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1 Introduction

Hybrid alkyl-ligand tin-oxo clusters for enhanced
lithographic patterning performance via
intramolecular interactionst

Hao Chen,$* Wenzheng Li,1? Yingdong Zhao,? Xinyan Huang,? Jialong Zhang,*°
Peijun Ji,° Jun Zhao,® Pengzhong Chen @ *? and Xiaojun Peng @ *2

Tin-oxo clusters (TOCs) are promising candidates for next-generation extreme ultraviolet (EUV) photoresist
materials due to their strong EUV absorption properties and small molecular sizes. The surface ligands are
critical to the photolithographic patterning process; however, the precise regulatory mechanisms
governing their functionality require further investigation. Building upon our previously reported Sn4-oxo
clusters, Sn4-Me-C10 and Sn4-Bu-C10, which incorporate butyl and methyl groups, respectively, this study
presents the synthesis of a novel cluster, Sn4-MB, which integrates both butyl and methyl groups within
the same Sn4-oxo core. This new compound demonstrates superior patterning performance compared to
both Sn4-Me-C10 and Sn4-Bu-C10, as well as their mixed formulations. The enhanced performance is
attributed to the intramolecular hybridization between Sn-methyl and Sn-butyl moieties in Sn4-MB, which
facilitates radical feedback regulation, thereby minimizing energy dissipation and suppressing the extent of
reaction diffusion during pattern formation. In electron beam lithography (EBL) exposure experiments,
optimization of the developer and reduction of film thickness allowed Sn4-MB to achieve lines with a
critical dimension (CD) of 17 nm. Furthermore, during EUV exposure, Sn4-MB produced 75 nm pitch lines
at a dose of 150 mJ cm™2, with a line CD of 33 nm. This study provides an effective molecular design
strategy for enhancing the lithographic performance of TOC photoresists, highlighting their substantial
potential for next-generation EUV lithography applications.

Keywords: Tin-oxo clusters; Intramolecular radical regulation; Photoresist; Electron beam lithography;
Extreme ultraviolet lithography.

the ongoing reduction in the exposure wavelength of light
613 These advancements have contributed to the

sources.
enhanced resolution of periodic patterns in the

The photolithography process is a fundamental technology in
semiconductor manufacturing, with photoresists serving as the
most critical and essential material.' Over the past several
decades, modifications to the structure and formulation of
photoresists have been continuously implemented to align with
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photolithography process. Extreme ultraviolet (EUV) lithography
has emerged as a pivotal technique for achieving process nodes
below 7 nm in integrated circuits by utilizing a 13.5 nm
exposure wavelength.'*” With the introduction of high
numerical aperture (NA) EUV equipment, metal oxide resists
(MORs) have been officially designated as the specialized
photoresist architecture to replace conventional polymer
photoresists.'®'® Consequently, the design and development of
novel MORs,**>* along with investigations into the relationship
between their structures and exposure mechanisms, are
essential for advancing their practical application in the
lithography process.>>°

MORs offer many advantages, including significant EUV
absorption by the central metal atoms, a reduced molecular
size, and enhanced etch resistance.*'*°? These characteristics
facilitate the fabrication of thinner films that exhibit a lower
susceptibility to pattern collapse. The surface organic ligands
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significantly influence the dispersion and stability of the MOR
in organic solvents, as well as its film-forming capability.>>>”*?
More critically, these ligands play a crucial role in the
photolithography reaction process.>**° Upon the absorption of
EUV photons (92 eV), the MOR generates high-energy
photoelectrons with an approximate energy of 80 eV, which
subsequently induces ionization within the resist, resulting in
the generation of secondary electrons.** ™ This cascade of
secondary electrons leads to the departure or dissociation of
ligands through the cleavage of metal-oxygen or metal-carbon
bonds.”®*****  Following this, condensation and coupling
reactions occur within the inner core, ultimately forming a
metal-oxide network structure that exhibits altered solubility
compared to the pre-exposure materials.”>?” This process
operates via a free radical mechanism, and the structural
properties of organic ligands significantly influence the
efficiency of radical generation and the extent of reaction
diffusion, which are critical to the resolution and sensitivity of
the resulting patterns.

