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ABSTRACT: Organometallic tin-oxo-hydroxo cage compounds offer a
promising photoresist platform for extreme ultraviolet photolithography
(EUVL). Their reactivity is dominated by the facile breaking of the tin−
carbon bonds upon photon or electron irradiation. As the cage is dicationic,
it exists as a complex with anions for charge compensation. In the present
work, we explore the n-butyltin-oxo cage with two tetrakis-
(pentafluorophenyl)borate counteranions (TinPFPB). In contrast to the
small counterions that are typically used, the bulky PFPB anion absorbs a
substantial fraction (∼30%) of the impinging EUV radiation (13.5 nm, 92
eV), and it has its own reactivity upon photoionization. When thin films of
the complex are irradiated with EUV radiation at low doses, a positive-tone
development is possible, which is rather unique as all other known tin-oxo
cage resists show a negative tone (cross-linking) behavior. We propose that
the initial positive tone behavior is a result of the chemical modification of the Sn cluster by fragments of the borate anions. For
comparison, we include the tetrakis(p-tolyl)borate anion (TB) in the study, which has similar bulkiness, and its complex with the n-
butyltin-oxo cage (TinTB) shows the usual negative tone EUV resist behavior. This negative-tone behavior for our control
experiment rules out a hypothesis based purely on the steric hindrance of the anion as the cause of the different EUV reactivity.
KEYWORDS: extreme ultraviolet lithography, tin-based photoresist, tin-oxo-hydroxo cage, Inorganic−organic hybrid photoresist,
metal-based photoresist

1. INTRODUCTION
The increased need for both more powerful and more energy
efficient electronic devices fuels research for better lithographic
techniques. After the invention1 and development2 of excimer
lasers, their application to photolithographic purposes was
rapidly adopted.3 For more than 15 years, the electronics
industry relied on ArF (193 nm) lithography for the highest
resolution in computer chip manufacturing,4,5 improving the
process by using immersion lithography techniques,6,7 and
combining this with multiple patterning techniques to decrease
the reachable feature size even further.8,9 To print smaller sizes
in a single step extreme ultraviolet (EUV) lithography has been
introduced, which uses a wavelength of 13.5 nm.10 In parallel
to the optical and mechanical improvements of exposure tools,
the need arises for better photoresists materials more suited to
higher resolution, sensitivity, and pattern fidelity.11 As features
get smaller, the photoresist needs to be thinner because of the
decreased depth of focus12 in high NA EUV lithography and to
decrease the aspect ratio of the structures to avoid pattern
collapse. With thinner resist films, the need arises for higher
etch resistance to allow for pattern transfer and for a higher
absorption factor to make the most efficient use of the

expensive EUV photons. This field of research has been largely
dominated by organic resists13−17 and chemically amplified
organic resists (CAR).18−23 Although specially adapted CAR
can still meet the current requirements of EUV lithography,
the organic photoresist approach is less suited to match with
industrial requirements for future technology nodes.24−28

To alleviate the inherent issues of organic photoresists such
as relatively low etch resistance29,30 and their lower EUV
absorption cross-section,31,32 new hybrid materials containing
metals33−39 or nanoparticle approaches40,41 have been
investigated. The addition of inorganic atoms can provide
both a higher EUV absorption cross-section and higher etch
resistance in thin films.42−44 A particular effort has been
centered around Sn12-oxo-hydroxo cages,34,44−49 which ex-
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hibited promising patterning properties upon initial inves-
tigation.34 Importantly, Sn has a large absorption cross-section
at 92 eV (for several tin cages, α = −ln T ≈ 12 μm−1),50 which
makes it possible to capture ∼25% of the impinging EUV
photons in a 25 nm thick film of tin-oxo cages with small
counterions.
The tin cages, as shown in Scheme 1, are dications,51 and to

