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Abstract

High-NA EUV lithography stands at the forefront of enabling single-digit technology nodes in high-volume chip
manufacturing (HVCM), representing a transformative leap in the semiconductor industry. To harness this, it is essential
to develop unique nano metal-organic clusters (nMOCSs) resists that can effectively address the challenges of high
resolution, sensitivity, roughness, stochastic effects, and trade-offs. NnMOCs can remarkably pattern high-resolution
features below 15 nm with low line-edge roughness (LER) and exceptional EUV sensitivity (A ~ 13.5 nm), ascribed to
innovative integration of metal cores and ligands, which enhances performance. On the other hand, elevated sensitivity
can compromise resolution due to excessive energy absorption, resulting in HR pattern blurring and proximity effects,
over-exposing unintended resist areas. This study seeks to pioneer the development of cutting-edge Indium (In) based
nMOC:s resists pre-screened through electron beam lithography (EBL) & helium ion beam lithography (HIBL) and prelude
for EUVL. The key to overcoming these challenges lies in the strategic design of ligands for QSAR characteristics and
absorptivity. Focusing, these efforts can drive significant advancements in lithography technology, ensuring the future of
high-performance chip manufacturing.
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1. INTRODUCTION

As semiconductor technology progresses toward sub-10 nm device architectures, high-numerical aperture (high-NA)
extreme ultraviolet lithography (EUVL) has become a key enabler for fabricating next-generation features at this scale.
The demand for high-NA EUVL emerged due to the limitations of conventional photolithography, which struggles to
achieve the critical dimension (CD) scaling necessary for advanced logic and memory applications. High-NA EUVL
enables superior resolution by minimizing the diffraction-limited feature sizes. However, realizing this technology involves
formidable challenges, particularly in developing EUV-compatible resists that can deliver the required sensitivity,
resolution, and low line-edge roughness (LER)?.

A major challenge in EUV resist development lies in balancing sensitivity and resolution while mitigating LER and line-
width roughness (LWR). Commercially available chemically amplified resists (CARs), primarily based on organic
polymeric formulations, often suffer from inadequate EUV photon absorption, leading to stochastic effects and patterning
defects at sub-10 nm dimensions. Moreover, CARs exhibit poor etch resistance, limiting their integration into advanced
EUV lithographic processes?. This situation has driven significant research into alternative high-absorption resist
platforms, particularly focusing on inorganic and hybrid organic-inorganic resists, with metal-organic clusters (MOCs)
emerging as a promising category®®.

Recent studies have explored MOC-based EUV resists, revealing enhanced performance in high-resolution nanopatterning
due to their high etch resistance, improved EUV absorption, and superior mechanical stability. Indium-based metal-organic
cluster (MOC) resists, particularly In-MAA resist, have shown promising lithographic performance under high-NA EUV
exposure, exhibiting ultra-sensitivity towards EUV photons, improved resolution and lower LER compared to traditional
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polymer-based CARs and inorganic resists®. Among MOC-based resists, indium-based clusters have gained significant
attention due to their high EUV absorption cross-section’, excellent stability, and tunable ligand chemistry. The choice of
organic ligand in MOC:s plays a critical role in determining solubility, pattern contrast, and etch resistance. m-Toluic acid
(mTA), with its aromatic structure and carboxylate functionality, offers a potentially robust ligand for indium-based MOCs,
promoting enhanced resist solubility, strong metal-ligand binding, and improved pattern fidelity. Additionally, the methyl
substitution in mTA can provide tailored resist dissolution kinetics, optimizing contrast and sensitivity during EUV and e-
beam lithographic processing®.

In this study, we designed and synthesized a new class of indium-based metal-organic cluster (In-mTA MOC) resists,
incorporating 2-iodopropane as an additive to enhance lithographic performance. These formulations were developed to
achieve higher sensitivity, improved resolution, and optimized pattern development, making them suitable for high-
resolution electron beam lithography (EBL) and helium ion beam lithography (HIBL), which serve as prototyping
techniques for extreme ultraviolet lithography (EUVL). A systematic evaluation of their lithographic characteristics was
conducted, including contrast curve analysis, line-edge roughness (LER) measurements, and sub-15 nm patterning
capabilities under both EBL and HIBL exposures. Additionally, the role of 2-iodopropane in improving resist solubility
and sensitivity was investigated, demonstrating its effectiveness in enhancing contrast and resolution for advanced
nanolithographic applications.

