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To meet the requirements for EUV nanolithography, the semiconductor industry has drawn
attention towards hybrid inorganic-organic based photoresists. However, the mechanisms
responsible for the solubility switch in these materials are not well understood. In this work,
UV/VUV (4-14 eV) photon-induced fragmentations of Zn-based oxoclusters in the gas phase
are investigated to study the fundamental reactivity of their cationic form. Irradiation of the
parent cations results mainly in the ligand dissociation and fragmentation of the inorganic
clusters at energies below the second ionization threshold (~12 eV). This ionization energy
appears to be linked to the methacrylate ligand in the organic shell. We presume that this type
of fragmentations can also occur when the oxoclusters are ionized in the thin film upon EUV

irradiation.
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1. Introduction

As the lithography technology shifted from
193 nm (Deep Ultraviolet, DUV) towards a shorter
wavelength of 13.5 nm (Extreme Ultraviolet, EUV),
metal-based resist systems emerged as a promising
alternative to the traditional organic chemically
amplified resists (CARs) [1-4]. This unprecedented
growing interest in metal-based resists systems is
due to one key contribution of the metals in the
lithographic process: the enhancement of the
projected image absorption by the resist [5-8]. This
is because the absorption cross-section of EUV
photons is generally higher for metals as compared
to C, H, O, N, which are constituting elements of
organic CARs.

Metal-oxo clusters (MOCs), a class of hybrid
inorganic-organic  molecular material, have
emerged as promising photoresists for EUV
lithography (EUVL) applications. MOCs have a
molecularly defined small structure and offer
synthetic versatility, as they can undergo ligand-
exchange reactions [9-11]. In previous published
studies by some of the authors, Zn-MOCs,
Zn4sO(MA)sx(TFA)x having a mixed organic shell
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containing  both  methacrylate (MA) and
trifluoroacetate (TFA) ligands has shown high
sensitivity/ reactivity towards EUV photons and
good EUVL performance [12]. The experimental
absorption coefficient of Zn-MOC:s is also relatively
high (12.4 um™) as compared to traditional
photoresist (5 um™). However, the mechanism
behind the solubility switch upon exposure to such
high energy EUV radiation is not yet well
established for resist materials, in general, and for
this novel Zn-MOCs resist, in particular [2,13,14].
Thus, the reaction paths triggered by EUV-
irradiation on inorganic resists that enable
patterning in lithography is currently a very active
research area. EUV photons (13.5 nm, 92 eV)
exceed the ionization potential of the photoresist
material (~10 eV) such that exposure to EUV results
in the ionization of the material. The ionization is
accompanied by the emission of a photoelectron
with up to 80 eV energy that is capable to trigger an
electron cascade, i.e. the formation of several
secondary electrons and holes [15-18].

The study at molecular level of the complex
reaction mechanisms and of the resultant chemical
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changes occurring in resists’ thin films (tenths of
nanometers thickness) upon EUV exposure is
challenging [19]. Alternatively, the reactivity of
metal-oxoclusters can be studied in the gas phase.
This method has been utilized previously to study
the decay paths that an excited MOC can undergo
and how these paths can differ when different
organic ligands are used [20,21].

In this work, we studied photon-induced
fragmentation of Zinc-based MOCs, ZnsO(MA) 6.«
(TFA)x. Zn-MOCs were brought into the gaseous
phase in their cationic form (with a net charge of +1),
trapped and exposed to ultraviolet (UV) and
vacuum ultraviolet (VUV) radiation (4-14 eV
range). The resultant photon-induced fragments and
ionization products were identified with a mass
spectrometer coupled to the ion trap. These
experiments reveal the reactions that the ionized Zn-
based photoresist molecules undergo and give us
insights into the possible species that can derive
from the holes formed in the thin film upon EUV
exposure.

2. Experimental

To perform the photo-induced fragmentation
experiments, a solution of ZnsO(MA )sx(TFA)x was
prepared (1.5 mg in 1 mL of an acetonitrile/acetone
mixture in 3:2 ratio, 4 min sonication) and filtered.
A commercial linear quadrupolar ion trap (Thermo
Scientific LTQ XL) mass spectrometer using
atmospheric  pressure photoionization (APPI)
source coupled to the DESIRS beamline at SOLEIL
synchrotron radiation facility (France) was used
[22,23]. A syringe pump with a flow rate of 10 puL
min' was used for all the experiments. The
molecules were ionized by the Krypton discharge
lamp of the APPI source. The parent cations were
selectively trapped in the linear quadrupole ion trap
and exposed to monochromatic and high-harmonics
free (by using Kr-filled gas filter and a quartz
window when required) photons. The curves were
normalized to the photon flux variations over
energy range 4-14 eV (measured by using a Si
photodiode) to obtain relative cross section or
photon-normalized ion yield. DFT calculations
were performed with Gaussian 16 [24] using the
functional UB3LYP and the Def2TZVP basis set.