balance the charge, they are associated with anions that can be

readily exchanged and used to tune the properties of the
system.52,53 When the anions are small, the relative
concentration of Sn atoms in the photoresist films is high,
which is beneficial for a high EUV absorption cross-section.
The role of the anion has been explored to some extent.
Cardineau et al.34 concluded that for a series of carboxylate
anions, the size was important: larger anions reduced the
sensitivity due to the dilution of the tin atoms in the film,
which reduced the EUV photon absorption per unit of film
thickness. Haitjema et al.54 and Sadegh et al.55 proposed that
the anions (sulfonates and acetate) play an active role in the
photolithographic reaction mechanism because they act as
nucleophiles and attack the tin cage after photoionization and
the loss of a butyl radical. Ma et al.56 revealed in a
computational study that OH− as a counteranion can act as
a base and abstract a proton from one of the bridging OH
groups. Bespalov et al.47 noted that the tin-oxo cages with OH
counteranions (3, “TinOH”) were unstable in silico and to
retain its structure at different levels of theory required adding
hydrogen bonding units (water molecules) in the model to
“tame” the basicity and nucleophilicity of OH−. In a seminal
study of TinOH, Banse et al.51 observed that isopropanol was

built into the crystal structure and that the crystals would
become translucent, amorphous, and insoluble in C6D6 or
CD2Cl2 upon the loss of cosolvent.
In the present work, we study the n-butyltin-oxo cage with

tetraarylborate counteranions, specifically tetrakis-
(pentafluorophenyl)borate (1, TinPFPB) and tetrakis(p-tolyl)-
borate (2, TinTB). These anions are chemically relatively
inert: neither basic nor nucleophilic. As these anions take up a
considerable volume, the EUV absorption of the thin film is
expected to be reduced. The molecular absorption cross-
sections can be estimated rather reliably using tabulated atomic
cross-sections.31 To calculate the absorption coefficient of the
thin film (α, commonly expressed in units of μm−1), the
density should be known. For several n-butyltin-oxo cages with
small counterions, this was found to be ∼1.9 g cm−3. For
TinPFPB 1, a crystal structure was determined (see below),
from which we derive the density as ρ = 2.131 g cm−3. For 2,
we estimate a density of ∼1.7 g cm−3 based on computed
molecular volumes and the experimental data for 1 and 3 (see
Supporting Information). Using these densities, we can
estimate absorption coefficients at 92 eV as α = 14.7 μm−1

for TinPFPB 1 and α = 10.5 μm−1 for TinTB 2 (Table 1).

Compared to α = 12.7 μm−1 for TinOH 3 (from atomic cross-
section and crystal structure data, including 4 iPrOH solvent
molecules51), we see the expected reduced cross-section for
TinTB, but for TinPFPB, the loss of absorption due to dilution
of tin is compensated by the presence of the 40 fluorine atoms,
which have the highest cross-section of the second row
elements along with a relatively small van der Waals radius.
The result is that for compound 1 of the photons absorbed at
92 eV, 49% will lead to initial ionization of Sn and 29% to
ionization of F in addition to 21% valence ionization of C and
O.
The choice of the anion was made by keeping the high EUV

absorption cross-section requirement in mind and, as such, to
offset the loss of EUV absorption caused by the addition of
organic components by using fluorinated anions.31 The
photochemistry of tetraphenyl borates has been extensively
investigated for the 200−350 nm irradiation range.57−60

Rearrangement and fragmentation products have been
identified. To the best of our knowledge, the effect of 13.5
nm (EUV) excitation or other ionizing radiation has not been
studied. Photochemical reactions with electron acceptors,
however, cause the decomposition of tetraarylborates via
electron transfer in a pathway that is similar to photo-
ionization.60 The solubility switch of the tin cage resist films
upon exposure to EUV relies on the cleavage of Sn−C bonds,
causing the loss of the butyl radicals.54 Subsequently, cross-
linking of the tin clusters is thought to occur, rendering the
material insoluble.34 Additionally, experiments done with UV
and VUV exposure in the gas phase54 show that homolytic

Scheme 1. Schematic Structure of n-Butyl-Sn12-Oxo-
Hydroxo Cages and Anions Used in the Present Work

