are
mainly composed of organic matrix resins, photoacid
generators (PAGs), and other additives. The ratio of PAG is
generally very low and leads to the sparse spatial distribution of
PAG in resist films, which may cause serious stochastic effects.
The stochastic distribution of PAGs and the uncontrolled
diffusion of acid in the resist film result in poor line edge
roughness (LER), suggesting a resolution limit for CARs.
Although a high loading ratio of PAG is beneficial to
decreasing the stochastic effects, it would result in other
problems including microphase separation,8 inhomogeneity

distribution due to self-aggregation.9,10 The PAGs tend to
avoid or seek the resist-air11 or resist-substrate interfaces.12

Besides, the plasticization effect of blended PAG will decrease
the glass-transition temperature (Tg) of the resist film.13 These
intrinsic problems may lead to a worse LER and negatively
affect the ultimate resolution of resist patterns.

One approach to solving the limitation of resolution is the
development of nonchemically amplified resists (n-CARs).
Some novel n-CARs based on polycarbonates,14 metal-
containing clusters,15−17 metal−organic complexes,18−21 poly-
mer containing sulfonium salt,22,23 have been investigated to
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achieve sub-20 nm patterning under e-beam exposure.
Although the resolution has been greatly increased, the
sensitivity still needs to be further improved. Another effective
approach to overcoming these limitations in CARs is to
covalently link the PAG to the resist material, of which the
PAG units are incorporated into polymer side chains.24−31 The
PAG-bound polymer acts as a ‘single-component’ resist and
exhibits improved lithographic performances, such as short
acid diffusion,25,32−35 high contrast24 and sensitiv-
ity.24,25,32,34,36 The other potential advantages of the single-
component resist have also been confirmed, such as restraint of
pattern blur,32 less swelling of patterns,34,37 high etching
resistance,38 and suppression of top loss.35 Therefore, the
strategy of the PAG-bound single-component is considered an
effective approach to improving the overall performance.

Molecular glasses (MGs) are a new type of low molecular
weight organic compounds with well-defined structures and
functional groups. They are a promising alternative to
conventional polymer resists in CAR systems because
monodisperse building blocks and magnitude smaller in size
than polymers are beneficial for achieving high-resolution
patterns with lower LER.39−43 Combined with the concept of
single-component polymer resists, PAG-bound MG resists are
expected to break through the resolution-LER-sensitivity trade-
off. Up to now, only a few examples of PAG-bound MG resists
have been reported,44−47 exhibiting an improved LER (3.9
nm) and resolution (24 nm HP).45,46 Ionic sulfonium salts are
usually selected as PAG-binding groups due to their high
thermal stability and photoacid generating efficiency. However,
most of them suffer from a significant dark loss because of the
intrinsic solubility of the ionic compounds in aqueous
developer, which limits the pattern resolution by positive-
tone development (PTD).47

Tetraphenylsilane (TPSi) has a branched and nonplanar
structure, which enables the formation of amorphous films.
The modification of TPSi is facile.48,49 Our recent research has
demonstrated that MG resists based on TPSi derivatives
exhibit excellent thermal stability, film-forming ability, and
high-resolution pattern performances.49 Further, a new strategy
of dual-tone developed molecular resists was proposed in our
report, demonstrating a promising method to improve overall
lithographic performance.50 As a continuation, a novel PAG-
bound MG (TPSiS) was designed and prepared by modifying
TPSi with eight t-butyloxycarbonyl (t-Boc) groups and one
sulfonium salt unit (Figure 1). The sulfonium salt unit is
introduced into the branch chain as a photoacid generator, and
the t-Boc groups are used to achieve solubility switch before
and after exposure. The TPSiS resist combines both the

benefits of MG resists with those of PAG-bound polymer
resists. It is a really single-component chemically amplified
molecular resist without any physically blended additives.
Although the TPSiS is still ionic, which may limit the
resolution of PTD, the dual-tone strategy for molecular resists
may avoid the disadvantage. The TPSiS resist is anticipated to
achieve high performance and is comprehensively evaluated by
using electron beam lithography (EBL), demonstrating a better
patterning capability by negative-tone development (NTD)
than PTD.

