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Abstract: Metal-containing molecular hybrid compounds, such
as metal oxoclusters (MOCs), are promising materials for ex-
treme ultraviolet (EUV) lithography. The solubility, processabil-
ity, and reactivity towards EUV photons in these compounds are
mostly determined by the composition of their organic shells.
Therefore, gaining molecular control on the composition of the
shell is crucial to tune their lithographic performance of sensi-
tivity, resolution, and line-edge roughness. In this work, a new
\method to prepare MOCs that feature two types of carboxylate

ligands is presented. In this method, amine-functionalized
resins are used for the purification step. By using this protocol,
Ti- and Zr-based MOCs with mixed-ligands organic shells were
synthesized. The new compounds showed clear differences in
the processability and sensitivity as EUV resists compared to
their analogues featuring only one type of ligand. The results
validate this new synthetic approach for the preparation of cus-
tom-made EUV resists towards better lithographic performance.

/

Introduction

The roadmap of the semiconductor industry demands the
continuous miniaturization of the electronic components in
computer chips. To fulfil this goal, a new nanolithography tech-
nology is introduced into the market: extreme ultraviolet lithog-
raphy (EUVL).'-3! This technique evolved from the traditional
optical photolithography, where a pattern is written with light
shining on a photosensitive material known as photoresist. The
illuminated areas undergo photochemical reactions that lead to
changes in the solubility properties of the material. This allows
for the selective dissolution of either the exposed or the
unexposed areas with a suitable developer. One of the main
differences of EUVL with respect to previous generations of
photolithography is the wavelength used for the pattern projec-
tion. EUVL employs 13.5 nm in order to overcome the resolution
limits of the deep UV technology, which employs 193 nm wave-
length. The main consequence is that absorption of light in this
energy regime (soft X-ray) leads to photoionization instead of
resonant electronic transitions and, therefore, the chemical
reactions are mainly performed by the secondary electrons
generated upon irradiation. In addition, the probability of ab-
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sorption of EUV photons is mainly determined by the elemental
composition of the photoresist,** rather than the selection
rules of classical photochemistry, where the characteristics of
the frontier molecular orbitals can be used to predict the ab-
sorption probability.

Since conventional photoresists based on light elements ex-
hibit low EUV absorptivity, new photoresist materials that incor-
porate elements with high EUV photon absorption cross-sec-
tion, such as metallic elements, are attracting much interest in
the EUVL field.B® Yet, while the inorganic elements in these
materials are considered responsible for the photon capture,
the mechanism that leads to the solubility change is mainly
determined by the reactivity of their organic components.”:8]

Metal oxoclusters (MOCs) are molecular hybrid compounds
with inorganic core-organic shell structures,'>'® which are ideal
platforms as EUV photoresist.”'"! They have well-defined inor-
ganic cores and organic shells and, as a result of their molecular
nature, they are small and have homogeneous (monodisperse)
sizes by definition. These aspects contribute to the reduction
of stochastic sources that are partly responsible for the “noise”
in the nanopatterns, that is, irregularities in the features” edges
(measured as line-edge roughness) and/or widths (measured as
line-width roughness).['?

In a recent work, we showed that Zr-based metal oxoclusters
featuring methacrylate ligands are promising EUV photoresists
(Scheme 1).”? This material is comprised of an hexametalic oxo-
core and twelve ligands in bridging and chelating coordination
modes!"3! (Zrs04(OH),Mc;, noted as ZrgMc;, in this paper). The
change in solubility that this material undergoes upon EUV
irradiation mainly originates from the cross-linking of the meth-
acrylate ligands. Yet, the lithographic performance of Ti-based
oxoclusters could not be tested due to the poor solubility of
this material, which hindered its deposition as a thin film.['¥
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This compound consists of an octameric ring of metal atoms

bridged by u,-O oxygens and 16 methacrylate ligands
(TigOgMc, noted as TigMc;g).['*!
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Scheme 1. a) General molecular formulae of the hexameric Zr-based and the
octameric Ti-based oxoclusters with carboxylate ligands. b) Molecular struc-
ture of the clusters as resolved from X-ray crystalline diffraction.!'>>=171 The
coloured polyhedra represent the coordination geometry of the metal, the
red spheres the oxygen atoms and the grey bars the carbon backbone of
the pivalate or methacrylate ligands.

