Lawrence Berkeley National Laboratory
LBL Publications

Title
Bismuth-oxo Clusters for Next Generation Extreme Ultraviolet Light Photolithography

Permalink
bttgs:ggescholarshiQ.orgéucgitem49hg7w9tg
Journal

Chemistry of Materials, 37(22)

ISSN
0897-4756

Authors
MacKenzie, Harvey K
LaPierre, Etienne A

Zhang, Qi
Publication Date
2025-11-25

DOI

10.1021/acs.chemmater.5c01797

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at bttgs://creativecommons.orq/licenses/bv/4.0,|

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9hg7w9tq
https://escholarship.org/uc/item/9hg7w9tq#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Bismuth-oxo clusters for next generation extreme ultraviolet light

photolithography

Harvey K. MacKenzie,!? Etienne A. LaPierre,'* Qi Zhang,’ Oleg Kostko,? Harrison K. S. Young!*
and Ian Manners'

! Department of Chemistry, University of Victoria, Victoria, British Columbia, V8P 5C2, Canada

2 Centre for Advanced Materials and Related Technology (CAMTEC), University of Victoria,

3800 Finnerty Rd, Victoria, BC, V8P 5C2, Canada
3 Center for X-Ray Optics, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

*To whom correspondence should be addressed: elapierre@uvic.ca



Abstract

Photolithography is the primary technique used for patterning of semiconducting materials for chip
manufacturing; however, as requisite pattern dimensions and feature sizes continue to decrease,
state-of-the-art lithographic methods now require the use of 13.5 nm extreme ultraviolet (EUV)
light. The shift towards these higher energy wavelengths of light has resulted in a need for new
single component materials, with high EUV absorption cross-sections and high etch resistance.
Herein, we report the exploration of BigO7(hfac)i3 as the first bismuth oxo cluster based EUV
photoresist. It was determined this material has an exceptional EUV linear absorption coefficient
(24 pm™), nearly an order of magnitude larger than commercially available chemically amplified
resists (CARs) (~ 5 um™). Additionally, the resist was determined to be highly sensitive to EUV
exposure and displayed a crosslinking dose of 10 mJ/cm?, undergoing ligand decomposition during
exposure and crosslinking during the post-exposure bake, which was supported by FTIR and
residual gas analysis. This class of bismuth-oxo cluster resists can lead to the development of more

efficient, effective and safe EUV resist materials required for next-generation photolithography.



Introduction

For the past 50 years, photolithography has been the primary technique used by the semiconductor
industry to pattern microchips. Throughout this period Moore’s law successfully projected the
doubling of the number of transistors on integrated circuits every two years.' This benchmark has
set an industrial standard and keeping pace with this prediction has driven significant innovation
in the field of high-resolution photolithographic techniques.!” Recent decades saw the
implementation of deep ultraviolet light (DUV, 193 nm) lithography; however, as the desired
pattern feature size has continued to decrease, DUV lithography has reached its physical limits.*
56 Minimum feature size in photolithography is dictated by the wavelength of light used (}), the
numerical aperture of the lens (NA) and the processing constant (k1) which combines factors such

as illumination and the sensitivity of the lithographic resist: 78

€D =k ().
To achieve the high-resolution patterning required in the fabrication process for advanced chips,
the use of shorter wavelengths of light, such as extreme ultraviolet light (EUV, 13.5 nm), is now
necessary.* ” While the use of EUV light enables higher resolution patterning it also introduces
challenges; particularly, materials such as chemically amplified resists (CARs) that are
traditionally used in photolithographic processes are completely comprised of organic materials
and are suboptimal for EUV lithography.* 1% !'! One key disadvantage is the inherently low EUV
cross-section of 2p elements, notably carbon, which comprise the organic based materials of
CARs, and thus results in most of the incident photons passing through the material without
effecting photochemistry. ® '3 Their organic composition also results in a lack of etch resistance,
which limits their ability to transfer patterns to silicon substrates.* % 1 The multicomponent nature
of CARs also creates additional challenges when patterning smaller feature sizes, as stochastically

induced defects have a greater influence at smaller length scales.* Further, as pattern size decreases



