Lawrence Berkeley National Laboratory

LBL Publications

Title

Effect of Networking Density on the Patterning Performance of Molecular Layer Deposited

Alucone Electron Beam/EUV Resists

Permalink
https://escholarship.org/uc/item/28k886bd

Journal
ACS Applied Materials & Interfaces, 17(40)

ISSN
1944-8244

Authors

Than, Long Viet
D’Acunto, Giulio
Harake, Maggy

Publication Date
2025-10-08

DOI
10.1021/acsami.5c13361

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,

available at https://creativecommons.org/licenses/by/4.0

Peer reviewed

eScholarship.org

Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/28k886bq
https://escholarship.org/uc/item/28k886bq#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Eftfect of networking density on the patterning performance of molecular layer
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Abstract

One of the main barriers to continued device scaling in the era of extreme ultraviolet (EUV) lithography is
the need for improved photoresist chemistries to address challenges such as poor EUV sensitivity,
inadequate etch resistance, and pattern collapse. Metal-organic photoresists are a promising class of
materials that can address many of these challenges, and among them, resists deposited via hybrid molecular
layer deposition (MLD) have attracted interest for their unique advantages in thickness control, chemical
homogeneity, and compatibility with vacuum processing. However, despite many successful
demonstrations of patterning, little is known about how the molecular design of hybrid MLD resists affect
their lithographic performance. In this work, we study the effect of the network structure, a common feature
of all hybrid MLD resists, via a series of aluminum alkoxide (‘alucone’) resists with varying networking
density. Their patterning mechanism is investigated via electron beam lithography (EBL), a common proxy
for EUV, and compared to their EUV-induced reactions studied via flood exposure and in situ
characterization. We show that the resist with least networking density demonstrates the best sensitivity and
resolution, with the ability to resolve dense line/space gratings as small as 14 nm half pitch via EBL.
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Introduction

One of the main driving forces behind Moore’s Law and the continuous shrinking of feature sizes in
microelectronics is the constant improvement to the resolution limit of photolithography. Extreme
ultraviolet (EUV) lithography is currently employed in leading-edge nodes to pattern the smallest features
due to its short wavelength (13.5 nm) relative to the preceding photolithography technology using 193 nm
ArF excimer lasers (in the deep ultraviolet, or DUV, range) as the light source. Although EUV lithography,
specifically high-NA (numerical aperture) EUV, has the potential to extend the resolution limit of
photolithography down to 8 nm,! its ultimate patterning resolution is currently limited by the photoresist.?
Several new challenges toward photoresist design are introduced in the transition to EUV. First, traditional
photoresist materials composed of organic polymers have a smaller absorption cross-section at the EUV
wavelength than at wavelengths previously used for photolithography, leading to poor sensitivity and low
throughput.® Furthermore, the low probability of photon-electron interaction also magnifies the importance
of stochastic effects, such as photon shot noise* and chemical stochastics’ (i.e. non-uniform distribution of
chemical moieties in a multi-component resist), leading to greater line edge roughness (LER) and a higher
probability of point defects such as line breaks and bridges.®” In addition, the high photon energy/small
wavelength (91.8 eV, 13.5 nm) of EUV promotes ionizing interactions over resonant photochemistry with
the resist material, complicating the potential reaction pathways for patterning to occur.” '

Metal-organic resists are a promising new class of resist chemistry that may address these challenges. The
inclusion of metal atoms in the resist structure is primarily motivated by the greater absorption cross-section
at 13.5 nm of many metals (Al, Zn, In, Sn, Hf etc.) compared to the organic species (C, H and O) composing
polymeric photoresists.* !> Furthermore, the inclusion of metals can result in greater etch resistance,
enabling thinner resists that can meet the stricter depth-of-focus requirements of future high-NA and hyper-
NA EUV.!® A number of metal-incorporating photoresist systems have been explored in the literature, such

18-20 and tin oxo-clusters.?! > Efforts

24,25

as metal oxide-infiltrated polymeric resists'’, metal oxide nanoclusters
from industry include a tin-oxide based resist from Inpria Corporation,
incorporating resist system from Lam Research.?¢?’

and an all-dry metal-

Metal-organic resists deposited via hybrid molecular layer deposition (MLD) are a recent addition to the
family of EUV resist chemistries being investigated. As a combination of atomic layer deposition (ALD)
and molecular layer deposition (MLD), hybrid MLD utilizes alternating exposures of a metalorganic and
an organic vapor-phase precursor with tailored chemistries such that they react with the substrate surface
in a self-limiting manner, thereby achieving deposition of single molecular layers. Similar to ALD, hybrid
MLD films exhibit molecular scale thickness control and uniformity, enabling ultrathin photoresists that
may not be achievable with other deposition techniques. In addition, as a dry deposition process, hybrid
MLD can theoretically attain greater chemical homogeneity than traditional spin-coating deposition by

6,27,28

removing the need for auxiliary components such as adhesion layers, solvents, or surfactants, and

avoiding solution-induced chemical segregation.’

There are now many examples of hybrid MLD resists in the literature that demonstrate nanopatterning via
exposure sources that serve as a proxy for EUV, including electron beam lithography (EBL) and DUV
lithography. Shi et al. investigated a ‘hafnicone’ film deposited by tetrakis(dimethylammonium)hafnium
and ethylene glycol (EG) and demonstrated patterning via EBL (at 50 kV) by resolving 50 nm isolated
lines.? Several aluminum-based (‘alucone’) resists have also been deposited via trimethylaluminum (TMA)
and different alcohols, including EG,**3! hydroquinone,**° and 2-butene-1,4-diol.** More recently, Zn-



based hybrid MLD films were also shown to demonstrate excellent resolution and capability for dry
development.?®37-3?

These numerous studies demonstrated that hybrid MLD resists are both feasible and highly tunable. At the
same time, the variety of metals and organic ligands used resulted in divergent patterning performance and
radiation chemistry. However, correlations between each chemical motif and patterning performance have
yet to be identified, due to the differences across the various studies in processing conditions such as resist
thickness, exposure source (DUV vs. EBL) and energy, choice of developer, and post-application/post-
exposure baking. These processing steps can strongly affect the resist behavior, and therefore
inconsistencies across studies complicate any comparisons of resists from these works. To gain a more
systematic understanding of how the MLD film chemistry can be tailored to meet EUV resist requirements,
MLD films with different chemical motifs should be compared under identical conditions to isolate their
structure-property relationships. Findings from such experiments have the potential to lead to rational
design rules for MLD photoresist chemistries, accelerating the development of high-performance resists.

In this work, we investigate one such molecular motif, particularly the effect of networking density of the
material. We define the networking density (i.e. crosslinking density or connectivity) of hybrid MLD films
as the number of connections that each metal atom makes with neighboring metal atoms via a shared organic
ligand, which varies with the coordination number of the organic ligand and the metal oxidation state. This
structural parameter has been found to impact both the chemical and mechanical stability of metal-organic
hybrid materials,***! and therefore could also affect their patterning outcomes in lithography. Since
networking density is a function of the metal atom (e.g. 3 ligands coordinated to AI(II) in alucone vs. 4
ligands coordinated to Hf(IV) in hafnicone), studying its effect in isolation is necessary to deconvolve the
impacts of chemistry and structure when comparing different resist chemistries. To this end, we elected to
focus on aluminum as the metal atom while varying the counter-reactant. We deposit three alucone films
using TMA and three different alcohols: glycerol, EG, and methanol/EG, resulting in AI-GL, AI-EG, and
Al-MeOH-EQG, respectively. The alcohols were selected for their different coordination numbers — glycerol
is tri-coordinated, EG bi-coordinated, and methanol is singly coordinated — resulting in bonding networks
that vary structurally but exhibit the same aluminum alkoxide bonding chemistry. Using EBL (at 100 kV)
as a proxy for EUV lithography, we probe the exposure mechanism and pattern quality of the three alucone
film, demonstrating that the difference in networking density significantly changes their sensitivity,
contrast, and achievable resolution. Ultimately, we show that the least networked alucone film, AI-MeOH-
EG, exhibits the best patterning performance, with the ability to resolve dense gratings as small as 14 nm
half pitch. Furthermore, we also show that AI-MeOH-EG demonstrates similar chemical transformations
and negative tone behavior under EUV flood exposure — albeit with notably poor sensitivity, requiring 20-
50 times larger EUV dose compared to commercial EUV resists — suggesting that its performance as an e-
beam resist could be translated to EUV lithography.



Experimental methods

Materials: The precursors trimethylaluminum (TMA, 98%, Strem Chemicals), glycerol (99.5%, Sigma-
Aldrich), ethylene glycol (anhydrous, Sigma-Aldrich), and methanol (99.9%, Fischer Chemical) were used
as received without further purification. Prior to the deposition, n-doped Si(100) substrates (WRS
Materials) were cleaned in acetone and isopropyl alcohol, dried with N», and exposed to UV-ozone in air
for 15 minutes (Novascan PSV-UV4) to remove organic contaminants. The thickness of the native SiO, on
the Si substrate was measured to be 1.7 nm using ellipsometry.

Hybrid molecular layer deposition: Hybrid MLD of alucone films was performed in two custom-built, hot-
wall tubular reactors similar to those described previously.** Both reactors use N, as a carrier gas at a
working pressure of 300 mTorr.

