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Abstract

Traditional lithography processes use resist materials that require organic solvents during
the development step but also often contain components derived from PFASs (per- and
polyfluoroalkyl substances), raising concerns about environmental pollution and sustain-
ability. PFASs are difficult to degrade, and their long-term effects on ecosystems and
human health are the subject of international concern, making the development of alter-
native technologies an urgent priority. Lithography is a fundamental technology with
applications beyond semiconductor manufacturing, electronics, biomedicine, and microflu-
idic devices. Addressing its environmental impact remains critical in both academic and
industrial contexts. This study introduces a water-developable positive photoresist derived
from a polymeric material incorporating plant-derived sugar chains as the resist backbone.
The reactivity of the material to ultraviolet irradiation, enabled by a photoacid generator,
allows microfabrication through water development. Moreover, successful micrometer-
scale patterning demonstrated a superior resolution compared to previous sugar-derived
water-developable resists. The dextrin-based resist exhibited the highest performance,
achieving a sensitivity of 150 mJ/cm? and a resolution of 3.6 um under an environmentally
benign, PFAS-free process that enabled development with water. These findings propose a
sustainable alternative to conventional petrochemical-derived photoresists, positioning it
as a promising candidate for environmentally friendly photolithography processes.
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1. Introduction

In recent years, the pursuit of a carbon-neutral society and advancement of the cir-
cular economy [1] have underscored the urgent need for the development of sustainable
materials that minimize environmental impact while reducing reliance on petroleum re-
sources [2—4]. In this context, bio-based polymers derived from renewable resources have
garnered significant attention because of their biodegradability and potential to reduce CO,
emissions. These polymers are increasingly being applied across diverse fields, including
packaging materials, medical hydrogels, adhesives, and coating agents [5-8]. Notably,
natural polymers such as starch, cellulose, and chitosan, which possess glycan structures,

Coatings 2025, 15,1228

https://doi.org/10.3390/coatings15101228


https://doi.org/10.3390/coatings15101228
https://doi.org/10.3390/coatings15101228
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0009-0004-3442-4220
https://orcid.org/0009-0001-3924-9685
https://orcid.org/0009-0005-6594-1543
https://orcid.org/0009-0003-2695-9885
https://orcid.org/0000-0001-9285-692X
https://doi.org/10.3390/coatings15101228
https://www.mdpi.com/article/10.3390/coatings15101228?type=check_update&version=1

Coatings 2025, 15, 1228

2 of 14

offer abundant raw materials and flexibility in molecular design, positioning them as
promising candidates for next-generation high-performance, environmentally compatible
materials [9,10]. Concurrently, micro- and nanofabrication technologies, including pho-
tolithography, have evolved primarily within the semiconductor industry. Recently, these
technologies have rapidly advanced in the life sciences domain, encompassing areas such as
regenerative medicine [11], cell engineering [12,13], microfluidics [14], and biosensors [15].
For instance, technologies have been developed to spatially control biological behaviors,
such as cell adhesion, differentiation, and polarity formation, by creating micropatterns on
substrate surfaces [16-18]. These advancements are crucial for constructing reproducible
in vitro cell models and for fabricating three-dimensional tissue models [19,20].

Contact-based processes, such as soft lithography [21] and stamp replication, have
been widely employed to directly impart fine structures onto biomaterials. However,
these methods face challenges, including limited transfer accuracy, defects during stamp
detachment, and low throughput [22]. In contrast, photolithography technology offers
non-contact, high-speed, and high-precision pattern formation, making it a promising alter-
native, particularly for microfabrication and bio-device manufacturing applications. Never-
theless, many photosensitive polymers (photoresists) used in this process are petroleum-
derived and necessitate organic solvent spin coating, as well as strong alkaline developing
solutions such as tetramethylammonium hydroxide (TMAH). TMAH exhibits central
nervous system toxicity and skin corrosivity, and its waste liquid disposal requires strin-
gent management, posing significant environmental burdens and serious health risks to
workers [23]. Consequently, the development of water-developable resist materials using
naturally derived materials is progressing [24]. For water-developable positive-type resists,
Park et al. developed a water-developable resist using silk fibroin [25], and Servin et al.
developed a resist using chitosan and performed deep ultraviolet (DUV) lithography [26].