CARs can also undergo pattern collapse caused by solvent induced swelling during the
development step and can also experience acid blur due to chemical amplification.' 1> 16 To
address these aforementioned issues, researchers are now exploring single component inorganic
materials as EUV resists due to their large EUV atomic cross-sections, improved stochastics and

greater inherent etch resistance.!’2¢

Figure 1. Molecular structure of [(BuSn)12014(OH)s]*" a tin oxo cluster employed as an EUV
resist.?’ (red = oxygen, teal=tin)

Currently, the industry leading EUV resist materials are single component alkyl tin oxide clusters
(Figure 1) that combine high EUV absorbance (~12-20 pm™'), high etch resistance, and can be
patterned at 8 nm half pitch with high sensitivity.'*: 23! While these tin oxide clusters have been
extensively explored as EUV resists, there has been little success developing additional functional
derivatives of this cluster framework, while the toxicity of tin-alkyls is a safety concern.!”3? In
comparison, bismuth has a similarly high EUV absorbance cross-section to tin, is non-toxic,
inexpensive, and exhibits a diverse range of coordination chemistries, which has allowed for the
synthesis of numerous well-defined bismuth clusters; however, it is relatively unexplored as a

component in photoresists.>>*® Accordingly, we set out to establish the potential utility of bismuth-

oxo clusters as photoresists for EUV lithography.



Results and Discussion

To investigate bismuth clusters as potential EUV photoresist candidates, the known bismuth
hexafluoroacetylacetonate (hfac) cluster BigO7(hfac)iz (1), was examined due to its numerous
attractive properties for photoresist applications.** Firstly, 1 is soluble in many common
coordinating solvents (tetrahydrofuran, isopropanol, acetone etc.), allowing for both a range of
potential conditions necessary for thin film fabrication via spin coating and several options as resist

—3)3* should serve

developers. Secondly, the fluorinated hfac ligands and dense packing (2.8 g-cm
to increase the EUV absorption cross-section of the resist compared to that of organic resists.* 3

Lastly, the synthesis of 1 is facile, performed in a one-pot reaction, and yields spectroscopically

pure material on gram scale (Figure 2).3*

a)
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Figure 2. (a) Synthesis of BigO7(hfac)i3 (1); (b) '°F NMR of 1; (c) molecular structure of 1.3
Fabrication of thin films of 1 on silicon wafers was achieved by spin coating 1 from isopropanol
solutions of varying concentrations. 20 nm thick films could be obtained by spin coating a 15

mg/ml solution, as determined by variable angle spectroscopic ellipsometry (VASE). Such films



could be dissolved from the wafer using isopropanol, cyclohexanone, 2-heptanone and ethyl
acetate, as confirmed by VASE. With films of 1 in hand, EUV absorption and photoemission
properties were then explored. The EUV linear attenuation of 1 was determined using EUV
reflectivity method to be 24.3 pm™! (Figure S1), markedly higher than commercially available tin-
oxo resists (~12-20 pm™") and nearly an order of magnitude larger than polyhydroxystyrene (PHS)
based resists (~ 5 pm!).!1330:3% 49 T gain further insight into the EUV absorption features of 1,
photoelectron spectroscopy (PES) was used to interrogate electron binding energies of this system
upon exposure to EUV light.*! The resulting PES spectra of 1 and PHS display stark differences,
with the spectrum of 1 containing peaks at binding energies (BE) between 16-23 eV attributable
to the fluorine present in the hfac ligands, and a large doublet between 34-39 eV due to emission
of bismuth 5d electrons, both absent in the PHS spectrum (Figure S2). Contrastingly, in the case
of PHS EUV absorption leads only to emission of valence electrons, in the case of 1 it leads to
comparably strong emission of valence and Bi 5d semi-core electrons. Intensity of photoemission
peaks correlates with photoabsorption cross-sections and demonstrates the difference in the
absorption cross-sections between the two materials. Inelastic scattering of photoelectrons leads
to emission of slow secondary electrons (with kinetic energy below 20 eV), which dominate the
photoelectron spectra (Figure S2) and play significant role in solubility switch of both CAR and
tin-oxide resists.*>**¢ Yield of those electrons is several times higher for 1 than for PHS (Figure
S2). Additionally, the total electron yield produced for 1 was determined to be 2.35 compared to a
value of 0.76 for PHS (Table S1). Given these promising EUV absorptivity properties, the