The analogous material featuring pivalate ligands
(TigPiv,6)%8 renders better solubility in organic solvents like
chloroform, toluene, and tetrahydrofuran. However, the films
obtained by spin-coating are of bad quality due to their poor
wettability on the Si-substrate, even when the Si surface is func-
tionalized to be hydrophobic.

A characteristic of MOCs that makes them particularly inter-
esting as EUV photoresists is their synthetic versatility. The latter
arises from the dynamic bonding between the metals in the
oxocore and the carboxylate ligands in the shell, which allows
for easy exchange of the organic ligands!'®'°-22! and thus a
simple way of modifying their composition. This offers a much
advantageous tool to study the chemistry that different func-
tionalities can undergo upon EUV irradiation and investigate
their impact on the lithographic performance of the mate-
rial.2324 Such need of fundamental understanding on the
EUV-induced chemistry is a pressing issue in the field of EUV
lithography, since the success of this new technology is partly
depending on the sensitivity, resolution limit, and defect den-
sity that the photoresist material can yield in the patterning
process.

Despite the simplicity of ligand exchange reactions between
ligands that have the same coordination geometries (binding
multiplicity and angle), the isolation and purification of the re-
sulting oxoclusters with mixed shells is not straightforward. The
most common method of isolation of metal oxoclusters is crys-
tallization.['®2%! However, purification of metal oxoclusters de-
signed for lithographic applications by means of crystallization
is not optimal for two main reasons. First, as part of the
lithographic process, the material must be deposited as homo-
geneous thin films of a few nanometers of thickness (20-30 nm)
using spin-coating. This means that the metal oxoclusters must
be soluble in organic solvents and able to provide homogene-
ous amorphous films. Yet, structural characteristics that en-
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hance solubility and amorphous solid phases typically do not
favour packing in crystalline arrangements. Second, as ex-
plained above, it is highly desired that several functionalities
can be incorporated simultaneously in the metal oxoclusters
(mixed-shell) so that the chemistry that yields the solubility
change of the material can be finely tuned. However, crystalliza-
tion becomes extremely challenging when a distribution of
oxocluster molecules with mixed-shell compositions is formed
during ligand exchange reaction. In fact, to the best of our
knowledge, isolation of oxoclusters resulting from ligand ex-
change on the Zrg and Tig oxocores by crystallization has only
been reported for fully exchanged organic shells,['® whereas
oxoclusters with mixed-shells could only be isolated by crystalli-
zation when crystals are formed during the condensation reac-
tion between the metal alkoxide precursor and a mixture of
carboxylic acids.!?®! Furthermore, in the latter case, accessing all
ratios of the two ligands would require a broad screening of
reaction conditions.

In this work, we conceived a preparation method of mixed-
shell Zr- and Ti-metal oxoclusters based on a purification step
with resins functionalized with basic amine groups. Having two
different ligands in the organic shell of these compounds had
two main purposes. In the case of Ti-MOCs, we aimed at intro-
ducing ligands that facilitate their dissolution together with li-
gands that favour the formation of thin films and also enable
the cross-linking reaction as a means for patterning. In the case
of Zr-MOCs, the mixed-ligand shell enables studying the effect
of decreasing the number of terminal double bonds in the
organic shell. Once the mixed-shell were attained by ligand
exchange reactions, the basic resins were used to extract the
excess of carboxylic acids. This method allows for the easy prep-
aration of metal oxoclusters with complex organic shell compo-
sition and proves to be a good synthetic tool that allows
modulating the EUV sensitivity of this type of materials by tun-
ing their molecular structure.