Our prior investigation into two tin-oxo clusters,”® Sn4-
Me-C10 and Sn4-Bu-C10, which possess an identical ShO
inner core but are capped with methyl and butyl groups,
respectively, has revealed that the properties of organic
ligands  significantly affect patterning performance
(Scheme 1). The Sn4-Bu-C10 cluster, characterized by
relatively low Sn-butyl bond strengths, exhibits increased
sensitivity; however, it generates butyl radicals that lead to
extensive reaction diffusion during radiation exposure,
thereby compromising resolution. In contrast, the Sn4-Me-
C10 cluster generates methyl radicals that induce relatively
limited reaction diffusion, resulting in high-resolution
patterns, albeit at the cost of requiring higher radiation doses.
These findings prompted us to explore the integration of butyl
and methyl ligands within mixed Sn-oxo clusters. The

Previous Work

8

2 a P ° 10
Gam)

@ Poor film stability
@  High energy transfer losses

i 5 5 i

@Y"\Hg HH/ @\” | @Y° ))
o ;S”‘?—sln’oﬁ/@ o ;S"‘/o \sl..’OY@ o ;s"‘o \sln'o‘\
: : 11 Lo v
& Sn—o, O X, Sh—oO,_ _O X, SN (]
@\j)g QK\C)O’\@ @\" A i @\o | HSS\O)OK@
Sn4-Bu-C10 Sn4-Me-C10 Sn4-MB
Low Resolution(R) Low Sensitivity(S) Improved R&S

View Article Online

Industrial Chemistry & Materials

intermolecular coexistence of both radical types facilitates
feedback regulation, thereby suppressing the extent of
reaction diffusion and enabling simultaneous improvements
in resolution and sensitivity.** Nevertheless, the stability and
thermal reliability of these hybrid photoresists were found to
be insufficient, and due to the slow interaction efficiency
between the two clusters, their patterning capabilities still
necessitate further enhancement to meet the stringent
requirements of advanced EUV lithography.

In this study, we report a novel Sn-oxo cluster, Sn4-MB,
which contains both Sn-methyl and Sn-butyl groups, aiming
to achieve synergistic regulation of resolution and sensitivity
by modifying the pathways of radical generation and the
extent of reaction diffusion. The presence of methyl and butyl
free radicals generated within the molecule facilitates
intramolecular interactions that reduce energy transfer losses
and suppress the extent of reaction diffusion. Compared to
the hybrid formulation, Sn4-MB demonstrates a significant
improvement in patterning performance. By optimizing the
developer and reducing the photoresist film thickness, Sn4-
MB achieved periodic lines with a CD of 17 nm. Additionally,
Sn4-MB produced a line CD of 33 nm in line/space (L/S)
patterns with a pitch of 75 nm at a dose of 150 mJ cm™>
under EUV exposure, indicating its substantial potential for
application in EUV lithography.

2 Results and discussion

The synthesis procedure for Sn4-MB is detailed in the ESIf
and its structure is characterized using "H NMR, *C NMR
(Fig. S1 and S27), and single crystal X-ray diffraction analysis.
The molecular structure of Sn4-MB is centered around a
crystallographic inversion point, with an approximate size of
1.8 nm (Fig. 1a). This structure is organized around a central
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Scheme 1 Schematic representation of intramolecular interactions during exposure of the hybrid alkyl ligand tin-oxo cluster photoresist Sn4-MB.

544 | /nd. Chem. Mater., 2025, 3, 543-552

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5im00058k

Open Access Article. Published on 10 July 2025. Downloaded on 3/14/2026 4:38:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Industrial Chemistry & Materials

@ gM1of- - remaea o :
§ el
Sos £
S e
Sos P
E-] P4 e Sn,-MB
N 0.4 J
= 3 D, = 35.6 uC cm?
g 0.2 f D, = 330.6 pC cm? F 1 ; Il '
S y=1.03 Il
0.0 -”
0 100 200 300 400 500 600
Dose (uC cm?)
Fig. 1

0 uC cm-2

View Article Online

Paper
do.ss 35
A— A .
8 mg mL"’
0.30 30
4
& . 5 m.g mL
3mgmL" 025 %
0.20 20
6000 7000 8000 day0  dayl  day3  day7?
Rotate speed (rpm)
640 uC cm? g 300
® 5Me5Bu
250 ® Sn,-MB
. o
£ 200
£ <5EY 5
a L] " P
S150{ a = .
640 uC cm2 = c®*’
-
100 &
I S
50

200 300 400 500 600
Dose (UC cm?)