The first reactor, used to deposit AI-MeOH-EG and AI-EG, was pumped by a Leybold D8A dual stage
rotary vane pump with a base pressure of ~5 mTorr measured at the pump inlet. The reactor wall and gas
delivery manifold were heated to 110°C. EG was heated to 45°C to increase its vapor pressure. TMA and
methanol were held at room temperature (~25°C).

The second reactor was used to deposit Al-GL separately from the other two films, to prevent cross-
contamination of the glycerol and EG counter-reactants. It was pumped by an ALCATEL 2012a rotary vane
pump with a base pressure of ~5 mTorr measured at the pump inlet. The reactor wall and gas delivery
manifold were heated to 150°C and 140°C, respectively, to maintain a positive temperature gradient from
the precursors to the reactor chamber to minimize precursor condensation. Glycerol was heated to 90°C to
increase its vapor pressure, and TMA was held at room temperature (~25°C).

During each pulse (half-cycle), the following sequence occurred: (1) a 15 s pre-pulse pump step, in which
all valves except that to the pump were closed to evacuate the chamber to a base pressure of ~5 mTorr; (2)
the precursor pulse step, when the precursor is dosed; and (3) the purge step, when the chamber was purged
with 300 mTorr N, to remove unreacted vapor phase precursors.

Al-MeOH-EG was deposited by dosing TMA, methanol, and EG separately and sequentially during each
cycle, with pulse/purge times of 6/180/6/120/9/180 s. AI-EG was deposited via TMA/EG cycles with
pulse/purge times of 6/180/9/180 s, and Al-GL via TMA/glycerol cycles with pulse/purge times of
6/180/9/120 s.

Electron beam lithography: Patterning was performed with the Raith EBPG 5200+ Electron Beam
Lithography system at 100 kV accelerating voltage. All exposures were performed on resists with film

thickness of 25 = 3 nm. Line patterns (1:1 line/space with pitches varying between 20 and 60 nm) were
exposed with 0.2 nA beam current (200 um aperture, spot size ~2.3 nm) to minimize forward scattering and
obtain the best possible resolution. Larger features were exposed with large beam currents to minimize
write time: 2 um squares for atomic force microscopy (AFM) were exposed with 150 nA beam current (400
pm aperture, ~60 nm spot size), and 80 um x 600 pm rectangles for x-ray photoelectron spectroscopy (XPS)
were exposed with 250 nA beam current (400 um aperture, ~105 nm spot size). To develop the resists,
samples were dipped in 1.2 M hydrochloric acid for 60 s, rinsed in de-ionized water for 10 s, and blown
dried with a N, gas stream. The developer conditions were uniform to facilitate performance comparisons,
and were chosen by finding the minimum concentration required to dissolve all three alucone films (SI
Table S1). Alternatively, AI-MeOH-EG was developed with MF-319 (Kayaku Advanced Materials Inc.), a
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commercial 2.38 wt% tetramethylammonium hydroxide (TMAH) developer diluted at a 1:200 volume ratio
with de-ionized water using the same procedure.

EUV_flood exposure: EUV flood exposures were carried out at beamline 12.0.1.2 of the
Advanced Light Source (ALS). The beamline delivers tunable radiation in the EUV/soft-X-ray regime; for

all experiments the wavelength was fixed at 13.5 nm, the industry-standard EUV lithography wavelength.
Square Si coupons (30 mm x 30 mm) coated with AI-MeOH-EG films were mounted on a motorized stage
and irradiated with a rectangular EUV spot measuring 1 mm X 5 mm, producing a uniformly exposed area
of 12 mm x 5 mm. The incident dose was controlled by translating the sample beneath the beam at velocities
between 0.0l mms™ and 1.35mms™. The post-exposure development followed the same procedure
described for electron beam lithography. Total electron yield (TEY) and outgassing measurements were
conducted simultaneously using a recently developed experimental setup.** Samples were continuously
irradiated with a moderate EUV photon flux (~1.3 mJ/cm?/s), with the exposure duration varied to control
the total EUV dose. TEY was determined by measuring the drain current generated by electrons emitted
from the sample and normalizing it to the incident photon flux, which was detected using a calibrated silicon
photodiode. Outgassing was monitored in parallel using a residual gas analyzer (RGA). To isolate the
contributions from EUV-induced processes, background signals recorded in the absence of EUV exposure
were subtracted from the measured spectra. The resulting outgassing profiles enabled identification of
evolved chemical species and their temporal evolution during EUV irradiation.

Characterization: The thicknesses of deposited films were determined by spectroscopic ellipsometry (Alpha
SE ellipsometer, J.A. Woollam Co., Inc.) at 70° incident angle. The Cauchy model was used to model the
alucone films (A= 1.516, B =0.00253 for AlI-EG and Al-MeOH-EG; A = 1.600, B = 0.00100 for Al-GL).

X-ray reflectivity (XRR) characterization was carried out using a PANalytical Materials Research
Diffractometer - X Pert 2 to determine the density of the alucone films. The instrument was in a Mirror +
Parallel Plate Collimator (PPC) configuration, with a 1/32° divergence slit in the mirror optics and a 0.27°
PPC receiving slit. Measurements were taken at 45 kV and 40 mA using a Cu Ka X-ray source over a 20
range of 0 to 4°. XRR data were fitted using the GenX 3 simple reflectivity model with a surface alucone
layer, SiO; interface layer, and Si substrate.

XPS was performed in PHI VersaProbe 3 and VersaProbe 4 instruments with an AlKa (1486.6 eV) X-ray
source at 50 W (200 um spot size) for characterization of non-patterned and 4.5 W (20 um spot size) for
probing exposed features. Pass energies of 224 eV and 55 eV were used for survey and core level scans,
respectively, for experimental resolutions of 1.4 eV and 0.8 eV. Dual beam (low energy ion and electron)
charge neutralization was used to minimize sample charging. To remove surface contamination, samples
were sputtered with an argon gas cluster ion beam (2.5 kV, 5 nA) for 3 minutes. The lack of sample damage
was confirmed by taking spectra before and after sputtering (SI fig. S1).

All XPS spectra were analyzed using CasaXPS.* Binding energy correction was performed by fitting the
Al 2p region with a doublet to account for spin-orbit splitting, and calibrating the Al 2ps, peak to 74.1 eV
(SI note S1). Atomic compositions were calculated from peak intensities by estimating sensitivity factors
via a method described previously.** Core level spectra were fitted with a Shirley background and SGL
peak functions (Gaussian-Lorentzian sum with 10% Lorentzian contribution).

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was performed with a
Nicolet iS50 FTIR spectrometer with a Ge ATR attachment (Harrick VariGATR) and HgCdTe detector.
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FTIR spectra were taken with 64 scans at 0.482 cm™! resolution and background subtracted with a spectrum
of the bare Ge crystal.

AFM was performed with a Bruker Dimension Icon using an NSC-15 standard tapping mode AFM probe.
512-pixel scans were performed with a scan rate of 0.25 Hz. AFM data were processed and analyzed using
Gwyddion 2.65 software. Data leveling was performed with the flatten base tool to remove bow and tilt,
and row alignment was performed by selecting only areas unexposed to the electron beam.

Scanning electron microscopy (SEM) was performed with a FEI Magellan 400 XHR SEM using the in-lens
secondary electron detector. Images were taken using 1 kV landing voltage, 300 V beam deceleration, and
6.3 pA beam current.

Results and discussion

Hybrid MLD of alucone is achieved by alternating pulses of the TMA precursor and an organic precursor.
By varying the organic precursor, different variants of alucone can be deposited. To vary the crosslinking
density of alucone films, we select a series of simple alcohol organic precursors — methanol, EG, and
glycerol — all of which form aluminum alkoxide bonds when reacting with TMA, but differ in the number
of reactions available per molecule (fig. 1a).

Because EG and glycerol are bifunctional and trifunctional ligands, respectively, they can be cycled with
TMA in a traditional two-precursor MLD scheme, as reported previously,**4¢ to form Al-EG and Al-GL.
All three precursors used for these two deposition processes exhibit the typical saturation behavior for MLD
processes (SI fig. S2). On the other hand, growth of Al-MeOH-EG requires a three-precursor scheme, since
methanol alone cannot promote MLD growth: its single reactive group is consumed when reacting with
chemisorbed TMA, forming terminal Al-O-CHj3 surface groups. Therefore, EG is pulsed after methanol in
a three-precursor scheme (Al-MeOH-EG) to introduce new hydroxyl groups for TMA adsorption. Because
methanol competes for the same reaction sites as EG, the growth of AI-MeOH-EG is likely dominated by
non-ideal adsorption mechanisms such as surface physisorption and absorption of EG in the porous MLD
film.*” Chemisorption may also occur via ligand exchange, since Al-O-CH; surface groups may be
displaced by EG to form Al-O-(CH,),-OH. Thus, methanol is effectively a growth inhibitor that partially
blocks the adsorption of EG, yielding an inverted saturation curve in which the growth per cycle (GPC)
decreases with increasing methanol exposure (Figure 1b). The GPC for all three processes is constant with
cycle number, which is expected for a typical MLD process (Figure 1¢). The GPC saturates at ~2.5 A/cycle
for AlI-EG and ~5.1 A/cycle for Al-GL. The larger GPC of Al-GL may be due to the larger molecular size
of glycerol and the availability of reaction sites after a double reaction in which two hydroxyl groups react
with the surface. For EG, such double reactions would result in the loss of active surface hydroxyl groups,
reducing the GPC.* Another explanation for the difference in GPC may be excess precursor absorption
within the film which occurs due to the low volatility of glycerol. Al-MeOH-EG has a GPC of 2.1 A/cycle,
slightly lower than that of Al-EG, which we attribute to methanol terminations partially blocking growth.
Using XRR, we determine that all three alucone films exhibit similar densities — 1.6-1.7 g/cm® — consistent

with densities reported in the literature for alucone grown with either EG or glycerol (SI fig. $3).40:464
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Figure 1. (a) Growth precursors and idealized molecular structures of deposited alucone films; (b)
Saturation curve of methanol in AI-MeOH-EG at 100 cycles; (c) Film thickness measured via ellipsometry
as a function of cycles for the three alucone films. Error bars represent the standard deviation in thickness
from multiple samples in the same deposition.

