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ABSTRACT: 2-Aminoanthracene was used as a nucleophilic additive in
a molecular glass photoresist, bisphenol A derivative (BPA-6-epoxy), to
improve advanced lithography performance. The effect of 2-amino-
anthracene on BPA-6-epoxy was studied by electron beam lithography
(EBL) and extreme ultraviolet lithography (EUVL). The result indicates
that the additive can optimize the pattern outline by regulating epoxy
cross-linking reaction, avoiding photoresist footing effectively in EBL. The
EUVL result demonstrates that 2-aminoanthracene can significantly
reduce line width roughness (LWR) for HP (Half-Pitch) 25 nm (from 4.9
to 3.8 nm) and HP 22 nm (from 6.9 to 3.0 nm). The power spectrum
density (PSD) curve further confirms the reduction of roughness at
medium and high frequency for HP 25 nm and the whole range of
frequency for HP 22 nm, respectively. The study offers useful guidelines
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to improve the roughness of a chemically amplified molecular glass photoresist with epoxy groups for electron beam lithography and

extreme ultraviolet lithography.

Bl INTRODUCTION

With the continuous development of integrated circuits,
lithography fabrication requires more advanced techniques to
improve resolution."”” Photoresist is one of the most critical
materials in the lithography process, as a barrier layer,
photoresist pattern is used to achieve selective etching and
ion implantation, which play a decisive role in high-resolution
lithography.” Since the development of 248 nm lithography,
chemically amplified photoresists were introduced to improve
the quantum yield. Chemical amplification photoresists mainly
include polymer resin, photo acid generators (PAGs), solvent
and other additives." PAG is a photosensitive compound; in
the post exposure baking (PEB) process, it will stimulate the
reaction of the acid sensitive group on the main chain of the
resin and generate new acid components. To improve
lithography performance, the dev?lolgment of more advanced
photoresist materials is significant.”~"” Lawson’s team designed
molecules with epoxy structure and used them for negative-
tone photoresist. ' ' After exposure, PAGs generate photo-
acid and catalyze the self-cross-linking reaction of the epoxy
compounds, finally forming a dense network which drives the
solubility switch. In addition, the huge cross-linked network
can effectively improve the mechanical properties of the
photoresist.

Compared with positive-tone photoresists, the active site of
epoxy photoresists after exposure is the onium ion that reacts

© 2023 The Authors. Published by
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with the acid proton. Lawson et al. compared the DUV
contrast curves of different trioctylamine (TOA, a common
acid diffusion inhibitor) contents.'>'® It is found that the
content of trioctylamine in the system will not have a
significant impact on the lithography performance. Combined
with the mechanism of the cross-linking reaction, Lawson’s
team proposed to introduce nucleophiles to regulate the cross-
linking reaction of epoxy molecules. Some common
nucleophiles include molecules containing phosphorus and
oxygen elements, which have been proven to significantly
optimize contrast and achieve smaller half-pitch lithography
pattern, and the groups formed by the above atoms connected
with active protons can also play a role in regulating epoxy
cross-linking reaction.”> However, nucleophiles containing
nitrogen are rarely reported to be used for high-resolution
lithography. Manouras et al. studied the application of 2-
aminoanthracene as an acid diffusion inhibitor (base
quencher) in polymer chemically amplified backbone scission
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Scheme 1. Synthesis Route of BPA-6-Epoxy
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photoresists, which can obtain 44 nm line/space (L/S) pattern
in EUV lithography, and the line width roughness (LWR) was
only 2.5 nm."”