Furthermore, in addition to TMAH, organic fluorine compounds (PFAS) [27], which
have been introduced to enhance resist performance, are extensively utilized because
of their properties, such as water repellency and low surface tension. However, recent
years have seen increasing concerns regarding their environmental persistence, bioaccu-
mulation, and toxicity, prompting a trend toward more stringent regulatory enforcement,
particularly in Europe [28,29]. Consequently, the development of photoresists based on nat-
ural materials that are compatible with water treatment processes and do not incorporate
petroleum-derived components, PFAS, or TMAH has emerged as an international research
challenge [30,31]. Against this backdrop, a previous study conducted in our laboratory
involved the development of a water-developable resist using a glycan structure as the
negative-type material, with photolithography performed using a high-pressure mercury
lamp [32] and i-line exposure [33]. However, with negative-type materials, the exposed
areas cross-link and remain, rendering the patterns more susceptible to swelling and edge
blurring than positive-type materials.

Therefore, this study aimed to develop a positive-type water-developable resist ma-
terial utilizing high-pressure mercury lamps, which are more accessible than DUV due
to their lower cost and greater compatibility with various equipment and materials. By
focusing on sugar chains among naturally derived materials, we designed and synthesized
a positive photoresist material compatible with water development and free of PFAS by
introducing photoreactive functional groups into the resin. This glycan-based resist features
a chemical structure that is altered upon UV irradiation, enabling the formation of fine
patterns through water development alone.
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2. Materials and Methods
2.1. Raw Materials

The raw materials used for the experiments included dextrin [NSD500S, (C¢H19Os)nl,
supplied by San-ei Sugar Co., Ltd. (Aichi, Japan), and resistant dextrin [FiberSol-2,
(C¢H100s5)n], obtained from Matsutani Chemical Industry Co., Ltd. (Hyogo, Japan);
ethyl vinyl ether (EVE, C4HgO, purity > 99%), purchased from BASF (Ludwigshafen
am Rhein, Germany). N-Methylpyrrolidone (NMP, CsHgNO, purity > 99.9%) was pur-
chased from Mitsubishi Chemical Corp. (Tokyo, Japan), and trifluoroacetic acid (Co,HF30,,
purity > 98%) was obtained from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan).
Triethylamine (C¢H15N, 100%) was purchased from Daicel Corp. (Osaka, Japan). Methyl
isobutyl ketone (MIBK, C¢H1,0, purity > 99%) and propylene glycol monomethyl ether
acetate (PGMEA, CgH1,0O3, purity > 99%) were supplied by Mitsui Chemicals, Inc. (Tokyo,
Japan) and Daicel Corp. (Osaka, Japan), respectively. Triphenylsulfonium trifluoromethane-
sulfonate (C19H15F303S,, purity > 98%) was purchased from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan), and n-octylamine (CgH19N, purity > 98%) was obtained from
FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan).

2.2. Synthesis of Positive-Type Water-Developable Resist

EVE was incorporated into the glycan structure to introduce a protective group, resulting
in a positive-type water-developable resist, as illustrated in Scheme 1. Two distinct resist
skeletons and four compounds with varying protection rates were synthesized. Additionally,
eight samples were prepared to optimize the proportions of the photoacid generator (PAG)
and acid quencher. The preparation methods for these samples are described below.

- O O
' [ ]
Ethyl vinyl ether 0 0
THaon Acid | o | o
OH 0' ,0“ _ _40H ) }
- J)H ’ ~0 0.~
Jn ] [
0
v | n

Scheme 1. Synthesis of glycan-derived positive-type water-developable resist.

