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The performance of photoresists is a major challenge in extreme ultraviolet (EUV) lithography and needs
to be improved for the future technology nodes that require higher resolution, patterning fidelity, and
sensitivity. Hybrid inorganic/organic materials are considered for this crucial function, but the chemical
mechanisms underlying their solubility switching are not well understood, which hampers the rational
improvement of EUV photoresists. Here we study n-butyltin—oxo cages, a readily accessible “open
source” representative negative tone resist. Upon exposure to EUV radiation (wavelength 13.5 nm),
butane, butene and octane are the main volatile reaction products. Tin is fully retained in the films even
after prolonged EUV exposure. It is found that the loss of only ~18% of the butyl groups suffices to ren-
der the resist film insoluble. The initial quantum efficiency of Sn—C bond cleavage is ® ~ 5 per absorbed
EUV photon, but this decreases rapidly with conversion of the material. After the primary Sn—C bond
cleavage in a tin—oxo cage, induced by photoionization or capture of a (secondary) photoelectron, facile
thermal reaction steps may occur that lead to additional Sn—C bond breaking. Although many questions
remain, our work sheds new light on the reaction mechanisms at play and provides input for simulations
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Introduction

The roadmap of the semiconductor industry dictates a contin-
uous shrinkage of the smallest features of computer chips.! For
high-volume manufacturing, extreme ultraviolet lithography
(EUVL) has been introduced, because its short wavelength
(4 = 13.5 nm) increases the optical resolution and allows to
write very small patterns with a single exposure. On the instru-
mental side, engineering and physics drive the continuous
progress of EUV source power, mask performance, and numer-
ical aperture.” Another important factor in lithography is
the photoresist, which translates the aerial image to a physical
pattern on the substrate, using a chemical process that switches
the solubility so that either the exposed or the unexposed parts of
the resist film are dissolved in a developer liquid, giving rise to
positive and negative tone resists, respectively.
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Photoresists are typically molecular or low-molecular-weight
polymer materials. They face stringent requirements on resolution,
line edge roughness, and sensitivity,” but it is difficult to rationally
improve their performance because the understanding of the
molecular chemistry induced by EUV photons is still limited. When
an EUV photon (energy 92 eV) is absorbed by a material, it induces
ejection of an electron from a molecular orbital or from a relatively
shallow atomic core level.® The primary electron generated
loses its energy by inelastic scattering events, generating several
secondary electrons.” EUV chemistry is often described as
electron-induced chemistry.® However, for every electron gener-
ated, a hole is also produced, and depending on the chemical
system, both holes and electrons (after losing most of their excess
energy) can be reactive species. Moreover, in the energy loss
process, electronically excited states can be generated (as in UV
photochemistry) and a substantial amount of heat is released.
Thus, multiple reactions per absorbed photon are possible, giving
rise to a potentially high photochemical quantum yield. For
example, it has been reported that photoacid generators, which
are the key elements in chemically amplified photoresists (CARs)
for ultraviolet lithography,” ™" can generate up to 13 protons per
absorbed EUV photon."”™** On the other hand, recombination
processes of electrons and holes or radicals formed by homolytic
bond cleavage can occur, reducing the net reactivity.
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Many materials are being considered as potential resists for
EUVL for future technology nodes.>* The industry naturally
adapted the well-understood chemically amplified resists
(CARs) based on photoacid generation to the new EUVL
application." However, these organic materials have reduced
sensitivity because they do not absorb EUV photons efficiently
and they exhibit low etch resistance.”® This becomes more
important in the advanced technology nodes because the
thickness of resist films has to be decreased to avoid high
aspect ratios which lead to the risk of pattern collapse and to
match the decreasing depth of focus with the increase of the
numerical aperture of the EUV illumination system. Organo-
metallic compounds can absorb EUV radiation more strongly
and due to their higher density can provide higher etch
resistance, which makes them suitable hard masks for pattern
transfer. Tin-oxo cages, introduced to the field by the Brainard
group, are a popular type of metal-organic resist.””>* Two repre-
sentative tin-oxo cages with different counterions, nicknamed
TinOH and TinF, are studied in the present work (Chart 1). The
presence of tin is beneficial for resist sensitivity, because it gives
rise to strong absorption of EUV photons. The absorption
coefficient o was found to be ~12 um™' for a number of
n-butyltin-oxo cages with different counterions.*® This is much
larger than for most organic materials (x < 5 pm™"),%® yet still
smaller than for the tin-containing resists developed by Inpria
(xup to ~20 um™1).*?