■ EXPERIMENTAL SECTION
Materials and Instruments. Ether was distilled under

normal pressure. Other standard reagents and chemicals were
purchased from commercial sources and used without any
further purification unless otherwise noted. The electron beam
resist of PMMA 950 K was purchased from KAYAKU. Nuclear
magnetic resonance (NMR) spectra were measured on an
Avance ∏-400 (Bruker, Germany) by dissolving samples in
corresponding deuterated solvents. Thermal gravimetric (TG)
was recorded on a JCT-1 (Hengjiu, China). Differential
scanning calorimetry (DSC) was performed on DSC 4000
(PerkinElmer, USA) instrument at the heating rate of 10 °C
min−1 under a nitrogen atmosphere. High-resolution mass
spectroscopy (HR-MS) was performed on a Solarix FT-ICR
mass spectrometer (Bruker, Germany). Powder X-ray
diffraction (PXRD) traces were obtained using a D8 focus
XRD (Bruker, Germany) to examine the crystallinity of the
bulk material. Fourier transform infrared (FT-IR) spectra were
recorded by an Excalibur 3100 IR (Varian, USA). UV−vis
absorption spectra were acquired on a UV-2550 spectropho-
tometer (Shimadzu, Japan). Resist films were prepared by spin-
coating with a CEE200X coating machine (Brewer Science
CEE, USA). Resist film thickness was measured using an AST
SE200BM spectroscopic ellipsometer (Angstrom Sun, USA).
The photolysis properties were evaluated under exposure to a
Hg lamp (254 nm) with an optical intensity (I0) of 2.87 mW/
cm2. EB exposure experiments were performed on a Vistec
EBPG 5000plus ES (Vistec, USA) at an acceleration voltage of
100 kV. Top-view and cross-sectional scanning electron
microscope (SEM) images were taken by S4800 or Regulus
8230 scanning electron microscope (Hitachi, Japan). Atomic
force microscope (AFM) images were taken by a Dimension
FastscanBio system (Bruker, USA). The line width and line-
edge roughness (LER) were measured by analyzing SEM
images with ProSEM software. The etching step was
performed on a plasma etching machine (Sentech/Etchlab
200, Germany) after the patterning process.

Synthesis and Characterization of TPSiS. Compound
2. n-Butyllithium (2.5 M in n-hexane, 8.7 mL, 21.7 mmol) was
added dropwise to a dry ether solution (30 mL) containing 4-
bromothioanisole (4.0 g, 19.7 mmol) under nitrogen
atmosphere at 0 °C. The reaction solution was further stirred
for 1 h. Phenyltrichlorosilane (3.2 mL, 19.7 mmol) was then
added dropwise to the solution. The mixture was stirred and
gradually allowed to warm up to room temperature for 3 h
(solution A). At the same time, to a stirred solution of 1,3,5-
tribromobemzene (12.4 g, 39.4 mmol) in dry ether (240 mL)
was added 2.5 M n-butyllithium solution in hexane (15.8 mL,
39.4 mmol) dropwise at −78 °C (solution B). After stirring at
−78 °C for 2 h, solution A was added dropwise into solution B.
The mixture was warmed to room temperature and stirred for
an additional 5 h, and the reaction was quenched with waterFigure 1. Structure of TPSiS molecule.
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(200 mL) and extracted with ether. The product was isolated
by flash column chromatography (silica gel, petroleum ether as
eluent) as a white solid. Yield: 38% (5.2 g). 1H NMR (400
MHz, CDCl3): δ 7.77 (t, J = 1.7 Hz, 2H), 7.51 (d, J = 1.7 Hz,
4H), 7.49−7.41 (m, 5H), 7.37 (d, J = 8.2 Hz, 2H), 7.29 (d, J =
8.2 Hz, 2H), 2.51 (s, 3H). HRMS (EI): calcd for
C25H18Br4SSi+ ([M+]) 697.7591, found 697.7607.
Compound 3. Compound 2 (4 g, 5.7 mmol), 3,4-

