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“Tin-oxo cage” organometallic compounds are considered as photoresists for extreme ultraviolet (EUV)
photolithography. To gain insight into their electronic structure and reactivity to ionizing radiation, we
trapped bare gas-phase n-butyltin-oxo cage dications [(BuSn);,014(OH)el>* in an ion trap and investigated
their fragmentation upon soft X-ray photoabsorption by means of mass spectrometry. In complementary
experiments, the tin-oxo cages with hydroxide and trifluoroacetate counter-anions were cast in thin films
and studied using X-ray transmission spectroscopy. Quantum-chemical calculations were used to
interpret the observed spectra. At the carbon K-edge, a distinct pre-edge absorption band can be
attributed to transitions in which electrons are promoted from Cls orbitals to the lowest unoccupied
molecular orbitals, which are delocalized orbitals with strong antibonding (Sn—C o*) character. At higher
energies, the most prominent resonant transitions involve C-C and C—-H o* valence states and Rydberg
(3s and 3p) states. In the solid state, the onset of continuum ionization is shifted by ~5 eV to lower energy
with respect to the gas phase, due to the electrostatic effect of the counterions. The O K-edge also
shows a pre-edge absorption, but it is devoid of any specific features, because there are many transitions
from the different Ols orbitals to a large number of vacant orbitals. In the gas phase, formation of the
parent [(BuSn);2014(OH)el®>" radical ion is not observed at the C K-edge nor at the O K-edge, because the

Received 8th November 2023, loss of a butyl group from this species is very efficient. We do observe a number of triply charged

Accepted 24th January 2024 photofragment ions, some of which have lost up to 5 butyl groups. Structures of these species are

DOI: 10.1039/d3cp05428d proposed based on quantum-chemical calculations, and pathways of formation are discussed. Our results
provide insight into the electronic structure of alkyltin-oxo cages, which is a prerequisite for understanding

rsc.li/pccp their response to EUV photons and their performance as EUV photoresists.

1 Introduction photoresists: light-sensitive materials that change their solubi-

lity upon exposure to EUV light (13.5 nm, 92 eV)."** Tin atoms

Organotin compounds based on tin-oxo cage structures (see Fig. 1)  strongly absorb EUV radiation,'*"® which allows for photoresist
are candidates for a new generation of extreme ultraviolet (EUV) layers to be thin (~20 nm) and still absorb a suitable fraction of
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Fig. 1 Tin-oxo cage dication structure. Sn-atoms in blue are 6-coordi-
nated (“cap”), those in green are 5-coordinated ("belt”).

the expensive EUV photons. Patterns with small critical dimen-
sions can then be written on the photoresist while keeping the
aspect ratio (ratio between height and width of a feature) small
enough to avoid pattern collapse.'® The EUV absorption coeffi-
cient of tin-oxo cage films was measured to be around 12 pm ™,
ca. 2.5x higher than that of conventional photoresists based on
organic polymers.'”

The chemical reaction pathways in organometallic photo-
resists have been explored to some extent, but many quantita-
tive details are still unknown. Castellanos and co-workers
studied metal-oxo clusters with acrylate ligands that act as
negative tone photoresist mainly through the cross-coupling
of the acrylates."®"**®7>* For the tin-oxo cages, the formation of
a condensed (insoluble) metal oxide-like network, induced by
removal of organic side groups, has been suggested,”**">° but
little is known about the EUV-induced photoreactions on
a molecular level. Therefore, spectroscopic and mechanistic
studies are necessary to improve our understanding.

The initial absorption of EUV photons leads to photoemission
of valence or semi-core electrons.”*>! The resulting semi-core
vacancies typically have short lifetimes (1-10 fs range)** and decay
either by internal conversion or by Auger-Meitner processes.***
The emitted electrons generate a cascade of secondary electrons
in surrounding photoresist molecules.>>*® These electrons are
thought to induce the majority of the chemical conversions that
lead to the solubility change in EUV photoresists.*’

Reactions in EUV photoresists are difficult to study, because
the photoresist layers for EUV lithography are typically thin and
standard chemical analysis techniques such as Nuclear Magnetic
Resonance and infrared spectroscopy lack the sensitivity to detect
subtle changes, especially with the small quantities of material in
thin films. Therefore, we explore X-ray absorption spectroscopy
at the carbon and oxygen K-edges for the analysis of thin films of
tin-oxo cages, and we probe the same transitions for the free
dications in the gas phase, where we monitor the photofragmen-
tation pathways via mass spectrometry.
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Soft X-ray induced photofragmentation of complex molecu-
lar systems has been previously studied for biomolecules such
as proteins,”’° peptides,”® and oligonucleotides*’ but also
for size-selected metallic clusters.**** However, a study on an
organometallic system that is relevant for EUV lithography,
such as the tin-oxo cage, has to our knowledge not been reported.
We aim to provide new insights into its electronic structure and
emphasize the importance of the Sn-C ¢ and o* bond orbitals,
which are the main constituents of the highest occupied and
lowest unoccupied molecular orbitals, respectively. These orbitals
play a key role in the photochemistry of tin-oxo cages both in the
ultraviolet and in the extreme ultraviolet regimes.