2.2.1. Synthesis of Dextrin Based Resist, 80% Protection Rate

Initially, a reaction vessel equipped with a thermometer, stirrer, and cooling tube was
prepared. NSD500S (20.9 wt%, 25.0 g) and NMP (48.7 wt%, 58.3 g) were introduced into the
reaction vessel to form a solution. Subsequently, water was removed from the solution under
vacuum conditions of —740 mmHg and at a temperature of 50 °C. The solution was then
cooled to 30 °C and purged with nitrogen gas. Using this solution as the reaction medium,
trifluoroacetic acid (4.4 wt%, 5.28 g, 0.046 mol) was added, followed by dropwise addition
of EVE (22.1 wt%, 26.5 g, 0.368 mol) over one hour. The reaction was continued for three
hours while maintaining the solution temperature at 30 °C. Triethylamine (3.9 wt%, 4.65 g,
0.046 mol) was added to neutralize the reaction mixture. MIBK and ion-exchanged water
were added to the neutralized reaction mixture, transferring the neutralization salt and NMP
to the aqueous phase, thereby purifying the product, which was an 80% acetal-modified
dextrin. Under a vacuum of —740 mmHg, the mixture was heated to approximately 70 °C to
concentrate the phase containing MIBK. Subsequently, the solvent was replaced with PGMEA,
yielding a solution (hereafter referred to as D80) containing 80% acetal-modified dextrin at
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a concentration of 15 wt%. Acetal-modified dextrin in D80 was considered to be 100 parts
by weight. Triphenylsulfonium trifluoromethanesulfonate, a PAG, equivalent to 5.0 parts by
weight, and n-octylamine, an acid quencher, equivalent to 0.5 parts by weight, were added
to prepare photosensitive composition D80-5. Additionally, PAG equivalent to 10.0 parts by
weight and an acid quencher equivalent to 1.0 part by weight were added to the acetal-modified
dextrin in D80 at 100 parts by weight to prepare photosensitive composition D80-10.

2.2.2. Synthesis of Dextrin Based Resist, 100% Protection Rate

Except for altering the amount of EVE to 0.460 mol, the same procedure as D80 was
employed to acetalize dextrin (NSD500S), producing a solution (hereafter referred to as
D100) containing 15 wt% of the 100% acetal-modified dextrin. Acetal-modified dextrin in
D100 was considered as 100 parts by weight, to which PAG equivalent to 5.0 parts by weight
and an acid quencher equivalent to 0.5 parts by weight were added, thereby preparing
photosensitive composition D100-5. Furthermore, with the acetal-modified dextrin in D100
as 100 parts by weight, 10.0 parts by weight of PAG, and 1.0 part by weight of acid quencher
were added, thereby preparing photosensitive composition D100-10.

2.2.3. Synthesis of Indigestible Dextrin Based Resist, 80% Protection Rate

The synthesis procedure was identical to that of D80, except for the substitution of
NSD500S with FiberSol 2. This resulted in a solution, hereafter referred to as IDex80,
containing 15% by weight of 80% acetal-modified indigestible dextrin. The acetal-modified
material in IDex80 was standardized to 100 parts by weight, to which 5.0 parts by weight of
PAG and 0.5 parts by weight of an acid quencher were added to form photosensitive com-
position IDex80-5. Additionally, with the acetal-modified material in IDex80 at 100 parts
by weight, 10.0 parts by weight of PAG and 1.0 part by weight of an acid quencher were
incorporated, resulting in photosensitive composition IDex80-10.

2.2.4. Synthesis of Indigestible Dextrin Based Resist, 100% Protection Rate

The procedure was consistent with that of IDex80, except for the adjustment of ethyl
vinyl ether to 0.460 mol, leading to the acetalization of indigestible dextrin (FiberSol 2).
This yielded a solution, hereafter referred to as IDex100, containing 15% by weight of
100%-acetal-modified indigestible dextrin. The acetal-modified indigestible dextrin in
IDex100 was standardized to 100 parts by weight, to which 5.0 parts by weight of PAG
and 0.5 parts by weight of an acid quencher were added, forming the photosensitive
composition IDex100-5. Furthermore, with 100 parts by weight of the acetal-modified
indigestible dextrin in IDex100, 10.0 parts by weight of PAG and 1.0 part by weight of
an acid quencher were incorporated, resulting in photosensitive composition IDex100-10.
The compositions of the eight samples, prepared by varying the amounts of PAG and acid
quencher in compounds D80, D100, IDex80, and IDex100, are summarized in Table 1.