Table 1. Absorption Properties at 92 eVb

compound α (μm−1) f CHB f O f Sn f F
TinPFPB (1) 14.7 0.132 0.093 0.486 0.289
TinTB (2) 10.5a 0.201 0.129 0.671
TinOH (3) 12.7 0.124 0.175 0.701

aUsing estimated density, see Supporting Information for additional
details. bα is the absorption factor based on tabulated cross-sections
and experimental densities and f X is the fraction of photons absorbed
by element(s) X.
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cleavage of tin−carbon bonds is observed for all photon
energies above the onset of electronic absorption around 5 eV
(250 nm) that led to photoproducts, which have lost one or
two butyl groups. After the double butyl loss, a structural
rearrangement was proposed to recouple the unpaired
electrons of the Sn-centered radicals connected to the OH
groups.54 Furthermore, covalent binding of the sulfonate
counteranion to the tin cluster used in that work is expected to
occur.54 The chemistry following ionization (at photon
energies Eph > 12 eV in the gas phase54 and 8 eV in the
solid phase55) also starts with Sn−C bond cleavage. In the gas
phase, excess thermal energy allows further fragmentation54,61

but in the solid state, the product of ionization and butyl loss is
a closed shell molecule that will not easily lose further butyl
groups.

2. EXPERIMENTAL SECTION
Experimental methods are briefly described here. Further details are
given in the Supporting Information.

The n-butyltin-oxo hydroxo cage TinOH 3 was synthesized
according to known procedures.52 The borate derivatives were
prepared from 3 by anion exchange. Synthetic details and the
spectroscopic characterization of the products can be found in the
Supporting Information. Single crystals of 1 were obtained from a 50/
50 mixture of toluene and trifluorotoluene, enabling analysis via single
crystal X-ray diffraction. After adding hydrogen atoms at calculated
positions to the obtained crystal structure, the resulting model was
optimized using the B3LYP hybrid density functional method with
the LANL2DZ basis set. From the model thus obtained, a model of 2
was derived by replacing the substituents on the benzene rings and
optimized in the same way to estimate the density of 2 by comparison
with that of 1.

Thin films of the compounds were prepared by spin coating on
silicon wafers or silicon nitride membranes. In some cases, the wafers,
which have a native oxide layer, were pretreated with hexamethyldi-
silazane to create a hydrophobic surface.62 The thin films were
characterized by means of atomic force microscopy (AFM), infrared
spectroscopy, X-ray photoemission spectroscopy (XPS), and
absorption spectroscopy. The films were exposed to 92 eV radiation
and studied again using spectroscopic methods or developed using a
suitable solvent to study the solubility switching behavior. After the
dissolution of the whole exposed film, mass spectrometry analysis was
applied to gain insight into the photoproducts formed.

3. RESULTS AND DISCUSSION
3.1. Structure of TinPFPB. Single crystal X-ray diffraction

allowed us to resolve the structure of TinPFPB 1 (Figure 1),
with full details in the Supporting Information. The structure

of the dicationic core is in agreement with previously reported
structures for Sn12 clusters:

51 a central Sn6O12 ring composed
of 5-coordinated Sn atoms bridged by μ3-O atoms, and on
both sides of it, a “cap” structure with three 6-coordinated Sn
atoms that are connected via three μ2−OH groups and one μ3-
oxygen. All Sn atoms have one butyl group pointing outward,
and the two PFPB anions each have one pentafluorophenyl
ring facing their respective 3 μ2−OH moieties. The minimum
distance between two butyl-Sn12-oxo-hydroxo cages in this
structure is 10.7 Å as opposed to the 7.9 Å observed in the
structure of TinOH.51

3.2. NMR Spectroscopy. The 1H, 13C, 119Sn, 11B, and 19F
NMR spectral data of 1 and 2 agree with the expected
structures (Figures S5−S22). When comparing the 1H NMR
spectra of 1 and TinOH 3 (Figure 2) in CDCl3, a large
difference in the chemical shifts of the protons of the n-butyl
groups is apparent.