2 Experimental and
computational details

Compounds used were prepared as described in the literature.
The tin-oxo cage was synthesized with tosylate counterions,**
after which the material was converted to hydroxide form
(TinOH) by ion exchange using aqueous tetramethyl ammo-
nium hydroxide.*® The tin-oxo cage in its trifluoroacetate form
(TinF) was prepared by reacting TinOH with two molar equiva-
lents of trifluoroacetic acid.**

All gas phase photoabsorption experiments were performed
at the BESSY II synchrotron radiation source (Helmholtz-
Zentrum Berlin fir Materialien und Energie, Germany). The
IonTrap end station*®™*® is permanently installed at the UE52-
PGM beamline and it was custom-built to record partial photo-
ion yields from ionic precursors as a function of photon energy.
The photon energy was calibrated on the 1s resonance of Neon
(867 eV), using the 1st, 2nd and 3rd order of the monochro-
mator (867/433.5/289 eV). We (conservatively) estimate the
accuracy as +1 eV. Tin-oxo cage dications [(BuSn);,04(OH)e]**
were brought into the gas phase using electrospray ionization
(ESI) of a 40 pM solution of the tin-oxo cage with hydroxide
counterions in methanol.”® After phase space compression of
the ion beam in a radiofrequency (RF) ion funnel and a multi-
pole RF ion guide, the ions were mass-selected using a quadru-
pole RF mass filter. The precursor ions were then continuously
injected into a cryogenic linear RF ion trap where they were
accumulated and continuously exposed to a collinear beam
of monochromatic soft X-rays. While the photon energy was
scanned in steps of about 100 mV over the energy region of
interest (bandwidth approx. 300 meV at the carbon K edge,
350 meV at the oxygen K edge, integration time typically 4 s per
photon energy), ion bunches were extracted into a reflectron
TOF system with a repetition rate of 19 Hz. From the resulting
mass spectra, partial ion yields as a function of photon energy
were extracted. The apparatus is optimized for determination of
partial photofragment ion energies as a function of photon
energy. The relative intensities of fragment ions in the photo-
fragmentation mass spectra are only accurate over a pre-
selected region of interest of several 100 Da. In the following,
we will refer to this method as Near Edge X-ray Absorption Mass
Spectrometry (NEXAMS).
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For X-ray absorption measurements in thin films, the tin-oxo
cage materials were spin coated onto 7.5 x 7.5 mm? substrates
obtained from Norcada, composed of a silicon nitride (SiN,)
membrane covering a silicon substrate, with a 3 x 3 mm?® window
of freestanding silicon nitride (d = 30 nm) in the middle. Spin
coating was performed at 2500 rpm for 35 s, using a 20 mg mL ™"
solution of TinOH/TinF in toluene using either a Suss Delta 10 or
Chemat Technology Inc. Spin Master 50 spin coater. The solutions
were filtered using a 0.2 um PTFE filter prior to spin coating.
A post-application bake step of 30 s at 90 °C was performed. The
resulting thicknesses were approx. 30 nm (TinOH) and 60 nm
(TinF) as determined by Atomic Force Microscopy.”

X-ray absorption spectra were measured using the Scanning
Transmission X-Ray Microscope of the PolLux beamline at SLS
(PS1).>° The X-ray beam (energy range 270-590 eV) was mono-
chromatized using a 300 lines per mm Ni grating, with higher
orders suppressed by a mirror system,”" and focused using a
gold Fresnel zone plate with an outermost zone width of 35 nm
(combined with a 50 um diameter order selecting aperture).
The spectral bandwidth at the carbon K edge was ~0.3 eV.
Transmitted X-ray photons were detected by means of a scin-
tillator coupled to a photomultiplier tube. The photon energies
were calibrated by comparison with reference samples: thin
films of polystyrene (peak at 285.3 eV)’*** and poly(methyl-
methacrylate) (288.45 eV,>"*® 288.52 eV>°®) Our data agree with
the published values to <0.1 eV.

X-ray absorption spectra were measured by comparing the
photon flux transmitted through the sample (1), to the photon
flux of the beam measured through an open sample position
(Io). The spectrum of the membrane was measured separately.
Twenty-five intensity values were measured while the sample
was scanned along a 25 um line, with a dwell time of 100 ms.
The scan was repeated for each energy. Carbon K-edge absorp-
tion spectra were recorded over an energy range of 270-350 eV,
using smaller steps in more interesting regions (0.1 eV between
282 and 293 eV, 0.25 eV between 293 and 300 eV), and larger
steps in regions that do not show fine spectral features. To limit
X-ray-induced damage to the sample, the beam was defocused
to a spot size of ~1 pm diameter by placing the sample 100 pm
behind the focus plane.* The absorption spectrum was calculated
as A = —In(Z/I,) and the spectrum of the SiN substrate, measured
separately, was subtracted (see Fig. S1, ESIT). The reported spectra
are the averages of four independent scans on different areas on
the same sample. By repeating the entire measurement at the
same sample area, we verified that radiation damage was negli-
gible. For processing the spectra, ATHENA software®” was used to
remove the background contribution due to excitation of valence
and semi-core electrons. Fitting of the band shapes, as discussed
in the text, was done using Igor Pro.>®