X-ray photoelectron survey spectra (fig. 2a) reveal the chemical composition of the deposited alucone films.
The films consist entirely of C, O and Al. These elements are present at C, O, and Al ratios, normalized by
the Al content, of 1.0:1.6:1, 1.7:1.9:1, and 2.2:2.2:1 for AI-MeOH-EG, AI-EG, and AI-GL respectively. All
three alucones can ideally be described as network polymers with AI(OCH>); repeating units, and have the
same theoretical atomic composition of 3:3:1 C:O:Al. The experimentally-measured carbon and oxygen
deficiency relative to aluminum may be attributed to the presence of aluminum oxide (Al-O-Al), hydroxide
(AI-OH), or oxyhydroxide (Al-OOH), which are difficult to distinguish by XPS due their small binding
energy differences in the Al 2p and O Is core levels.”® These inorganic species can be formed during
deposition from an undesired reaction between TMA and the Al-O-C group to form Al-O-Al bonds,
moisture contamination reacting with surface TMA groups, or by post-deposition decomposition in ambient
environment.*® Additionally, alcohol precursors can function as an oxidant for metal oxide ALD;
chemisorbed alkoxides can react to form Al-OH groups, enabling TMA to react and form inorganic alumina
in the subsequent half-cycle.*®!
sensitivity, as they contribute to the formation of inorganic clusters that are responsible for solubility switch

The presence of inorganic aluminum species may increase the resist

during patterning.*
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Figure 2. (a) XPS survey spectra of the alucone films. (b) High resolution XPS spectra of core levels in the
alucone films with intensities normalized to the Al 2p peak area of each film. (c) ATR-FTIR spectra of
alucone films with dashed lines indicating major peak assignments. (d) C-H stretching region of ATR-FTIR
spectra normalized to the maximum absorbance at ~2880 cm™ (symmetric C-H stretch).

Despite the non-ideal atomic ratios, the alkoxide groups of the organic precursors are preserved (fig. 2b).
All three alucone films exhibit the same binding energy shifts in their C 1s core level, including a primary
peak attributed to C-O? (~286.0 eV), and a shoulder attributed to adventitious carbon™ (~284.8 eV).
Similar O 1s peak positions (531.4 + 0.1 eV) are also observed between the different alucone films.
Although this peak is primarily attributed to the metal-organic Al-O-C bond,*® the presence of
uncoordinated hydroxyl groups* (~533 eV) and aluminum hydroxide® (~531.5 eV) likely contributes to
the slight differences in the O 1s peak position between the alucone films.



ATR-FTIR corroborates the XPS peak assignments, with major peaks assigned to C-C, C-O, and Al-O
stretching (fig. 2¢); their positions are 1131 cm™, 1092 cm™!, and 910 em™ respectively for both AI-MeOH-
EG and Al-EG, but are red-shifted to 1107 cm™, 1072 ¢cm™, and 875 ¢cm™! for Al-glycerol. The three films
also show small differences in the C-H stretch region (~2800-3000 cm™!, fig. 2d) that highlight their
networking differences. AI-EG is expected to have only CH, groups and exhibits the corresponding
symmetric (2879 cm™) and anti-symmetric (2929 cm™') CH, stretches. AI-MeOH-EG exhibits a blue-shifted
anti-symmetric stretch (2937 cm™) attributed to CHs from methoxide (methanol ligand), and a shoulder
towards lower wavenumber attributed to CH; antisymmetric stretching from EG. Al-glycerol shows at least
four distinct peaks, which we assign to a pair of CH, (anti)symmetric stretches and a pair of CH stretches
red

Since the chemical bonding is similar between the different alucone films, we expect their chemistries
during e-beam exposure to be similar, thus allowing differences resulting from networking density to be
probed.

EBL is used in this study as a proxy to EUV lithography, because it mimics the generation of secondary
electrons that is the primary interaction between EUV photons and photoresists.?®** In this work, we utilized
a 100 kV electron beam which is at a much higher energy than that of the EUV photons (91.8 eV) and their
secondary photoelectrons (< 80 €V).!* However, due to the generation of secondary electrons with
energies on the order of ~100 eV during high-energy EBL and greater interaction cross-section for electrons
with <100 eV, the majority of electron-induced reactions occur via low-energy electrons.!'>” Although the
moderate differences in the secondary electron energy distribution between EUV and EBL theoretically
results in possible differences in the dominant electron-matter interaction,!! a direct comparison of EUV
and EBL exposures with organic resists has shown that EUV sensitivity can be correlated with EBL
sensitivity, suggesting that, for certain resists, similar reaction channels can be replicated.>® Thus, EBL is
expected to provide insights into the resist chemistry and image quality that can be expected for EUV
lithography; indeed, several studies of MLD resists have demonstrated similar behavior between EBL and
EUV lithography.>%

To investigate the chemistry occurring during resist exposure and development, XPS is performed on
exposed and developed alucone resist features (see SI note S2 and fig. S4 for experimental details). Figure
3a-b show representative XPS spectra of AI-MeOH-EG after exposure and development. All three resists
show similar chemical changes, and survey spectra of AI-EG and Al-GL are included in SI fig. SS.

The XPS survey spectra of AI-MeOH-EG after exposure (200 mC/cm? electron dose) and development (1
minute in 1.2 M HCI) compared to an unexposed region after development is shown in fig. 3a. In the
unexposed region, the alucone film is completely dissolved, evidenced by the complete loss of the Al 2p
peak and near-complete loss of the C s peak. In addition, Si 2p and Si 2s peaks originating from the
underlying Si/SiO, substrate are now detected. On the other hand, the substrate is not detected in the
exposed region. Instead, the Al 2p peak is retained, and new peaks are detected the C 1s core level, assigned
to the formation of alkyl/alkenyl (285 eV) and carbonyl (290 eV) groups***® and the loss of alkoxide (286
eV) groups (fig. 3b, represented by the arrows). A slight shift towards lower binding energy is also observed
in the O 1s region, indicative of the conversion of organic oxygen species to inorganic AlOx species (SI fig.
S6).%°



Figure 3¢ summarizes the atomic ratios for all three alucone variants after each step in patterning process
(deposition, exposure, and development). Both AI-EG and Al-MeOH-EG lose a significant fraction of
organic ligands after exposure, as evident from the decrease of the C/Al ratio. Meanwhile, Al-GL retains
most of its carbon content after exposure, which indicates a relative lack of sensitivity. We also note that all
the observed changes (change in C 1s BE shifts and reduction in C/Al ratio) occur after exposure, and no
chemical changes occur after development. This result indicates that the resist is reacting upon electron
exposure, and that the e-beam reaction product is stable in the developer.

All the aforementioned chemical changes observed via XPS are consistent with those from previous reports
focused only on alucone with EG (AI-EG).3%*! Therefore, the proposed patterning mechanism from those
reports for Al-EG is likely applicable to all three alucone variants: (1) cleavage of the AI-O-C bond, (2)
desorption of volatile reaction products (i.e. outgassing of organic ligands), and (3) densification via
formation of metal oxide nanoclusters that results in resistance to solvation, resulting in negative tone
patterning. This mechanism has also been proposed for several other metalcone resists exhibiting similar
exposure-induced chemical changes.?*>’
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Figure 3. (a) XPS survey spectrum of developed AI-MeOH-EG without exposure and after 200 mC/cm?
electron beam exposure. (b) XPS C 1s core level of Al-MeOH-EG after 200 mC/cm? electron beam
exposure and development, showing chemical changes to the organic ligand; green and red arrows indicate
the formation and loss, respectively, of species relative to the as-deposited film. (c) Changes in XPS atomic
concentrations of oxygen and carbon species of each alucone film as a result of electron beam exposure and
development.
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To characterize the lithographic performance of the alucone films, we measure the film thickness as a
function of electron dose using a dose matrix pattern (see SI note S3 and fig. S7) to construct lithographic
contrast curves (fig. 4a). All three alucone films demonstrate negative tone patterning behavior as evident
by the increase in post-development resist thickness (normalized to the maximum post-development
thickness) with dose. However, after the maximum thickness has been reached, further exposure results in
a gradual decrease in resist thickness. This behavior is most likely due to film shrinkage during exposure
from the continued loss of organic ligands and film densification, rather than a tone inversion (reversed
solubility trend with further exposure). To confirm this hypothesis, we measure the same square pattern
before development, now with the unexposed resist as the baseline (fig. 4b). As expected, exposure causes
the film to shrink, and the thickness decrease scales with electron dose far beyond the saturating dose for
solubility switch to occur. However, although AI-EG and Al-GL shrink monotonically with dose, AI-GL
expands by 1 nm at lower doses before shrinking. We speculate that as the metal-organic bonds in the highly
crosslinked polymer network are cleaved and rearranged, relaxation and disentanglement could occur,
resulting in volume expansion. Thickness expansion at low doses does not occur for Al-EG and AlI-MeOH-
EG, likely because there are fewer strained bonds in less crosslinked films, resulting in less relaxation.
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Figure 4. (a) [Top] Electron beam contrast curve of ~25 nm alucone resists normalized by the maximum
post-development resist thickness #ma, and [Bottom] root mean square (RMS) surface roughness at
corresponding doses. (b) Thickness change and RMS surface roughness of ~25 nm alucone resists as a
function of electron dose, before development. The Do dose and contrast y determined from the
measurement for each resist are shown in (a).