dimethoxylphenlboronic acid (7.3 g, 40 mmol), and K2CO3
(5.5 g, 40 mmol) were dissolved in 1,4-dioxane (50 mL) and
water (25 mL). Tetrakis(triphenylphosphine) palladium (132
mg, 0.11 mmol) was added to the solution under nitrogen
atmosphere. The resulting mixture was stirred for 8 h at
refluxing in nitrogen atmosphere. The mixture was cooled
down to room temperature and extracted with dichloro-
methane. The organic phase was washed with water and dried.
The solvent was removed, and the crude product was purified
by flash column chromatography (silica gel, petroleum ether/
ethyl acetate, 3:1). The product was isolated as a white foamy
solid. Yield: 87% (4.6 g). 1H NMR (400 MHz, CDCl3): δ 7.78
(s, 6H), 7.71 (d, J = 6.8 Hz, 2H), 7.61 (d, J = 6.7 Hz, 2H),
7.48−7.37 (m, 3H), 7.27 (d, J = 8.7 Hz, 2H), 7.13 (d, J = 8.2
Hz, 4H), 7.04 (s, 4H), 6.92 (d, J = 8.1 Hz, 4H), 3.90 (s, 12H),
3.82 (s, 12H), 2.48 (s, 3H). HRMS (ESI): calcd for
C57H54NaO8SSi+ ([M + Na+]) 949.3201, found 949.3199.
Compound 4. To a stirred solution of compound 3 (3.4 g,

3.7 mmol) in dry dichloromethane (35 mL) was added 0.8 M
boron tribromide (BBr3) solution in dichloromethane (25 mL,
20.8 mmol) at 0 °C. The reaction was warmed to room
temperature over 2 h, quenched with water (3 mL) at 0 °C.
The white precipitate was extracted with ethyl acetate. The
organic phase was washed with water and dried. The solvent
was removed, and the resulting residue was used directly in the
next step without any purification. To a stirred solution of the
above crude residue in tetrahydrofuran (THF) (30 mL) was
added di-tert-butyl decarbonate (Boc2O) (8.0 g, 36.7 mmol)
and 4-dimethylaminopyridine (DMAP) (45 mg, 0.37 mmol) at
room temperature. After stirring for 2 h, the mixture was
extracted with dichloromethane. The organic extracts were
washed with a dilute hydrochloric acid aqueous solution (pH =

5). The crude product was purified by flash column
chromatography (silica gel, petroleum ether/ethyl acetate,
10:1). The product was isolated as a white foamy solid. Yield:
55% (3.3 g). 1H NMR (400 MHz, CDCl3): δ 7.74 (s, 6H),
7.62 (d, J = 7.7 Hz, 2H), 7.53 (d, J = 8.2 Hz, 2H), 7.42 (s,
4H), 7.46−7.41 (m, 3H), 7.37 (d, J = 8.4 Hz, 4H), 7.30 (d, J =
8.4 Hz, 4H), 7.29 (d, J = 8.2 Hz, 2H), 2.50 (s, 3H), 1.55 (s,
36H), 1 .54 (s , 36H). HRMS (ESI): ca lcd for
C89H102Na2O24SSi22+ ([M + 2Na+]) 830.8034, found
830.8031.

TPSiS. To a stirred solution of 4 (500 mg, 0.31 mmol) and
CF3SO3Ag (119 mg, 0.46 mmol) in dichloromethane (5 mL)
was added 0.05 M CH3I solution in dichloromethane (10 mL,
0.46 mmol) dropwise at 0 °C. After stirring at 0 °C for 30 min,
the reaction was purified by flash column chromatography
(silica gel, dichloromethane/methanol, 10:1). The product was
isolated as a yellow foamy solid. Yield: 64% (350 mg). 1H
NMR (400 MHz, CDCl3): δ 7.94 (d, J = 8.1 Hz, 2H), 7.87 (d,
J = 8.1 Hz, 2H), 7.79 (s, 2H), 7.66 (s, 4H), 7.61 (d, J = 6.7 Hz,
2H), 7.56−7.47 (m, 3H), 7.41 (s, 4H), 7.37 (d, J = 8.4 Hz,
4H), 7.31 (d, J = 8.4 Hz, 4H), 3.40 (s, 6H), 1.55 (s, 36H), 1.53
(s, 36H). HRMS (MALDI-TOF): calcd for C90H105O24SSi+
([M+]) 1630.6514, found 1630.6504.