Table 1. Composition of the created sample.

Samples Resist Backbone AdI:lr'oFective Groupo PAG Additoion Quencher Ad:iition
ition Amount (%) Amount (%) Amount (%)
D80 DRO10 Dextin 80 0 B
D100 D100.10 100 0 B
[Dex80 1532(8800-_150 Indigestible 80 150 015
Dex100 &)Deeﬁloooo-—fo dextrin 100 150 Oi5
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2.3. Chemical Analysis of Materials

Using a nuclear magnetic resonance spectrometer (JEOL RESONANCE, ECZ-500R/S1,
Tokyo, Japan), 3C-NMR measurements were performed to ascertain the modification
rate of the protecting group for the hydroxyl group in the material. The sample was
dissolved in THF using GPC (TOSOH EcoSEC HLC-8320PG, Tokyo, Japan) and adjusted to
a concentration of 1% (w/v). Filtration was conducted using a 0.45 pum filter, followed by
GPC measurement to determine the weight-average molecular weight (Mw). In addition,
the average film thickness after spin coating and baking was measured to confirm the
variations in the film thickness based on the molecular weight. For D80-10, structural
changes before and after exposure were confirmed using attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR) of the infrared absorption spectra. FI-IR
spectra were acquired using a Fourier-transform infrared spectrophotometer (Spectrum
Two, PerkinElmer, Shelton, CT, USA) for both unexposed and 175 m]/ cm? exposed D80-
10 samples.

2.4. Material Property Measurement
2.4.1. Measurement of Affinity Between Resist and Substrate

To assess the conditions for substrate treatment, static contact angle measurements
were conducted using a fully automated contact angle measurement device (Dropmaster
DM500, Kyowa Surface Science Co., Ltd., Saitama, Japan). The substrates were treated
with ozone (hydrophilic treatment) and HMDS (hydrophobic treatment). Additionally,
dextrin-based resist D80-10 and indigestible dextrin-based resist IDex80-10 were spin-
coated and baked to form films, and the water contact angles of each sample were measured.
Measurements were performed at an ambient temperature of 25 °C, the amount of drop was
1.0 mL, using the 0/2 analysis method. The contact angle was recorded every second for
9 s after film formation. The average value was calculated by excluding the measurements
at 0 s and 9 s. Each sample was evaluated thrice.

2.4.2. Exposure Sensitivity Measurement

The solvent was removed by volatilization by spin coating 3 mL of the synthesized
positive-type water-developable resist onto a silicon wafer using a spinner (CLEAN TRACK
ACTS; Tokyo Electron Limited, Tokyo, Japan) at 3000 rpm for 30 s, followed by baking
at 110 °C for 60 s. Subsequently, exposure at 1000 mJ/cm? was performed using a mask
alignment exposure system (LTCET-500: Lithotech Japan, Saitama, Japan) and a sensitivity
verification mask (Taiyo-ink Corporation, Saitama, Japan: 5-inch Multi-Transmission Mask).
After immersion in deionized water for 1 min, the water was removed by baking at 80 °C
for 60 s. Exposure sensitivity was confirmed by measuring the film thickness before and
after development of the film.

2.4.3. Measurement of Film Thickness Variation with Development Time

The synthesized water-developable positive-type resist (D80-10 and IDex80-10) was
dispensed onto silicon wafers. Spin coating was performed at 3000 rpm for 30 s using a spin-
ner, followed by baking at 110 °C for 60 s to volatilize and remove the solvent. Subsequently,
exposure was performed using a mask-adhering exposure apparatus at 150 mJ/cm? for
D80-10 and 130 m]J/cm? for IDex80-10. The water was removed by immersion in deionized
water for 3, 5, 15, or 30 s, followed by baking at 80 °C for 60 s. The development rate was
confirmed by measuring the film thickness before and after development.
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Water developable
resist materials