As stated above, not much is known in molecular detail
about the chemical reaction mechanism of EUV photo-
resists.>**° This is partly due to the lack of powerful analytical
tools that can give relevant spectroscopic information on the
very small amounts of material in thin films. To aggravate this
challenge, for a good mechanistic understanding, the initial
reaction products should be detected separately from follow-up
products, which requires measurements at small conversion.
Infrared spectroscopy is moderately sensitive, but feasible
and useful when changes of characteristic functional groups
can be observed.*>*°™** X-ray photoelectron spectroscopy (XPS)
is extremely sensitive, but the changes in the binding energies
of the different atoms are not always large and it can be difficult
to interpret the spectra in terms of molecular structures,>*=*42%>
A more straightforward use of XPS is the determination of the
elemental composition of the thin film. In the case of the tin-oxo
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Chart1 Compounds investigated.

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

cages the loss of carbon is readily monitored using the relative
strength of the carbon 1s signal. The surface sensitivity of XPS can
be a benefit, but also a disadvantage, because XPS does not
monitor the resist film throughout its depth, and surface con-
tamination is a persistent concern.

In the present work, we use X-ray absorption spectroscopy,
measured in transmission mode and therefore not surface-
specific, to analyze the chemical composition of photoresist
films before and after EUV exposure. In addition, we perform
experiments with a tool that allows measurement of volatile
reaction products by means of mass spectrometry and determi-
nation of the film thickness at the same location using ellipso-
metry before exposure, after exposure, and after development.
Using the measured shrinkage of the film, we estimate the
quantum yield of the fundamental reaction: tin-carbon bond
cleavage. Taking the outgassing products into account, we
discuss the current understanding of the working mechanism
of tin—oxo cages as a negative tone EUV resist.

Simulation models for EUV pattern formation have been
reported that use building blocks resembling tin-oxo cages.®?
These models are calibrated using limited experimental data
obtained with materials of unknown structure. The present work
provides experimental data on a well characterized “open-source”
material, and this can contribute to the further understanding of
the pattern formation process in EUV lithography.

Experimental
Materials

Synthesis of the tin-oxo cage materials was performed as in
earlier work, following well-known literature procedures.>®™*
Preparation of thin films by spin coating is described in detail
in the SI

EUV exposures

Thin films on SiN membranes (3 x 3 mm?®) supported by a
7.5 x 7.5 mm” Si frame were exposed to EUV synchrotron
radiation at 92 eV at the XIL-II beamline of the Paul Scherrer
Institute.>® Areas of 500 x 500 um? were irradiated homoge-
neously with different doses in different parts of the
membrane. A part of the samples was developed in isopropa-
nol/water 2:1 for 30 seconds and rinsed with demineralized
water to remove unexposed material. The thickness of the films
was measured using atomic force microscopy (AFM), using a
Bruker Dimension Icon AFM, operating in tapping mode, using
Bruker OLTESPA AFM probes with a frequency between 70 and
80 kHz. 512 samples per line were recorded on areas of
approximately 20 x 20 um” using an operating speed of 1 Hz.

X-ray transmission measurements

The scanning transmission X-ray microscope at the PolLux
beamline at the Paul Scherrer Institute®” was used to record
soft X-ray absorption spectra and absorption images at selected
energies as described in detail in the SI.

This journal is © The Royal Society of Chemistry 2026
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Outgassing experiments

A set-up at imec was used to irradiate thin films of TinOH and
TinF on silicon wafers with 13.5 nm radiation obtained from an
Energetic EUV source.”® Gaseous products were detected using
a residual gas analyzer while the wafer was scanned at a
constant speed. The mass spectra of the product mixtures (up
to m/z = 300) were compared with the reference spectra (NIST)
of n-butane, 1-butene, carbon dioxide and n-octane to estimate
the product distribution. In addition, time traces with exposure
at a single spot were recorded for selected masses. The same
exposure tool was used to irradiate areas on the sample with
different doses, and the thickness of the film was measured
using ellipsometry both before and after development.
Additional experimental details are provided in the SI.

Results and discussion
X-ray transmission measurements

Soft X-ray absorption spectroscopy provides information about
the chemical composition of the photoresist film by measuring
absorbance at energies well above an absorption edge, where
the spectrum is devoid of fine structure and the absorption
coefficients can be predicted using tabulated atomic cross
sections.”

