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ABSTRACT

Tin is a suitable element for inclusion in extreme ultraviolet photoresists because of its relatively high-absorption cross section at 92 eV. The
electrons emitted after photon absorption are expected to generate secondary electrons in the solid film. In this way, several pathways lead to
reactive species that cause a solubility switch. Here, we report the photoelectron spectra of tin oxo cage photoresists over the photon energy
range 60-150 eV, and the relative yields of photoelectrons from the valence band of the resist, from the Sn 4d orbitals, and of inelastically
scattered electrons. The experimental excitation spectra differ considerably from those predicted by commonly used database cross section
values, and from the combined computed subshell spectra: the maximum efficiency of ionization of Sn 4d both in the photoresists and in Sn
metal occurs near the industrially relevant EUV wavelength of 13.5 nm.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0047269

Extreme ultraviolet lithography is currently finding its way into
industrial application in the semiconductor industry, ~ despite the
lack of detailed quantitative knowledge about the interaction of the
radiation used (92 eV, 13.5 nm) with the materials applied as photore-
sists. Current implementation of the EUV technology is still based on
chemically amplified photoresists, adapted from the well-established
ultraviolet lithography that uses laser radiation with a wavelength of
193nm (6.4eV).”” Molecular inorganic materials are considered as
photoresists for the future because of their higher absorption cross sec-
tion and potentially high etch resistance.” ' The elements with atomic
numbers 49 to 54 (In, Sn, Sb, Te, I, and Xe) have large photoionization
cross sections at 92 eV that mainly derive from the core level excitation
of 4d electrons.'® In order to estimate the photoabsorption and photo-
emission cross sections of the elements, values from the Centre for
X-ray Optics, Berkeley database'” often reasonably reproduce experi-
mental data,"*" especially for the higher photon energies. In this
communication, we report our results of a study of metallic tin and

tin-based model photoresists (Fig. 1).”” The latter consist of a cage
structure with 12 n-butyltin groups bridged by a total of 20 oxygen
atoms. Of the n-butyltin units, six are in the central “belt” part of the
molecule (5-coordinated Sn, black in Fig. 1), and six are on the two equiv-
alent “caps” (6-coordinated, blue). Of the oxygen atoms, twelve are in
the central part, six are bridging OH-groups, and two are in the inte-
rior of the cage. The tin oxo cage has a net charge of 2+. The three
compounds studied differ in the counterions: hydroxide, (TinOH),
acetate (TinA), and trifluoroacetate (TinF). We show that the high-
est yield of Sn 4d electrons in the photon energy range 60-150 eV
occurs near the EUV energy of 92 eV, rather than near 60 eV, which
is predicted by quantum chemical calculations of subshell ionization
cross sections.”” It is commonly accepted that EUV excitation leads
to a cascade of secondary electrons, which can induce multiple
chemical reactions per photon.”* The Sn-C bonds in the tin oxo
cages are decisively weakened by removing or adding one elec-
tron;'>***" the former is the case with the photoionization
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FIG. 1. Molecular structure of the photoresist materials. The n-butyltin oxo cage
has a 2+ charge, which is compensated by two counterions.

considered herein. The initial kinetic energy distribution after the
EUV excitation obtained in the present work is the primary input
for modeling the electron cascade and the initiation of chemical
conversion in these materials.

Our experiments were performed at the PM4 beam line of
BESSY II, using a VG Scienta angle resolved time-of-flight (ArTOF)
electron analyzer.”® The dipole beamline is equipped with a chopper
that assures that pulsed x-rays are supplied to the LowDosePES-
station. The ArTOF transmission function was measured as a function
of electron kinetic energy (see the supplementary material Fig. SI).
This was done by fitting the areas of the Au 4f photoelectron spectrum
from an Au(111) single crystal sample; the spin-orbit components
(binding energy 84.00eV for Au 4f;/,) were measured in a series of
measurements in which the photon energies were varied. The cross
section for photoionization of Au 4f in this energy range is well
known.”” The variation of photon flux was monitored via a mirror
current in the beam line. The additional variation in detected electron
intensity arises from the transmission function of the spectrometer.
Since different energy windows sample different kinetic energy ranges,
two sets of data were measured (using 15% and 5% energy windows).