2.5. Spin-Coating, Water Developable Processes in Eco-Friendly Photolithography and
Microfabrication Methods

Figure 1 shows the process of green photolithography using the positive-type water-
developable resist adopted in this study. Three milliliters of the water-developable resist
was dispensed onto a Si wafer treated with hydrophobic treatment (HDMS treatment),
spin-coated at 3000 rpm for 30 s using a spinner (CLEAN TRACK ACTS; Tokyo Electron
Limited, Tokyo, Japan), and baked at 110 °C for 60 s to remove the solvent by volatilization.
Next, using a mask alignment exposure system (LTCET-500: Lithotech Japan, Saitama,
Japan) and a resolution verification mask (TOPPAN PRINTING Co., Ltd., Tokyo, Japan:
TOPPAN-TEST-CHART-NO1-PN), exposure was performed at 150 mJ/cm? for D80-10 and
130 mJ/ cm? for IDex80-10. After soaking in deionized water for 1 min, water was removed
by baking at 80 °C for 60 s. The method was used to fabricate line-and-space patterns of
positive-type water-developable resist on Si wafers, which were then observed using a
confocal laser microscope (Lasertec, Kanagawa, Japan, OPTELICS H1200).

[ﬁ No rinse needed.
—Easy waste liquid disposal

B o d 2P gy

Spin-coating and Bake

Exposure Water development Patterning success

Figure 1. Environmentally friendly photolithography process using positive-type water-developable
resist.

3. Results and Discussions
3.1. Chemical Characterization of Materials

In this study, the samples were prepared and analyzed by varying the protection rate
and quantities of the PAG and acid quencher. Table 2 summarizes the theoretically planned
protection group addition rate, the results obtained via 3C-NMR, the weight-average
molecular weight (converted to standard polystyrene) measured without the addition of
PAG and acid quencher, and the average film thickness following spin coating and baking.

Table 2. Synthesis results of positive-type water-developable resist.

Protective . .
Samples Group Addition Protect:on Rate Mw AYerage Film
o (%) Thickness (nm)
Amount (%)
D80-5 612
D80 D80-10 80 72.5 19,700 632
D100-5 1052
D100 D100-10 100 93.6 22,500 1071
IDex80-5 598
IDex80 Dex80-10 80 735 2600 589
IDex100-5 905
IDex100 Dex100-10 100 90.8 3600 915

Regarding the protection rate of EVE (actual measured value), several factors may
account for its reduction compared to the planned protection group addition rate. First,
the glycan structure employed as the resist backbone is a water-soluble polymer that
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readily retains water within its molecules. This moisture may have deactivated some of
the EVE [34]. Additionally, NMP [35] used as a solvent is a polar, non-protonic solvent,
which may have influenced the proton transfer rates and reaction equilibrium, potentially
diminishing the reaction efficiency [36]. Moreover, the composition of the liquid phase
significantly contributes to the selectivity and efficiency of acid-catalyzed reactions [37],
and this factor may have also contributed to the decrease in the protection rate.

The weight-average molecular weight was higher for dextrin and lower for indigestible
dextrin. Furthermore, when comparing samples with the same protection rate after spin
coating and baking, samples with higher molecular weights exhibited greater average film
thicknesses and superior film-forming properties.

The FT-IR spectra are shown in Figure 2. The chemical structure changes before
and after D80-10 exposure are shown in Figure 2a. A comparison of the spectrum before
exposure Figure 2b with the spectrum after exposure (c) revealed a decrease in the C-O
bond of the protecting group in Figure 2c after exposure, along with a reduction in the
peak of the CH3 group also contained within the protecting group. Furthermore, the peak
of the ether group within the cyclic structure [38,39] showed no significant change. This
confirmed that the deprotection reaction proceeded upon exposure.

\/O\l/ \/OY After
Q Exposure CH,OH CH,OH
OH o > OH e OH_AOR\
o o
o OH OH |
\])/ -O of the protecting group
n 1240 cm-
—7

1390-1370 cm!