General Procedure for the TPSiS Resist Lithography.
The TPSiS resist was dissolved in propylene glycol methyl
ether acetate (PGMEA) making a 30 mg/mL solution. The
solution was filtered through a 0.22 μm membrane filter twice
and spin-coated on silicon wafers (2200−2500 rpm, 30 s) to
form thin films of 42−48 nm thickness. Each 2 in. silicon wafer
was primed by hexamethyl disilazane before coating. A
postapplication bake temperature of 100 °C for 180 s was
applied to resist film using a hot plate to remove excess casting
solvent PGMEA. The film thickness was measured by a
spectroscopic ellipsometer, and the film was then exposed by
EBL. For the PTD, the exposed film was baked at 70 °C for 30
s, developed with 2.38 wt % tetramethylammonium hydroxide
(TMAH) solution, and then rinsed in deionized water before
drying. For the NTD, the exposed film was baked at different
temperatures (°C) for 30 s and developed with a mixed
organic solvent consisting of chlorocyclohexane and n-hexane.

Scheme 1. Synthesis of the TPSiS Molecule
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The resulting patterns were inspected using SEM or AFM. The
LER and LWR parameters for all the patterns were analyzed by
the software ProSEM. All the lines in the image were selected
for analysis, and the LER on the left and the right were
obtained, respectively. The average value of them was taken as
the LER value of the image.

Etching Resistance. An area of 2 × 10 μm2 rectangular
was exposed at a dose of 45 μC/cm2 by electron beam and
then baked and developed in the optimizing conditions.
Standard cryogenic etching is a very stable, reproducible, and
clean process, which produces high resist selectivity and high
anisotropy without sidewall scalloping.51 The developed film
was etched using a SF6/O2 mixture plasma at −110 °C
according to the typical temperature.52 The etching depth was
examined by AFM. The residual resist after etching was
removed by ultrasonic in acetone and MIBK for 1 min,
respectively.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The TPSiS was

prepared in five steps according to Scheme 1. Each compound
was characterized by 1H NMR and HR-MS. The Suzuki−
Miyaura coupling reaction between 2 and 3,4-dimethoxyphe-
nylboronic acid was conducted, producing compound 3 in an
87% yield. Treatment of 3 with BBr3 at 0 °C afforded the
corresponding polyhydroxy derivative without any purification.
The crude residue was then protected with t-Boc groups to get
compound 4. Finally, TPSiS was prepared by the reaction
between 4, silver trifluoromethanesulfonate, and methyl iodide
at 0 °C in darkness for 30 min. The 1H NMR spectrum of
TPSiS in CDCl3 is depicted in Figure S1. The characteristic
signal of the methyl protons on the sulfonium unit of TPSiS
was located at 3.40 ppm, indicating the target product of the
PAG-bound MG. The peaks at 1.53−1.55 ppm were assigned
to the methyl protons in the spectrum of TPSiS, indicating the
introduction of the t-Boc pendant groups. The formation of
TPSiS was further confirmed by the high-resolution MALDI-
TOF mass spectrum (Figure S2), giving its ion peak at m/z =
1630.6504 (calcd 1630.6514 [M+]) for TPSiS.

Physical Properties of the TPSiS. Good thermal stability
is a prerequisite for resist’s use in patterning formation. The
thermal behavior of TPSiS was investigated by TGA and DSC,
as shown in Figure 2. TPSiS exhibited a relatively high thermal

stability (Td = 140 °C), and the weight loss corresponded to
the weight percentage of t-Boc groups of TPSiS, suggesting the
decomposition of t-Boc groups occurred at around 140 °C.
DSC analysis revealed that TPSiS exhibited a Tg around 104
°C. These results confirm that TPSiS is fit for the two bake
processes during the lithography.