(a) and (b) Single crystal structures of Sn4-MB. The hydrogen atoms were omitted for clarity; (c) thickness of films obtained from different

concentrations of Sn4-MB precursor solutions at different rotational speeds; (d) time-dependent variation in surface roughness (RMS) and film
thickness (THK) of Sn4-MB films at days O, 1, 3, and 7 after spin-coating. Insets show AFM surface topography (top row) and cross-sectional
profiles (bottom row), corresponding to the same time points from left to right; (e) contrast curves of Sn4-MB; (f) AFM images of L/3S dense line
patterns (100 nm pitch) generated from Sn4-MB and 5Me5Bu resists under area-exposure at electron beam doses of 400 and 640 uC cm 2 (g)
periodic line CD of Sn4-MB and 5Me5Bu films under area-exposure as a function of exposure dose.

Sn,0, core, which includes endocyclic Sn2 atoms linked to
two exocyclic Sn1 atoms. The O3 atom functions as a ;-0xo
ligand. The bond lengths of Sn2-03 and Sn2-03' within the
core are measured at 2.153 A and 2.042 A, respectively, both
of which are longer than the Sn1-03 bond length of 2.031 A.
A Dbidentate bridging adamantane carboxylic acid further
connects the exocyclic and endocyclic Sn atoms, with bond
lengths of Sn1-O4 at 2.266 A and Sn2™-O5 at 2.250 A,
indicating a nearly symmetric bridge. Additionally, the
remaining adamantane carboxylic acid coordinates to the
exocyclic Sn1 atom in a monodentate fashion, with a Sn1-02
bond length of 2.177 A. Furthermore, the endocyclic Sn2 and
exocyclic Sn1 atoms are orthogonally aligned with two methyl
groups and two butyl groups, respectively. The measured
bond lengths for the Sn-butyl interactions are 2.131 A and
2.148 A, which are longer than the Sn-methyl bond lengths
of 2.105 A and 2.121 A, suggesting a variation in the
dissociation energy of these Sn-C bonds. The overall
molecular structure demonstrates steric hindrance effects
due to the presence of two orthogonally positioned butyl
groups, which occupy spaces above and below the central
SnO plane. This arrangement hinders close intermolecular
packing and interactions, thereby facilitating the formation
of high-quality films and high-resolution patterns (Fig. 1b).
The Sn4-MB films were fabricated using a spin-coating
technique on a polished substrate measuring 1 cm x 1 cm.
The thickness of the film prepared from a Sn4-MB solution
at a concentration of 8 mg mL™" was measured as 32.3 nm
when spin-coated at a speed of 6000 rpm. Under identical
conditions, the thickness decreased to 20.5 nm and 12.7 nm
for concentrations of 5 mg mL™ and 3 mg mL™, respectively

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

(Fig. 1c and S3t). The production of thinner films aligns with
the requirements of high-numerical aperture (NA) EUV
lithography,*® where a reduced depth of focus (DoF) must be
taken into account. Additionally, varying the spin-coating
speed from 6000 to 8000 rpm resulted in negligible changes
in film thickness across the different concentrations tested.
Fig. 1d shows the time-dependent variation in surface
roughness (RMS) and film thickness (THK) of Sn4-MB films
over a 7 day period after spin-coating. These data indicate
that the film remains morphologically stable, with minimal
changes in thickness and surface roughness over time.