Notably, the chemical shifts of the terminal CH3 groups of
the n-butyl groups of the caps (d*) and those of the belts (d)
are further apart in 1 than in 3. The difference most likely
arises from the differences in the shielding by the aromatic
rings of the borate anions. In methanol-d4, a polar solvent, the
ions are dissociated and the differences between the 1H NMR
spectra of 1 and 3 are small (Figure S25).

3.3. Exposure of Thin Films to EUV Irradiation. One of
the key parameters in the evaluation of a new photoresist is the
measurement of the dose required to achieve a switch of the
solubility of the exposed vs unexposed areas stemming from a
chemical change in the photoresist. From previous work,47,54,56

the main mechanism of the solubility switch is thought to be
the homolytic cleavage of Sn−C bonds, leading to a reduction
of number of butyl groups attached to one cage coupled with a
potential cross-linking between two tin centers further
decreasing the solubility of the obtained material. These
mechanisms led to a decrease in solubility due to EUV
irradiation, which corresponds to negative tone photoresist
behavior. This behavior can be quantitatively assessed by the
measurement of the remaining thickness of photoresist after
the development versus EUV dose received by the sample via
AFM, as shown in Figure 3. Data for TinOH are included as an
example of the standard behavior of tin-oxo-hydroxo cages, in
which the remaining thickness increases upon an increase of
EUV dose followed by a slow decline in thickness due to

Figure 1. Structure of TinPFPB 1 obtained via single crystal X-ray
diffraction at 100 K.

Figure 2. Partial 1H NMR spectra (400 MHz, CDCl3) of 1 (blue) and
3 (red), Sn5 are 5-coordinated, and Sn6 are 6-coordinated atoms (see
Scheme 1); IPA = isopropanol.
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further degradation of the material due to overexposure.
Surprisingly, for TinPFPB 1, the observed behavior is
drastically different, with first a decrease of remaining film
thickness with an increase of EUV dose, reaching a plateau
where no photoresist remains on the exposed surface between
10 and 20 mJ cm−2, followed by a gradual increase in the
remaining thickness for a higher exposure dose. This positive
tone photoresist behavior was unexpected, and although the
dual-tone nature of the tin oxo-hydroxo cage system has been
previously reported,46 very little is known concerning the
mechanistic reasons for such change. To that end, several
additional experiments listed below were performed to provide
a better understanding of the chemical solubility switch of
TinPFPB 1.

3.4. Infrared Spectroscopy. 3.4.1. Infrared Spectra of
TinPFPB. Infrared spectra of TinPFPB recorded for the bulk
material via ATR spectroscopy (Figure S23) show the
expected absorption bands stemming from the butyl groups
(2953 cm−1 for CH3 antisymmetric stretching and 2870 cm−1

for symmetric stretching; 2920 cm−1 for CH2 antisymmetric
stretching and 2855 cm−1 for symmetric stretching). The sharp
peak at 3636 cm−1 corresponds to the OH groups present on
the caps of the tin cluster and indicates that they do not have a
hydrogen bonding interaction with the anion.63 In tin-oxo cage
compounds with small hydrogen bond accepting counterions
such as OH− or OAc−, a sharp feature is not found, and the
OH stretching vibrations give rise to a broad band in the
2900−3700 cm−1 range. In the fingerprint region, character-
istic bands from the phenyl rings of the PFPB anion are seen at
1641, 1515, and 1468 cm−1. Stretching vibrations due to C−F
and C−B bonds appear at 1270 and 1086 cm−1, respectively.