A homogeneous film is highly desired for patterning.
Crystallization is unfavorable to the formation of uniform
films. To confirm the amorphous state of TPSiS, the PXRD of
TPSiS was measured. It exhibited a broad peak that centered at
2θ = 25° and a weak shoulder (Figure S3a), suggesting TPSiS
is amorphous and suitable for spin-coating to form uniform
thin films. The amorphous character of TPSiS may be
attributed to the nonplanar and tetrahedral structure of Si
compounds. The spin-coated TPSiS film was further
investigated by atomic force microscope (Figure S3b,c). The
surface roughness of the obtained film was 0.34 nm in an area
of 5 × 5 μm2. This indicates that TPSiS is suitable for high-
resolution lithography.

The introduction of the sulfonium salt unit will reduce the
solubility of the molecule in organic solvents.27 However, the
ionic TPSiS shows good solubility in organic solvents, such as
ethyl acetate, THF, and PGMEA. To get an optimal developer,
the solubility characteristic of TPSiS thin films in exposed and
unexposed regions were examined by electron beam exposure.
An area of 5 × 1 mm2 rectangular was exposed by electron
beam, and after baking at 70 °C for 30 s, the resulting films
were developed in different solvents. The developed patterns
were observed by an optical microscope. The results are
summarized in Table 1. Both exposed and unexposed TPSiS

films were soluble in PGMEA and IPA solvents, failing to
produce an effective switch of solubility. The TPSiS film
solubility switch from insoluble to soluble in 2.38 wt % TMAH
aqueous by electron beam exposure suggests a PTD.
Conversely, the exposure area became less soluble in
chlorocyclohexane, toluene, or anisole upon exposure,
demonstrating a NTD. The partial solubility of unexposed
TPSiS film in n-hexane and cyclohexane makes it possible for
tuning the film solubility in a mixed developer by changing the
fraction for NTD. The solubility switch of TPSiS film by
electron beam exposure in different solvents suggests a dual-
tone development via tuning developers.

Photoacid Generation. To confirm the photoacid
generation of TPSiS, the solution of TPSiS and the acid-
sensitive indicator rhodamine B in THF was irradiated at a
wavelength of 254 nm. The absorbance and color changes of
the mixture solution at different exposure doses were measured
and are shown in Figure 3. With the increase of exposure doses
(0−230 mJ/cm2), the absorption intensity at 556 nm, which
was assigned to the protonated rhodamine B, increased
obviously (Figure 3a). The color of the corresponding solution
turned from colorless to pink and rose red gradually (Figure
3b). The acid generation efficiency of the TPSiS molecule in

Figure 2. TGA and DSC curves of TPSiS: (a) TGA and (b) DSC.

Table 1. Solubility of TPSiS Films before and after Electron
Beam Exposurea

Solvent Before exposure After exposure

PGMEA + +
Isopropyl alcohol + +
2.38 wt % TMAH aq. − +
n-Hexane + − −
Cyclohexane + − −
Chlorocyclohexane + −
Toluene + −
Anisole + + −

a+: Soluble at room temperature; + −: partly soluble; and −:
insoluble.
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THF solution is estimated to be 0.05 with the irradiation of
254 nm light by using rhodamine B as an indicator.53 It
demonstrates that the TPSiS can generate acid continuously
with the irradiation of UV light. Previous studies have
demonstrated that photolysis of the sulfonium salt to sulfides
results in acid.54,55 To further confirm the reaction, the 1H
NMR spectra of the irradiated TPSiS solution at 254 nm in
chloroform-d were performed. A new signal at 2.49 ppm was
observed, which agrees with the protons of methyl in phenyl
methyl sulfide of compound 4 (Figure S4). It shows that the
sulfonium salt unit undergoes decomposition. FT-IR spectra of
the TPSiS film on wafers (∼300 nm) before and after exposure
to 254 nm light were measured. A broad new peak at 3374
cm−1 appeared on the IR spectra, confirming the deprotection
of t-Boc groups and the formation of hydroxyl (Figure S5). All
the results demonstrate that the generation of photoacid and

the acid-catalyzed deprotection occurred simultaneously in
TPSiS film, suggesting the potential of TPSiS to be used as a
single-component resist.