" After exposure

100

(©)

%T

50

4000

3500

/A
CH3 C-/O
3000 2500 1500 1000

2000 500

cml

Figure 2. FT-IR measurement results: (a) structural changes before and after exposure; (b) spectrum
before exposure; (c) spectrum after exposure.

3.2. Material Property Evaluation
3.2.1. Evaluation of Affinity Between Resist and Substrate

Contact angle measurements were employed to assess the affinity of positive-type
water-developable resist towards water and the wettability of the substrate surface, thereby
evaluating substrate processing methods. Figure 3 presents the water contact angle mea-
surement results for the positive-type water-developable resists (D80-10 and IDex80-10)
examined in this study, alongside the ozone-treated and HMDS-treated substrates. The wa-
ter contact angles for the positive water-developable resists were 56.3° for D80-10 and 43.9°
for IDex80-10. The lower water contact angle of IDex80-10, which has a lower molecular
weight, is attributed to its higher solubility in water. Conversely, the water contact angles
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Water contact angle (° )

of the substrates were 13.9° for the ozone-treated substrate and 75.1° for the HMDS-treated
substrate. The HMDS-treated substrate exhibited a contact angle that was more closely
aligned with that of the positive-type water-developable resist. Therefore, based on the
adhesion between the substrate and the positive water-developable resist, the affinity is
deemed higher for the HMDS-treated substrate.

(a) (b) (©) (di n
80

60

40

20

I
75.1%2.9

I

56.3+3.9
I

43.910.9

I
13.9+0.6

) , Ozone » HMDS
(2”) D810 (b} ES10 ©) treatment @) treatment

Figure 3. Results of water contact angle measurements. (a-d) show the water contact angle images,
and (a’-d") present the corresponding measured values. Data are presented as mean + SD (n = 3).
Each bar represents the mean of three independent experiments, and error bars indicate standard
deviation: (a,a’) dextrin-based resist D80-10; (b,b") indigestible dextrin-based resist IDex80-10; (c,c”)
ozone treatment for hydrophilic modification; (d,d”) HMDS treatment for hydrophobic modification.

In the spin-coating process, an enhanced affinity between the substrate and resist facil-
itates a more uniform coating. Conversely, during development, if the wettability between
the substrate and developer solution surpasses the adhesion between the substrate and
resist, insoluble unexposed areas may peel off or collapse. Conversely, if adhesion between
the substrate and resist prevails, the pattern remains stable, but residues may persist in
exposed areas. Given that the positive-type water-developable resist used in this study
exhibited relatively hydrophobic behavior, hydrophilic substrates allowed the developer to
penetrate the interface more readily, potentially promoting pattern delamination. Therefore,
hydrophobizing the substrate surface via HMDS treatment was determined to enhance the
adhesion between the resist and substrate during development, thereby enabling stable
pattern formation.

Furthermore, the resist employed in this study utilized PGMEA as its solvent, which
is considered to possess higher volatility and improved coating properties compared to
conventional water-developable resists [40]. Consequently, in this study, the substrate treat-
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(a) Dextrin based resist
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ment was determined to be HMDS treatment, prioritizing adhesion during development
over wettability during coating.

3.2.2. Exposure Sensitivity Evaluation

Figure 4 presents the exposure sensitivity of positive-type water-developable resists:
(a) dextrin-based resist and (b) indigestible dextrin-based resist. Within the dextrin-based
series, D80-10 exhibited the highest exposure sensitivity, reaching 140 mJ/cm?. In the
category of indigestible dextrin resists, IDex80-10 exhibited the highest exposure sensitivity
at 130 mJ /cm?. Exposure sensitivity refers to the exposure level at which the residual film
thickness reaches 0 £ 10 nm. In both instances, the protection rate was low, indicating
that increased amounts of PAG and acid quencher enhanced the sensitivity. These findings
suggest a correlation between low protection rates and improved exposure sensitivity.
Specifically, for a given amount of PAG, a higher protection rate implies that more time
is required for the complete deprotection of all the protecting groups. Furthermore, some
reports suggest that lower protection rates are associated with higher resolutions [41].
Therefore, the high sensitivity observed in samples with low protection rates in this study
was likely due to the rapid progression of the deprotection reaction. This underscores the
necessity of optimizing the protection rate to achieve both exposure sensitivity and high
resolution. Additionally, when comparing the dextrin-based resist with the indigestible
dextrin-based resist, the latter exhibited a lower minimum exposure amount and higher
sensitivity than the former. This difference was attributed to the molecular weight. As
indicated in Table 3, indigestible dextrin has a smaller molecular weight than dextrin,
suggesting higher solubility in water. Consequently, it is presumed to dissolve more readily
in water during development, thereby enhancing the exposure sensitivity.