3.4.2. Infrared Spectroscopy of Exposed TinPFPB 1 Films.
Thick films of TinPFPB (∼80 nm) were prepared on gold
substrates (Supporting Information, Section S3) and then
irradiated at the XIL-II beamline (SLS-Paul Scherrer Institute,
Switzerland) on 500 μm wide squares at different EUV doses.
The sample was then measured in reflectance mode using a
FT-IR microscope and led to the spectra, as shown in Figure 4
below. The unexposed film spectrum matches well with the
spectrum of the bulk (Figure S23), which indicates that no
drastic chemical change occurred during the spin coating
procedure, apart from the expected signature of the anion in
the 1000−1700 cm−1 region and of the n-butyl chains of the
tin cage in the 2850−2950 cm−1 region. The sharp peak at
3636 cm−1 observed on the unexposed material, interestingly,
shows a sharp 30% decrease with a dose as low as 50 mJ cm−2

as well as a broadening, indicating that the environment
around the caps is perturbed. Another indication of the
perturbation of the OH of the caps stems from the appearance
of a very wide OH band in the 2900−3600 cm−1 region. The
B−C band from the anion at 1086 cm−1 also shifts toward
1092 cm−1, which, combined with the mass spectrometry
results (vide infra), indicates that it is likely that some OH are
recombined or interacting with photoproducts of the anion
degradation.

3.5. In Situ X-ray Photoelectron Spectroscopy of
Exposed TinPFPB 1 Films. XPS spectra of thin films of 1
were collected at the BEAR beamline64 (see Supporting
Information for details), as shown in Figure S26. Two peaks
are present at the C 1s edge. The binding energy of 288 eV

Figure 3. Measured remaining thickness of films of TinPFPB 1
(black: developed with ethylbenzene; red: developed with toluene)
and TinOH 3 (green: developed with iPrOH/H2O mixture 2:145)
exposed to variable EUV doses (lines are just a guide for the eye).

Figure 4. Infrared spectra of film of TinPFPB 1 exposed to EUV at doses ranging from 0 to 1000 mJ cm−2. (Full set of irradiation doses is shown in
Figure S24.)
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corresponds to the carbons of the PFPB anion and the binding
energy of 285.4 eV corresponds to the carbons of the butyl
chains of the tin cage.65 The area of each peak being
proportional to the number of species present at the surface of
the material, we can observe a decrease of the signal at 285.4
eV from the butyl chains of 26% at 100 mJ cm−2. Meanwhile,
the peak area stemming from the PFPB anion sees an increase
of 27% as well as a widening shifting toward lower binding
energy. It must be noted that as the measurements have been
performed under vacuum (≈7 × 10−9 mbar), no in situ
development was done, and only volatile species may leave the
material during the exposure. This clearly indicates that butyl
chains are still cleaved by the EUV exposure as for other Sn
cage materials. Although the binding energy of its signal is
reduced by only 0.2 eV, the anion itself is likely also chemically
modified by the EUV exposure, as seen from the signal
broadening. The relative increase of signal from the anion
comes mainly from the removal of n-butyl chains and hence a
reduction of its screening effect: as butyl groups leave the
surface of the film, the density of fluorine-bound carbon near
the surface increases, and thus a stronger signal may be
expected.
Comparing these results with the infrared spectroscopy in

3.4, it must be noted that for the butyl chain bands in the
2855−2950 cm−1 region, the decrease of overall band signal is
only 5% at 50 mJ cm−2 and 13% at 100 mJ cm−2, which is less
than the 26% at 100 mJ cm−2 found via XPS analysis. However,
as opposed to very surface sensitive XPS, IR spectroscopy
effectively probes the entire film composition. Moreover,
outgassing products (butane, butene, and octane) might be
retained deeper inside the film.
Figure 5 shows the ratio between the area of the peaks

stemming from the butyl chains over those of the B(PFP)4

anion and the EUV exposure dose. This graph shows a sharp
decrease from 0 to 100 mJ cm−2 from 1.3 (close to the
theoretical value of 1.4) to a value of 0.77 and then a plateau is
reached for higher doses, showing that most of the major
chemical changes are happening within the first 100 mJ cm−2.
This difference in apparent bleaching could be due to a

difference in volatility between the reaction products of EUV

exposure from the tin cage (n-butyl groups) and from the
anion (PFPB), as well as the different chemical pathways for
both byproducts. To delve deeper into the reactivity of the
TinPFPB 1 system, mass spectrometric analysis has been
performed on the dissolved materials obtained from develop-
ment, and the results are shown below in Section 3.7.