Patterning Properties of the TPSiS Resist in EBL. The
lithographic performance of the TPSiS resist was investigated
for PTD via a 100 kV electron beam system. The preparation
of the resist and the films could be found in the Experimental
Section. Figure 4 shows the typical SEM configurations
developed in a standard TMAH aqueous solution (2.38 wt
%) with half-pitches (HPs) of 80, 60, and 50 nm layouts for
the TPSiS resist. HP 80 and 60 nm patterns were almost
achieved from the top-view but failed to give HP 50 nm
pattern due to the residues of the resist. The corresponding
cross-sectional images demonstrated an obvious footing
phenomenon in the HP 80 pattern (Figure 4a). A higher
degree of resist residues in the trench was observed in the

Figure 3. Evolution of mixture solution of RB and TPSiS exposed to 254 nm light with different exposure doses: (a) UV absorbance; and (b) color
change to the naked eye.

Figure 4. Top-down view (top) and corresponding cross-sectional view (bottom) of different patterns under a dose of 200 μC/cm2: (a) HP 80 nm,
(b) HP 60 nm, and (c) HP 50 nm. The film thickness was 44 nm.

Table 2. Lithographic Evaluation Data of the TPSiS Resist Developed in Different Organic Developersa

Organic developer (chlorocyclohexane/n-hexane)b Dosec(μC/cm2) LER (nm) Patternd Patterning capability

1:3 − − no no
1:2 40 5.7 Figure S6, red frame good
1:1 50 6.5 Figure S6, green frame poor
3:1 80 7.3 Figure S6, blue frame poor
1:0 100 9.2 Figure S6, purple frame very poor

aCalculated from HP 30 nm patterns. bVolume ratio. cDose of forming 1:1 line/space patterns at the pitch of 60 nm. dPEB at 70 °C for 30 s on a
42 nm resist film.
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higher resolution patterns (Figure 4b,c). We speculate that a
more hydrophobic thioether unit after exposure makes the
exposed region insoluble in TMAH solution, leading to
incomplete development. It suggests that the TPSiS resist is
unfavorable to giving high-resolution patterns for PTD.

The preliminary solubility studies indicated that organic
solvents could be used as developers for TPSiS resist in NTD.
Chlorocyclohexane exhibited a better ability to dissolve TPSiS
than hexane. To get the best developing conditions for NTD,
the mixtures with different ratios of chlorocyclohexane to
hexane were used for the development process. The litho-
graphic performances of the TPSiS resist in different organic
developers by EBL were evaluated as shown in Figure S6. The
TPSiS resist shows different optimal exposure doses in
different developers. The results for 30 nm HP patterns are
summarized in Table 2. The exposure doses of the TPSiS resist
increase as the volume ratio of chlorocyclohexane increases. It
is attributed to the increase of the solubility of the developers
for unexposed areas, and higher doses are required for the

formation of negative patterns. The quality of the lithographic
pattern was strongly correlated with the volume ratios of
chlorocyclohexane in organic developers. No pattern was
observed after developing by a 1:3 chlorocyclohexane/hexane
mixture because of weak developing ability. Increasing the
volume ratio of chlorocyclohexane/hexane from 1:3 to 1:2, a
clear pattern without pinching or fracture was observed
(Figure S6, red frame). Continuing to increase the proportion
of chlorocyclohexane, the lithographic patterns become worse,
giving larger LER values ranging from 6.5 to 9.2 nm (Table 2,
Figure S6). These results confirm that the hexane/
chlorocyclohexane mixture in a 2:1 ratio is an optimal
developer for TPSiS resist.

To optimize the PEB process and obtain high-resolution
lithographic patterns, the EBL performance of TPSiS resist at
different PEB temperatures was investigated by measuring the
LER and LWR values of line patterns. Layout with HP 30 nm
was exposed at a dose of 40 μC/cm2. After exposure, the
samples were baked at 25, 70, 80, and 100 °C for 30 s,

Figure 5. LER and LWR values at different PEB temperatures, together with corresponding HP 30 nm patterns for the TPSiS resist at an exposure
dose of 40 μC/cm2. The PEB time was set at 30 s.