Although all three films exhibit negative tone patterning and overexposure-induced shrinkage, their contrast
curves are clearly different. We fit the logarithmic contrast curve to quantify these differences (see SI note
S4 and fig. S8), defining sensitivity as the dose Digo at which the maximum post-development thickness
fmax 18 achieved and log contrast (y) as the thickness change per logarithmic increase in dose when the film
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is partially exposed (0 < thickness < #max), normalized by #max. For good resist performance, lower Digo
indicates better resist sensitivity, and higher y indicates better contrast.

The calculated Do and y of each resist are shown in fig. 4a. AI-MeOH-EG exhibits the best sensitivity,
with AlI-EG performing only slightly poorer. Al-GL demonstrates significantly worse sensitivity than both
Al-MeOH-EG and AI-EG, as predicted by its relative lack of post-exposure chemical transformation
observed via XPS. We attribute the sensitivity difference for Al-GL to several possible factors affecting the
conversion efficiency during exposure. The increased coordination of glycerol ligands and crosslinking in
the surrounding environment may decrease the yield of secondary electron-induced reactions via a cage
effect, i.e. by limiting the degree of freedom for ligands undergoing bond cleavage and increasing the
probability of recombination (see schematic illustration in fig. 5a). Alternatively, since each glycerol
ligand contains more hydroxyl groups than does EG or methanol, more cleavage events may need to occur
at each ligand to completely liberate the ligand and allow outgassing. Since it is unlikely for multiple
excitation events to occur at the same ligand instead of a few excitation events spread out over multiple
ligands (see SI note S5), increasing the number of coordinating groups per ligand would decrease the
fraction of completely liberated ligands at any given electron dose (fig. 5b). Finally, liberated ligands may
face a diffusion barrier which is affected by networking density, such that increasing networking density
decreases the rate of outgassing (fig. 5¢). All these effects of increased networking would favor preservation
of the organic-rich network, obstructing the formation of inorganic nanoclusters during exposure and thus
decrease the resist sensitivity.

e§§?=@b. % | @g

Cage-induced recombination Low probability of Diffusion barrier for
multiple bond cleavages outgassing

a.

@=AlOx T\ = coordinated ligand Oo o = liberated ligand

Figure 5. Possible mechanisms for increased networking density affecting resist sensitivity: (a) increase in
cage-induced recombination; (b) decreased probability of ligand liberation due to low probability of
multiple bond cleavages; (c) increased diffusion barrier.

Other than the difference in sensitivity, the alucone films also show a difference in contrast: AI-MeOH-EG
has significantly better contrast (y = 3.7) than both AI-EG (y = 1.8) and AI-GL (y = 2.1), indicating that the
solubility switch is occurring over a relatively small dose range for the least networked film. However,
Figure 4b shows that chemical changes are occurring across a much larger dose range for all three alucone
films. Therefore, the difference in contrast likely originates from the development process. We hypothesize
that there exists a critical concentration of organic ligands that governs the solubility of the resist material.
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At low doses (see schematic illustration in fig. 6a), the ligand concentration is higher than the critical point,
and the film contains individual metal centers and AIO, nanoclusters formed during exposure that are still
soluble in the developer. With increasing dose, the inorganic concentration increases, impeding solvent
diffusion and reducing the development rate until the film is not fully dissolved, resulting in partial
solubility switch (fig. 6b). Differences in the development rate in this partially exposed regime can occur
due to differences in networking density, which could also affect solvent diffusion. This would lead to a
difference in contrast, resulting in the improved contrast for AI-MeOH-EG as shown above. Once the ligand
concentration drops below the critical point (fig. 6¢), the nanoclusters coalesce into inorganic domains with
a much lower dissolution rate. Differences in networking density become negligible, due to the low organic
content. However, ligand desorption can continue to occur with additional exposure, resulting in further
film shrinkage.

b. C.
. = AlOx | A | [
. = ligand —

(MeOH/EG/glyceral) No exposure Partial exposure Fully exposed

solvent diffusion impeded

More networking — \ fully insoluble
X

fuIIy developed solvent diffusion

— ,:&;’z w I g

Figure 6. Effect of networking density on contrast. (a) Unexposed resists are fully soluble. (b) Partial
exposure results in nanoclusters that impede solvent diffusion, reducing development rate. Increased
networking also impedes diffusion, worsening contrast. (¢) Fully exposed films contain coalesced inorganic
domains with a negligible development rate.

Although Do provides an estimate of the dose required for complete solubility switching, the dose for
patterning nanoscale features accurately — the dose-to-size — typically varies depending on the feature size
and geometry. Therefore, to test the nanopatterning capabilities of the alucone resists, we patterned 24 nm
half pitch (hp) 1:1 line/space gratings with a range of doses above Digo (fig. 7). Dense gratings are chosen
because they are relatively difficult to resolve compared to isolated features, and are also most relevant to
industrial lithographic processes.®® Among the three resists, only Al-MeOH-EG exhibits well-defined line
patterns across the dose range shown, with only variations in linewidth observed. Al-EG patterns contain
bridging defects at all three doses; we hypothesize that these patterns were overexposed for the targeted
feature size, leading to significant partial exposure in the trench region. During development, phase
separation of such partially exposed regions can lead to bridge defects.®'~®* Phase separation would also
explain the increased surface roughness of partially exposed features (fig. 4a, bottom). Similar to Al-EG,
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Al-GL forms similar bridge defects at the two higher doses; at the lowest dose (423 mC/cm?), pattern
collapse occurs. We attribute this critical failure to underexposure, resulting in partial dissolution/gelation
of the exposed pattern during the development step that leads to the loss of mechanical strength. These
results show that the optimal dose window for patterning at this resolution is widest for AI-MeOH-EG and
decreases with increasing networking density.

N CH3;OH | HO | . OH
AT HO A~y _AI T TN 0H AT Ho L _oH
Al-MeOH-EG AlI-EG Al-GL

Networking density

Hel
{1} | | |
1204imClic

i
| Ti

Figure 7. SEM images of 1:1 lines/space gratings (24 nm half pitch) patterned on AI-MeOH-EG (left), Al-
EG (center) and Al-GL (right) at varying e-beam doses.

Next, we attempt to define the intrinsic resolution limit of each alucone resist by patterning gratings at
increasingly small pitches. All three resists show a dependence of linewidth on exposure dose, highlighting
the need to optimize the dose for each resist to determine the smallest resolvable linewidth. By patterning
gratings across a range of doses, the smallest achievable pitch for each alucone resist at the dose-to-size can
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be determined. Figure 8a shows the best resolution achieved for each alucone at any dose: AI-MeOH-EG
is patternable down to 18 nm hp, AI-EG to 24 nm hp, and AI-GL to 28 nm hp, showing a clear correlation
between resolution and networking density.

a. . b. .
‘ . CHaOH +HO\/\ A OH | . LH3OH
Al Al I * Al
Pl THEL o A OH A THo Lo Ay VO s i
Resist Al-MeOH-EG Al-EG Al-GL Al-MeOH-EG

Developer Hydrochloric acid TMAH

i
1 I
i

250 nm 250 nm

Dose (mClcm?) 204 118 508 294
Half pitch (nm) 18 24 28 14

Linewidth (nm) 15.1 19.3 25.4 14.3
LER (nm) 23 2.1 2.2 1.6

Figure 8. Smallest gratings patternable on each alucone resist when the e-beam exposure dose is optimized,
with (a) hydrochloric acid or (b) diluted TMAH as the developer.

Improvements to resolution with decreasing networking density may be correlated to improved contrast,
since the side walls of higher contrast resists would be better defined. Additionally, mass transfer limitations
during the development of nanopatterns may play an important role in pattern formation. The diffusion of
developer molecules into the nm-scale trenches may be much slower than for large features.** Differences
in solvent diffusion rates related to networking density would thus increase the chance of scumming and
nanobridge defects for the more crosslinked alucone films, in which more unexposed material is trapped
by such nanoscale mass transfer effects. The apparent advantages of AI-MeOH-EG are more clearly visible
when comparing the three alucone films at 18 nm half pitch (SI fig. S9), at which bridging defects and
scumming are clearly visible for both AI-EG and Al-glycerol, limiting their resolution.

Contrary to the difference in resolution, there is no clear difference in LER between the three resists (with
the HCI developer). We posit that this is related to their similar post-exposure chemical composition: due
to the loss of ligands during exposure, their negative tone features exhibit similar aluminum
oxide/hydroxide bonding. Thus, they exhibit similar swelling and aggregation characteristics during the
development and rinse processes, leading to similar line edge formation.