Density functional theory with the B3LYP hybrid density
functional and the LANL2DZ basis set®® was employed to
optimize the molecular structure of TinOH. This modest level
of theory gives a good agreement with the known crystal
structures of tin-oxo cages.*"*® The model of TinOH contained
4 water molecules to stabilize the OH™ in a hydrogen-bonded
network.®® For exploring fragmentation pathways of the bare

5988 | Phys. Chem. Chem. Phys., 2024, 26, 5986-5998

View Article Online

Paper

dication, a simplified molecular structure was used, in which
the butyl groups were replaced by methyl groups. For the
lowest-energy isomers found, the corresponding n-butyltin
analogs were constructed, and their geometries were optimized
using B3LYP/Def2SVP. Single point energy calculations are
reported using the Def2TZVP basis set, and zero-point vibra-
tional energy corrections (B3LYP/Def2SVP) were included. The
calculations were performed using Gaussian 16.%°

For the calculations of the X-ray absorption spectra, we applied
the Transition Potential method®" implemented in the Amster-
dam Modeling Suite AMS2022.®> We used the LDA functional,
with the TZP/large-core basis set for all C, H and O atoms. This
basis set includes 1s functions on H, 2s and 2p on C and O, and 5s
and 5p on Sn. For the CH,-group (or O atom) at which excitation
occurs a more extended aug/TZ2P/nocore basis set was used to
allow the lower Rydberg excitations to be taken into account and
to include a 1s core orbital on the atom of interest. The other
atoms of the butyl group were described using aug/TZ2P/large-
core to provide diffuse functions. On the Sn atoms, the TZ2P basis
was used. The butyl groups can exist in many low energy
rotameric forms, and we have arbitrarily selected a single low
symmetry conformation. Thus, all C atoms are chemically differ-
ent and give rise to slightly different transitions. Because there is
negligible interaction between the C 1s orbitals, we construct the
complete spectrum as a superposition of the individual spectra
generated for each C 1s orbital in the molecule. This allows a
straightforward evaluation of the contributions of the individual C
atoms to the spectra.® To account for the systematic deviation
that is commonly observed in XAS calculations® the computed
spectra are shifted by —3.6 eV to match the first peak with that in
the experimental NEXAMS spectrum.

3 Results and discussion
3.1 Near edge X-ray absorption spectra

The absorption spectrum of a thin film of TinF at the carbon K-
edge is shown in Fig. 2a. We also obtained a spectrum of TinOH
(Fig. S1, ESIT) which is very similar, because the two small
anions contribute only little to the spectrum. Fig. 2b shows the
gas-phase NEXAMS spectrum of the bare tin-oxo cage dication
based on the sum of the photofragment peaks (M-nBu)*".
In this shorthand notation M refers to the molecular ion, 7 is
the number of butyl groups lost.

Both spectra consist of resonant features due to 1s transi-
tions to unoccupied orbitals for photon energies below the
1s ionization threshold and a broad ionization continuum at
higher photon energies. The entire spectra can be well repro-
duced by using a sum of Gaussians for the resonant transitions
plus a step function for the ionization, which can be described
as an exponential decay convolved with a Gaussian.”>*
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Fig. 2 (a) X-ray absorption spectrum of TinF thin film at the C K-edge. (b)
NEXAMS spectrum for tin oxo cage dications, based on the sum of
photofragment peaks (M-nBu)®**, n = 1-5 (see Fig. 6). The dashed lines
are the components of the fits, and their sum is represented by the blue
solid lines. The red dashed line corresponds to continuum ionization.
Residuals of the fit are shown. Fit parameters are given in Table S1 (ESIY).

In eqn (1), N is the number of Gaussians, 4;, ; and E; are the
amplitude, standard deviation, and center position of Gaussian
i, respectively. The ® sign denotes convolution of the expo-
nential decay Ae"®~™? with the Gaussian function, in which
IP is the ionization potential, ¢ characterizes the decay of the
continuum absorption towards higher energy, and o, Gaussian
width related to the continuum states.

We fit the spectra with five Gaussians, the smallest number
that gives unstructured residuals. Nearly identical fit para-
meters were obtained for TinOH and TinF (see ESI,} Table S1
and Fig. S1). In the spectrum of TinF in the thin film (Fig. 2a),
the pre-edge region shows a distinct peak at 285.4 eV, which
we attribute to electronic transitions from C 1s orbitals to the
LUMO, as discussed in more detail below. A second strong
band, with an asymmetric shape, is observed at ~288 eV. The
low-energy shoulder on this band is attributed to the Sn-C
bonds, but the peak at 288 eV is also observed in many
(saturated) hydrocarbons. We reproduce the asymmetric shape
of this peak by using two Gaussians. At energies >290 eV two
broad features are present, which most likely result from transi-
tions to higher energy electronic states. The exact position of
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the ionization threshold is not well defined.>” The positions
reported corresponds to the best fits, and are essentially
the same for TinOH and TinF, obtained in independent fits.
Acceptable fits can, however, be obtained when shifting the
position of the threshold by +1 eV, with properly adjusted
shapes of the Gaussian functions.