Figure 6. SEM images of the dense lines/space patterns with half-pitches of (a) 40, (b) 30, and (c) 25 nm and semidense line/space patterns of (d)
20 nm L/3S, (e) 16 nm L/4S, and (f) 14 nm L/4S.
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respectively, and then they were developed in hexane/
chlorocyclohexane (2:1) mixture for 30 s. The lithographic
HP 30 nm patterns under various PEB temperatures together
with the LER values were figured in Figure 5. In the case of
PEB at room temperature of 25 °C, an obvious necking was
observed, giving a high LER value of 6.7 nm. It is attributed to
the insufficient acid-catalyzed deprotection of t-Boc groups at a
low PEB temperature.56 Increasing PEB temperature to 70 °C,
the patterns became clear and the LER decreased to 3.7 nm,
suggesting a proper PEB temperature could make the
deprotection reaction sufficient and homogeneous, which
reduced the LER value. At higher PEB temperatures above
70 °C, the LER values of the patterns gradually became larger.
It is attributed to the excessive diffusion of photoacid from the
exposed to unexposed regions at high PEB temperature, which
induced the bridging and a continuous increase of LER value
in NTD patterns.57,58 The results confirm that 70 °C is an
optimal PEB temperature for the TPSiS resist in EBL
performance.

The capability of forming 1:1 line/space patterns of the
TPSiS resist was further examined under the optimum PEB
and developing conditions. The typical HP 40, 30, and 25 nm
dense line patterns were achieved at the dose of 42−45 μC/
cm2 as shown in Figure 6a−c. As an example, the LER and
LWR parameters for HP 25 nm pattern calculated by ProSEM
software are shown in Figure S7. The lithographic patterns
exhibited high contrast and a low LER (≤3.9 nm). Addition-
ally, features such as 20 nm L/3S and 16 nm L/4S lines were
also achieved at a dose of 80 and 85 μC/cm2, as shown in
Figure 6d,e. The measured line width was consistent with the
default features of layouts, which indicates that the TPSiS resist
is capable of forming patterns accurately. In the case of the
smaller feature size of 14 nm L/4S, an obvious pinching was

observed (Figure 6f), which resulted in a higher LER (5.3 nm).
For comparison, the performance of TPSiS resist, some newly
reported CARs, and the commercially available EB resists are
summarized in Table S1. The sensitivity of the TPSiS resist is
higher than that of most resists. Compared with negative-tone
CAR of SU-8 resist, the TPSiS resist simultaneously improves
the resolution (34 vs 25 nm) and LER value (6.0 vs 3.9 nm) of
lithographic patterns while maintaining high sensitivity. The
results suggest that the TPSiS resist has the potential to be
applied in nanofabrication as EBL resist materials with high
resolution and sensitivity.

To evaluate the pattern profile of the TPSiS resist via NTD,
the cross-section SEM images of lithographic patterns were
measured, as shown in Figure 7. These lithographic stripes had
good vertical profiles. No footing was observed in the space
areas. Notably, there was no residue in the trench, which was
significantly different from the PTD patterns (Figure 4) and
confirmed a clean development. The line width and period
measured from the cross-section images (Figure 7b) were in
complete agreement with the results from the top-view (Figure
6a), suggesting the TPSiS resist is capable of forming patterns
accurately. It should be noted that the height of the stripes was
34.0 nm, which was smaller than the film thickness (48.0 nm),
indicating a loss of resist film. This may attribute to the volume
contraction of residual resist after the deprotection of t-Boc
groups during exposure and PEB processes.

The etching resistance is an important factor for photoresists
to accurately transfer patterns. The etching rate of the TPSiS
resist films after NTD was measured by using a SF6/O2
mixture plasma (Experimental Section). Figure S9 shows the
three-dimensional AFM topography images of the exposed
TPSiS resist after etching (Figure S9a) and resist-strip (Figure
S9b), together with their corresponding sections and height

Figure 7. Cross-section patterns of (a) HP 60 nm and (b) HP 40 nm for the TPSiS resist (film thickness: 48 nm).