As the best performing resist, we continue to tune the development process for AI-MeOH-EG because
development is known to have a major impact on pattern quality.*>% TMAH is a basic developer often used
in industry;®® similar to the acid-catalyzed hydrolysis of metal alkoxide bonds occurring during HCI
development, TMAH development is expected to promote base-catalyzed hydrolysis resulting in a similar
negative tone pattern. Using a commercial solution (MF-319, 2.38% TMAH) diluted at a 1:200 ratio, we
were able to pattern line/space patterns as small as 14 nm hp with 1.6 nm LER (fig. 8b), which are among
the best resolution and LER metrics achieved by MLD resists reported in the literature (Table 1). However,
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the dose required to pattern such features is even higher than those for patterns developed with HCI. This
is likely because alucone is more soluble in TMAH than HCI at the chosen concentrations, resulting in
increased etching rate at lower doses (fig. 9a). Increased alucone dissolution rate could improve the contrast
in solubility between the exposed and unexposed region, leading to enhanced resolution and LER via
enhanced removal of scumming/bridging defects and a narrower boundary region in which the line edge is
defined. Another difference is that the contrast curve also exhibits a gradual increase in thickness towards
a plateau, instead of the shrinkage observed pre-development (fig. 4b) or after HCI development (fig. 4a).
This behavior could be explained by partial dissolution of regions exposed to doses above Digo, with higher
dissolution rates at lower doses counteracting the film shrinkage at higher doses.

Due to the promising resolution and LER performance of AI-MeOH-EG with EBL, we perform EUV flood
exposures on this resist using a synchrotron-based light source to establish a dose calibration curve. After
development with 1:200 diluted MF-319, the resist exhibits a similar negative tone behavior to that after
EBL (fig. 9b). However, the resist thickness drops significantly above the solubility switch threshold, which
may indicate a difference in the chemical composition (leading to partial dissolution in the exposed area)
compared to the e-beam exposed resist due to the different exposure source.

By fitting the contrast curve, we determine the EUV sensitivity of AI-MeOH-EG to be ~2000 mJ/cm?. For
comparison, commercial metal-based EUV resists exhibit doses-to-size of 40-100 mJ/cm? for features at
industrially relevant length scales (Table 1).2>2° The poor EUV sensitivity of alucone is consistent with its
poor e-beam sensitivity compared to common e-beam resists such as methacrylate-based resists or hydrogen
silsesquioxane (HSQ), which exhibit sensitivities below 1 mC/cm?.%
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Figure 9. Contrast curves for AI-MeOH-EG exposed with (a) electron beam or (b) EUV exposure and
developed with 1:200 diluted MF-319 (TMAH developer). Note that the x-axis is log-scale in (a) and linear
scale in (b).
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Table 1. Performance metrics of representative MLD resists and other negative-tone metal-organic resists
in the literature. Dose-to-size, contrast, and LER corresponds to the smallest pitch 1:1 line/space patterns
demonstrated by each resist. An empty entry indicates that the information was not provided in the

reference.

Resist Exposure Resolution (full | LER (nm) | Dose-to-size Contrast/y | Ref.
source pitch, nm)

Al-MeOH-EG | EUV 2000 mJ/cm?

(this work)
EBL (100kV) |28 1.6 294 mC/cm? 3.7

Zn-3MP EUV 32 1.37 60 mJ/cm? 6.46 39
EBL (100kV) |28 2.39 2.175 mC/cm?

Zn-imidazolate | EBL (30 kV) 40 3.47 200 mC/cm? 0.87 28

HfO2-DMA EUV 40 6.1 2.2 mJ/cm? 20

(5% PAG)

Inpria MOR EUV 24 1.9 39.5 2

Lam Research | EUV 24 42 %6

dry resist

To better understand the EUV-induced behavior of Al-MeOH-EG, we perform TEY and RGA
measurements during EUV flood exposure to observe secondary electron generation and outgassed species,
respectively. Results from both measurements are broadly consistent with the proposed e-beam reaction
mechanism, due to evidence of film densification and ligand oxidation/outgassing. Figure 10a shows the
TEY signal over time of AlI-MeOH-EG, with PMMA and bare silicon as references. After a sharp initial
spike attributable to charging effects, the alucone TEY gradually rises over time, attributed to the loss of
organic ligands and increasing fraction of EUV-absorbing Al atoms over time.%” Concurrently, RGA (fig.
10b) confirms the EUV-induced evolution of gaseous species. Examination of the outgassing at each mass-
to-charge (m/z) reveals that the outgassing signal is dominated by molecular hydrogen (H,) (fig. 10c¢).
Signals corresponding to outgassed ethylene glycoxide (C>H4O,) and methoxide (CH3;0) fragments —
including C,HO, CH4O, CHy, CO — are also present, although they are difficult to distinguish from chamber
contaminants (observed during exposure of uncoated silicon substrates, SI fig. S10). Both molecular
hydrogen and outgassed ligands can be produced from dehydrogenation reactions converting alkoxide
ligands into carbonyl and alkenyl groups.*> Dehydrogenation, oxidation of alkoxide ligands, and loss of
ligands have also previously been observed during the degradation of alucone in ambient conditions,*
suggesting that this reaction mechanism is particularly favorable.
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In addition to confirming the similar reaction mechanisms between e-beam and EUV exposure of Al-
MeOH-EG, these in situ experiments also help to pinpoint the cause of its poor EUV sensitivity. The resist
sensitivity may be bottlenecked at any step in the mechanism for EUV-induced solubility switch: poor EUV
absorption, slow reaction kinetics, poor selectivity towards solubility-switching reactions, or a large ligand
loss threshold to cause insolubility.

Poor EUV absorption can be ruled out; given the measured film density and atomic composition, its EUV
linear attenuation coefficient can be calculated to be 13.4 um™ (SI note S6). This is comparable to that of
tin-based metal oxide resists (15-19 um™), and greater than that of organic resists (3-5 um™).%® Therefore,
secondary electron generation in AI-MeOH-EG should be comparable to that of high EUV-absorbing
materials. Additionally, poor EUV absorption would not account for the poor sensitivity in e-beam.

Given sufficient secondary electron generation, another likely bottleneck may be poor reaction kinetics.
Electron-matter interactions in the resist may be preferentially directed towards chemically inactive
pathways such as autodetachment, radiative cooling, or recombination after dissociation events.!! However,
the Al-MeOH-EG total outgassing signal is comparable to PMMA, which is known to produce outgassed
species during EUV exposure.®’ Its reaction kinetics is therefore unlikely to be exceptionally poor
compared to PMMA, despite its EUV sensitivity being worse by several orders of magnitude.

A more plausible explanation is that multiple reaction pathways are possible, not all of which contribute
significantly to solubility switch. The hypothesized solubility switch mechanism requires cleavage of C-O
or Al-O bonds for ligand outgassing to occur, followed by formation of Al-O-Al bond networks to cause
nanoclustering. Other reactions may also be occurring; for example, dehydrogenation of the alkoxide ligand
—apossible reaction resulting in the observed H, outgassing — may be a side reaction that does not contribute
to ligand loss and aluminum oxide clustering, but acts as a secondary electron trap and reduces the reaction
efficiency.

Another possible explanation is that an exceptionally large extent of reaction is required to induce a
solubility switch compared to conventional resists. This difference may be because the nanoclustering
mechanism requires multiple excitation steps to cleave all coordination sites from each ligand. Ligands that
contain at least one intact alkoxide group, and thus cannot be outgassed, could hinder Al-O-Al network
formation. Alternatively, the resist solubility could be weakly influenced by each nanoclustering event such
that a large extent of reaction is needed, due to a small difference in solubility between alucone and the
exposure product, or the lack of an amplification mechanism.
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Figure 10. (a) Normalized TEY (drain current/diode current) of AI-MeOH-EG (17 nm film), PMMA (24
nm film), and bare silicon substrate. Samples are exposed to EUV between 60 s and 300 s (PMMA and Si)
or 360 s (Al-MeOH-EG). (b) Concurrently measured total outgassing signal of AI-MeOH-EG, PMMA and
Si. Arrows indicate the start and end of EUV exposure. (¢) Outgassing spectrum of Al-MeOH-EG after
background subtraction. The standard deviation from three measurements is indicated by the shaded area
in (a) and (b), and by error bars in (c).
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Conclusion

In this work, we deposited a series of alucone resists designed to have varying networking density while
maintaining the same metal alkoxide chemistry. All three alucone films exhibited similar chemical
transformations after e-beam exposure; however, the variation in networking density resulted in differences
in resist performance. The most networked film (Al-GL) was significantly less sensitive to e-beam exposure
(Digo = 342 mC/cm?), while the least networked film (Al-MeOH-EG) was more sensitive (Digo = 88
mC/cm?) and had significantly better contrast (y = 3.7). The resolution limit of each resist also followed
their structural trend: the least networked resist (Al-MeOH-EG) demonstrated the smallest achievable
features. The differences in lithographic performance as a function of network density were attributed to
the various kinetic and mass transfer barriers imposed by the polymer network throughout exposure and
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development. With the best-performing resist — Al-MeOH-EG — 14 nm hp line/space patterns were resolved
via EBL, among the best resolution achieved by MLD resists currently reported in the literature. In addition,
its patterning mechanism and negative tone behavior was demonstrated to be similar under EUV exposure.
However, its sensitivity is limited compared to conventional resists for both e-beam and EUV.