2. EXPERIMENTAL SECTION

Materials: Indium (I11) acetate, m-Toluic acid, triethylamine, acetylacetone, and 2-iodopropane were procured from Sigma-
Aldrich. Ethyl acetate and 1-propanol were obtained from S D Fine Chemicals (SDFCL), while ethyl lactate was sourced
from TCI Chemicals.

2.1 Synthesis of metal organic cluster (MOC) resist

The In-MOC resist materials were synthesized via a sol-gel process, ensuring controlled reaction conditions for optimal
complex formation. In the first step, Indium (111) acetate was dissolved in ethyl acetate, producing a uniform and
homogeneous precursor solution (Solution A). Concurrently, mTA, trimethylamine, and ethyl acetate were combined to
create Solution B, facilitating ligand-metal interaction. To promote a well-defined cluster formation, Solution B was
gradually introduced dropwise into Solution A at 70°C, while continuously stirring the mixture to maintain homogeneity
and reaction efficiency. The reaction was allowed to proceed for 12 hours at 70°C, ensuring the complete formation of the
indium-ligand coordination complex. After synthesis, the resulting material underwent a series of ethanol washes to
remove any unreacted precursors and byproducts. The purified product was then subjected to thermal drying in an oven at
50°C for 4 hours to eliminate residual solvents. The final resist obtained in a gel form was carefully stored in a vacuum
desiccator to preserve its stability and prevent moisture-induced degradation, ensuring its suitability for further lithographic
applications.

2.2 Resist formulation and thin film preparation

A 2.5 wt.% solution of the synthesized In-mTA resist was prepared by dissolving it in ethyl lactate using a vortex mixer
to ensure uniform dispersion. To introduce iodine doping, 2-iodopropane was selected as the iodine source and
incorporated into the resist formulations at two distinct concentrations: 2 v/v% and 4 v/v%. The resist formulation without
iodine doping was designated as R1, while the formulations containing 2 v/v% and 4 v/v% 2-iodopropane were referred
to as R2 and R3, respectively.

For thin-film deposition, each resist solution was spin-coated at 3000 rpm for 45 seconds onto an RCA-cleaned silicon
wafer, forming a uniform resist layer. The coated films were then subjected to a prebake at 90°C for 60 seconds removing
residual solvents and th film thickness was measures as ~ 28 nm. The post-exposure bake (PEB) temperature was also
maintained at 90°C for 60 seconds, ensuring proper resist crosslinking and development compatibility.

2.3 Electron beam lithography (EBL): Conducted using the e-Line PLUS system (Raith GmbH, Dortmund, Germany),
where a high-precision 18 keV electron beam was employed to expose a ~28 nm-thick resist layer. The process was carried
out at a beam current of approximately 17.4 pA, utilizing a 10 um aperture, with a controlled range of electron doses to
achieve optimal patterning conditions.
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2.4 Helium ion Beam Lithography (He*BL): Carried out using the Zeiss ORION NanoFab system, where a 30 keV He*
ion beam was directed onto a ~28 nm-thick resist layer at a beam current of approximately 0.25 pA, utilizing a 20 um
numerical aperture for precise patterning.

Following exposure to both He™ beam and electron beam, the negative tone patterns were developed in a 1-propanol and
acetylacetone mixture, with the exposed thin films being immersed for 30 seconds, followed by a 10-second rinse in
isopropanol (IPA) to ensure proper pattern development.