The experimental Sn 44 intensities from the metal were recorded
on an argon sputtered piece of polycrystalline Sn/Pb alloy. The Pb 5d
signal (far from resonance) was used for intensity calibration.

TinOH and TinA were prepared as described previously.” TinF
was obtained analogously to the synthesis of TinA, by adding two
equivalents of trifluoroacetic acid to TinOH in tetrahydrofuran. TinF
was characterized by 'H and '°F nuclear magnetic resonance spectros-
copy (NMR), see Figs. S5(a) and S5(b). The "H NMR spectrum is very
similar to the spectrum reported (and thoroughly assigned) for
TinOH.”' This result shows that the tin-oxo cage structure has
remained completely intact during the conversion of TinOH to TinF.
The '”F NMR spectrum confirms that only one type of fluorine atom
is present in TinF. Films of tin oxo cages were prepared by spin-
coating from toluene solutions on gold-coated silicon as described
before.” The thickness of the films was ca. 20 nm according to Atomic
Force Microscopy measurements.

Molecular structures were optimized using the B3LYP hybrid
density functional model with the LANL2DZ effective core potential
basis set using Gaussian 16.%* For more reliable evaluation of (relative)
energies, these were calculated using the Def2SVP and Def2TZVP
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FIG. 2. (a) Photoelectron spectra of a thin film of TinOH at different photon
energies. (b) Relative areas of the Sn 4d signal spectra of Sn for different photon
energies for TinOH (yellow) and Sn reference (green).

basis sets at the optimized geometries. More details are given in the
supplementary material.

The photoelectron spectra obtained for thin films of TinOH
spin-coated on gold on silicon are shown in Fig. 2(a). The spectra have
been corrected with respect to. spectrometer transmission function.
All spectra have been normalized so that the area of the valence band
(the energy range 5-15eV) is set to unity.

To obtain the relative intensity of Sn 44 at different excitation ener-
gies, the spectra of TinOH were fitted, in a least squares sense, to a series
of Voigt functions using the SPANCF routines (written by Kukk) for
IGOR PRO (WaveMetrics Inc., Lake Oswego, OR, USA). The goal with
the fit was to reproduce the spectral intensity distribution. The Sn 4d
region was fitted with two components reflecting the spin—orbit splitting
of this photoelectron peak. The inelastic losses in the background were
modeled by fitting wide peaks to the rising background at the high bind-
ing energy side to both the valence and the Sn 4d set of lines. The shift
between the Sn 44 line and the inelastic loss peak was kept the same as
the corresponding background to valence band center shift. The results
of the fits, including components are presented in the supplementary
material, Fig. S3. We find a reasonable agreement between the spectra
and the computed orbital energies. The comparison between the com-
puted DOS and the experimental spectrum can be used to identify plas-
mon components of the experimental spectrum on the high binding
energy side (as has been done for other Sn compounds™*”). The relative
areas of the peak originating from the Sn 4d electrons at the different
photon energies are given in Table I. The Sn 4d signal is dependent on
photon energy and is strongest at 92 eV excitation energy. The behavior
of the intensity variation in TinOH is similar to that of metallic Sn [see
Fig. 2(b)]. As seen in Table I, the size of the inelastic loss background
varies relative to that of the main photoelectron signature.

The photoelectron spectra of TinOH are compared with those of
TinA and TinF in Fig. 3 for photon energies of 92eV and 150V,
respectively.

TABLE I. The size of the Sn 4d peak area (26.5eV-32.3eV) for different photon
energies and the relative size of the inelastic loss background area. See text for
details.

ho (eV) 60 92 120 150
Sn 44 intensity 0.38 1.00 0.37 0.07
Rel. inelastic loss intensity 0.15 0.13 0.09 0.11
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FIG. 3. PES of TinOH, TinAc, and TinF with photon energy (a) 92 eV and (b) 150 eV.