2.1 Contrast curve and patterned periodic lines

The analysis of the contrast curve revealed that Sn4-MB
exhibited a D, value of 35.6 uC cm™2, a D, value of 330.6 uC
em™>, and a contrast (y) of 1.03 (Fig. 1e). Subsequently, the
patterning performance of Sn4-MB was further conducted
and compared with that of the hybrid photoresist
formulation 5Me5Bu, which consists of a physical mixture of
Sn4-Bu-C10 and Sn4-Me-C10 in an equivalent ratio
(Scheme 1). In area-EBL experiments conducted under
identical conditions, the critical dimension (CD) of the
periodic lines produced by Sn4-MB was significantly narrower
than that of 5Me5Bu (Fig. S4 and S57). For instance, at an
exposure dose of 400 uC cm 2, Sn4-MB and 5Me5Bu yielded
pattern lines with corresponding CDs of 121 nm and 173 nm,
respectively, and at 640 uC cm >, the CDs were 174 nm and
248 nm, respectively (Fig. 1f). The variation in line CDs with
respect to exposure dose for Sn4-MB demonstrated an
enhancement when compared to 5Me5Bu (Fig. 1g).

Ind. Chem. Mater., 2025, 3, 543-552 | 545
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Additionally, the line edge roughness (LER) for Sn4-MB also
showed improvement. In the line EBL experiment, the line
CD was markedly reduced from 71.2 nm for 5Me5Bu to 34.1
nm for Sn4-MB at a dose of 24.5 nC cm ™" (Fig. S6-S97).

Overall, the patterning properties of Sn4-MB have been
significantly and comprehensively enhanced in comparison
to the previously reported 5Me5Bu hybrid alkyl ligand
photoresists, particularly regarding sensitivity, resolution,
and LER. This enhancement can be attributed not only to the
reduced bond energy of the Sn-C bond in Sn4-MB relative to
Sn4-Me-C10 and Sn4-Bu-C10 (Fig. S107), but also to the
direct feedback regulation occurring within the molecule due
to the Sn-methyl and Sn-butyl bonds, as well as the radicals
generated in Sn4-MB. This intramolecular interaction
minimizes energy transfer losses and suppresses the extent
of reaction diffusion. Consequently, the improved efficiency
of energy utilization and radical confinement has optimized
the patterning performance of Sn4-MB.

When the line period was reduced, the Sn4-MB photoresist
in the unexposed regions was inadequately removed by the
IPA: DIW solution at a 3:1 ratio, resulting in residual material
remaining on the silicon substrate after the development
process. This residue subsequently impeded the pattern
transfer process. Thus, the selection of an appropriate

Pitch = 100 nm EA:IPA = 3:1

Pitch = 70 nm EA:IPA = 3:1
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developer is critical for improving resolution and sensitivity.
Subsequently, EA:IPA solution at a 3:1 ratio was selected as
the developer, leading to Sn4-MB films producing lines with a
pitch of 100 nm, achieving a critical dimension (CD) of 24.1
nm and a line edge roughness (LER) of 4.93 nm at an exposure
dose of 26 nC em ™ (Fig. 2a and S111). Under identical exposure
and development conditions, Sn4-MB yielded lines with a CD
of 23.6 nm and a LER of 4.40 nm when utilizing a 70 nm period
line template (Fig. 2b and S12%). Conversely, the CD of lines
developed solely with EA was measured at 32.1 nm (Fig. 2c, S13
and S14t). The introduction of new developers not only
effectively removed the Sn4-MB photoresist from the
unexposed areas but also resulted in narrower periodic lines.
The CD and LER of lines developed with the EA:IPA solution
at a 3:1 ratio was smaller compared to those developed with
EA alone, and exhibited a more gradual variation with respect
to the exposure dose (Fig. 2d and e). Consequently, the Z
constant”” of the lines was reduced when developed with the
EA:IPA solution at a 3:1 ratio compared to development with
EA, as illustrated in Fig. 2f. Although the CD and LER of the
periodic lines were superior when developed with EA:IPA at a
3:1 ratio, the height of the lines produced through EA
development was marginally greater, which may facilitate
subsequent pattern transfer (Fig. 2g, h, and S157).