2.5 Characterization

To analyze the resist nano-patterning, Field Emission Scanning Electron Microscopy (FESEM, Zeiss Gemini SEM 500,
Germany) was utilized, enabling high-resolution imaging to assess the pattern feature width and uniformity. The
identification of surface functional groups was conducted through Fourier Transform Infrared Spectroscopy (FTIR) using
a Cary 600 Series spectrometer, which provided insights into the chemical bonding and molecular interactions within the
resist formulation. The film thickness of the deposited resist layers was measured with an Atomic Force Microscope (AFM,
Bruker Icon), ensuring precise evaluation of uniformity and consistency across the coated substrate. Additionally, line-
edge roughness (LER) and line-width roughness (LWR) of the exposed line patterns were systematically quantified using
SUMMIT® metrology software, a widely recognized industry standard for evaluating pattern fidelity and nanoscale
roughness in lithographic processes.
3. RESULTS AND DISCUSSION

The lithographic performance of the pristine In-mTA MOC resist formulations, along with those incorporating 2 v/v% and
4 vIv% 2-iodopropane, was evaluated using EBL and HIBL as a preliminary assessment for EUV lithography.
3.1 High-resolution pattern analysis for In-mTA MOC resists

To achieve well-resolved sub-15 nm patterning, freshly prepared In-mTA MOC resists (R1, R2, and R3), spin-coated to a
thickness of approximately 28 nm, were initially exposed to electron beam lithography (EBL) across a broad range of
exposure doses. Following e-beam exposure, the resist samples underwent pattern development in a solution of 1-propanol
and acetylacetone. The resulting line-pattern features and development quality were subsequently analyzed using FESEM.

3.1.1 Lithographic Performance of R1 Resist (Pristine In-mTA MOC)

After the EBL patterning, the R1 resist demonstrated potential for sub-15 nm line patterning at the e-beam exposure dose
of ~ 1012 pC/cm?. However, for sub-20 nm half-pitch (HP) line-patterns, resist residue and pattern bridging were observed,
indicating resolution and pattern fidelity limitations. The FESEM micrographs in Figure 1(a—c) illustrate the lithographic
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Figure 1. FESEM micrographs of R1 resist patterns generated using EBL, showing (a) 20 nm half-pitch (HP), (b) 18 nm HP, and (c) 15 nm HP line
patterns. AFM micrographs of 15 nm HP line patterns of R1 resist: (d) planar view and (e) 3D topographical representation, illustrating surface
morphology and pattern fidelity.
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performance of the R1 resist, showing 20 nm, 18 nm and 15 nm HP line-patterns exhibited significant bridging and resist
residue between features, suggesting challenges in achieving high-resolution pattern definition using R1 resist
formulations. The resist residue after pattern development can also be observed in the AFM micrographs captured for 15
nm isolated line patterns [Figure 1(d-e)]. The developed patterns exhibited visibly pronounced pattern roughness, which
could impact critical dimension (CD) control and overall lithographic performance. These lithography performance of R1
resist (pristine In-mTA) formulation confirms the requirement for improvement in the resist sensitivity and pattern
development.

3.1.2 Enhanced Performance with 2-lodopropane incorporations in resist formulations (R2 and R3 Resists)

The incorporation of 2-iodopropane into the resist formulation R2 and R3, serving as an iodine source, enhanced
lithographic performance by increasing the resist's sensitivity to electron beam exposure. Additionally, the presence of
iodine facilitated improved pattern development by promoting the dissolution of unexposed resist in the developer solution.
This enhancement in solubility contributed to more efficient resist clearing, leading to improved contrast and development
fidelity in the final patterned structures.

The R2 resist, incorporating 2 v/v% 2-iodopropane into the In-mTA resist formulation, exhibited well-resolved 18 nm and
15 nm half-pitch (HP) line patterns when patterned using EBL at an exposure dose of approximately 870 pC/cm?, as shown
in Figure 2(a) and (b). However, R2 was unable to achieve high-resolution patterning for dense 13 nm HP line structures
[Figure 2(c)], suggesting limitations in resolution and pattern fidelity at ultra-fine dimensions in the case of R2 resists. As
depicted in Figure 2(d-e), the AFM analysis corroborates the enhancement in resist pattern development attributed to the
incorporation of 2 v/v% 2-iodopropane. This improvement is likely due to increased resist sensitivity and more efficient
dissolution kinetics of the unexposed regions, leading to better LER measures as ~ 5.32 nm for the 15 nm HP line patterns
and reduced residual defects, as observed in high-resolution lithography studies.
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Figure 2. FESEM micrographs of R2 resist patterns generated using EBL, depicting (a) 18 nm half-pitch (HP), (b) 15 nm HP, and (c) 13 nm dense
line patterns. AFM micrographs of 15 nm HP line patterns of R2 resist: (d) planar view, and (e) 3D topographical micrograph, illustrating surface
morphology and pattern fidelity.