This work demonstrated that structural differences are significant for hybrid MLD photoresists and, in
particular, that resists with low networking density may be advantageous for contrast and resolution.
Therefore, selecting chemistries that result in lower networking density, or incorporating network-
terminating groups to the MLD process, may be a rational design strategy for improving the resist
performance. Additionally, selecting ligand chemistries that more efficiently harness electron-induced
reactions may be a strategy that can be applied concurrently to improve resist sensitivity. For example,
changing the ligand end group to thiolates or carboxylates can affect the energetics of the ligand cleavage
reaction. The ligand chain can also be modified, such as with the addition of unsaturated bonds to promote
radical polymerization during exposure, or with halogens and m-conjugated moieties to influence the
electron density of the end group. Future studies comparing the influence of such ligand chemistries could
help to guide the design of MLD photoresists that could extend the limits of EUV lithography.

Supporting information

XPS before and after GCIB sputtering. Note on XPS binding energy calibration. Developer optimization.
MLD saturation curves. XRR and density calculation. Additional details on XPS of patterned features.
Method to measure and fit lithographic contrast curves. Note on probability of ligand outgassing. RGA of
silicon substrate. Calculation of EUV linear attenuation coefficient.

Acknowledgements

This work was supported as part of the Center for High Precision Patterning Science (CHiPPS), an Energy
Frontier Research Center funded by the U.S. Department of Energy, Office of Science, Basic Energy
Sciences. Part of this work was performed at the Stanford Nano Shared Facilities (SNSF), supported by the
National Science Foundation under award ECCS-2026822. G.D.A. acknowledges support from
Wallenberg Foundation Postdoctoral Scholarship Program KAW 2021. 0342. This research utilized
resources of the Advanced Light Source, which is a U.S. DOE Office of Science User Facility, under
Contract No. DE-AC02-05CH11231.

References

(1) Schoot, J. Van; Lok, S.; Setten, E. van; Maas, R.; Troost, K.; Peeters, R.; Finders, J.; Stoeldraijer, J.;
Benschop, J.; Graeupner, P.; Kuerz, P.; Kaiser, W. High-NA EUV Lithography Exposure Tool:
Advantages and Program Progress. In Extreme Ultraviolet Lithography 2020; SPIE, 2021; Vol.
11517, p 1151712. https://doi.org/10.1117/12.2572932.

(2) Levinson, H. J. The Potential of EUV Lithography. In 35th European Mask and Lithography
Conference (EMLC 2019); SPIE, 2019; Vol. 11177. https://doi.org/10.1117/12.2528446.

(3) Closser, K. D.; Ogletree, D. F.; Naulleau, P.; Prendergast, D. The Importance of Inner-Shell
Electronic Structure for Enhancing the EUV Absorption of Photoresist Materials. Journal of
Chemical Physics 2017, 146 (16). https://doi.org/10.1063/1.4981815.

20



(5)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

Mack, C. A. Shot Noise: A 100-Year History, with Applications to Lithography. Journal of
Micro/Nanolithography, MEMS, and MOEMS 2018, 17 (04).
https://doi.org/10.1117/1.jmm.17.4.041002.

Denbeaux, G.; Azhari, N.; Ai, R.; Kahl, B.; Painter, M.; Adamson, Z.; Aldrin, A.; Dilina, E.;
Choudhary, A.; Brainard, R. L. Understanding the Onset of EUV Resist Chemical Stochastics. Jpn J
Appl Phys 2023, 62 (SG). https://doi.org/10.35848/1347-4065/acceae.

Le, D. N.; Park, T.; Hwang, S. M.; Kim, J. H.; Jung, Y. C,; Tiwale, N.; Subramanian, A.; Lee, W. Il; Choi,
R.; Sung, M. M.; Nam, C. Y.; Kim, J. Atomic Layer Deposition and Its Derivatives for Extreme
Ultraviolet (EUV) Photoresist Applications. Jpn J Appl Phys 2023, 62 (SG).
https://doi.org/10.35848/1347-4065/acce43.

Hasan, R. M. M.; Luo, X. Promising Lithography Techniques for Next-Generation Logic Devices.
Nanomanufacturing and Metrology. Springer Science and Business Media B.V. June 1, 2018, pp
67-81. https://doi.org/10.1007/s41871-018-0016-9.

Thackeray, J. W. Materials Challenges for Sub-20nm Lithography. In Advances in Resist Materials
and Processing Technology XXVIII; SPIE, 2011; Vol. 7972. https://doi.org/10.1117/12.882958.

Kozawa, T.; Tagawa, S. Radiation Chemistry in Chemically Amplified Resists. Jon J Appl Phys 2010,
49 (3R), 030001. https://doi.org/10.1143/JJAP.49.030001.

Brainard, R. L.; Neisser, M.; Gallatin, G.; Narasimhan, A. Photoresists for EUV Lithography. In EUV
Lithography; Bakshi, V., Ed.; SPIE: Bellingham, 2018; pp 493-591.

van Dorp, W. F. Theory: Electron-Induced Chemistry. In Frontiers of Nanoscience; Elsevier Ltd,
2016; Vol. 11, pp 115-133. https://doi.org/10.1016/B978-0-08-100354-1.00003-X.

Arumainayagam, C. R.; Lee, H. L.; Nelson, R. B.; Haines, D. R.; Gunawardane, R. P. Low-Energy
Electron-Induced Reactions in Condensed Matter. Surface Science Reports. January 1, 2010, pp 1-
44, https://doi.org/10.1016/j.surfrep.2009.09.001.

Henke, B. L.; Gullikson, E. M.; Davis, J. C. X-Ray Interactions: Photoabsorption, Scattering,
Transmission, and Reflection at E = 50-30,000 EV, Z = 1-92. At Data Nucl Data Tables 1993, 54 (2),
181-342. https://doi.org/10.1006/adnd.1993.1013.

Yeh, J. J. Atomic Calculation of Photoionization Cross-Sections and Asymmetry Parameters;
Gordon & Breach Science, Publishers, 1993.

Yeh, J. J.; Lindau, |. Atomic Subshell Photoionization Cross Sections and Asymmetry Parameters: 1
< Z < 103. At Data Nucl Data Tables 1985, 32 (1), 1-155.
https://doi.org/https://doi.org/10.1016/0092-640X(85)90016-6.

Tao, P.; Sheng, L.; Wang, Q.; Cui, H.; Wang, X.; He, X.; Xu, H. Photoresist for Extreme Ultraviolet
Lithography. In 2020 International Workshop on Advanced Patterning Solutions (IWAPS); 2020.
https://doi.org/10.1109/IWAPS51164.2020.9286794.

21



(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

Tiwale, N.; Subramanian, A.; Kisslinger, K.; Lu, M.; Kim, J.; Stein, A.; Nam, C. Y. Advancing next
Generation Nanolithography with Infiltration Synthesis of Hybrid Nanocomposite Resists. J Mater
Chem C Mater 2019, 7 (29), 8803—8812. https://doi.org/10.1039/c9tc02974e.

Kosma, V.; Kasahara, K.; Xu, H.; Odent, J.; Ober, C. K.; Giannelis, E. P. Elucidating the Patterning
Mechanism of Zirconium-Based Hybrid Photoresists. Journal of Micro/Nanolithography, MEMS,
and MOEMS 2017, 16 (4), 041007. https://doi.org/10.1117/1.JMM.16.4.041007.

Trikeriotis, M.; Bae, W. J.; Schwartz, E.; Krysak, M.; Lafferty, N.; Xie, P.; Smith, B.; Zimmerman, P.
A.; Ober, C. K.; Giannelis, E. P. Development of an Inorganic Photoresist for DUV, EUV, and
Electron Beam Imaging. In Advances in Resist Materials and Processing Technology XXVII; SPIE,
2010; Vol. 7639, p 76390E. https://doi.org/10.1117/12.846672.

Ober, C,; Jiang, J.; Zhang, B.; Li, L.; Giannelis, E.; Chun, J. S.; Neisser, M.; Sierra-Alvares, R. New
Developments in Ligand-Stabilized Metal Oxide Nanoparticle Photoresists for EUV Lithography. In
Extreme Ultraviolet (EUV) Lithography VI; SPIE, 2015; Vol. 9422, p 942207.
https://doi.org/10.1117/12.2086488.

Haitjema, J.; Wu, L.; Giuliani, A.; Nahon, L.; Castellanos, S.; Brouwer, A. M. UV and VUV-Induced
Fragmentation of Tin-Oxo Cage lons. Physical Chemistry Chemical Physics 2021, 23 (37), 20909—
20918. https://doi.org/10.1039/D1CP03148A.

Ma, J. H.; Needham, C.; Wang, H.; Neureuther, A.; Prendergast, D.; Naulleau, P. Mechanistic
Advantages of Organotin Molecular EUV Photoresists. ACS Appl Mater Interfaces 2022, 14 (4),
5514-5524. https://doi.org/10.1021/acsami.1c12411.

Cardineau, B.; Re, R. Del; Al-Mashat, H.; Marnell, M.; Vockenhuber, M.; Ekinci, Y.; Sarma, C.;
Neisser, M.; Freedman, D. A.; Brainard, R. L. EUV Resists Based on Tin-Oxo Clusters. In Advances in
Patterning Materials and Processes XXXI; SPIE, 2014; Vol. 9051, p 90511B.
https://doi.org/10.1117/12.2046536.