The gas phase NEXAMS spectrum (Fig. 2b), obtained from
the sum of the partial ion yields of all (M-nBu)*" fragments, also
shows the peak corresponding to the C 1s - LUMO transitions
and the 288 eV absorption band, but an additional broad band
can be detected at ~290 eV that is hidden in the ionization
continuum in the solid state. The most striking difference with
the solid-state spectrum is the shift of the ionization edge
by ~5 eV to higher energy. This can be attributed mainly to
the electrostatic effect of the anions. In earlier studies of the
valence ionization of the same ions in the gas phase, we
observed that screening by a single counterion shifted the
onset of ionization from 12 eV to 10 eV.°® In the solid state,
each dication is associated with two anions, which will double
the electrostatic effect, and the interaction with the continuum
in the film further shifts the ionization threshold to ~ 8 eV.3®

A further important difference is that the first peak, found
here at the slightly lower energy of 285.2 eV, is relatively much
more intense in the gas phase. While the absorption spectrum
directly reflects the absorption cross section, the gas phase
spectrum is also modulated by the branching ratios of the
corresponding fragmentation processes, as discussed below.

Urquhart and co-workers have systematically studied carbon
K-edge NEXAFS of alkanes in the gas phase and in the solid
state.®”®® Clearly, the richness of the spectra of the small
alkanes does not resemble our observations for the tin-oxo
cage, which shows broader bands. The likely reason is inhomo-
geneous broadening: in the tin-oxo cage [(BuSn);,014(OH)¢|X,
(X = anion), the Bu groups are attached to two different types of
tin atoms, and they have slightly different conformations and
micro-environments. For the model alkane neopentane, a
direct comparison between gas-phase and condensed phase®®
reveals that in the latter, the broadening of the peaks gives
rise to a spectrum dominated by two broad resonances with a
high-energy shoulder, very similar to the pre-edge spectrum
in Fig. 2b.

The difference in the energy of the LUMO and the ionization
threshold is a measure of the electron affinity (EA,) of the tin-
oxo cage material. This is an important quantity in under-
standing Extreme Ultraviolet photochemistry, in which low-
energy electrons play a key role. By comparing the energy of
the first peak and the position of the ionization step we obtain
EA, = 8.8 eV in the gas phase. For the solid state we find EA, =
3.5 + 1 eV, which is compatible with the value EA, ~ 3 eV that
was recently obtained from electron spectroscopy in the
UV/VUV range.*® This implies that the n-butyltin-oxo cages in
thin films are moderately strong electron acceptors, slightly
weaker than e.g. Cg.%’

To get insight into the low energy absorption features, we calcu-
lated the X-ray absorption spectra using the transition potential
(TP) method.®" This is one of the simplest methods available for
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this purpose’®”" and particularly suitable for large many-electron
systems such as the tin-oxo cages because it is not demanding in
terms of computing time. Two types of tin atoms can be identified
in the tin-oxo cage structures (Fig. 1): 5-coordinated Sn, in the
central “belt”, and 6-coordinated, in the two ionic “caps”. The
highest occupied molecular orbitals are of ¢ Sn—C character, mostly
located on the 6-coordinated Sn atoms. The LUMO is a delocalized
orbital on the central belt and has contributions from Sn 5p AO’s
and Sn-C ¢*. HOMO and LUMO are visualized in Fig. 3.

The calculations predict many transitions, but we focus here
on the lowest-energy ones, which stand out in the experimental
spectrum. The single band in the NEXAMS spectrum at 285.2
eV is a result of several transitions involving a few low energy
orbitals that have substantial o* character, like the LUMO. For
brevity we will refer to this band as the C 1s - LUMO transition.

The transition probability, i.e. the oscillator strength for
transitions between an initial 1s orbital and a final unoccupied
molecular orbital, increases with increasing p-character of the
final MO, and with the density of the MO at the C-atom where
the 1s orbital is localized. The largest cross sections for transi-
tions to the LUMOs are indeed predicted for the first C-atoms of
the butyl groups on the 5-coordinated Sn atoms at the cage
equator. Fig. 4 shows the contributions from the C1 atoms of
the 6 butyl groups on 5-coordinated Sn atoms and those on the
6-coordinated Sn atoms at the caps. As shown in Fig. S2 (ESIt),
the second, third and fourth atoms of the butyl groups hardly
contribute to the low-energy transition.

Fig. 4 shows that the lowest-energy absorptions arise from
the C-atoms in the Sn-C bonds. Together they are responsible
for the band observed at 285.4 eV, but they also contribute to
the broad band that is observed at 288 eV. The calculations
do not accurately reproduce the absorption profile at higher
energies. There are many transitions of a complex nature
involving o* and Rydberg orbitals,*>°® giving rise to a highly
congested spectrum. Unravelling this complexity is outside the
scope of the present work.