performance of 1 as an EUV photoresist was explored.



First, to determine the solubility switch response of 1, EUV contrast curves were generated to
interrogate resist sensitivity. Contrast curves are generated by exposing the resist at different
doses, the resist is then developed and the remaining thickness of the resist is determined at each
dose, these thickness are then plotted as a function of dose.*”>*® The use of EUV contrast curves
also enabled the optimization of processing protocols such as post-application bake (PAB), post-
exposure bake (PEB) and development conditions for maximum EUV dose sensitivity (Figure 3).
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Figure 3. EUV contrast curves of 1 at various post exposure bake temperatures (50-110°C)
developed with cyclohexanone.

First, 1 was aged in isopropanol for approximately 3h prior to spin coating, the film was then baked
at 90 °C for 30 seconds and exposed at various doses of EUV light. After exposure, the film was
then baked at 95 °C for 1 minute and developed for 30 seconds with cyclohexanone followed by
a cyclohexanone rinse. The resulting contrast curve acquired under these optimized conditions
indicate high sensitivity, with a dose-to-gel occurring at 10 mlJ/cm? comparable to Inpria’s
commercially available tin oxo resist. > %’ At the dose-to-gel onset between 10 to 14 mJ/cm?, a

sharp increase in film thickness occurs (Figure 4a and S3).



a . b)
R ' C=C\Slrﬁtch e /\' A /\/v J
20 i o \s ign ] N\ ".‘ N AN N / WAy
§ 15 - 1 L :gﬁj =
= Som
:"-_:’ 10 A } 50mJ
2 .
E 51 C-H bend
w o C=0 Stretch C-F Stretch
0 5 10 15 20 25 30 35 40 45 50 55 60 65 1700 1600 1500 1400 1300 1200 1100 1000
Dose (mJ/cm?) (cm™)

Figure 4. a) EUV contrast curve of 1, acquired using optimized conditions. b) FTIR spectra of a
film of 1 at various EUV exposure doses clearly showing a reduction in hfac ligand content. c)

Simplified mechanistic proposal for solubility switch chemistry of 1.

To further investigate the mechanism of the observed solubility switch, films of 1 were exposed
to an electron beam (e-beam) with a kinetic energy of 20, 50 or 80 eV, at doses of 400, 800, or
1200 puC/cm?, respectively, and residual gas analysis (RGA) was performed to determine the
identity of products outgassed from the resist (Figures S4). In all cases, signals at 69 m/z (CF3"),
43 m/z (Scheme S1, product A), and 119 m/z (Scheme S1, product B) were present, consistent
with the known electron impact ionization mass spectrum of hexafluoroacetylacetone.*
Additionally, analysis of the films by Fourier transform infrared (FTIR) spectroscopy before and
after electron beam exposure revealed a reduction in intensity of both the C=O stretching

frequency at 1642 cm™ and the C-F stretches between 1250 cm™ and 1150 cm™, consistent with



decomposition of the hfac ligand (Figure S5). It is notable that to detect significant ligand
decomposition, a high electron beam dose is required (80 eV and 1200 uC/cm?).