Pitch = 70 nm EA

_300nm _

300nm.
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Fig. 2 SEM images of the Sn4-MB's (a) 100 nm and (b) 70 nm pitch lines when developed with EA:IPA = 3:1 at 26 nC cm™* exposure doses; (c)
SEM image of the Sn4-MB's 70 nm pitch lines when developed with EA at 26 nC cm™ exposure dose; relation of 100 nm pitch line (d) CD and (e)
LER with dose after EA:IPA = 3:1 and EA development of Sn4-MB films upon EBL line-exposure; (f) Z constant of Sn4-MB's 100 nm pitch lines
under EA:IPA = 3:1 and EA development; profile of Sn4-MB's lines when developed with (g) EA:IPA = 3:1 and (h) EA.
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EBL experiments were further conducted at a lower voltage
of 10 kv. Compared to the 30 kV condition, the 10 kV reduces
the electron penetration depth while increases the energy
deposition per unit distance, thereby enabling more efficient
exposure and lowering the required dose. By utilizing EA
development, 70 nm pitch lines with a CD of 24.3 nm were
produced at a minimum dose of 8 nC em™* (Fig. S167). In
contrast, the use of EA:IPA for development yielded lines
with a CD 19.1 nm at a dose of 12.5 nC cm™" (Fig. S17%).
Notably, when compared to high voltage exposure, the
resolution and sensitivity for Sn4-MB was significantly
improved at low voltage, though the LER exhibited a
marginal increase (Fig. S187).

In high-NA EUV lithography, the increase in NA from 0.33 to
0.55 leads to a substantial reduction in the depth of focus
(DoF), as dictated by the Rayleigh criterion. Consequently, it is
imperative to correspondingly reduce the thickness of the
photoresist film. In this context, 21 nm-thick films were
obtained by spin-coating a 5 mg mL™" solution of the Sn4-MB
photoresist for exposure experiments. Upon development with a
mixture of EA and IPA, Sn4-MB produced a periodic line with a
CD of 17.0 nm at a 40 nm pitch with an exposure dose of 26 nC
em™ (Fig. 3a). Furthermore, when developed solely with EA,
Sn4-MB achieved CD lines of 20.9 nm at the identical exposure
dose (Fig. 3b). Under the 40 nm pitch line mode, the line CDs
of 16.4 nm and 19.2 nm were produced at minimum doses of
23 nC ecm™ and 15.5 nC cm™", respectively, by using EA:IPA
and EA alone as developers (Fig. S19 and S207). Thinner Sn4-
MB films successfully produced L/S patterns with a 40 nm pitch,
demonstrating improved CD and line edge roughness (LER)
under EA:IPA development, while requiring lower exposure
doses for development with EA (Fig. 3c and d).

EA:IPA = 3:1 26 nC cm’!

26 nC cm!

CD=17.0 nm
LER =6.14 nm
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Fig. 3 SEM images of lines with a period of 40 nm at 26 nC cm™* dose
for thinner Sn4-MB films developed using (a) EA:IPA = 3:1 and (b) EA;
relation of 40 nm pitch line (c) CD and (d) LER with dose after EA: IPA
= 3:1 and EA development of thinner Sn4-MB films upon EBL line-
exposure.
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Fig. 4 EUV lithography results of the Sn4-MB photoresist obtained at
the Shanghai Synchrotron Radiation Facility (SSRF) using a 13.5 nm
wavelength and a 75 nm pitch mask. (a) Schematic of the EUV
exposure setup. SEM images of Sn4-MB's periodic L/S lines without
PEB at an EUV exposure dose of 200 mJ cm™2 using (b) EA:IPA = 3:1
and (c) EA development; SEM images of Sn4-MB's periodic L/S lines
with PEB at a reduced dose of 150 mJ cm™ using (d) EA:IPA = 3:1
and (e) EA development.

EUV exposure experiments were performed at the
Shanghai Synchrotron Radiation Facility (SSRF) (Fig. 4a).*® In
the absence of post-exposure bake (PEB), under pitch lines of
75 nm and a exposure dose of 200 m] cm >, the line CD and
LER of 32.7 nm and 5.88 nm were obtained for EA:IPA
development, while 40.3 nm and 10.4 nm for EA-alone
development (Fig. 4b and c). Conversely, the application of
PEB at 100 °C for 1 minute prior to development reduced the
required exposure dose to 150 mJ cm > In this scenario, the
development using EA:IPA resulted in lines with a CD of
33.1 nm and a LER of 6.24 nm (Fig. 4d). Comparably,
periodic lines developed only with EA exhibited a CD of 40.4
nm and a LER of 11.9 nm (Fig. 4e). The implementation of
PEB did not significantly alter the pattern resolution, but
markedly enhanced the sensitivity.