In the gas phase NEXAMS, the C 1s - LUMO absorption has a
higher relative intensity (Fig. 2). This effect is reproduced to
some extent by the calculations shown in Fig. 5. For the TinOH
model we find the computed absorption cross section of the
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Fig. 4 Calculated contributions of the first C-atoms of the butyl groups
on 6-coordinated tin atoms (blue) and 5-coordinated tin atoms (red) to the
XAS of the tin cage dication.

first absorption band from the carbon atoms of the butyl
groups on 6-coordinated Sn to be somewhat smaller than for
the isolated dication. Experimentally, however, the relative
intensity of the C 1s - LUMO peak is increased more in the
NEXAMS spectrum than expected based on the calculated cross
section. This must be a result of more efficient fragmentation
to (M-nBu)*" fragments (Fig. 6).

In the oxygen K-edge spectrum (Fig. 6¢), a broad resonance
is found at 535 eV with an ionization onset at 543 eV. These
features are like those seen in studies on SnO,,”*> but are
otherwise difficult to assign. As shown in Fig. 3, the LUMO
has contributions on the bridging oxygen atoms of the cage. TP
calculations (illustrated in ESI,} Fig. S3) do not predict any
characteristic low-energy transitions, in agreement with the
experimental observation.

3.2 Photofragmentation processes

Photofragmentation mass spectra in the range between 700 and
820 m/z are shown in Fig. 6, along with the resulting NEXAMS
spectra for the carbon and oxygen K-edge. The Sn M, s-edge
(480-500 eV) was also scanned but no clear resonances were
found. Likewise, in X-ray transmission, even when using

HOMO
Fig. 3 HOMO and LUMO of the n-butyltin-oxo cage dication.
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thicker tin-oxo cage films, no clear absorption resonances were

0.12 — — bare dication ; ; igni

— TinOH found in this energy range. Also at the Sn M, ;-edge, no signi-

0.10 — ficant absorption was detected.”® In addition to the 3+ ions

£ shown in Fig. 6a, (M-2Bu)*" and (M-3Bu)*" ions are detected at

© 0.08 the O d : 2+ :

5 e O-K edge, and a series of (M-nBu)*" ions are observed at

% 0.06 both edges (see Fig. S4, ESIt). Because of experimental limita-

g tions, the quality of the data in these m/z ranges is insufficient
©  0.04 to warrant a further discussion in the present work.

0.02 — Fig. 6(a) reveals a series of (M-nBu)** fragments at the C and

O K edges, with the distribution clearly shifted towards more

0.00 I I I I | highly fragmented ions in the case of oxygen. In Fig. 6(d) and
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Fig. 5 Predicted absorption spectra for bare tin-oxo cage dication (blue) . ; =
and TinOH (red) for the first carbon atoms of the butyl groups. different fragments. At both edges, the yield of the (M-3Bu)

fragment stands out in the pre-edge region compared to the

(M-3Bu)+ (M-2Bu)+
@ — 2886V
3 5456V
g (M-4Bu)+
>
k%)
C
[0}
T |(M-5Bu)+

I I T I I
720 740 760 780 800

m/z
5 5
b) 5x107] C-H o — All c) 14x107 — Al
(b) = 3pRydberg  lonization  __ (M-28u)** ©) 5 12l Exc. states — (M-2Bu)*
T 4 — (M-3Bu)* - — (M-3Bu)**
5 — (M-4Bu)** 5 104 o — (M-4Bu®
& & lonization
—~ 34 cC-Sno* ~—t
2 >
£ z
s 2 5
£ c
= =
o )
I
“ oo : : : : : . L 00 P e
280 285 290 295 300 305 310 525 530 535 540 545 550 555 560
Energy (eV) Energy (eV)
— (M-2Bu)* — (M-2Bu)*
(d) (e) 3.0 + o (M-SBu)a*
> 2 3+
3 % 25— — (M-4Bu)
5 3
Q =
€ £
el
ol ©
E g
g 2
B e R
280 285 290 295 300 305 310 525 530 535 540 545 550 555 560
Energy/eV Energy/eV

Fig. 6 (a) Photofragmentation mass spectra (288 eV and 545 eV irradiation, scaled to the same intensity of (M-Bu)** peak, corresponding to the triply
charged molecular ion having lost one butyl group). (b) and (c) NEXAMS spectra, obtained by measuring the partial ion yields of the three largest peaks in
the mass spectrum as a function of photon energy, corrected for background. (b) Carbon K-edge. (c) Oxygen K-edge. The colored traces give the
separate partial ion yields for trications that lost 2, 3 and 4 Bu groups ((M-2Bu)**, (M-3Bu)**, (M-4Bu)**). (d) and (e) NEXAMS spectra for the individual ions,
scaled to the same intensity at the ionization edge.
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ionization region. This fragment is especially prominent in the
285.2 eV peak.