3.6. X-ray Absorption Spectroscopy. Soft X-ray
absorption spectra (XAS) were measured at the carbon and
fluorine K-edges of spin-coated films of the tin-oxo cages on
the SiN membranes. In contrast to XPS, these measurements,
which are carried out in transmission mode, probe the entire
film thickness. Thus, they are not very sensitive to possible
surface contamination. Figure 6 shows the spectra at the C K-
edge of 1, 2, 3, and tetramethylammonium TinPFPB. The
spectra were normalized by setting the absorbance at 340 eV
equal to the theoretical cross-section for the photoionization of
C 1s at that energy.
A characteristic feature of the XAS of TinOH 3 is the low-

energy absorption band at 285.4 eV61 due to the C 1s →
lowest unoccupied molecular orbital (LUMO) (σ*) transition.
In the phenylborate derivatives, a much stronger absorption
occurs in this energy range that can be attributed to the C 1s
→ π* transitions of the aromatic rings. The band peaks at
284.7 eV for 1. For 2, it is at the same energy but is clearly
stronger and broader. In both cases, the C 1s → σ* transitions
of the Sn-butyl groups are not resolved as a separate peak. A
second strong band in 1 at 287.3 eV can be largely attributed
to C 1s → π* transitions. Calculations of the XAS of the borate
anions using the transition potential method66−68 reveal that
the low-energy peak in 1 is due to excitations involving the C
1s orbitals of the C atoms bonded to B, while the higher-
energy peak stems from transitions involving the C 1s orbitals
of the C atoms bonded to F, which have a higher binding
energy. For the tolylborate anion, all C atoms have similar
binding energies, and the transitions to the low-lying π orbitals
occur at similar energies. The fluorinated compounds 1 and 4
were also measured by XAS at the fluorine K-edge (Figure
S27).
For tolylborate derivative 2, we monitored the spectral

changes during EUV exposure by observing the change in
transmission of exposed and unexposed regions (Figure 7).
This experiment demonstrates that at the initial stages of the
conversion, the band of the C 1s → π* transition at 284.7 eV is
more strongly bleached than the broad band at higher energies,
which contains contributions from all carbon atoms.

3.7. Mass Spectrometry of Exposed TinPFPB 1 Films.
To get a better understanding of the positive tone reactivity of
TinPFPB 1, we performed mass spectrometry on material
dissolved by ethylbenzene (developer) on films exposed to a
20 mJ cm−2 EUV irradiation dose. As a reference, the mass
spectrometry of the bulk material has been recorded using
ethylbenzene for both positive and negative ions, and the
resulting electrospray ionization mass spectra are shown in
Figures 8 and 9. For the positive charge mass spectra, even
with mild ionization conditions, a degradation of the tin cages
has been observed, with a m/z of 2435 Da coming from a tin
cage having one positive charge instead of two, followed by 3
peaks of lower m/z, indicating the loss of 1, 2, and 3 butyl
groups, respectively. The presence of a complete tin cage with
one PFPB adduct is also visible as the main species, with a m/z
of 3115 Da. This kind of behavior is similar to what has been
previously reported on similar tin cage systems.69 Due to the
large number of tin isotopes naturally present in the sample, a

Figure 5. C 1s XPS ratio of the signal of butyl chains to that of the C
atoms in B(PFP)4 anion of TinPFPB 1.
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finer analysis on the positive ion mass spectra could not be
performed.
The negative ion mass spectra of the bulk TinPFPB 1

material give mainly the expected peak from the PFPB anion at
679 Da, but it also reveals small amounts of byproducts, such
as a species with a hydrogen atom replacing a single fluorine
from the anion, leading to a m/z of 661 Da. The mass
spectrum also reveals B(PFP)3F, PFP anion, and PFP dimer
radical anion are present (Figures 9 and S5), which is similar to
what has been reported for UV induced reactions of