Sn4-MB is not a chemically amplified resist (CAR), but
instead operates via a photoinduced rearrangement of its metal-
oxo cluster network. Upon exposure, ligand cleavage and
radical-driven recombination initiate structural reorganization
in the exposed areas. The subsequent PEB step facilitates
further condensation and crosslinking, which reduces the

Ind. Chem. Mater.,, 2025, 3, 543-552 | 547
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solubility of the exposed regions and enhances sensitivity.
However, the thermal treatment may also cause slight feature
broadening and increased LER due to molecular diffusion and
stress relaxation during baking.

Typically, the EUV exposure dose required for Sn12 exceeds
400 mJ cm2*** In comparison, Sn4-MB achieves a
significantly lower dose of 150 mJ em™> (with PEB), while
maintaining high-resolution patterning with CDs around 33
nm. Although differences in testing platforms and process
conditions exist, this result demonstrates that Sn4-MB operates
at a competitive level among state-of-the-art EUV photoresists,
validating the effectiveness of our ligand design strategy.

2.2 Composition and structure of the exposure product

Following the assessment of the patterning capabilities of Sn4-
MB, an investigation was conducted into its variations and
underlying mechanisms during exposure. Thermogravimetric
analysis coupled with mass spectrometry (TGA-MS) revealed that
Sn4-MB exhibited thermal stability up to 200 °C. As the
temperature increased, a reduction in the weight of Sn4-MB was
observed. At 500 °C, approximately 15 wt% of Sn4-MB remained
(Fig. 5a). The mass-to-charge ratios (m/z) detected at 16 and 56

)

N

\ L8
miz = 135 (C,oH,s)
\ miz = 44 (CO,) i
\
—/"T—f—/__-

miz = 56 (C,H,)
\

——_ miz= 16 (CH,)

-~

Intensity (a.u.)

200 300 400 500
b Temperature (°C)

\ . ZEEREERE .
| o

TDC DO = :

s00f 20l asofllacolllasf .

150l ol oofll 20«0 cEESO D .

T D el b

View Article Online

Industrial Chemistry & Materials

were identified as CH, and C,Hg, respectively, which originated
from the thermally induced cleavage of Sn—-methyl and Sn-butyl
bonds in Sn4-MB. Additionally, the peaks observed at m/z = 136
and 44 were attributed to adamantane and CO,, indicating the
decarboxylation of adamantane carboxylic acids.

X-ray photoelectron spectroscopy (XPS) was employed to
examine the changes in Sn4-MB under X-ray irradiation.
Following one hour of X-ray irradiation, the relative
concentrations of both the carbon (C) and oxygen (O) elements
diminished (Fig. 5b), which can be attributed to the dissociation
of organic ligands and the decarboxylation process (Table S17).
The C 1s XPS spectra of the Sn4-MB film were analyzed and
fitted both prior to and following irradiation, with binding
energies of E, = 284.8 eV (indicated in green), 286.2 eV
(indicated in purple), and 288.6 eV (indicated in yellow). These
energies correspond to aliphatic carbon (C-H), Sn-C bonds,
and carbonyl carbon (C=0), respectively (Fig. 5b). The observed
decrease in the relative content of C-H from 12.8% to 8.54%,
alongside the increase in the relative content of Sn-C from
1.93% to 2.19%, provides evidence for the cleavage and
rearrangement of Sn-alkyl bonds, resulting in the formation of
new Sn-C bonds derived from both Sn-alkane-Sn and Sn-
adamantane-Sn linkages. In the case of the O 1s XPS, two peaks

T C-H
c=0
" Sn-C
12.8

W sn-0-C
Sn-0-Sn

< C1s

1.93
0.519

= C-H

\_

201 288 285 282 534
B.E. (eV)

B.E. (eV)