To understand the photofragmentation spectra, we need to
consider the basic processes at play. Carbon or oxygen 1s
excitation or ionization all lead to the formation of a core hole
on the atom. In light atoms such as C and O, Auger-Meitner
decay is the most likely initial relaxation process. The emission
of the Auger-Meitner electron leaves the photoabsorbing atom
either singly charged (for 1s excitation) or doubly charged (for
1s ionization) and in most cases in an excited state.”*

The Auger-Meitner process itself always starts from an
initial 1s core hole state |[K> that decays to a state with two
holes in the valence shell |LL>. Energetically high-lying final
states can be repulsive and lead to prompt dissociation of
bonds on fs timescales. On longer timescales, the system can
return to the ground state via non-adiabatic curve crossings.
In this process of internal conversion, electronic excitation is
converted into vibrational excitation. In the case of lower-lying
final states, internal conversion and intramolecular vibrational
redistribution (IVR) can either lead to a vibrationally hot tin-oxo
cage with charge state 4+ for 1s ionization (i) or 3+ for 1s
excitation (ii), that is in the electronic ground state.

(i) For the ionization case, the ground state 4+ ion lacks two
electrons in the highest-occupied molecular orbital (HOMO).
The HOMO of the tin-oxo cages is of Sn-C c-nature, and
removal of two electrons from it effectively destroys this bond,
leading to butyl group loss. Consequently, the heaviest species
observed in the mass spectra is not the intact tin-oxo cage
precursor M**, but a (M-Bu)** trication. This ion results from
butyl loss, accompanied by a charge-separation process where
the butyl group carries away a positive charge, reducing elec-
trostatic repulsion. In related experiments, the butyl cation was
detected in the low mass range of the spectrum.”” As found in
previous work, a single VUV photoionization of the tin-oxo cage
dication gives rise to the same (M-Bu)** ion. In that case, the
lost butyl group has to be a neutral radical.®®

(ii) For the case of excitation of a 1s electron to an unoccu-
pied molecular orbital (as observed in the pre-edge excitation
spectrum), the tin-oxo core resembles the 3+ ion and will follow
very similar dynamics. The cleavage of the Sn-C bond in this
case does not lead to charge separation and the butyl group
must be lost in neutral form. Furthermore, the intermediate
(M-Bu)** ion will likely have a higher internal energy because
here, Auger-Meitner decay starts from an excited electron
configuration.®®7®7”

The internal energy of the (M-Bu)*" ion will depend on the
specific Auger-Meitner process involved in its formation. This
energy will be reduced by the energy required to cleave the Sn-C
bond and by the kinetic energy release in the fragmentation

-Bu® -Bu*®
3+ —— (M-Bu)®* —> (M-2Bu)®*
+0.79 eV +2.42 eV
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process. Subsequent relaxation processes are most likely of
statistical nature, with the fragmentation pattern depending
on the internal energy of the molecular ion. In the Ion Trap, the
ions are continuously collisionally cooled by He buffer gas at
cryogenic temperatures. This means that fragmentation pro-
cesses that occur after ~1 ps will be quenched. In related
experiments, ions were trapped with much less efficient cooling
after excitation (no buffer gas), and in this case (M-4Bu)** and
(M-3Bu)** were barely detected, probably because they decom-
pose further, while other fragments were observed that are not
seen in the present experiments.”> We observe (M-2Bu)*’,
(M-3Bu)**, (M-4Bu)**, and even (M-5Bu)*’, which can be the
result of sequential loss of butyl groups by breaking of Sn-C
bonds. The binding energies of these bonds can be expected to
be different in the different steps. The (M-Bu)*" ion is a closed-
shell molecule, and the Sn-C bonds will be as strong as a
typical Sn—-C bond, that is ~2.3 eV. After homolytic breaking
one of these bonds, the (M-2Bu)** formed is a radical, with a
much smaller bond strength, and (M-3Bu)** is again a closed
shell molecule which requires more energy to lose the fourth
butyl group. Fig. 7 shows the calculated dissociation energies
which confirm the general expectation. Interestingly, the alter-
nation is not reflected in fragment ion yields in the mass
spectrum. This may be due to the direct fragmentation of more
highly charged M"*" precursors.

Quantum chemical calculations allow us to estimate the
dissociation energies and to predict the lowest-energy structures
of the fragments (M-nBu)**. At each stage, we first explored the
energies of all different isomers using a simpler model system,
with methyl groups instead of the butyl groups. Next, the energies
were calculated for the corresponding lowest energy isomers of
the n-butyl tin-oxo cage. The dissociation energy, i.e. the mini-
mum internal energy loss per step, was calculated as the differ-
ence in the energies of the intact molecules and the fragments at
the B3LYP/Def2TZVP level, with corrections for the zero-point
vibrational energies at the B3LYP/Def2SVP level at which struc-
tures were optimized. As shown in Fig. 7, all bond breaking steps
are endothermic. Nevertheless, the internal energy can be high
enough to overcome the barrier. For C 1s ionization on one of the
butyl groups, average excitation energies after Auger-Meitner
decay are expected to be around 20 eV but maximum values can
be much higher (see ref. 37 for C 1s Auger-Meitner decay in
glycine). Moreover, entropy favors cleavage,”® and the dissociation
is irreversible in the gas phase.

As described before, the first butyl group is lost from one of
the 6-coordinated tin atoms on the caps.”®®° The second group
is also lost from one of the caps, with a small preference
for “opposite” caps. The most stable isomer for (M-3Bu)®*",
however, is the one in which all butyl groups of one cap are lost.