The sensitivity of the photoresist is a very important
parameter that determines the cost of semiconductor device
manufacturing. Because the photoresist absorbs the incident
light, the optical density is higher at the surface of the
photoresist during the exposure process, resulting in lower
energy at the bottom of the photoresist, which greatly limits
the further improvement of resolution. For chemically
amplified photoresist, acid-sensitive groups react with photo-
acids and PAGs generate acid simultaneously, greatly
improving the quantum vyield of 248/193 nm and EUV
chemically amplified photoresists.'* ™ However, it is difficult
to effectively control the acid diffusion in the PEB process. For
small pitches (critical dimension usually less than 40 nm),
insufficient acid diffusion can lead to large LWR.>'™*
Therefore, analyzing the reasons for the LWR is one of the
crucial problems that have to be solved for chemically
amplified photoresists.

A molecular glass photoresist, bisphenol A derivative (BPA-
6-epoxy), was designed and synthesized in our research
group.”™*® Tt can be used as a negative photoresist for EUVL
and EBL with good monodispersity, exact molecular mass, and
structure. After photoresist formulation and process optimiza-
tion, dense lines with 44 nm pitch were achieved, but the LWR
needs to be further improved. As the feature size gets smaller,
the line roughness starts to have a non-negligible impact on the
pattern size; it is necessary to find other ways to reduce the
roughness of the patterns in anticipation of new molecular
glass photoresists with higher resolution. In this paper, 2-
aminoanthracene was used as a nucleophilic additive to
regulate the epoxy cross-linking reaction and obtained good
lithography results. The introduction of 2-aminoanthracene
can also optimize the cross-section of the EBL pattern and
significantly reduce the LWR of HP (Half-Pitch) 25 and 22 nm
pattern in EUVL. The results may provide a useful choice for
the practical application of the molecular glass photoresist.

B EXPERIMENTAL SECTION

Materials. All chemical reagents are commercially available
and can be used without additional treatment.

Synthesis of Molecular Glass BPA-6-Epoxy. BPA-6-
epoxy was synthesized by our research group before.”* The
synthesized BPA-6-epoxy was evaluated by 'H and *C NMR
spectroscopy (Figures S1—S2).

Photolithography. BPA-6-epoxy (90 mg), triarylsulfo-
nium hexafluoroantimonate salt (PAG, 9 mg), and 2-
aminoanthracene (0.9 mg) were dissolved in 3 mL of
propylene glycol methyl ether acetate (PGMEA) with 20
min ultrasonic treatment. The solution was filtered through a
0.2 ym polytetrafluoroethylene membrane filter twice and spin
coated onto a silicon wafer with 2800 rpm/s for 90 s. Then it
was baked at 80 °C for 180 s to remove PGMEA. The exposed
samples were baked at 100 °C for 120 s, developed with 4-
methyl-2-pentanone (MIBK) for 1 min, and rinsed with 2-
propanol (IPA) for 1 min.

EB exposure experiments were performed on a Vistec EBPG
5000plus ES lithography system. EUV patterning properties
were examined using the XIL II Beamline of the Swiss Light
Source (SLS). The LWR of the lithographic pattern was
analyzed by commercial ProSEM software.

B RESULTS AND DISCUSSION

The procedure for the synthesis of BPA-6-epoxy is shown in
Scheme 1. Epoxy groups are modified around the core of the
bisphenol A derivative and can cross-link under acidic
conditions after exposure to drive a solubility switch without
outgassing.”® At the same time, the glass transition temperature
of the material will increase, reducing the influence of acid
diffusion and helping to improve the resolution. Moreover,
such materials tend to have superior mechanical strength after
cross-linking, and it is expected to overcome the pattern
collapse of a small pitch when combined with organic
developer such as 4-methyl-2-pentanone (MIBK) and
isopropanol (IPA) with relatively low surface tension.

https://doi.org/10.1021/acsomega.2c07711
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Figure 1. (A) TGA curve of BPA-6-epoxy; (B) IR-FT spectra of BPA-6-epoxy; (C) Surface topography of photoresist film 2 D (C) and 3 D (D)

image.