For EUV exposure on films of 1, a similar trend was observed, with FTIR revealing that ligand
decomposition increased with dose, as indicated by the reduction in signals associated with the
hfac ligand; most notably the C=0 stretch at 1645 cm™ and C-F stretches at 1262 cm™ and 1218
cm™! (Figure 4b). Furthermore, X-ray photoelectron spectroscopy (XPS) data comparing the
original as coated film to an exposed and developed film revealed a notable decrease in fluorine
content, from 36.4% fluorine to 18.3% fluorine, consistent with large amounts of ligand
decomposition and loss. One plausible pathway for the decomposition of hfac is through a C-F
bond activation process which occurs after ionization from an incoming EUV photon and results
in Bi-F bond formation (Scheme S1) analogous to decomposition mechanisms that have been
proposed in other hfac coordination compound systems ionized by laser pulses.’!> It was also
observed that the solubility switch was heavily influenced by PEB temperature as exposed films
displayed higher onset of insolubility doses at PEB temperatures lower than 95 °C (Figure S6)
suggesting that the observed solubility switch chemistry is promoted by the PEB. Accordingly,
we propose that the solubility switch mechanism is similar to that of Inpria’s MOx and other cluster
resists whereby EUV exposure triggers ligand decomposition and the resist undergoes cluster

condensation during the PEB (Figure 4c).*% >
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Figure 5. a) EUV contrast curves of 1 at various aging times b) !°F NMR spectra of 1 at various

aging times in isopropanol ¢) MALDI-TOF mass spectra of 1 at various aging times.

Unfortunately, attempts at further contrast curve experiments revealed considerable batch-to-batch

variability. Careful examination of the experimental conditions revealed slight variation in the
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solution aging times (ca. 1-3h). As previous reports indicate that 1 exhibits dynamic behavior in
solution, particularly in polar solvents, leading to the eventual formation of the larger cluster
BissOus(hfac)4 (2) over 7 days,** (Figure S6), the influence of solution aging was investigated in
detail. Films of 1 were cast from an isopropanol solution (1, 15 mg /mL), after solution aging for
1,2,3,4,5,22 or 168 h (Figure 5a and S8). EUV contrast curves of the resulting films revealed
that the insolubility onset dose for the bismuth clusters was heavily influenced by solution aging
time. As aging time increases from 1 h to 4 h, the EUV dose required to induce a solubility switch
decreases from approximately 50 mJ/cm?to 10 mJ/cm?, with further aging to 5h resulting in a dose
-to-gel below 2.5 mJ/cm?. However, after aging the cluster solution further overnight (22 h)
sensitivity significantly decreases to approximately 40 mJ/cm? (Figure 5a). This dramatic change
in sensitivity suggests that there are significant changes occurring in the material as it is aged in
solution and suggests a more rapid cluster aggregation process than the originally reported seven
days.>*

To investigate the cluster speciation in solution, an aliquot was taken from the stock solution (15
mg/mL in isopropanol) at corresponding time intervals and analyzed by F{'H} NMR
spectrometry (Figure 5b). Upon aging for one hour, two resonances were observed in the °F {'H}
NMR spectrum, which may be attributed to the hfac ligand bound to the cluster core (—77.65 ppm)
and Bi(hfac)s (—77.70 ppm).>* As the cluster undergoes further solution aging, the two signals
coalesce and broaden into a single resonance at d19r = —77.62 ppm (vi2 = 37.5 Hz) , which is

suggestive of a facile rearrangement process, however, gives little information on the speciation.

To further investigate the cluster aggregation process and to identify reactive cluster species,

MALDI-TOF experiments were performed at various solution aging times between 1 and 22h
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(Figure 5¢). Measurements of cluster solutions aged from 1 to 5 hours revealed the presence of
several previously unobserved cluster sizes, as evidenced by the broad signals around m/z = 7900
and m/z = 16250. These intermediate cluster sizes then eventually coalesce to exclusively yield
the BizgOas(hfac)4 (2) (m/z = 12800) after 22h in solution, as evidenced by MALDI-TOF mass
spectrometry (Figure 5c). Additionally, the observable spacing of m/z 91 in all MALDI-TOF mass
spectra arising from the aggregation of 1 can be assigned to loss of fragmentation product C
(Scheme S1). °-33