Grenville, A.; Anderson, J. T.; Clark, B. L.; Schepper, P. De; Edson, J.; Greer, M.; Jiang, K.; Kocsis, M.;
Meyers, S. T.; Stowers, J. K.; Telecky, A. J.; Simone, D. De; Vandenberghe, G. Integrated Fab
Process for Metal Oxide EUV Photoresist. In Advances in Patterning Materials and Processes XXX,
SPIE, 2015; Vol. 9425, p 94250S. https://doi.org/10.1117/12.2086006.

Schepper, P. De; Cardineau, B.; Narasimhan, A. K.; McQuade, L.; Doise, J.; Kocsis, M.; Kasahara, K.;
Meyers, S. T. MOx Resist Formulation and Process Advances towards High-NA EUV Lithography. In
Advances in Patterning Materials and Processes XL; SPIE, 2023; Vol. 12498, p 1249804.
https://doi.org/10.1117/12.2658499.

Kenane, N.; De Silva, A.; Haider, A.; Hoang, L.; Huang, C.-C.; Kam, B.; Kim, J. Y.; Lee, Y.; Li, D.; Tan,
S.; Weidman, T.; Hao Wu, C,; Yu, J.; Zhang, G.; Zhang, Y.; Brainard, R. L.; Denbeaux, G.; Maldonado,
N.; Upadhyay, N. S.; Sherwood, M. Dry Deposition and Dry Development of Metal Oxide Based
Photoresist. Journal of Photopolymer Science and Technology 2024, 37 (3), 257-262.

Wise, R. S. Breaking Stochastic Tradeoffs with a Dry Deposited and Dry Developed EUV
Photoresist System. In Advances in Patterning Materials and Processes XXXVIII; SPIE, 2021; Vol.
11612, p 1161203. https://doi.org/10.1117/12.2585004.

22



(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

Corkery, P.; Waltz, K. E.; Eckhert, P. M.; Ahmad, M.; Kraetz, A.; Miao, Y.; Lee, D. T.; Abdel-Rahman,
M. K.; Lan, Y.; Haghi-Ashtiani, P.; Stein, A.; Boscoboinik, J. A.; Tsapatsis, M.; Fairbrother, D. H. Zinc-
Imidazolate Films as an All-Dry Resist Technology. Adv Funct Mater 2024, 34 (12).
https://doi.org/10.1002/adfm.202311149.

Shi, J.; Ravi, A.; Richey, N. E.; Gong, H.; Bent, S. F. Molecular Layer Deposition of a Hafnium-Based
Hybrid Thin Film as an Electron Beam Resist. ACS Appl Mater Interfaces 2022, 14 (23), 27140-
27148. https://doi.org/10.1021/acsami.2c04092.

Ravi, A.; Than, L. V.; Lewis, J.; Shi, J.; Werbrouck, A.; Han, J.; Mattinen, M.; Bent, S. F. Comparison
of Al- and Hf-Based Hybrid Photoresists Grown by Molecular Layer Deposition for Extreme
Ultraviolet Lithography. Journal of Vacuum Science & Technology A 2024, 42 (6).
https://doi.org/10.1116/6.0003975.

Ravi, A.; Shi, J.; Lewis, J.; Bent, S. F. Molecular Layer Deposition of an Al-Based Hybrid Resist for
Electron-Beam and EUV Lithography. In Advances in Patterning Materials and Processes XL; SPIE,
2023; Vol. 12498, p 124981B. https://doi.org/10.1117/12.2657636.

Le, D. N.; Lee, W. Il; Hwang, S. M.; Subramanian, A.; Tiwale, N.; Woo, J.; Veyan, J. F.; Al-Mahboob,
A.; Sadowski, J. T.; Kim, J. H.; Chu, T. T. H.; Kim, D. S.; Lee, M.; Choi, R.; Ahn, J.; Sung, M. M.; Nam,
C.Y.; Kim, J. In Situ Analysis of Electron-Induced Chemical Transformations in Vapor-Phase-
Synthesized Al-Based Inorganic-Organic Hybrid Thin Films for EUV Resist Platform. ACS Appl Mater
Interfaces 2025. https://doi.org/10.1021/acsami.4c19426.

Lee, W--I.; Subramanian, A.; Tiwale, N.; Le, D.; Hwang, S. M.; Kim, J.; Nam, C.-Y. Low-Energy
Electron Exposure and Reactive lon Etching Characteristics of Hybrid EUV Photoresist Synthesized
by Molecular Atomic Layer Deposition. In International Conference on Extreme Ultraviolet
Lithography 2022; SPIE, 2022; Vol. PC12292, p PC122920K. https://doi.org/10.1117/12.2641794.

Le, D. N.; Hwang, S. M.; Woo, J.; Choi, S.; Park, T.; Veyan, J.-F.; Tiwale, N. M.; Subramanian, A.; Lee,
W.-1.; Nam, C.-Y.; Choi, R.; Kim, J. Chemical Reactions Induced by Low-Energy Electron Exposure on
a Novel Inorganic-Organic Hybrid Dry EUV Photoresist Deposited by Molecular Atomic Layer
Deposition (MALD). In International Conference on Extreme Ultraviolet Lithography 2022; SPIE,
2022. https://doi.org/10.1117/12.2641647.

Le, D. N.; Chu, T. T. H.; Kim, J.-H.; Veyan, J.-F.; Lee, W-I.; Tiwale, N. M.; Lee, M.; Choi, S.; Woo, J,;
Nam, C.-Y.; Choi, R.; Kim, J. Understanding the Stability of Advanced Inorganic-Organic Hybrid Thin
Films for Advanced Resist Applications. In Advances in Patterning Materials and Processes XLI;
Guerrero, D., Amblard, G. R,, Eds.; SPIE, 2024; p 10. https://doi.org/10.1117/12.3010970.

Wang, X.; Guo, T.; Shan, Y.; Zhang, O.; Dong, H.; Liu, J.; Luo, F. An Aluminum-Based Hybrid Film
Photoresist for Advanced Lithography by Molecular Layer Deposition. J Mater Chem C Mater
2024. https://doi.org/10.1039/d4tc02794a.

Shan, Y.; Wang, X.; Zheng, X.; Zhao, X.; Feng, Z.; Wang, W.; Cheng, Y.; Liu, H.; Tan, K.; Luo, F.; Dong,
H. Study of Molecular Layer Deposition of Zinc-Based Hybrid Film as Photoresist. App/ Surf Sci
2025, 683. https://doi.org/10.1016/j.apsusc.2024.161727.

23



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

Seok, J.-H.; Kim, J.; Ji, H.; Lee, J.; Yoon, K.; Sung, M. M.; Ahn, J. A Dry Development Process for
Vertically Tailored Hybrid Multilayer EUV Photoresist: Chemical Vapor Development (CVD). In
International Conference on Extreme Ultraviolet Lithography 2024; Franke, J.-H., Ronse, K. G.,
Gargini, P. A., Naulleau, P. P, Itani, T., Eds.; SPIE, 2024; p 6. https://doi.org/10.1117/12.3034596.

Lee, J,; Ji, H.; Koh, C.; Lee, J.; Seok, J. H.; Ahn, J.; Kim, C. G.; Kim, J.; Hwang, |.; Ahn, H.; Lee, K. S;
Lee, S.; Kazazis, D.; Karadan, P.; Ekinci, Y.; Denbeaux, G.; Park, J. Y.; Son, W. J.; Lee, S.; Nishi, T.;
Fontaine, B. La; Sung, M. M. Ultralow Line Edge Roughness of Hybrid Multilayer Extreme
Ultraviolet Resist with Vertical Molecular Wire Structure. Materials Today 2025, 87, 20-28.
https://doi.org/10.1016/j.mattod.2025.04.007.

Van De Kerckhove, K.; Barr, M. K. S.; Santinacci, L.; Vereecken, P. M.; Dendooven, J.; Detavernier,
C. The Transformation Behaviour of “Alucones”, Deposited by Molecular Layer Deposition, in
Nanoporous Al203 Layers. Dalton Transactions 2018, 47 (16), 5860-5870.
https://doi.org/10.1039/c8dt00723c.

Celeste, A.; Fertey, P,; Itié, J. P.; Blanita, G.; Zlotea, C.; Capitani, F. Exploring the Role of Ligand
Connectivity in MOFs Mechanical Stability: The Case of MIL-100(Cr). J Am Chem Soc 2024, 146
(13), 9155-9162. https://doi.org/10.1021/jacs.3c14589.

Richey, N. E.; Borhan, S.; Bent, S. F. Multi-Metal Coordination Polymers Grown through Hybrid
Molecular Layer Deposition. Dalton Transactions 2021, 50 (13), 4577-4582.
https://doi.org/10.1039/d1dt00465d.

Littgenau, B.; Im, H.; Zhang, M.; Zhang, Q.; Wang, C.; Ruiz, R.; Connolly, M.; Kostko, O.
Polypeptoids as Promising EUV Photoresists: A Study of Total Electron Yield and Outgassing under
EUV Exposure. In Advances in Patterning Materials and Processes XLII; Callahan, R., De Silva, A.,
Eds.; SPIE, 2025; p 107. https://doi.org/10.1117/12.3050522.