Table 1. EBL Photoresist Formulations Based on Epoxy Negative Photoresist

Formulations Molecular glass PAG (wt %)“ 2-Aminoanthracene (wt %)” Solvent
1 BPA-6-epoxy 10 0 PGMEA
2 BPA-6-epoxy 10 10 PGMEA

“Weight percentage with respect to BPA-6-epoxy. bWeight percentage with respect to PAG.

Characterization of the BPA-6-Epoxy. Thermogravi-
metric Analysis (TGA). Photoresists are required to have good
thermal stability since some thermal treatments are required
during the lithography process to remove solvents and
accelerate acid diffusion. The thermal behaviors of BPA-6-
epoxy were investigated by thermogravimetric analysis, and the
results are shown in Figure 1A. The TGA curve shows that the
compound only has one-stage decomposition around 350 °C
and exhibits good thermal stability with a decomposition
amount of less than 5% before 300 °C. The measurement
confirms the BPA-6-epoxy can satisfy the bake requirements
during the lithography process.

FT-IR. The infrared spectrum of BPA-6-epoxy is shown in
Figure 1B. The broad absorption peak at 2900 cm™ was
assigned to the C—H stretching vibration. The asymmetric and
symmetric stretching vibrations of the C—O—C group were
observed at 1241 and 1168 cm™, respectively. The character-
istic absorption at 913 cm™ corresponded to the C—O (epoxy
ring) symmetric stretching vibration.”” In addition, absorption
peaks at 837 and 757 cm™' were attributed to —CH,
deformation vibrations, and the peak at 1452 cm™! was
assigned to —CH, deformation vibrations. The absorption
peaks from 1450 to 1620 cm™" were assigned to aromatic ring
structure. A broad peak appeared at about 3300 cm™’,
indicating that the epoxy group is easy to protonate; the
sample has been fully dried before IR testing. These
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characteristic absorption spectra confirmed the presence of
the epoxy ring in BPA-6-epoxy.

Film Properties. The optical ellipsometer was used to
measure the film thickness, two-dimensional plane, and three-
dimensional film surface height fluctuation diagrams show that
the surface of BPA-6-epoxy is smooth and free of obvious
defects and particles. The surface roughness of BPA-6-epoxy
film was analyzed by commercial software, and the surface
roughness of BPA-6-epoxy film was measured in the range of 5
X § um?® The root-mean-square (RMS) value was only 0.29
nm, indicating that the film properties exhibit outstanding film
formation behavior that is suitable for high-resolution
lithography.

Lithography Performance of BPA-6-Epoxy in EBL. The
lithography performance of BPA-6-epoxy was investigated as a
negative photoresist by EBL (film thickness: 60 nm). The
formulations of BPA-6-epoxy are displayed on Table 1. Figure
2 shows SEM images of half-pitch (HP) S0, 40, and 30 nm of
BPA-6-epoxy with and without the addition of 2-amino-
anthracene. It is found that BPA-6-epoxy can resolve different
HPs from 50 to 30 nm with LWR of 6.1 6.6, and 6.0 nm,
respectively, but the HP 30 nm lines appear slightly bridging.
When 2-aminoanthracene was introduced into the system
(Formulation 2), the pattern quality was improved with lower
LWR. In the case of HP 30 nm, bridging was significantly
reduced, but exhibits the issue of pattern collapse.

https://doi.org/10.1021/acsomega.2c07711
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Formula 1 Formula 2

Dose: 102 pC/em? Dose: 126 pClem?
LWR: 6.1 nm ‘ LWR: 4.7 nm '

HP 50 nm

regulus 1.0kV 3.8mm x100k SE(U) T 800nm

Dose: 94 nC/cm? Dose: 110 uClem?
LWR: 6.6 nm LWR: 5.9 nm

HP 40 nm

Dose: 110 nC/cm?
LWR: 4.8 hm

HP 30 nm

Intensity(a.u.)
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Figure 3. Cross-sectional views of dense lines with HP SO nm patterns of BPA-6-epoxy with (A) and without 2-aminoanthracene (B), the bottom is
a high-magnification SEM image (200 K); (C) TOF-SIMS depth profiles of a series of secondary ion fragments of interest collected at the surface
of Formulation 2.