The dramatic change in EUV solubility switch sensitivity coupled with the evidence for rapid
cluster aggregation suggests that there are more responsive transient cluster sizes between the two
cluster sizes of BigO7 (1) and Bi3gOas (2) that were reported by Dikarev and coworkers (Scheme
1).3% From the corresponding MALDI mass spectrometry experiments it appears that the transient
cluster species which emerge from 3 to 5 hours (m/z ~ 7900 or 16250) are the reactive cluster
species. Previous reports have described dynamic aggregation processes in bismuth oxide clusters,
and suggest that BigO7 and Bi3sOss are “magic-size” cluster species that form in solution,
representing local energy minima.”’ It is possible that in the case of 1, spin coating from solution
before full conversion to 2, kinetically traps these transient cluster sizes, leading to the observed

changes in EUV solubility switch sensitivity.>’

Aged in solution 22 h

BigO;(hfac),

BizgOus(hfac),g

Reactive intermediates

Scheme 1. Cluster aggregation process of 1 resulting in the formation of 2.
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Preliminary patterning tests were performed using electron-beam (e-beam) exposure, on films of
1. The e-beam dose-to-gel was determined to be 1370 nC/cm? at 100 keV, and rectangular patterns
(0.5 pm x 2.5 um) were produced (Figure S7). Other examples of metal resists have been explored
for e-beam patterning have widely variable e-beam sensitivities; for example, tin oxo cluster resists
were shown to have a sensitivity of 2 pC/cm? at 2 keV , and zinc-imidazolate resists a sensitivity
of 37 mC/cm?at 30 keV.>® Due to the large differences between electron beam and EUV exposure,
it is difficult to use e-beam patterning as a proxy for EUV in the case of 1, efforts to pattern these
materials with EUV exposure will be explored in future studies.

Conclusions

In summary, we present the first use of a bismuth oxo cluster as an EUV photoresist, demonstrating
potential as a class of inorganic resist materials. The hfac ligated bismuth-oxide cluster 1 displays
alarge EUV linear absorption coefficient of 24 um™' and high solubility switch sensitivity with an
EUV-induced solubility switch dose of 10 mJ/cm?, a value greater than commercially available
resists, which suggest that bismuth cluster materials can exhibit competitive, if not superior, EUV
response to state-of-the-art tin-oxo resists. Further investigations of 1 revealed that the sensitivity
of the EUV-induced solubility switch was heavily influenced by solution aging time. Analysis of
the cluster solution aging process was performed, which revealed rapid cluster aggregation and the
presence of several transient clusters that could explain the solution aging-dependent solubility
switch sensitivity trends observed for 1. EUV patterning experiments utilizing this system are
currently ongoing and the investigation of other bismuth cluster compounds with enhanced

solution stability will be explored as resist materials in future studies.
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EXPERIMENTAL SECTION

Film Fabrication

First, 1 was dissolved in isopropanol to make a 15 mg/mL solution. The solution was then
sonicated for 15 minutes and filtered through a 0.2 pm PTFE syringe filter prior to spin coating.
To fabricate films 1.5 mL aliquot of was dispensed onto a polished 8 silicon wafer and spun at
1500 rpm for 1 minute. The wafer was then baked at 90 °C for 30 seconds to remove residual
solvent.

EUYV Post Exposure Bake Optimization

A film of 1 was exposed with various doses of EUV light, between 0-60 mJ/cm?, at spatially
confined spots on the films on one quarter of the wafer. The wafer was then cleaved into 4 equal
parts each containing 6 doses (0, 5, 10, 20, 40 and 60 mJ/cm?). Each quarter of the wafer was then
baked at different temperatures (90, 95, 100 and 105 °C) for 1 minute. The films were developed
by placing them in the spin coater and immediately dispensing cyclohexanone to cover the entire
film for 30 seconds, after which the cyclohexanone was spun off at 1500 rpm for 1 minute. After
the film was developed the thickness of the film at dose spots were measured using variable angle
ellipsometry and plotted as a function of EUV dose.