(b) Indigestible Dextrin based resist

— D810
D85S
D1010
D105

—
=3
=

o
=]

a
=

F810

&
=3

— F$5
F1010
20 — FI05

Remaining film ratio (%)

10

Exposure (mJ/cm?)

100 1000 1 10 1000

Exposure (mJ/cm?)

Figure 4. Exposure sensitivity of positive-type water-developable resists: (a) 4 samples with different
protection rates, PAG, and acid quencher amounts for dextrin-based resist, (b) 4 samples with different
protection rates, PAG, and acid quencher amounts for indigestible dextrin-based resist.

Table 3. Molecular weight and exposure sensitivity.

Samples Mw Exposure Sensitivity (m]/cm?)
D80-5 300
D80-10 19,700 140
D100-5 1000
D100-10 22,500 510
IDex80-5 300
TDex80-10 2600 130
IDex100-5 540

IDex100-10 3600 400
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3.2.3. Evaluation of Film Thickness Variation with Development Time

The results of the development speed measurements, as presented in Table 4, reveal
that the initial film thickness of D80-10 was 632 nm. Through water development, this
thickness was reduced to 0 nm within 30 s, and the residual film thickness could be
controlled to 10 nm or less within 15 s. Furthermore, for IDex80-10, the initial film thickness
was 589 nm, which was reduced to 0 nm within 15 s by aqueous development, and the
residual film thickness could be controlled to below 10 nm within 3 s. Therefore, the
reduction in film thickness with development time was more rapid for low-molecular-
weight, indigestible-dextrin-based resists. While a higher molecular weight enhances the
film formation properties, it was also found that the exposure sensitivity and development
speed deteriorate owing to the reduced water solubility.

Table 4. Variation in sample film thickness during development.

Samples D80-10 IDex80-10
initial thickness (nm) 632 589
3 s later 138.7 9.1
Film thickness after 5 s later 27.0 7.1
development (nm) 15 s later 5.7 0
30 s later 0 0

3.3. Photolithography and Microfabrication Evaluation

Figure 5 shows the pattern images of (a) D80-10 dextrin-based resist and (b) IDex80-10
indigestible dextrin-based resist, both of which are positive-type water-developable resists.
(al) and (b1) show the horizontal lines for each pattern, while (a2) and (b2) show the vertical
lines. The resist pattern formed on the silicon wafer through exposure using a resolution
verification mask was examined using a confocal laser microscope. The bright areas in
the image represent the silicon substrate (where the resist was developed), and the dark
areas indicate the remaining resist film. (c), (d), and (e) show the results of measuring the
center, edge, and long side lengths for the horizontal line pattern in (al) and (b1) and the
vertical line pattern in (a2) and (b2), in the lower rows of (a) and (b), respectively. Each
average value is displayed, with error bars indicating the standard deviation. For the
3.5 pm mask patterns in (a) D80-10 and (b) IDex80-10, (a) exhibits 3.6 pm and (b) exhibits
3.7 um, indicating that the pattern has blurred due to development. In the (c) center area,
the pattern of IDex80-10 appeared larger and more blurred compared to that of D80-10. In
addition, the error bars for IDex80-10 were larger, suggesting lower pattern reproducibility
during the development process. In the (d) edge area, the patterns became narrower than
those in the center, and the error bars were also larger. This indicates that the edge region
exhibited rounding and incomplete development compared to the center. In the (e) long
side, no significant difference was observed between D80-10 and IDex80-10.