Figure 8. AFM images of TPSiS resist pattern blocks developed with (a) 2.38 wt % TMAH solution and (b) the mixture of hexane/
chlorocyclohexane (2:1). (c) Contrast curves of the TPSiS resist developed by 2.38 wt % TMAH solution, hexane-chlorocyclohexane (2:1) mixture
solvent, and without development.
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values. The height of TPSiS resist film was 37.0 nm before
etching (measured by SEM). The remaining resist thickness
was 9.0 nm calculated by comparing the height difference
before and after stripping. The etching depths of the TPSiS
resist and Si substrate were 28 and 240 nm in 10 s, giving
etching rates of 2.8 and 24 nm/s, respectively. The etching
selectivity of the TPSiS resist to the silicon substrate was 8.6:1,
indicating an excellent pattern transfer property.

Contrast Analysis. To investigate the patterning behavior
of the TPSiS resist in different developers, the contrast curves
of the TPSiS resist developed in 2.38 wt % TMAH solution or
hexane/chlorocyclohexane (2:1) mixture were measured. The
resist films were exposed on several squares (1.5 × 1.5 μm2)
with varying doses. After baking and developing, the remaining
thickness in each exposure square was measured by AFM
(Figure 8). Figure 8a,b shows the AFM images of TPSiS resist
pattern blocks developed in 2.38 wt % TMAH solution and
hexane/chlorocyclohexane (2:1) mixture, respectively. As a
comparison, the contrast of the TPSiS resist without
development was also measured. The contrast curves of the
TPSiS resist are shown in Figure 8c. In the case of PTD, the
dark loss of TPSiS resist film in TMAH (2.38%) aqueous
developer is almost negligible. A two-stage decrease of the
normalized remaining thickness (NRT) was observed. This
was a stage of slow decrease below the dose of 116 μC/cm2

and a stage of dramatically decreased at a dose range of 116 to
260 μC/cm2, giving a low contrast of 0.8 (Supporting
Information). The slow stage almost overlapped with the
curves of the process without development, suggesting a poor
solubility of the partial deprotecting product in TMAH
solution. It means a high ratio of deprotection is required to
switch the solubility, which is much higher than the typical
PTD resists (ranging from 50 to 75%).59 The inefficient switch
of the solubility results in a low contrast of the TPSiS resist,
which is consistent with the footing in the HP 80 and 60 nm
patterns by PTD. In contrast, the NRT drastically increased
within the dose range of 18−35 μC/cm2 for NTD, giving a
higher contrast (γ = 3.4). The NTD curve and the curve
without development were completely coincident above 47
μC/cm2, suggesting that the fully irradiated TPSiS resist film
was completely insoluble in the organic developer. A significant
solubility switch is achieved within a narrow exposure dose
range (18−47 μC/cm2), which was favorable to obtaining
high-resolution patterns by NTD. The dark loss in NTD was
about 30% estimated by the final remaining thickness (70%),
which is consistent with results from the ratio of the cross-
section pattern height (34 nm) to film thickness (48 nm)
(Figure 7). The loss of the resist film maybe comes from the
volume contraction of the partial decomposition of t-Boc
groups and the sulfonium salt.50

■ CONCLUSION
In summary, a novel PAG-bound MG resist (TPSiS) was
synthesized and characterized. TPSiS showed good thermal
stability and film-forming ability. It could be used as a single-
component chemically amplified molecular resist without any
additives. It failed to achieve high-resolution patterns by PTD
in TMAH solution due to the unclean development. However,
by optimizing the process conditions, the TPSiS resist could
resolve 25 nm dense line/space patterns and 16 nm L/4S
semidense line/space patterns at a dose of 45 and 85 μC/cm2

by NTD. Contrast analysis revealed that the significant
solubility switch within a narrow exposure dose range by

NTD played an important role in the formation of high-
resolution patterns. This study supplies useful guidelines for
the optimization and development of single-component MG
resists with high lithographic performance.
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