When the R3 resist, incorporating 4 v/v% 2-iodopropane in the In-mTA resist formulation, was exposed to an electron
beam, it successfully generated sub-20 nm line patterns at an exposure dose of 852 uC/cm?. Figure 3(a—c) shows that the
resist demonstrated well-resolved 18 nm, 15 nm, and 13 nm half-pitch (HP) line patterns. The measured line-edge
roughness (LER) for the 15 nm HP and 13 nm HP line patterns was 4.33 nm and 4.72 nm, respectively. The Lithographic
performance analysis of the R3 resist under EBL indicates that incorporating 2-iodopropane significantly enhances resist
sensitivity due to the presence of iodine, which facilitates electron beam interaction and energy absorption. Additionally,
the iodine-functionalized resist formulation improves pattern development by increasing the solubility of the unexposed
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resist in the developer solution. This enhancement leads to better pattern fidelity and reduced LER compared to the R2
resist, further demonstrating the beneficial role of iodine-containing additives in improving resolution and pattern quality
in high-resolution lithography.

The lithographic performance analysis clearly demonstrates that the R3 resist outperforms its counterparts, R1 and R2. R3
exhibits higher sensitivity to electron beam exposure, requiring approximately 1.187 times lower EBL exposure dose than
R1 and 1.021 times lower dose than R2, indicating enhanced energy absorption and improved patterning efficiency.
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Figure 3. FESEM micrographs of R3 resist patterns fabricated using EBL, depicting (a) 18 nm half-pitch (HP), (b) 15 nm HP, and (c) 13 nm dense
line patterns. AFM micrographs of 15 nm HP line patterns of R3 resist: (d) planar view, and (e) 3D topographical micrograph, illustrating surface
morphology and pattern fidelity.

Furthermore, the measured LER for R3 at 15 nm and 13 nm HP line patterns falls within an acceptable range, suggesting
better pattern fidelity and reduced roughness compared to R1 and R2. To further evaluate its capability in achieving sub-
13 nm HP line patterns, R3-coated samples were subjected to HIBL. The resulting helium ion beam-induced line patterns
of 15 nm HP, 13 nm HP and 10 nm HP are presented in Figure 4(a-c), demonstrating the potential of R3 for next-generation
high-resolution sub-10 nm lithographic applications. The measured LER for 15 nm, 13 nm, and 10 nm HP line patterns

generated using HIBL are 3.85 nm. 3.79 nm, and 4.01 nm, respectively.
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Figure 4. FESEM micrographs of R3 resist patterns fabricated using HIBL, showing (a) 15 nm half-pitch (HP), (b) 13 nm HP, and (c) 10 nm HP line
patterns, demonstrating high-resolutionSub-10 nm patterning capabilities.
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Contrast curve analysis is also one of the crucial parameters in evaluating resist performance, as it provides insights into
resolution, edge sharpness, and pattern development. A higher contrast value (y > 2) is generally desirable for high-
resolution nanolithography, as it ensures steeper dissolution profiles, better line-edge definition, and lower LERS. The
contrast curve analysis of In-mTA MOC resist formulations—R1, R2, and R3—was conducted by exposing 500 nm? area
blocks under an 18 keV electron beam across the 100 to 1000 pC/cm? dose range. For e-beam exposure, the calculated
contrast (y) values were 1.021 for R1, 1.08 for R2, and 1.27 for R3. As shown in Figure 5(a), which presents the contrast
curves for these resists, R3 exhibits the highest contrast, indicating superior pattern development compared to R1 and R2.
Furthermore, the influence of e-beam and He* beam exposure on the contrast of R3 resist was investigated by irradiating
500 nm2 area blocks under a 30 keV He* beam with doses ranging from 2 to 100 uC/cm?. The corresponding contrast
curves are depicted in Figure 5(b). Under both EBL and HIBL, the R3 resist formulation exhibited contrast values greater
than 1, specifically y HIBL = 1.54 and y EBL = 1.27. This suggests improved contrast in HIBL compared to EBL, likely
due to the higher energy deposition and localized interaction of helium ions with the resist, leading to a more distinct
solubility gradient between exposed and unexposed regions®. While y EBL = 1.27 is moderate, it may still require further
process optimization (such as post-exposure baking or developer tuning) to enhance contrast and achieve sub-10 nm
patterning capabilities.