3. Results and discussion

The ZnsOMA)sx(TFA)x (x= 0 or 1) MOCs
studied in this work have 4 Zn atoms in a tetrahedral
geometry bridged by an O in center (p4-0x0) in their
inorganic core. They were synthesized by a ligand

exchange method as previously reported [12] using
Zn4O(TFA )¢ as a precursor, which has the same oxo-
core and 6 TFA ligands in the organic shell. TFA
ligands were exchanged by MA ligands (a ligand of
interest for  nanolithography  applications)
[2,11,12,25]. This reaction proceeds in an
equilibrium and therefore, the composition of the
resulting Zn-MOCs have a statistical distribution of
the combination of both MA and TFA ligands in the
organic shell, where MA is the more abundant
ligand. Through our previous analytical
spectroscopy studies, we deduced that the
synthesized Zn-MOCs have on average a MA/TFA
ratio of approximately 5:1, i.e. the average formula
is close to ZnsO(MA)s(TFA) [12].

To generate the parent ion species from the
neutral Zn-oxoclusters, APPI was used. Figure 1.
displays the mass spectra of the four trapped parent
ions before irradiation. As expected from the
statistical distribution in the ligand composition,
two of the trapped parent ions were identified as: 1)
the product of ionization of the Zn-MOC with a 5:1
MA/TFA ratio at m/z 816.05, labeled as [Pi]*=
[ZnsO(MA)s(TFA)]*"; 2) its analogue with all 6 MA
ligands at m/z 788.12, [P2]*"= [ZnsO(MA)s]*". The
ability to isolate the parent with 5:1 MA/TFA
ligands and the parent with all 6 MA ligands
allowed us to study the influence of the TFA ligand
on the reactivity of the radical cation of the Zn-
MOCs.

In addition, the ions that result from one ligand
loss from the starting neutral molecules [Pi-L;]" =
[ZnsO(MA)(TFA)]", m/z 730.97. [Pi-Lo]" = [P2-
Li]" = [ZnsO(MA)s] *, m/z 703.04, where L; = MA
and L, = TFA, could also be trapped. However, in
the latter cases the trapping always led to the co-
existence of the hydrated species [P-L;+H>O]" and
[Pz—Lﬁ‘HzO]+ = [P1—L2+H20]+, which might result
from the hygroscopic nature of the Zn-based
inorganic core.

The simulated isotopic distribution (shown in
blue using online tool Chemcal [26]) in Fig. 1.
remains the same for all the clusters (at the
corresponding m/z values), regardless of the
presence of 5 or 6 ligands in their organic shell. This
is because this pattern results from the 4 Zn atoms
and is thus a fingerprint of the tetranuclear inorganic
cluster. A broadening of the peaks was observed for
[P1-L1»+H>0]" adducts. The origin of this feature
is unclear and needs further investigations that are
out of the scope of this work.

As an example of the photo-fragmentation
products formed from the different parent ions, the
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Fig. 1. Mass spectra of the four trapped parent ions before irradiation. Simulated isotopic distribution is shown in

blue.

mass spectra acquired after irradiation of [P1]*" and
[P;-L1]" at 13.5 eV photons energy is shown in Fig.
2. The counterparts derived from [P2]*" and [P>-Li]"
(=[P1-L2]") yielded analogous results and are not
shown for simplicity. At this energy, the second
ionization products of all parent ions were detected.
For parent ions identified as [P;,]*", with 6 ligands,
the double charged ions, labeled as [P12]*", were
accompanied by the adducts resulting from the
coordination of one or two water molecules,
[P12+xH,0]*, x=1-2, whereas in the case of the
doubled charged species with 5 ligands, only the
hydrated adducts, [Pi-Li»+xH,0]**", x=1-3, were
observed (insets in Fig. 2).

Noticeably, a product identified as [Zn;O(MA);]"

was detected at m/z 467.46 in the spectra of all the
irradiated parent ions. The isotopic mass
distribution clearly matched the presence of only 3
Zn atoms (Fig. 3). The formation of this species
reveals that the inorganic cluster can dissociate such
that one Zn atom can detach from the molecule.
In the particular case of the parent ions [P;,]*", the
product of ligand dissociation [Pi»-Li]" and its
adduct with acetonitrile, [P1,-Li+CH;CN]" was
observed at a lower energy (Fig. 4. shown at 9 eV).
Furthermore, in this m/z range, species that match
the molecular weight of [P1,-OH]" was detected.
We hypothesize that protonation of the p4-oxo
group might open this reaction path.