T z . m
531 528" sio+
MC: 29;TC:7.421e+05

Fig. 5 (a) TGA-MS curves of Sn4-MB, the grey dashed line is the change in sample mass as a function of temperature; XPS for (b) C 1s and (c) O 1s
XPS spectra of Sn4-MB after 1 hour X-ray exposure; (d) schematic illustration of the exposure dose distribution (values in pC cm™); surface ToF-
SIMS images of exposed Sn4-MB films showing (e) Sn*, (f) Si* (g) and SiO* distributions.
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were fitted at E}, = 531.7 eV (depicted in blue) for Sn-O-C and
Ey, = 530.4 eV (depicted in light purple) for Sn-O-Sn (Fig. 5c).
The reduction in the relative content of Sn-O-C further
corroborates the occurrence of decarboxylation of the
adamantane carboxylic acid.

To obtain further insights into the exposure products, time-
of-flight secondary ion mass spectrometry (ToF-SIMS) was
conducted on Sn4-MB.’>*' The mass spectrometry results
indicated that the m/z values of 154.86 and 163.86 for the
exposed Sn4-MB films corresponded to Sn*(CH,)sSn" and Sn'-
H,(CH,)¢Sn " H,, respectively, suggesting that SnO, nuclei were
interconnected by alkyl chains. Additionally, the m/z values of
194.88 and 254.97 were attributed to Sn"H,(C;oH;,)CH,Sn " H,
and Sn'C,H;s, respectively, confirming that adamantyl radicals
generated through decarboxylation also contributed to the
linkage of the SnO, nuclei (Fig. S21f). Two-dimensional
mapping images of Sn* and Si* in Sn4-MB films following array
exposure were analyzed (Fig. 5d). As the exposure dose
increased from 20 uC em™ to 120 uC ecm™2, the Sn* signal in the
exposure area exhibited a corresponding increase; however, the
Sn" signal remained relatively constant at higher doses (Fig. 5e).
Conversely, the Si* and SiO" signals diminished with increasing
exposure dose, demonstrating an inverse relationship to the Sn*
signal (Fig. 5f and g). This phenomenon can be attributed to
the fact that, with an increase in exposure dose, a greater
number of Sn atoms participated in the photolithographic
reaction, resulting in the formation of metal-organic polymers
that were insoluble in the developer. Consequently, these
polymers remained on the film after development, leading to a
thickness of the retained photoresist that rendered the Si* and
SiO" in the substrate undetectable.

According to the experimental results of TGA-MS, XPS, and
ToF-SIMS, the Sn-methyl and Sn-butyl bonds, along with the
radicals generated in Sn4-MB, participate in an intramolecular
feedback regulation mechanism (Fig. 6). Due to the lower bond
dissociation energy of Sn-butyl compared to Sn-methyl (Fig.
S107), the butyl groups are more susceptible to cleavage upon
exposure, generating active butyl radicals. This cleavage process
directly initiated the photolithographic reaction involving the
intramolecular Sn-methyl. These radicals initiate a broader
reaction diffusion process, which can compromise resolution if
left uncontrolled. However, within Sn4-MB, the initially

Intramolecular Interaction

Exposure
@Y°
o

@)\O’l\

Sn4-MB

°\/

9\*@5
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generated butyl radicals can induce the formation of highly
reactive and short-lived methyl radicals from Sn-methyl groups.
These methyl radicals are capable of quenching excess butyl
radicals, thereby suppressing their over-diffusion and confining
the reaction zone.

In contrast to the intermolecular interactions observed
between Sn4-Me-C10 and Sn4-Bu-C10 in the hybrid
photoresist formulation, the intramolecular interactions
between Sn-methyl and Sn-butyl in Sn4-MB, facilitated by
the mutual feedback regulation of free radicals, reduced
energy transfer losses and suppressed the extent of reaction
diffusion. This mechanism resembles the resolution
enhancement strategy observed in chemically amplified
resists (CARs), where covalent bonding of photoacid
generators to the polymer backbone enables more effective
control of acid diffusion. Similarly, the intramolecular
hybridization strategy employed in Sn4-MB offers superior
suppression of reaction diffusion compared to physically
mixed systems. As a result, the patterning properties of Sn4-
MB exhibited significant and comprehensive improvements
when compared to those of hybrid photoresist formulations.