Fairley, N.; Fernandez, V.; Richard-Plouet, M.; Guillot-Deudon, C.; Walton, J.; Smith, E.; Flahaut, D.;
Greiner, M.; Biesinger, M.; Tougaard, S.; Morgan, D.; Baltrusaitis, J. Systematic and Collaborative
Approach to Problem Solving Using X-Ray Photoelectron Spectroscopy. Applied Surface Science
Advances 2021, 5, 100112. https://doi.org/https://doi.org/10.1016/j.apsadv.2021.100112.

D’Acunto, G.; Shuchi, S. B.; Zheng, X.; Than, L. V.; Geierstanger, E. M.; Harake, M.; Cui, A,;
Werbrouck, A.; Mattinen, M.; Cui, Y.; Bent, S. F. Enhanced ALD Nucleation on Polymeric Separator
for Improved Li-S Batteries. ACS Appl Mater Interfaces 2025, 17 (4), 7007—7018.
https://doi.org/10.1021/acsami.4c09967.

A. Dameron, A.; Seghete, D.; B. Burton, B.; D. Davidson, S.; S. Cavanagh, A.; A. Bertrand, J.; M.
George, S. Molecular Layer Deposition of Alucone Polymer Films Using Trimethylaluminum and
Ethylene Glycol. Chemistry of Materials 2008, 20 (10), 3315-3326.
https://doi.org/10.1021/cm7032977.

Bergsman, D. S.; Closser, R. G.; Bent, S. F. Mechanistic Studies of Chain Termination and Monomer
Absorption in Molecular Layer Deposition. Chemistry of Materials 2018, 30 (15), 5087-5097.
https://doi.org/10.1021/acs.chemmater.8b01468.

24



(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

Murigi, A.; Nolan, M. First Principles Study of Reactions in Alucone Growth: The Role of the
Organic Precursor. Dalton Transactions 2020, 49 (25), 8710-8721.
https://doi.org/10.1039/d0dt01376e.

Lee, B. H.; Yoon, B.; Anderson, V. R.; George, S. M. Alucone Alloys with Tunable Properties Using
Alucone Molecular Layer Deposition and Al203 Atomic Layer Deposition. The Journal of Physical
Chemistry C 2012, 116 (5), 3250-3257. https://doi.org/10.1021/jp209003h.

Sherwood, P. M. A. Introduction to Studies of Aluminum and Its Compounds by XPS. Surface
Science Spectra 1998, 5 (1), 1-3. https://doi.org/10.1116/1.1247880.

Seo, S.; Woo, W. J.; Lee, Y.; Yoon, H.; Kim, M.; Oh, I. K.; Chung, S. M.; Kim, H.; Shong, B. Reaction
Mechanisms of Non-Hydrolytic Atomic Layer Deposition of AI203 with a Series of Alcohol
Oxidants. Journal of Physical Chemistry C 2021, 125 (33), 18151-18160.
https://doi.org/10.1021/acs.jpcc.1c03518.

Gengenbach, T. R.; Major, G. H.; Linford, M. R.; Easton, C. D. Practical Guides for X-Ray
Photoelectron Spectroscopy (XPS): Interpreting the Carbon 1s Spectrum. Journal of Vacuum
Science & Technology A: Vacuum, Surfaces, and Films 2021, 39 (1).
https://doi.org/10.1116/6.0000682.

Barr, T. L.; Seal, S. Nature of the Use of Adventitious Carbon as a Binding Energy Standard. Journal
of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 1995, 13 (3), 1239-1246.
https://doi.org/10.1116/1.579868.

Briggs, D.; Beamson, G. XPS Studies of the Oxygen 1s and 2s Levels in a Wide Range of Functional
Polymers; 1993; Vol. 65. https://pubs.acs.org/sharingguidelines.

Saifullah, M. S. M.; Tiwale, N.; Ganesan, R. Review of Metal-Containing Resists in Electron Beam
Lithography: Perspectives for Extreme Ultraviolet Patterning. Journal of Micro/Nanopatterning,
Materials and Metrology. SPIE October 1, 2022. https://doi.org/10.1117/1.JMM.21.4.041402.

Kostko, O.; McAfee, T.; Naulleau, P. Experimental Characterization of EUV Resist Materials:
Photoelectron Spectroscopy. In Advances in Patterning Materials and Processes XXXIX; SPIE-Intl
Soc Optical Eng, 2022; p 1205508. https://doi.org/10.1117/12.2618260.

Wu, B.; Neureuther, A. R. Energy Deposition and Transfer in Electron-Beam Lithography. Journal of
Vacuum Science & Technology B: Microelectronics and Nanometer Structures Processing,
Measurement, and Phenomena 2001, 19 (6), 2508-2511. https://doi.org/10.1116/1.1421548.

Oyama, T. G.; Oshima, A.; Tagawa, S. Estimation of Resist Sensitivity for Extreme Ultraviolet
Lithography Using an Electron Beam. AIP Adv 2016, 6 (8), 085210.
https://doi.org/10.1063/1.4961378.

Haitjema, J.; Castellanos, S.; Lugier, O.; Bespaloy, |.; Lindblad, R.; Timm, M.; Biilow, C.; Zamudio-

Bayer, V.; Lau, J. T.; von Issendorff, B.; Hoekstra, R.; Witte, K.; Watts, B.; Schlathélter, T.; Brouwer,
A. M. Soft X-Ray Absorption and Fragmentation of Tin-Oxo Cage Photoresists. Physical Chemistry
Chemical Physics 2024, 26 (7), 5986—5998. https://doi.org/10.1039/d3cp05428d.

25



(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

Schmid, G. M.; Stewart, M. D.; Wang, C.-Y.; Vogt, B. D.; Prabhu, V. M.; Lin, E. K.; Willson, C. G.
Resolution Limitations in Chemically Amplified Photoresist Systems. In Advances in Resist
Technology and Processing XXI; SPIE, 2004; Vol. 5376, pp 333—-342.
https://doi.org/10.1117/12.536656.

Yasin, S.; Hasko, D. G.; Khalid, M. N.; Weaver, D. J.; Ahmed, H. Influence of Polymer Phase
Separation on Roughness of Resist Features. Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures Processing, Measurement, and Phenomena 2004, 22
(2), 574-578. https://doi.org/10.1116/1.1651106.

Hasko, D. G.; Yasin, S.; Mumtaz, A. Influence of Developer and Development Conditions on the
Behavior of High Molecular Weight Electron Beam Resists. Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures Processing, Measurement, and
Phenomena 2000, 18 (6), 3441-3444. https://doi.org/10.1116/1.1319834.

Grigorescu, A. E.; Hagen, C. W. Resists for Sub-20-Nm Electron Beam Lithography with a Focus on
HSQ: State of the Art. Nanotechnology 2009, 20 (29). https://doi.org/10.1088/0957-
4484/20/29/292001.

Cord, B.; Yang, J.; Duan, H.; Joy, D. C.; Klingfus, J.; Berggren, K. K. Limiting Factors in Sub-10nm
Scanning-Electron-Beam Lithography. Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures Processing, Measurement, and Phenomena 2009, 27
(6), 2616—2621. https://doi.org/10.1116/1.3253603.

Gangnaik, A. S.; Georgiev, Y. M.; Holmes, J. D. New Generation Electron Beam Resists: A Review.
Chemistry of Materials 2017, 29 (5), 1898—-1917.
https://doi.org/10.1021/acs.chemmater.6b03483.

Kumar, B.; Goldfarb, D. L. Aqueous Developers for Ultrathin Chemically Amplified EUV Resists. In
Advances in Patterning Materials and Processes XXXV; SPIE-Intl Soc Optical Eng, 2018; p 1058604.
https://doi.org/10.1117/12.2297380.

Littgenau, B.; Zhang, M.; Zhang, Q.; Wang, C.; Ruiz, R.; Connolly, M.; Kostko, O. Time-Dependent
Characterization of Total Electron Yield and Outgassing in Model EUV Resist Materials. In
International Conference on Extreme Ultraviolet Lithography 2024; Franke, J.-H., Ronse, K. G.,
Gargini, P. A., Naulleau, P. P, Itani, T., Eds.; SPIE, 2024; p 32. https://doi.org/10.1117/12.3034401.

Fallica, R.; Stowers, J. K.; Grenville, A.; Frommhold, A.; Robinson, A. P. G.; Ekinci, Y. Dynamic
Absorption Coefficients of Chemically Amplified Resists and Nonchemically Amplified Resists at
Extreme Ultraviolet. Journal of Micro/Nanolithography, MEMS, and MOEMS 2016, 15 (3), 033506.
https://doi.org/10.1117/1.jmm.15.3.033506.

Hiraoka, H. Radiation Chemistry of Poly(Methacrylates). IBM J Res Dev 1977, 21 (2), 121-130.
https://doi.org/10.1147/rd.212.0121.

Rathore, A.; Pollentier, I.; Singh, H.; Fallica, R.; De Simone, D.; De Gendt, S. Effect of Molecular
Weight on the EUV-Printability of Main Chain Scission Type Polymers. J Mater Chem C Mater
2020, 8 (17), 5958-5966. https://doi.org/10.1039/c9tc06482f.

26



For Table of Contents Only

|  Hybrid
R-(OH) =
_Al_mp RAOH),

@]
I
[9%]
o
T

e-beam/EUV resist

27

o 6o

‘&