Results and Discussion

Resins that are functionalized with tertiary amines have been
used in the past to remove carboxylic acids from organic sol-
vents.[?>26] |n the present work, the resins that were selected
for the purification step after ligand exchange reaction were
polystyrene (PS) resins functionalized with tertiary amines,
PS-N-piperidine (in this work PIP) and PS-N-dimethylamine (in
this work DMA). Bulky amines were chosen to avoid any compe-
tition with the carboxylate ligand in the coordination with the
metals of the MOC inorganic core. The affinity of these two
basic resins towards five different carboxylic acids (pivalic,
methacrylic, propionic, butyric, and isobutyric acid) that are of
interest to enhance solubility properties and film formation ca-
pability of MOCs was evaluated by means of "H NMR. To do so,
the change of concentration of the acid in a solution of deuter-
ated chloroform after adding the corresponding resin (1:1 molar
ratio of amine on resin/acid) was used to calculate the equilib-
rium adsorption, g,,1?72% as:

Ge=(Cp - Co)/mxV
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where ¢, and ¢, are the initial concentration and the concentra-
tion in equilibrium in mg/L, m is the mass of resin in g and V
is the volume of the suspension in L (Figure 1).
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Figure 1. Equilibrium adsorption (g.) measured for dimethylaminomethyl-
(DMA) and piperidine-functionalized (PIP) resins and five different carboxylic
acids. The percent of acid absorbed by each resin is indicated on top of the
bar. All reactions were performed using a 1:1 molar ratio of amine on the
resin to carboxylic acid.
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In all cases, the resin functionalized with piperidine showed
stronger affinity towards all carboxylic acids and in particular
towards methacrylic acid. On the other hand, the carboxylic
acid with the bulkier backbone, pivalic acid (Piv), appeared to
adsorb more poorly on both resins.

The use of resins for the purification process was first tested
on Ti-oxoclusters in small scale and monitored by 'H NMR.
TigPiv,¢ was used as starting material and ligand exchange reac-
tions with different molar ratios of MOC to methacrylic acid
(1:16 and 1:20) were performed on this compound in deuter-
ated chloroform. After that, the resulting solution was treated
with basic resin, the resin was filtered out, and the composition
of the filtered solution was newly determined (Figure 2). This
last step was realised twice to monitor how the second cycle of
resin treatment could further remove the free carboxylic acids.

The chelation dynamics of the carboxylate ligands on this
metallic cluster are slow enough at room temperature to allow
to distinguish the protons of ligands that are bonded to the
metals from the ones of the acids that are non-bonded and free
in the deuterated chloroform solution (Table 1). The average
ratio of pivalate/methacrylate ligand in the Ti-MOC that resulted
from these exchange reactions was calculated from the peak
areas in the "H NMR spectra (Figure 3).

When stoichiometric amounts of methacrylic acid were
added to TigPiv,6, an oxocluster with almost 1:1 ratio of meth-
acrylate/pivalate ligands was obtained, i.e. TigPivgMcg. The aver-
age amount of methacrylate ligands in the shell was increased
by increasing the molar ratio of methacrylate acid in the reac-
tion mixture (Figure 3, white columns). After treating the mix-
tures with each basic resin (DMA and PIP) in a 1:1 carboxylic
acid/amine molar ratio (amine concentration estimated from
the nitrogen content specified by the commercial provider), the
percent of non-coordinated carboxylic acids decreased from
50 % to 14 % in the 1:16 MOC/methacrylic reaction, and from
55% to 10 % in the 1:20 reaction after two resin treatment
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Figure 2. Scheme showing the steps of the new protocol for the preparation
of mixed-ligand metal oxoclusters. The pristine oxocluster with pivalate li-
gands TigPiv,¢ is dissolved in a solution with methacrylic acid and ligand
exchange occurs. The amine-functionalized resin is added and the non-coor-
dinated carboxylic acids are adsorbed on it and removed by filtration.

Table 1. 'H NMR chemical shifts of carboxylic acids and carboxylate ligands
in the solution mixture of the ligand exchange reactions of Ti-oxoclusters in
CDCl;.