(@) [Py]°* = [Zn,0(MA)4(TFA), ]**
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Fig. 2. Mass spectra after irradiation with 13.5 eV
photons. Zoomed in regions shows the second ionization
products accompanied by water adducts.
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Fig. 3. Observed and simulated (blue) mass distribution
of [Zn30O(MA);]" as a photo- fragmentation product,
from all four parent species.
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Fig. 4. Ligand dissociation products, [Pi»-Li]" and
product assigned to OH loss observed after irradiation
with 9 eV photons of the parent ions [P]*".

The relative yields of photo-products are plotted
as a function of photon energy in Fig. 5. (4-7.4 eV)
and Fig. 6. (7-14 eV). Photo-fragments in the lower
energy range were only detected for the parent ions,
[P12]"", with 6 carboxylate ligands, shown in Fig. 5.

Ligand dissociation products were predominant
in the energy range of 7-14 eV for the [P12]*" parent
ions, as shown in Figs. 6(a) and (b). Yet, for all the
four parent ions, also the ones with 5 ligands only
([P12-L1]"), the Zn-trinuclear species [Zn;O(MA);]"
forms above 7-8 eV. In the case of [Pi]", the
analogue of [Zn;O(MA);]" species
[Zn;O(MA)(TFA)]" was also detected. The
proposed photo-fragmentation reactions for all four

parent ions combined are shown in Scheme 1. We
presume that when more than one ligand is lost, the
inorganic core is destabilized, as one Zn atom in the
tetranuclear structure is left with only one bridging
carboxylate ligand. Thus, the tetranuclear cluster
has an excess of positive charge. Therefore, one Zn
atom is lost, along with a ligand. This is why [P-
MA]" type, or [P-OH]" products are not seen in Figs.
6(c) and (d).

(a) [P1**= [P,]** = [Zn,0(MA)s(TFA), ]**
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Fig. 5. Photon normalized yield of the products formed
in the 4-7.4 eV photon range from [P1,]"".

The onset of the second photo-ionization for all
parent ions and related adducts with solvent
molecules is observed around 12 eV. This result
suggests that the ionization energy of the parent ions
is determined by the molecular orbitals on the MA
ligand. Indeed, the ionization potential estimated
with DFT calculations for parent ions [P;]*" and
[P,]*" are 11.4 eV and 11.1 eV, respectively and the
highest occupied orbital for both radical cations is
mainly located on the MA unit (Fig. 7). Interestingly,
the di-cation preserved the molecular structure with
all ligands and seemed to have high affinity towards
water molecules.
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Fig. 6. Photon-normalized ion yield of the products formed from their respective parent ions.

Dissociation products:

hv>4eV
1. [Zn0(L)g]* + hv — [Zn,O(L)s]*+ L*
LEHaCN, (zn,0(L)s + CHLCN]*
hv>8eV
2. [ZnO(L)el* +hv —
[Zn30(L)3]*

[Zn,0(L)s]" + hv — — [2n;0(L)s + HOT*
4UL)s

lonization products:

hv>12eV
1. [Zn,O(L)e]*" + hv = [Zn,O(L)¢]* + e

| xH,0 (x=1,2)
[Zn,O(L)¢ + xH,0]%*

2. [Zn,O(L)s] + hv — [Zn,O(L)s]***+ e

| xH,0 (x=1-3)
[Zn,O(L)s + xH,0]%*

Scheme 1. Proposed photo-fragmentation reactions of the parent ions.

%6%?

[Zn,O(MA)s(TFA)]

[Zn,O(MA)e]*

Fig. 7. Highest occupied molecular orbitals (HOMO) of
parent ions [Py]** and [P:]** calculated with DFT
(UB3LYP, Def2TZVP).

4. Conclusions

Photo-induced fragmentations studies on the
mixed ligand Zn-MOCs, ZnsO(MA)ex(TFA)y,
exposed to UV/VUYV (4 to 14 eV) photons in the gas
phase helps to identify the most favorable reaction
pathways that this molecular EUV resist follows

when is ionized and brought to different excited
states. Ligand dissociation proved to be a main
reaction path at energies below the second
ionization energy threshold (~12 eV) for the parent
ionic species [P12]"". However, further ligand
dissociations seem to lead to the dissociation of the
inorganic core and loss of one Zn atom. Above ~12
eV, second photo-ionization processes compete with
the photo-fragmentation ones, which indicates that
the energy is used for the emission of an electron
rather than for bond dissociation. The presence of
the TFA ligand in the organic shell does not seem to
influence in the photoionization energy, compatible
with HOMO orbitals localized on the MA ligand(s).
Despite the fact that EUV energy is higher than the
range of energy used in this study, this work gives
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fundamental insights into the reactive sites and the
stability of the cationic species of ZnsO(MA)s.
«(TFA)x, which can be formed in thin films upon
exposure to the ionizing EUV radiation.
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