Table 5 illustrates the relationships between the material, exposure dose, resolution,
and molecular weight. The higher resolution observed in the dextrin-based resist in (a) is
attributed to its high molecular weight. Lower molecular weights enhance water solubility,
thereby improving exposure sensitivity. However, during development, this solubility
may have led to the dissolution of unexposed areas in water. This phenomenon is further
explained by the fact that the indigestible dextrin-based resist demonstrated a lower water
contact angle, as shown in Figure 3 (Section 3.2.1), and a higher affinity for water during
contact angle measurements. In essence, while exposure sensitivity can be modulated
by the molecular weight, the resolution deteriorates as the molecular weight decreases
and the exposure sensitivity increases, indicating a trade-off relationship. Furthermore, it
became clear that when the protection rate is high, not only the sensitivity decreases, but the
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resolution also deteriorates. With D100-10, the line width was significantly narrower than
the target width, resist residue remained on the exposed area, and the pattern was not fully

formed even after development. Conversely, with IDex100-10, excessive dissolution during

development caused the pattern width to expand, resulting in a line width larger than the
target width. These results demonstrate that the protection rate significantly impacts the
stability and shape reproducibility of the resist during the development process.

(2) D80-10 (b) IDex80-10

b2

(c) Center area (d) Edge area (e) Long side
50 D80-10 = IDex80-10 > 35
30 =
4.0 4.0
I * I 25
30 30 I 20
20 20 15
10
10
10 5
00 00 0
Horizontal Vertical Horizontal Vertical Horizontal Vertical
Figure 5. Pattern results: (a) D80-10 results, 3.6 pm line pattern, (al) Horizontal line of D80-10,
(b1) D80-10 vertical line, (b) IDex80-10 results, 3.7 um line pattern, (a2) Horizontal line of D80-10,
(b2) D80-10 vertical line. Resolution comparison. Data are presented as mean + SD (1 = 5). Each bar
represents the mean of three independent experiments, and error bars indicate standard deviation:
(c) center-part, (d) edge-part, (e) long side.
Table 5. Relationship between materials, exposure dose, resolution, and molecular weight.
. Protection Exposure Dose Resolution (um)
Material Rate (%) (m]J/cm?) (Mask Size: 3.5 um) Mw Remarks
D80-10 725 150 3.6 19,700 Good resc).lgt}on, low
sensitivity
IDex80-10 73.5 130 37 2600 Low resolution, high
sensitivity
D100-10 93.6 510 2.9 22,500 Incomplete pattern
formation
IDex100-10 90.8 400 4.4 3600 Pattern broadening
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4. Conclusions

In this study, we developed positive-type water-developable resist materials using
dextrin and indigestible dextrin as the foundational structure and investigated the effects
of coverage rate, photoacid generator (PAG), acid quencher quantity, and molecular weight.
The findings indicate that systems incorporating low-molecular-weight indigestible dextrin
exhibit faster development and heightened sensitivity, albeit at the expense of reduced reso-
lution, underscoring the necessity of balancing molecular weight, solubility, and resolution.
In particular, successful patterning was achieved with D80-10 and IDex80-10 formulations,
exhibiting sensitivities of 150 m]/ cm~2 and 130 mJ/cm ™2, respectively. Furthermore,
materials with high sensitivity can be achieved at low protection rates, with additional
sensitivity enhancements attainable through the optimization of the PAG and acid quencher
quantities. These results suggest that PEAS-free positive-type water-developable resists
derived from sugar chains could serve as environmentally friendly photolithography mate-
rials, potentially supplanting traditional photoresists that depend on organic solvents by
fine-tuning the balance between exposure sensitivity, resolution, and film-forming proper-
ties of the resist. This study provides design guidelines for naturally derived positive-type
water-developable resists and proposes potential applications not only in electronics but
also, owing to their water-developable nature, in life sciences and regenerative medicine.
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