"H NMR chemical shifts [ppm] Free acid Coordinated ligand
Pivalic acid/pivalate -CH; 1.24 1.16, 1.19
Methacrylic acid/ Methacrylate -CH; 1.95 1.86, 1.92
=CH, 5.68, 6.24 549, 555, 6.19, 6.21
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Figure 3. Columns: number of methacrylate ligands (x) incorporated in
TigPiv,6.xMc, after ligand exchange reaction (white) and after treatment with
one or two cycles (x2) of DMA (black) or PIP (grey) resins. Red squares:
percent of free acid in the solution over the total amount of carboxylate
ligands and carboxylic acids.

cycles (red squares in Figure 3). However, the ratio of the meth-
acrylate ligand in the oxocluster also decreased. This effect is
stronger in the case of the PIP resin which made the content
of methacrylate ligands in the MOC shell decrease from 8 to a
minimum of 3 (1:16 ratio) and from 9 to a minimum of 4 (1:20
ratio) after the resins treatment. The results are in line with the
higher affinity of both resins towards methacrylic acid com-
pared to pivalic acid previously observed. Nevertheless, in all
cases, Ti-MOCs with a binary composition in the organic shell
and a reduced amount of free acids were obtained.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The approach was scaled up and utilised to prepare Ti-based
MOCs and Zr-based MOCs with mixed shells that contain both
methacrylate and pivalate ligands. Dimethylamine-resin was
used since it reverted the introduction of methacrylate to a less
extent than the piperidine-resin (Scheme 2).

DMA resin
—_—

TigPivsg + 16 McOH TigPivioMcg

DMA resin
—_—

ZrgPivy, + 36 McOH ZrgPiv4Mcg

Scheme 2. Ligand exchange reactions followed by resin purification.

For the reaction with TigPivq¢, @ 1:16 MOC/acid molar ratio
was employed, in order to compare with the small scale NMR
experiments. In this experiment, the solution treated with DMA-
resin (one cycle only) yielded the same ratio observed in the
NMR experiment (Piv/Mc, 10:6). Yet, the number of free acids
was even lower than the one detected in the NMR studies
(ca. 18 % of free acid) thus yielding a product with an average
formula of TigPiv,oMcg-2PivOH-TMcOH. We assume that the
evaporation of the solvent at reduced pressure after the resins
treatment contributed to reducing the amount of free acid.
Characterization of this compound by IR spectroscopy (Figure 4)
displayed a mixture of characteristic peaks of the MOCs with
pure pivalate (TigPiv,¢) and pure methacrylate (TigMc;¢) shells
(Figure 4). In addition, peaks associated with the non-coordi-
nated free carboxylic acid (C=0 stretching at 1700 cm~" and
broadband corresponding to O-H stretching in the 2400-
3600 cm™' range) were also present.

In the case of the Zr-based cluster, our aim was to investigate
how the incorporation of a small number of pivalate ligands in
a methacrylate rich organic shell would affect the cross-linking
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mechanism induced by EUV light compared to previously stud-
ied ZrgMc,, photoresist. For this reason, a higher ratio of meth-
acrylic acid was used for the ligand exchange reaction on
ZrgPivy, and the resin treatment was applied only in one cycle.
In contrast to the case of the Ti-based pivalate oxoclusters, the
ZrgPiv,, cluster is originally not soluble in chloroform. However,
when this compound is suspended in chloroform in the pres-
ence of methacrylic acid, the incorporation of the methacrylate
ligands in the clusters by means of ligand exchange reactions
leads to the dissolution of the mixed-shell compound. The
"H NMR spectrum after the reaction revealed that a cluster with
a 4:8 Piv/Mc ratio was obtained (see Supporting Information).
Yet, the dynamics of exchange between free acids and bonded
acid are too fast to determine the content of free acid for this
product by 'H NMR. Nevertheless, and as in the case of the
Ti-based counterpart, the IR displayed peaks characteristic for
ZrgPivy, and ZrgMc,, (synthesized according to the literature) as
well as the presence of free acids by the broad O-H stretching
band and the C=0 stretching peak, as in the Ti-MOC (Figure 4).
The average composition of the final product is thus estimated
as ZrgPiv4Mcg from NMR experiments.