The spectra show a band of valence electrons in the binding
energy (BE) range 5-25 eV and Sn 4d electrons, which give rise to an
unresolved spin-orbit doublet (the split is about 1eV) near 30eV. In
the gas phase, we found an onset of ionization for the bare dication at
12eV.”° This agrees well with the ionization energies calculated
(B3LYP/Def2TZVP//LANL2DZ) for the bare dication of 11.9 €V. The
value calculated for the neutral TinOH structure is lower because of
the electrostatic interaction: 7.2 eV. To approximately account for the
interactions with the polarizable environment in the solid, we per-
formed calculations with the Polarizable Continuum Model using
diethylether (static dielectric constant 4.24). The interaction further
stabilizes the charged species relative to the neutral form, giving a pre-
dicted vertical ionization potential (IP) for TinOH of 6.6 eV.

In the thin solid films in the present work, the onset of ionization
is found experimentally to agree with that number when the spectra
are referenced to the vacuum level. The binding energy scale is con-
structed using that the ionization potential (IP) is shifted by half the
solid’s bandgap E,. (See, e.g., Ref. 36, the Fermi level of an intrinsic
semiconductor is approximately in the middle of the bandgap.)
Additionally, the work function ¢ (known from calibration) of the sys-
tem determines the shift between the Fermi level Ej of the solid and
the vacuum level. These films are thick enough to safely assume that
the interfacial dipole is negligible.”” The ionization potentials of the
molecule and the solid are, thus, related through IPuiecute = IPsoid
—¢ — E;/2. The bandgap of 491eV of the molecular films was
obtained from a Tauc-plot (see, e.g., Ref. 38) of the UV/Vis absorption
spectrum (see the supplementary material Fig. S2). For the Sn 4d
electrons of TinOH, the computed orbital energies are ~—28¢V, in
reasonable agreement with the experimental binding energies. The
computed density of states is shown in the supplementary material
[Figs. S4(a) and S4(b)]. In the energy range 10-25 eV, primary electron
emission can occur from C 2s (10-20 eV) and O 2s orbitals (20-25¢eV)
(Fig. S4). The spectra of the three tin oxo cages that investigated here
do not differ much, as shown in Fig. 3. The calculations suggest that
some of the F 2s electrons are more strongly bound than Sn 44, but no
electrons are detectable in this energy range in Fig. 3(b). In the valence
region, the presence of the trifluoroacetate ion gives rise to small extra
peaks between 12 eV and 14 eV.

Note that the two different types of Sn atoms in the tin cages are
predicted to have slightly different binding energies: the Sn 4d

electrons of the five-coordinated Sn-atoms in the central belt of the
molecule are more strongly bound by 0.6eV than those of the six-
coordinated Sn-atoms at the two caps [see computed DOS in Fig.
4(b)]. This difference together with the spin-orbit splitting of Sn 4d of
about 1 eV (Table II) is responsible for the broad Sn 4d feature.

The Sn 44 electrons give rise to two sets of spin-orbit pairs at 29
and 30 eV for all three tin oxo cages studied (see Table II). This bind-
ing energy is smaller than values observed for tetramethylstannane
Sn(CHs), (30.7 and 31.8eV,” or 31.5 and 32.6eV'"). For SnF, ca.
2.8 ¢V, smaller binding energies were found in the solid state than in
the gas phase,”' and if the same difference applies for the tin oxo cages
and Sn(CH3), we find that the 4d electrons are somewhat more
strongly bound in the tin oxo cages than in Sn(CHj),. This can be
qualitatively explained by the effect of the electronegative oxygen
atoms.