tetraarylborates such as B−C cleavage and formation of diaryl
species.57

The mass spectra were collected from TinPFPB 1 films
exposed to 20 mJ cm−2 EUV irradiation and then dissolved
using ethylbenzene as a developer. The solution was then
transferred to the mass spectrometer and led to the spectra, as
presented in Figure 10. The most striking result is that none of
the previously observed lighter species due to the loss of butyl
chains in the bulk sample are present below the Sn12+ cage m/z
of 2435 Da. Instead, only heavier species that are a
combination of the addition of either a single pentafluor-
ophenyl and/or a tetrafluorophenyl with the loss of zero, one,
or two butyl chains are observed. Interestingly, in the Sn122+

Figure 6. Absorption spectra at the carbon K edge. (A) Experimental spectra (smoothed; see Figure S1−S3 for raw data) of 1, 2, 3, and
tetramethylammonium tetrakis[pentafluorophenyl] borate 4. (B) Calculated spectra of borate anions, shifted to match the low-energy peak at 284.7
eV.

Figure 7. (A) Bleaching of a thin film of 2 at the indicated EUV doses. (B) Ratio of the bleaching of the C 1s → π* band (283−286 eV) to the
total bleaching.

Figure 8. Positive charge mass spectrometry of bulk TinPFPB 1
obtained by electrospray ionization, numbers in parentheses are
calculated values for each fragment.

Figure 9. Negative charge mass spectrometry of bulk TinPFPB 1
obtained by electrospray ionization.
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part of the spectra, both Sn122+ and Sn122+ with one less butyl
group can be observed (Figure S8). These results indicate that
not only is the Sn12 cage reactive but also the PFPB and its
EUV decomposition products are reactive and can readily
attach to the tin cage itself. These chemical changes are likely
to modify the solubility of the tin cages enough to give rise to a
solubility switch and thus positive tone behavior at the 20 mJ
cm−2 EUV dose.

3.8. Reaction Mechanism. Quantum-chemical calcula-
tions give insight into the molecular electronic structure and
expected reactivity. For the tin-oxo cages with small counter-
ions (OH− and OAc−), the highest occupied molecular orbitals
(HOMOs) have Sn−C σ bonding character, and LUMO has
σ* character. Both photoionization and electron capture of the
tin-oxo cages readily lead to the cleavage of Sn−C
bonds.34,47,54,61,70 For the borate derivatives studied in this
work, the HOMOs are located on the borate anion. The
computed orbital energy levels are shown in Figure 11.
Graphical representations of the corresponding molecular

orbitals are in the Supporting Information (Figure S4). The
first step in EUV photochemistry is the ionization of the
substrate. The primary photoelectron will generate 2−3
additional secondary electron/hole pairs.70 When low-energy
photoelectrons are captured in the LUMO, they produce
radical anion species, which can undergo decomposition
reactions.47 Unless bond breaking reactions are exceptionally
fast, they will occur only after electronic relaxation, that is,
from thermally relaxed radical ions. This implies that the
locations of HOMO and LUMO determine where most
reactions take place. Quantum yields of tin−carbon bond
breaking have recently been reported70 as ∼1 photon−1 in the
range of 20−40 eV (TinOAc) and ∼3 photon−1 at 92 eV
(TinOH). In the present case, the contribution of electrons to
the photon-induced reaction via the reductive pathway
(electron capture in LUMO) can be the same as in TinOH
or TinOAc, but the reactions involving holes are likely to lead
to decomposition of the borate anions rather than tin−carbon

bond cleavage. Thus, it is not surprising that at the initial stage
of the conversion, the decomposition of the tetratolylborate
counterion in 2 could be observed (Figure 8). Unfortunately,
for the TinPFPB 1, similar experiments were not conclusive
because of the low intensity of the characteristic C 1s → π*
band at 284.7 eV and the overlap of the stronger C 1s → π*
band at 287.3 eV with the transitions of the butyl groups of the
tin-oxo cage.
As mentioned above, borate anions have been shown to