The isolated products TigPivioMcg and ZrgPivsMcg were
tested as EUV photoresists. The first noticeable effect of provid-
ing the Ti-oxocluster with a mixed organic shell was that it ena-
bled its deposition as a thin film from solution by spin-coating,
in contrast to the case of the analogous compounds with only
pivalate or only methacrylate ligands. The sensitivity to extreme
ultraviolet light of the materials was evaluated using synchro-
tron radiation at the EUV interference lithography tool (XIL-II)
at Paul Scherrer Institute (PSI).1?” This property is defined as the
minimum dose of EUV light necessary to induce a chemical

TigMc4g ZrgMcy,
TigPiv4g ZrgPiv,,
TigPiv4oMcg ZrgPiv,Mcg

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4. IR spectra of the products of the scaled-up ligand exchange reactions after treatment with DMA and isolation of the cluster as a powder by means

of reduced pressure solvent evaporation.
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change that leads to a change in the solubility of the com-
pound and is determined by means of a contrast curve. That is,
the extent of the chemical changes induced by EUV light can
be indirectly measured by the differences in solubility rate of
the material in a specific solvent as a function of dose. For nega-
tive tone resists, such as the ones studied in the present work,
the solubility rate decreases with the EUV exposure dose. There-
fore, the amount of material left on the substrate, measured as
thickness, for a given development time increases with the
dose, which yields the aforementioned contrast curve plot (Fig-
ure 5).
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Figure 5. Contrast curves of (a) TigPiv;oMcg (original thickness dg = 17 nm)
using toluene for development, (b) ZrgMc;, (dg = 24 nm), and ZrgPiv,;Mcg
(dp = 24 nm) using chloroform as the developer.

Our experiments showed that the Ti-oxocluster with mixed-
ligand organic shell TigPiv,oMcs acted as a negative-tone EUV
photoresist when toluene was used as developer (Figure 5a). In
the case of the Zr-oxocluster, chloroform was used as developer
to compare with previous results obtained for the analogous
material with only methacrylate ligands ZrgMc;,. It was ob-
served that the sensitivity of the mixed-sell compound
ZrgPiv4Mcg was lower than the one of ZrgMc,,, that is, a higher
dose is required to induce a solubility switch in the mixed-shell
oxocluster. This observation is in agreement with the lower
number of cross-linkable terminal double bonds of ZrgPiv,Mcg
compared to the previously studied ZrgMc;,. That is, the radia-
tion-induced cross-linking of terminal double bonds is less
likely to occur in clusters with a lower ratio of methacrylate
ligands. Therefore, the extent of chemical change that leads to
a change in solubility rate requires more photons in the case
of the mixed-ligand cluster.

Conclusions

Metal oxoclusters based on Ti and Zr featuring mixed carboxyl-
ate organic shells can be easily prepared and isolated by means
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of ligand exchange reactions followed by a basic resin treat-
ment to remove the exceeding acid molecules. These methods
allow incorporating two types of carboxylate ligands in differ-
ent ratios avoiding a crystallization step. This protocol proved
to be a useful tool for the modification of the lithographic per-
formance of metal oxoclusters that act as extreme ultraviolet
photoresist. In particular, the introduction of pivalate and meth-
acrylate ligands in Ti-octamer (TigPiv,oMce) enables its deposi-
tion in thin films and its utilization as negative tone resist.
On the other hand, the presence of these two ligands in Zr-
hexamer oxoclusters (ZrgPiv4sMcg) led to the decrease in sensi-
tivity of the material compared to the parent compound with
only methacrylate ligands. This result is in line with the lower
number of terminal units that can cross-link upon light expo-
sure, which yields slower cross-linking kinetics and thus require
higher photon doses for a full transformation into an insoluble
network. Our work proves that the processability and the reac-
tivity of this type of materials can be finely tuned by means of
this new synthetic protocol and thus offers a versatile tool for
the preparation of future extreme ultraviolet resist materials for
nanolithography applications.