Figure 3 compares the effect of 2-aminoanthracene additive pattern. The Formulation 1 has a trapezoidal shape with
on the HP 50 nm cross section of lines. It can be observed that narrow top and wide bottom, as shown in Figure 3A. After
2-aminoanthracene additive can improve the edge of the adding 2-aminoanthracene (Figure 3B), the angle between the
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lines and the trenches is close to 90° and the outline of the
pattern is rectangular, which is more regular.

Secondary ion mass spectrometry (SIMS) is a successful
technique for analyzing sample surface and has made much
progress in photoresist research.”* ™ Bi** ion was used as a
primary ion source to bombard the sample surface, and
obtained the distribution information on PAGs, BPA-6-epoxy
and 2-aminoanthracene in the vertical direction (Figure 3C).
CNT ion is the characteristic ion of the 2-aminoanthracene and
the content change reflects the vertical distribution of 2-
aminoanthracene in the film. It can be seen that the 2-
aminoanthracene additive is more likely to be distributed at the
top and bottom of the film. The difference in the distribution
of 2-aminoanthracene at verticals leads to competitive chemical
reaction with the onium ion, resulting in different cross-linking
densities of the epoxy groups, and thus the lines become
steeper and straighter. The nucleophilicity of the nitrogen
atom in the molecule and the presence of active hydrogen play
a role in regulating the cross-linking reaction of the epoxy
group, which may be the reason for the more regular shape of
the photoresist pattern at the top and bottom.

For epoxide photoresist systems, strong nucleophiles such as
triphenylphosphine (TPP) and triphenylsulfonium triflate
(TPS-Tf, a kind of photodecomposable nucleophile) can
regulate cross-linking reaction by introducing a chain
termination reaction that gives results similar to base
quenchers in conventional positive tone chemically amplified
photoresists, showing improvements in resolution and line
edge roughness in epoxide photoresist systems.'*'°

In this work, BPA-6-epoxy film was exposed over a large area
using a scanning electron microscope (Regulus 8230) with an
electron energy of 30 kV and a current of 30 ;A to analyze the
chemical reaction of 2-aminoanthracene with epoxy ring. The
unexposed and exposed wafers were characterized by X-ray
photoelectron spectroscopy (XPS). The high-resolution XPS
spectra of C 1s, N 1s and O 1s were shown in Figure 4.
According to spectra of C 1s (Figure 4A), the most intensive
peak at 284.8 eV was assigned to the C—C and C—H bonds in
the film. The peak at 286.7 eV corresponded to C—O—-C
structure in epoxy ring. After exposure, a new signal was
observed at 288.8 eV, which was in accordance with the peak
of -N-C=0."

In addition, a new peak at 401.6 eV was attributed to the
formation of N—C bond after e-beam exposure as shown in
Figure 4C. As for spectra of O 1s (Figure 4B), the peak shifts
from 533.4 to 532.5 eV after exposure, which might be caused
by the chemical reaction of 2-aminoanthracene with epoxide
ring. The XPS spectra of BPA-6-epoxy without 2-amino-
antheacene after exposure are shown in Figure S3. It indicates
that 2-aminoanthracene is indeed involved in the cross-linking
reaction of epoxide ring, thus improving the cross section of
exposure pattern for EBL.