2.3 Etch resistance

The observed slower etching rate and enhanced etching
selectivity between the substrate and photoresist films
suggest a seamless transfer of micro- and nanopatterns.
Consequently, the etching rate of Sn4-MB was evaluated
under conditions of deep silicon etching. Prior to the etching
process, the height of the Sn4-MB line was measured at 27.3
nm. Following 20 seconds of etching, the line height
increased to 83.3 nm, while the etching rate of the silicon
substrate was determined to be 3.94 nm s (Fig. $22t). Thus,
the calculated etching rate for Sn4-MB was found to be 1.14
nm s, resulting in an etching selectivity ratio of
approximately 3.45: 1 relative to the silicon substrate.

3 Conclusions

In this study, a hybrid alkyl TOCs EUV photoresist, designated
as Sn4-MB, was synthesized and evaluated for its patterning
properties. The significant and comprehensive enhancement of
the patterning capacity of Sn4-MB, in comparison to the hybrid

Fig. 6 Schematic exposure mechanism of Sn4-MB photoresist formulations.
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photoresist formulation, can be attributed to the intramolecular
interactions between Sn-methyl and Sn-butyl bonds, as well as
the generated radicals. These interactions effectively reduce
energy transfer losses and suppress the extent of reaction
diffusion. Through the optimization of the developer, low-
voltage EBL exposure, and a reduction in photoresist film
thickness, the patterning capability of Sn4-MB was further
improved, achieving 40 nm pitch periodic lines with a CD of
16.3 nm. Under EUV exposure, Sn4-MB successfully produced
75 nm pitch lines with a CD of 33.1 nm at an exposure dose of
150 mJ cm . This study presents an effective molecular design
strategy for enhancing the performance of TOC EUV
photoresists and may serve as an inspiration for the
development of other novel metal oxide materials.

4 Experimental section
4.1 Spin-coating procedures

10 mg of Sn4-MB was dissolved in 1 mL of chloroform and
subjected to sonication for 10 minutes. The resulting
solution was purified twice using a 0.22 pm PTFE needle
filter and was subsequently spin-coated onto polished wafers
measuring 1 cm” at a speed of 6000 rpm for 30 seconds.
Following this, the coated wafers were baked at 70 °C for 1
minute in ambient air. To achieve thinner Sn4-MB films,
precursor solutions with concentrations of 3 mg mL™", 5 mg
mL™", and 8 mg mL™"' were prepared using the same
methodology, and the corresponding films were produced at
spin-coating speeds of 6000 rpm, 7000 rpm, and 8000 rpm,
respectively.

4.2 Line space pattern

Sn4-MB films were subjected to electron beam lithography
(EBL) line exposure experiments utilizing Raith's ELPHY
nanopatterning generator. Initial exposure experiments on
the Sn4-MB films were conducted at an accelerating voltage
of 30 kv, employing template lines with periods of 100 nm
and 70 nm, and doses ranging from 0.5 to 30.5 nC cm .
Following exposure, the samples underwent a post-exposure
bake (PEB) for 1 minute at 100 °C, after which they were
developed in a solution of isopropyl alcohol (IPA) and
deionized water (DIW) in a 3: 1 ratio for 20 seconds. This was
followed by a rinse in DIW for 5 seconds and a hard bake at
100 °C for 1 minute. Alternatively, the exposed Sn4-MB film
samples were developed directly using a mixture of ethyl
acetate (EA) and IPA in a 3:1 ratio or with EA alone.
Subsequently, the same EBL exposure experiment was
repeated at an accelerating voltage of 10 kv, with a template
line period of 70 nm. Additionally, Sn4-MB films that were
spin-coated with a precursor solution at a concentration of 5
mg mL ™' were tested in EBL exposure experiments at an
accelerating voltage of 30 kV, utilizing a line template period
of 40 nm. The patterned lines were subsequently analyzed
using scanning electron microscopy (SEM), and the critical
dimensions (CD) and line edge roughness (LER) of the lines
were quantified using the SMILE software.”>> The profiles of
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the patterned lines were measured using atomic force
microscopy (AFM) and transmission electron microscopy
(TEM) under the scanning transmission electron microscopy
(STEM) model.
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