Experimental Section

Polystyrene-resins functionalized with tertiary amines were pur-
chased from Sigma-Aldrich (dimethylaminomethyl-polystyrene,
catalogue number 39205; piperydine, polymer-bound, catalogue
number, 49,461-5).

TigPivqe was synthesized as described in reference.l'® Zr¢Piv,, was
prepared with an analogous method. Pivalic acid (2 g, 20 mmol)
was added to a solution of zirconium isopropoxide in 2-propanol
70% (1 mL, 2.28 mmol). The mixture was placed in an autoclave
and heated up at 80 °C for 24 h. The reaction gave white crystals
that were filtered off and washed with diethyl ether to give the
insoluble cluster ZrgPiv,, (540 mg, 76 %), as identified from powder
X-ray diffraction (Figure S1 in Supporting information) and IR, which
gave identical features as compared to the ones reported in the
literature for the same compound.'”? Thermogravimetric analysis
(TGA) was also in agreement with the expected composition (calcu-
lated ZrO, residue 39 %, found 32 %, Figure S4 in Supporting Infor-
mation)

"H NMR experiments were performed in a Bruker Avance 300 MHz
spectrometer, FTIR-ATR experiments of bulk samples were per-
formed in a Bruker ALPHA-II FTIR spectrometer. FTIR spectra of spin-
coated thin films were recorded with a Bruker Vertex 80v spectrom-
eter. TGA was performed using NETZSCH thermogravimetric analy-
zer in an Al,O3 crucible and heating was performed from 35 °C to
800 °C at 10 K/min in an 80:20 N,/O, atmosphere. The thickness
measurements were performed using a Bruker atomic force micros-
copy (AFM) with the ScanAsyst mode.

Equilibrium adsorption of resins. To the carboxylic acid (0.1 mmol)
in deuterated chloroform (1 mL) solution was added the piperidine-
or dimethylaminomethyl-functionalized resin (0.1 mmol of amine
content estimated from N content according to the supplier). The
solution was stirred for 30 min. Then, the resin was filtered out of
the solution. To 0.75 mL of the solution, toluene or pyridine (10 pL)
was added as a standard for quantification of acid left in solution
by "H-NMR (300 MHz) measurement.

Determination of ligand ratio after ligand exchange reaction and
purification with resin. TigPiv,¢ (10 mg) were dissolved in CDCls

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(1 mL) and the carboxylic ligand was added in molar ratios of 1:12,
1:16, 1:20 or 1:36. The reaction mixture was stirred for 30 min. A
resin was added to the reaction in a 1:1 molar ratio of carboxylic
acid/amine in resin (based on N content of the resin) and the mix-
ture was stirred for 30 min. The solution was filtered and analyzed
by "H-NMR. The composition of the organic shell was determined
by the signal ratio between the bonded ligands.

Scaled-up synthesis of TigPiv;oMcs and ZrgPivsMcg. TigPiv,s and
ZrgPivy, (300 mg) were dissolved or suspended in chloroform
(20 mL) respectively. Methacrylic acid was added in molar ratios of
1:16 or 1:36. The reaction mixture was stirred for 30 min. Resin was
added in a ratio of amine to carboxylic ligand ratio of 1:1 (based
on N content of the resin) and the reaction mixture was stirred for
30 min. The resin was filtered out and the solvent was evaporated.
The product was analyzed with "H-NMR and IR spectrometer.

Spin coating of mixed-ligand MOCs. TigPiv,oMcg or ZrgPivsMcg was
dissolved in toluene (10 mg/mL). The solution was filtered with a
0.2 um filter and deposited on a silicon substrate by spin-coating
(2400 rpm, 30 s, 2000 rpm/s acceleration for TigPiv;oMcs and
3000 rpm/s for ZrgPiv,Mcg).

Exposure in XIL-Il. EUV open-frame exposure was performed at the
XIL-II beamline of Swiss Light Source (SLS) at the PSI. Doses were
varied from 3.75 to 756 mlJ/cm? Toluene and chloroform were
tested as developers for exposed photoresists for 20 s and 15 s
respectively.
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