-Bu® -Bu®
——  (M-3Bu)®* —> (M-4Bu)3*+
+0.66 eV +2.43 eV

Fig. 7 Sequential fragmentation of (M-Bu)**. The dissociation energies were calculated at the B3LYP/Def2TZVP level at B3LYP/Def2SVP optimized

geometries with zero-point energy corrections.
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M-3Bu[1,2,3]3+
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M-2Bu[1,2]3+ M-2Bu[1,5]3+

M-4Bu[1,2,3,5]3+

Fig. 8 Sequence of alkyl loss structures starting from M3*. The images show the methyl derivatives for clarity, but the sequence is the same for the butyl
compounds that were studied experimentally (B3LYP/Def2SVP). The numbers in brackets refer to the tin atoms from which the butyl groups are cleaved:
1,2,3 refer to the three tin atoms in one cap, and 4,5,6 are those of the other cap.

In the next step, it is energetically most favourable to lose a
butyl from the second cap, with little difference between the
two possible isomers. The sequence of structures is shown
in Fig. 8.

To summarize, 1s excitation or ionization of an O 1s rather
than a C 1s orbital is likely to lead to more energy deposition
and/or more electron removal from the tin-oxo cage. For both
K-edges, there is on average more than enough energy to
facilitate a series of bond breaking events on a sub pus timescale.
Due to the He buffer gas cooling in the present experiment,
fragmentation does not proceed beyond (M-5Bu)**, but as
mentioned above, more extensive fragmentation is found when
such cooling is absent.”®

In the following we will sketch further mechanistic scenarios
that can be invoked to explain the two striking experimental
observations: (1) the increased yield of fragments that have lost
multiple Bu groups at the O K edge compared to the C K edge
(Fig. 6a), and (2) the high relatively intensity of the lowest-
energy peak in the NEXAMS spectrum compared with the
absorption spectrum (Fig. 2).

When comparing the |[K> — |LL> Auger-Meitner decay for
O 1s and C 1s, we may anticipate a larger average amount of
excitation energy remaining on the O site, because the inner
valence 2s orbitals of O are more strongly bound that the
corresponding 2s orbitals of C. A calculation, presented in the
ESIT (Fig. S5) illustrates this. Although the photogenerated ions
are cooled in the trap, a higher initial internal energy still
implies a higher probability for reaction. This is a first potential
explanation for the larger extent of fragmentation occurring
upon O 1s ionization.

Next to Auger-Meitner decay, interatomic Coulombic decay
(ICD)’® and related 2-center processes®" should be considered,
which allow the electrons on Sn atoms to participate in the

This journal is © the Owner Societies 2024

electronic decay. In a nutshell, in ICD a valence electron decays
to the 1s core hole but the second electron is ionized from the
Sn atom. Oxygen atoms in the tin-oxo cage all have 3 Sn
neighbours, significantly increasing the probability for ICD or
related processes. Furthermore, in case of a 1s hole in O with a
binding energy of ~543 eV, also the Sn 3d orbitals at 484 eV
and 493 eV are energetically available. An O 1s ICD process
resulting in a Sn 3d hole could then be the trigger for a
subsequent Auger-Meitner decay (or a cascade of Auger-Meit-
ner decays) in the Sn atom. Obviously, the Sn 4s, 4p and 4d
orbitals would be accessible for ICD as well. This is the second
possible explanation for the higher yields of more fragmented
ions in the case of O 1s excitation or ionization.

So far, we have discussed 1s core hole formation as the
starting point for photofragmentation, but non-resonant ioni-
zation from more weakly bound atomic orbitals can also be
important. For photons at the carbon K-edge, these are valence
orbitals on C, O and Sn, but also Sn 4s, 4p and 4d. For photons
at the oxygen K-edge, additionally ionization from C 1s and Sn
3d can contribute. Using tabulated cross section data and
taking the chemical composition C,;30,,5n,, into account (see
Table S2, ESIT) we estimate that at 300 eV 69% of the photon
absorption involves carbon sites, 4% oxygen sites and 27% tin
sites. About half of the total cross section for Sn in this range is
due to the 4d electrons, and a smaller fraction is due to 4s and
4p.”” Only the latter can give rise to multiple Auger-Meitner-
like processes. Thus, at the carbon K-edge most of the tin cages
will undergo ionization and a single Auger-Meitner process.

At 550 eV, above the oxygen K-edge, most of the absorption
probability is from tin atoms (64%), 19% from oxygen and 18%
from carbon. Valence ionization mostly leads to singly ionized
M**, which is known to decompose quantitatively to the observed
(M-Bu)*" ion even without any excess energy.*® Ionization from Sn
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orbitals, however, opens multiple Auger-Meitner(-like) decay
channels, and more highly charged initial states can be
reached. Electronically relaxed highly charged states (>4+) of
the tin-oxo cage will have unoccupied Sn-C ¢ orbitals and lose
multiple butyl groups, likely as cations to reduce the Coulombic
repulsion. Weak signals that can be attributed to (M-2Bu)** and
(M-3Bu)** can be detected upon excitation at 545 eV (Fig. S4,
ESIt). The predominant excitation of Sn atoms is a third
possible explanation for the larger contributions of (M-3Bu)**
and (M-4Bu)®" to the fragments at the oxygen K-edge compared
to the carbon K-edge (Fig. 6a).