decompose upon photochemical one-electron oxidation to
triarylboron and aryl radicals. Similar pathways can be
expected to occur here. The infrared spectroscopy on exposed
sample 1 indicates a shift of the C−B band from 1086 to 1092
cm−1, indicating a change of the chemical environment of the
boron [e.g., B(Ar4)− vs BAr3]. The mass spectrometry analysis
of 20 mJ cm−2 EUV-exposed material 1 indicates that the
degradation products of the borate anion (fluorinated phenyl
rings) readily graft onto the tin cluster. While the most
abundant tin cluster species do possess one or two cleaved
butyl groups, it must be noted that this is not a prerequisite for
the grafting of the fluorophenyl moieties. Indeed, species of
“intact” tin clusters with additional fluorophenyl rings can be
observed at 2583 and 2754 Da for the mono- and bis-
fluorophenylated species, respectively. The presence of these
species raises the question of the structural rearrangements
that the tin cluster must undergo to accommodate for the
additional fluorophenyls. Unfortunately, the mass spectra do
not provide structural details, and other techniques are too
insensitive to reveal clear and interpretable changes at a low
conversion. The coordination sphere of tin is quite flexible, and
replacement of butyl groups by the aromatic radicals might be
possible. Photon absorption by the tin-oxo cage can be
expected to lead to the usual tin−carbon bond cleavage, which
is also apparent from the XPS and IR data. This can lead to tin-
centered radicals that can trap the aromatic radicals. Many
reaction pathways are possible, and we have to leave the details
as a challenge for future research. The addition of the
fluorinated phenyl rings is sufficient to induce a solubility
switch that leads to the positive tone behavior observed with
using ethylbenzene or toluene as a developer in the 10−25 mJ
cm−2 EUV dose range. The development is a complex physical-
chemical process, controlled by kinetics. Possibly, a relatively
small perturbation of the packing of the molecules suffices to

Figure 10. Positive charge mass spectrometry of films of TinPFPB 1
exposed to 20 mJ cm−2 EUV and developed with ethylbenzene
obtained by electrospray. Top inset is unexposed TinPFPB 1 in the
same conditions for reference. Sn12−Bu and Sn12-2Bu refer to a tin
cluster having lost one and two butyl moieties, respectively.

Figure 11. Orbital energy levels (B3LYP/LANL2DZ) of highest
occupied σ and π orbitals, and lowest unoccupied σ* and π* orbitals
for tin cages 1, 2, and 3.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c08636
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c08636/suppl_file/am4c08636_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c08636/suppl_file/am4c08636_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08636?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08636?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08636?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08636?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08636?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08636?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08636?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c08636?fig=fig11&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c08636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


accelerate the penetration of the solvent and the dissolution. At
higher doses, the photoproducts are further degraded, probably
via tin−carbon bond cleavages, to insoluble material, thereby
reverting to the conventional negative tone behavior.

4. CONCLUSIONS
New photoresists based on the Sn12 cage have been
synthesized, namely, TinPFPB 1 and TinTB 2, which have
bulky tetraphenylborate counteranions. TinTB 2 behaves like
most Sn12 cage systems as a negative tone photoresist, but
TinPFPB 1 can act as a positive tone resist. The difference in
reactivity between the two systems is unlikely to come from
the distance between two clusters, decreasing the possibility of
cluster−cluster aggregation upon EUV exposure as both anions
have similar sizes. The positive tone behavior is rather
attributed to a combination of reactivity upon EUV irradiation
of the borate as well as the ability of the pentafluorophenyl
moiety to be readily grafted to the tin cage. The present paper
emphasizes the importance of the study of the tin cage−anion
interactions upon EUV exposure as well as a possible pathway
to tune and optimize the solubility switch properties along with
tuning of the Sn12 cage moieties.
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■ ABBREVIATIONS
PFPB tetrakis(pentafluorophenyl)borate
TB tetrakis(p-tolyl)borate
HMDS hexamethyldisilazane
EUV extreme ultraviolet
XPS X-ray photoelectron spectroscopy
AFM atomic force microscopy
XAS X-ray absorption spectroscopy
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