EUYV Contrast Curves Optimized Conditions

Films of 1 (see film fabrication conditions above) were exposed with various doses of EUV light,
between 0-100 mJ/cm?, at spatially confined spots on the films. The exposed films were then
subjected to a bake of 95 °C for 1 minute. The films were developed by placing them in the spin
coater and immediately dispensing cyclohexanone to cover the entire film for 30 seconds, after
which the cyclohexanone was removed by spinning at 1500 rpm for 1 minute, after the first 10
seconds of spinning at 1500 rpm a 5 mL cyclohexanone rinse was added to the spin coater in one

shot via a syringe to ensure full removal of unexposed resist. After the film was developed the
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thickness of dose spots were measured using variable angle ellipsometry and plotted as a function
of EUV dose.

Solution Aging Experiment

1 was dissolved in isopropanol to make a 15 mg/mL solution. The solution was then sonicated for
15 minutes and filtered through a 0.2 um PTFE syringe filter prior to spin coating. A 2 mL aliquot
was removed at 1 hour time intervals from 0 to 5h and another at 22h. 0.5 mL of each aliquot was
then added to 0.5mL of d-MeOH and mixed and a 19F NMR was taken (Figure 5b). The remaining
1.5 mL was dispensed immediately on onto a polished 8” silicon wafer and spun at 1500 rpm for
1 minute. The wafer was then baked at 90 °C for 30 seconds to remove residual solvent. An EUV
contrast curve was performed with doses starting at 0 mJ/cm? with 3 mJ/cm? intervals up to 50
mJ/cm? (Figure 5a).

Outgassing Analysis during E-Beam Exposure and FTIR

9 spots on a thin film of 1 were exposed to electrons with kinetic energies of 20, 50, and 80 eV at
three different doses: 400, 800, and 1200 uC/cm?. Residual Gas Analysis (RGA) mass spectra of
outgassed species were collected during exposure. The experimental setup included a residual gas
analyzer (Stanford Research Systems Inc.) detecting mass-to-charge ratios (m/z) from 1 to 200.
Background signals, recorded in the absence of electron exposure for 120 s before and after
measurements, were subtracted from the outgassing signals to isolate species released from the
resist during electron exposure. The resulting outgassing spectra enabled the identification of
specific chemical species and the tracking of their evolution over exposure time. Mass spectra
were obtained by averaging the first 40 s of signal collected during e-beam exposure. FTIR
measurements of electron-exposed samples were performed in transmission geometry using a

Thermo Nicolet 6700 spectrometer. Prior to data collection, samples were purged with N2 gas to
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eliminate gaseous CO; and water contamination. A typical measurement involves collecting a
background spectrum from an unexposed film area and a signal spectrum from exposed spots. The
resulting difference FTIR spectra reveal chemical changes in the film induced by electron
irradiation.

EUYV linear attenuation experiment

EUV absorption measurements were conducted at the Advanced Light Source (ALS) beamline
6.3.2 at Lawrence Berkeley National Laboratory using the reflectivity method.3 Reflectivity
measurements at 13.5 nm were performed with a 200 mm™! grating, a Be filter, and a photodiode
detector. Fitting the experimental data shown in Figure S1, enabled the determination of the
components of the complex refractive index. The absorptive component of the refractive index
was then converted into the linear attenuation coefficient.

Photoelectron Spectroscopy

A custom-built photoelectron spectrometer (PES) at ALS beamline 12.0.1.2 was used to collect
photoelectron spectra. During measurements, the sample is exposed to EUV radiation, and emitted
electrons are analyzed using a retarding field analyzer. To mitigate EUV-induced changes, the
instrument continuously moves the sample in front of the detector, ensuring that photoelectron
signals are collected from fresh, unexposed regions of the film. This approach is crucial to
minimize the material’s EUV exposure during analysis. The estimated EUV dose per measurement
is approximately 2 mJ/cm?, which is generally below the sensitivity threshold of known EUV
resists. The binding energy is determined in respect to vacuum level.
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