The photoionization cross sections for the different subshells
were calculated by Yeh and Lindau,” and no recent systematic calcu-
lations of the same properties are available. The CXRO database con-
tains cross section information based on a combination of
experimental and computational data for each element. In Fig. 4(a),
we show the predicted cross section for TinOH obtained as a sum of
contributions from the different elements (contributions of the differ-
ent elements are also shown) in the binding energy range between 10
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FIG. 4. (a) Cross section of TinOH and the contribution of the different elements to
the total from CXRO database'” and (b) computed cross sections based on the
subshell contributions (weighted by the number of atoms) and the total cross sec-
tion for TinOH as a function of photon energy.”* Data retrieved from VUO Elettra.*”
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TABLE II. Binding energies recorded at fico = 150 eV photon energy for Sn 4d. See
text for details.

TinOH TinAc TinF

E, [eV] 29.1, 30.0 29.0, 30.0 28.9,29.9

and 200eV. Figure 4(b) shows the computed subshell contributions
(weighted with the number of atoms in the structure).

The cross section near the ionization threshold of Sn 4d starting
at 28 eV is very small. Only above 45 eV, the computed cross section
[Fig. 4(b)] starts to become appreciable, and it peaks near 60 eV. Gas
phase studies on tetramethylstannane Sn(CH;),*”"" show a rapid rise
of the 4d ionization cross section from the onset at 31 eV up to the
highest photon energies used in that work, 70eV. The CXRO data
(which include all electrons of each element) show a similar trend, but
the decrease in cross section >60¢V is not as drastic as in the com-
puted data [Fig. 4(b)]. Our results show that the maximum in the cross
section for Sn 4d ionization occurs around 92eV. A similar discrep-
ancy for 4d ionization has been pointed out in the case of CH;I and its
measured 4d ionization cross section.”’ This suggest that improved
methods are needed for a more accurate computational picture of 4d
ionization.'® From a theoretical point-of-view, Cooper and co-workers
point out that going beyond the central field approximation and treat-
ing electron—electron interaction with more sophistication can shift
the maxima of cross sections toward higher kinetic energies."*

It is commonly accepted that the chemistry of EUV photoresists
is electron-driven.”*"” After the initial photoionization at 92 eV, the
primary electrons emitted from the occupied molecular orbitals have
kinetic energies up to 80 eV. These are assumed to initiate a cascade of
secondary electrons. When primary electrons are emitted from core
levels, such as Sn 4d, Auger processes are additional potential sources
of electron emission.

Taking the binding energies of about 30 eV for Sn 4d and about
5eV for the HOMO, the Auger electrons can be emitted from orbitals
with 5eV < BE < 15¢V, in which molecular materials are delocalized
molecular orbitals (MO). Orbitals that contain important contribu-
tions from the atomic orbitals of Sn (5s and 5p) are at the top of the
valence band [Fig. 3(b)]. Although Auger processes probably occur
upon excitation at 92 eV, it is difficult to observe them because the
emitted electrons have low kinetic energies spread over a broad range
since they originate from the valence manifold. For atomic Sn, the
NOO Auger spectrum™® is distributed over kinetic energies <12 €V.

In this communication, we have shown that the orbital origin of
the primary photoelectrons in tin oxo cage materials depends strongly
on the photon energy. At the technologically relevant photon energy
of 92 eV, the ratio of Sn 4d core ionization to valence ionization is par-
ticularly large. Thus, both Auger electrons and inelastic processes
involving photoelectrons contribute to provide low energy electrons in
the system. In this study, we analyze the electron spectrum after excita-
tion, focusing on photoionization cross section and how that may give
rise to low energy electrons. This is complementary to studies of the
photoabsorption cross section of Sn in the context of EUV
lithography."”

The present results underscore the usefulness of Sn as a photon
absorbing element in EUV photoresists. The ultimate understanding
of EUV photochemistry must come from modeling the entire process,

ARTICLE scitation.org/journal/apl

from ionization to reactions. Knowledge of the initial electron kinetic
energy distribution is a milestone on the (long) road to this
understanding.

See the supplementary material for the data, and more detailed
descriptions of methods that support the findings of this study.
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