Lithography Performance of BPA-6-Epoxy in EUVL.
Applying BPA-6-epoxy with additive 2-aminoanthracene to
extreme ultraviolet lithography (EUV) can also get better
lithography results. Photoresist formulations in Table 2 were
spin-coated on a silicon wafer for EUV lithography. Figure S
compares the impact of the 2-aminoanthracene additive on
different HP lithography patterns. When the formulation (PR-
1) does not contain 2-aminoanthracene, lines with critical
dimension (CD) of 25 and 22 nm 1:1 L/S can be obtained and
the LWR is 4.9 and 6.9 nm, respectively. The introduction of
2-aminoanthracene can effectively improve the roughness of
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Figure 4. High-resolution XPS spectra of (A) C 1s, (B) O 1s and (C)

N Is of BPA-6-epoxy with 2-aminoanthracene before (top) and after
e-beam exposure (bottom).

the pattern. When the additive content is 10% with respect to
PAG (PR-2), the LWR of the corresponding pattern is 3.8 and
3.0 nm, respectively (a decrease of 22.4% and 56.5%). The
imaging dose increases from 15.4 to 17.5 mJ/cm* for HP 22
nm on the premise of sacrificing sensitivity simultaneously,
which is acceptable. It is demonstrated that 2-aminoanthracene
additive can reduce LWR by regulating epoxy cross-linking
reaction in EUVL which is similar to the quencher base in the
positive-tone photoresist system.

In order to comprehensively understand the effect of
photoresist formulation on LWR, power density spectrum
(PSD) was used to analyze the roughness and gave more
detailed information on photolithography patterns, which can
provide theoretical guidance for the design of new photo-
resists.”” > PSD regards roughness as noise and studies the
spatial variation period of roughness with the length of the line
or trench. PSD function describes the random process of line
edge profile waveform from the perspective of frequency
domain, decomposes the surface profile into different Fourier
components, and can reflect most of the information on line
edge spatial frequency characteristics. It is advantageous to
analyze the reasons for the formation of roughness so as to
reduce the roughness of the pattern. Figure 6 shows the
spectrum analysis of roughness calculation under different
formulation. It is confirmed through amplitude analysis that
the addition of 2-aminoanthracene can significantly reduce the
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Table 2. EUV Photoresist Formulations Based on Epoxy Negative Photoresists

Formulations Molecular glass PAG (wt %)“
PR-1 BPA-6-epoxy 10
PR-2 BPA-6-epoxy 10
PR-3 BPA-6-epoxy 10
PR-4 BPA-6-epoxy 10
PR-§ BPA-6-epoxy 7.5

2-Aminoanthracene (wt %)b Solvent
0 PGMEA
10 PGMEA
20 PGMEA
30 PGMEA
10 PGMEA

“Weight percentage with respect to BPA-6-epoxy. bWeight percentage with respect to PAG.

PR-1

Dose= 15.4 mJ/cm?
LWR: 4.9 nm

HP 25 nm

Dose= 15.4 mJ/cm?
LWR: 6.9 nm

HP 22 nm

PR-2

Dose= 19.2 mJ/cm?
LWR: 3.8 nm

regulus 1.0kV 2.5mm x120k SE(U) ST 400nm

Dose= 17.5 mJ/cm?
LWR: 3.0 nm

Figure S. High-resolution SEM images of BPA-6-epoxy with and without 10% 2-aminoanthracene for HP 25 and 22 nm. The critical dimensions

are 25 and 22 nm with 1:1 L/S, respectively (film thickness: 34 nm).
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Figure 6. PSD curves of BPA-6-epoxy with and without 10% 2-aminoanthracene for (A) HP 25 nm and (B) HP 22 nm after EUVL.

roughness of HP 25 nm and HP 22 nm; the PSD curve
indicated that HP 25 nm lines mainly improve the roughness
in medium and high frequencies, and HP 22 nm patterns’
roughness optimization occurs in the whole range of medium,
low, and high frequencies.

Moreover, the lithography performances of PR-2 and PR-5
were compared to further study the role of 2-aminoanthracene
additive in the epoxy system. The overall concentration of PR-
S PAG and 2-aminoanthracene decreased, from 10% PAG and
10% 2-aminoanthracene for PR-2 to 7.5% PAG and 10% 2-
aminoanthracene for PR-5, but the sensitivity was improved,
from 19.2 mJ/cm?® to 14.9 mJ/cm® for HP 25 nm and from
17.5 mJ/cm* to 13.8 mJ/cm® for HP 22 nm, as shown in

26744

Figure 7. It is supposed that 2-aminoanthracene was an amine
and has a nucleophilic property, which can terminate the epoxy
cross-linking reaction, so the sensitivity is decreased; on the
other hand, it acts as an antenna, which is equal to a sensitizer
and can improve the sensitivity.