ay 1.0 F ~-Rr1 EBLE 1.0 |} = R3 (EBL)
(a) ogl =~ R 4 (b) 0.8 [ =R HIBL)
O —=—R3 1
e i B
C‘ 0.6 3 E 0.6 L Y, = 1.54
704 [ $ vry = 1.02 P 0.4 i Yepr = 1.27
0.2  7r:=1.08 02}
- Yrs = 1.27 L
0.0 [ 0.0 F . .
100 1000 10 100 1000

Exposure Dose (uC/cm?) Exposure Dose (nC/cm?)

Figure 5. Normalized Remaining Thickness (NRT) vs. exposure dose for contrast measurement: (a) Comparison of R1, R2, and R3 resists exposed
under EBL, and (b) Contrast analysis of R3 resist exposed under both EBL and HIBL, illustrating differences in resist response to varying exposure
conditions.

3.2 FTIR of In-mTA MOC resist formulations

The FTIR absorption spectrum of In-MTA as a thin film exhibits characteristic vibrational bands. The peak at 546 cm-1
was attributed to the In-O linkage in the metal-organic complex (MOC)'. The broad spectral region between 1500-1300
cm! was associated with various chelating and bridging carboxylate stretching modes and asymmetric and symmetric CHy
deformation modes''. The peak observed at 1568 cm-1 indicated the presence of bonded carbonyl, attributed to the
asymmetric stretching of the carboxylate (COO) in a bidentate coordination mode.
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Figure 6. FTIR spectra of the formulated In-mTA resists, comparing pristine In-mTA MOC resist (R1), 2 v/v% 2-iodopropane incorporated resist (R2),
and 4 v/v% 2-iodopropane incorporated resist (R3), highlighting characteristic functional group vibrations
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The FTIR spectrum of the In-MOC resist exhibits a characteristic absorption band at 1729 cm™, corresponding to the
stretching vibrations of the carbonyl (C=0) group in the ester linkage of the ligand coordinated with indium metal. Upon
doping with iodopropane in the resist solution (R1), this band undergoes a slight shift toward a higher wavenumber at 1730
cm-1. This shift indicates an interaction between iodine and the carbonyl functional group, likely altering the electron
density around the C=0 bond and affecting the chemical environment of the resist, potentially enhancing its structural
stability and sensitivity. Additionally, the bending vibration of C=C bonds of aromatic alkenes was observed at 1452 cm™,
while the peak at 2985 cm™ corresponds to the stretching of aromatic alkene (=C-H) groups. The broader peak in the
region of vibration stretching at 3466 cm-1 was attributed to the -OH group present in the solvent ethyl lactate.

4. CONCLUSIONS

In summary, the incorporation of 2-iodopropane into In-mTA metal-organic cluster (MOC) resist formulations has
remarkably elevated their lithographic performance, unlocking unparalleled levels of sensitivity, contrast, and pattern
fidelity. Among the various formulations evaluated, R3 stands out with excellent results, achieving sub-15 nm half-pitch
line patterns through EBL and down to 10 nm line patterns via HIBL. Not only does R3 excel with a lower line edge
roughness (LER), but it also requires less exposure dose while delivering higher contrast. Further analysis of the contrast
curves underscores R3’s superior resolution, particularly under HIBL, showcasing a significant advantage in contrast and
sensitivity over EBL. These compelling results underscore the transformative potential of MOC-based resists in the realm
of next-generation nanolithography, particularly for achieving sub-10 nm patterning in extreme ultraviolet (EUV)
lithography and beyond. The future of advanced lithography is bright, with MOC technology at the forefront.
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