In a butyl group, three of the four C atoms are not very close
to Sn atoms and Sn orbitals are unlikely to be involved in ICD
processes of the C 1s hole. This is different for the C atoms that
are bonded to an Sn atom, and which give rise to the low-energy
pre-edge peak. For the C 1s orbitals in question, the binding
energy is about 285 eV and Sn 4d, 4p and Sn 4s orbitals are
energetically available in addition to the weakly bound valence
orbitals. An ICD-induced double hole in these orbitals enables
further Auger-Meitner decay of the Sn 4s, 4p or 4d vacancies,
resulting in more electron emission and higher charge states.
Thus, fragmentation will be enhanced, which may explain the
relatively strong pre-edge peak due to excitation of the 1s of the
C atoms bound to Sn. The solid-state spectrum obviously does
not show this feature because it represents the absorption cross
sections only.

4 Conclusion

The n-butyltin-oxo cage ion [(BuSn);,0;4(OH)c]**, which finds
possible application as a photoresist in EUV lithography, shows
distinct transitions related to the Sn—-C bonds in absorption
spectra near the carbon K-edge. The strongest features are
alkane-like bands in the range 288-290 eV, but the C 1s to
LUMO transitions give rise to a low-energy band at 285.4 eV in
the solid film and 285.2 eV in the gas phase. The largest
contribution to this band comes from the carbon atoms directly
attached to the tin atoms, and especially those of the 5-coor-
dinated tin atoms, on which the lowest unoccupied MO’s have a
higher density.

Excitation with soft X-rays at the carbon and oxygen K-edges
of tin-oxo cage ions in the gas phase leads to the loss of at least
one butyl group (Bu). Tin cage fragments with 3+ charge are
detected which have lost up to 5 Bu groups after absorption of a
single soft X-ray photon. Ionization from the 1s core orbitals
can be expected to lead to the formation of doubly ionized tin
cages (charge 4+) which readily lose a butyl cation to form the
detected [Sni,Buy;014(OH)6]*" (=(M-Bu)*").

The C 1s-Sn-C o* transition peak in the NEXAMS spectrum
is relatively strong compared to other pre-edge peaks. This
could be due to interatomic Coulombic decay, in which the
filling of the C 1s holes on the first carbon atoms of the butyl
groups is accompanied by electron emission from Sn core
orbitals (4s, 4p, 4d), allowing the formation of more highly
charged states that decompose more readily.
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A larger extent of fragmentation is found at the oxygen
K-edge than at the carbon K-edge (Fig. 6a). Three factors can
contribute to this. First, there is a strong non-resonant back-
ground excitation of Sn electrons at the oxygen K-edge. This
opens pathways for multiple Auger-Meitner processes invol-
ving Sn 3s, 4s, 4p, 4d, 5s and 5p electrons, leading to more
highly charged ions that can lose multiple butyl groups (as
cations) before full electronic relaxation and thermalization
occurs. Interatomic Coulomb decay involving the neighboring
tin atoms provides another path from O 1s excitation or
ionization to more highly charged species. Finally, regular
Auger-Meitner decay of O 1s core holes will lead to holes in
the O 2s inner valence orbitals, leaving the ions with higher
internal energy than after C 1s excitation/ionization.

The distributions of photoproducts (M-2Bu)**, (M-3Bu)**
and (M-4Bu)®*, which constitute the majority of tin-oxo-cage
fragments detected, are found to depend on the photon energy
(Fig. 6). Excitation below the ionization edge relatively favors
(M-3Bu)’" over the other two fragments. In this case, one
electron initially resides in a low-lying anti-bonding c* orbital,
and this can give rise to additional bond breaking, either
directly in an electronically excited state, or via the additional
internal energy (HOMO-LUMO gap ~5 eV). However, it is
difficult to say why a specific ion would be favored because
the detected yield of each species depends on a complex inter-
play of its formation and decay. Moreover, the more highly
fragmented ions may result from more highly charged precur-
sors formed via Auger-Meitner-like decays involving Sn atoms
instead of being produced in a linear sequence of butyl loss
steps. We expect that more light can be shed on the details of
the fragmentation processes using additional experiments,
such as detection of emitted photoelectrons®" and time-
resolved photofragmentation.®>

In the solid state, the low-energy peak of the C 1s - o*
transition is considerably weaker than the alkane-type transi-
tions and the absorption in the ionization regime. In the gas
phase this peak is much more pronounced. This can in part be
because of differences in electronic structure, due to the inter-
actions between the tin cage and the counterions, but the more
effective photofragmentation in the gas phase is more impor-
tant. It is noteworthy that the effective cleavage of the Sn-C
bonds observed in the gas phase stands in marked contrast
with the relatively low quantum efficiency of the tin-oxo cage
dealkylation in the solid state, and the moderate sensitivity
of butyltin-oxo cage photoresists in Extreme Ultraviolet
lithography."” Most likely, the cage effect in the solid state
precludes the separation of the butyl radicals and the tin cage,
and recombination reactions reduce the overall quantum yield
of photoconversion.
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