Figure 8 shows results of EUVL of the BPA-6-epoxy system
at three different contents with the gradual increase of 2-
aminoanthracene content (10% to 30%). By comparing the
lithography pattern of each HP, it can be concluded that the
contrast of the result decreases with the increase of the content
of 2-aminoanthracene. In the case of HP 22 nm patterns,
significant line breaks are observed, and the quality decreases
dramatically. As a result, it can be seen that the EUV
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Figure 7. SEM images of PR-2 and PR-S for HP 25 and 22 nm.
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Dose= 11.2 mJ/cm? \ Dose= 9.4 mJ/cm?

HP 25 nm

Dose= 6.7 mJ/em?

HP 22 nm

Figure 8. SEM images of BPA-6-epoxy with different formulations (PR-2, PR-3, PR-4) for HP 25 and 22 nm.

Scheme 2. Proposed Mechanism for the Role of 2-Aminoanthracene in Lithographic Process
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lithography pattern was better when 2-aminoanthracene
content was 10% compared to the other experiment groups.

Lithographic Mechanism of 2-Aminoanthracene in
BPA-6-Epoxy. Based on literature and experimental results,
the role of 2-aminoanthracene in BPA-6-epoxy can be
proposed in Scheme 2. It is confirmed that 2-aminoanthracene
is involved in regulating the cross-linking reactions of epoxy
groups as a nucleophilic reagent; the nucleophilic nitrogen in
2-aminoanthracene attacked the epoxy groups after exposure,
effecting the reaction rate and the distance of ring-opening
polymerization in the original system. Meanwhile, it also
reduced the diffusion of active species by introducing a chain
termination reaction, which gives results similar to those of
base quenchers in conventional positive-tone chemically
amplified photoresists, showing improvements in LWR in
epoxide photoresist systems.

B CONCLUSIONS

In this work, a bisphenol A derivative, BPA-6-epoxy, was
designed and synthesized, which can serve as negative-tone
photoresist for EBL and EUVL. When 2-aminoanthracene was
introduced as a nucleophilic additive in EBL, the LWR of
different HPs (HP S50, 40, and 30 nm) was improved. It is
demonstrated that additives can improve the outline of the
stripes more clearly in EBL. Secondary ion mass spectrometry
(SIMS) analysis indicates that 2-aminoanthracene is abundant
in the silicon substrate, which achieves the goal of regulating
the epoxy cross-linking reaction and optimizes the pattern
outline. The high-resolution XPS spectra of C 1s, O 1s, and N
Is affirm that 2-aminoanthracene is indeed involved in the
cross-linking reaction of the epoxy ring, thus improving the
cross section of the exposure pattern in EBL. Besides, 2-
aminoanthracene can reduce the LWR of HP 25 and HP 22
nm patterns by 1.1 nm (from 4.9 to 3.8 nm, 22.4% decrease)
and 3.9 nm (from 6.9 to 3.0 nm, 56.5% decrease) in EUVL
obviously. Combined with the energy density spectrum (PSD),
it is found that 2-aminoanthracene can reduce the medium and
high frequency roughness in the HP 25 nm and the roughness
of the whole frequency range in the HP 22 nm, respectively. In
addition, it is found that when the additive 2-aminoanthracene
accounts for 10% (weight percentage with respect to PAG),
the lithography performance in EUVL is the best. It reveals
that high-resolution molecular glass photoresist can be
regulated by 2-aminoanthracene, giving useful guidance for
improving the lithography performance.
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