In previous work, we reported the X-ray absorption spectra
of TinOH and TinF at the C and O K-edges.®® Here we focus on
320 and 515 eV as energies where mainly carbon and tin
absorb, respectively, and 550 eV, where both tin and oxygen
have strong absorption. By combining the absorbance at these
three energies the ratios of the three elements can be derived.
Since hydrogen absorbs X-rays very weakly, its absorption was
neglected if the amount of hydrogen was unknown (e.g
exposed tin-oxo cage films) or calculated using the molecular
formula (PMMA and PS reference samples, unexposed tin-oxo
cage films). Absorption from fluorine was approximated using
the molecular formula of TinF (unexposed TinF samples).
Fluorine was estimated to contribute at most 2% to the total
absorption at 320 eV in TinF, which means that its influence on
the results is small. For EUV-exposed TinF samples, the fluor-
ine absorption was neglected because the elemental composi-
tion after exposure is unknown. This may lead to a small
overestimation of the amount of carbon (<3%), while the
effect on other elemental quantities is negligible.

Images were recorded with a scanning transmission X-ray
microscope (STXM) that covered both exposed and unexposed
regions of the tin-oxo cage films. Unexposed parts of the resist
film were cleared by development (negative tone), leaving a bare
membrane in the unexposed region. The transmitted intensity
through the tin-oxo cage film (I) and the intensity through the
bare membrane (I,) can be calculated by selecting parts of the
raster and averaging the counts in each area. An example is
shown in Fig. 1. The exposed part is darker because it contains
an X-ray absorbing film.

The absorbance A is calculated from the average intensities
of the transmitted X-rays I and I, in the two areas according to

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 X-ray transmission image (photon energy 550 eV) of a TinOH thin
film spin-coated on top of a SiNx membrane, partially exposed by EUV
light (100 mJ cm™2) and developed to remove unexposed material.

eqn (1). At each energy E, the absorbance (neglecting the
contribution of hydrogen and fluorine) is given by eqn (2).
The products of the elemental concentrations ¢; and atomic cross
sections ¢; are the elemental surface densities S; (mol cm™2).

= —In(7/1,) (1)
Ag = op-d = (ccOc(m) + CoTor) T Csn(e)Tsn(r))-d @)

By measuring the absorbance at three different energies, we
obtain three equations from which the three unknown surface
densities can be derived, as described in the SI. When the
thickness d is not known, we only calculate the ratios of the
concentrations of the three elements c¢, co, and cs,. The atomic
cross sections oc, 0o and g, were initially taken from the
CXRO database.®’ Because we found that the concentration of
oxygen in the pristine TinOH film was overestimated, we
performed reference measurements using samples of polystyr-
ene, polymethyl methacrylate and tin, and re-derived the cross
sections at the energies of interest. Details are given in the SI.
The cross sections (Table S1) for C and Sn match well with the
tabulated ones, and those of O differ a bit more, but are rather
uncertain because of the relatively small amount of O in the
reference material. The experimental compositions of thin
films of TinOH and TinF based on the adjusted cross sections
are compared with the theoretical ones based on the chemical
composition in Fig. 2.

For TinOH, an excellent agreement is found. For TinF, the
carbon content is overestimated relative to that of tin, and the
oxygen content is underestimated. Clearly, the statistical error
bars derived from the intensities of the transmitted light do not
capture all uncertainties in the experimental data. The mea-
surements at different energies are performed at different
locations on the sample to minimize the effects of radiation
damage. Differences in the thickness at different locations on
the membrane therefore contribute to the uncertainties. The
largest errors are for oxygen because this has a relatively small
cross section at all available photon energies (Table S1). The
limited amount of available data does not allow us to assess the
uncertainties quantitatively. As will be shown below, however,

J. Mater. Chem. C
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Fig. 2 Theoretical and experimental compositions of thin films of (A) TINOH (C4gH1160225n15) and (B) TinF (CsxH114024SNn15Fe). Error bars are based on
the standard error of the mean (SEM) of the measured transmission. The amount of tin in the theoretical and experimental compositions was assumed to

be identical.

clear and consistent trends can be discerned in the data from
EUV exposure experiments.

We apply the method of analysis to films of TinOH and TinF
exposed to EUV radiation and subsequently developed (as
exemplified in Fig. 1), and to films that were exposed but not
developed. In the latter case, we measured the absorption
difference between exposed and unexposed areas.

A spin-coated film of TinOH was exposed to EUV light with
four different doses: 50 mJ ecm ™2, 100 mJ cm ™2, 200 mJ cm ™2,
and 500 mJ cm™ 2. STXM raster scans were recorded (320, 515
and 550 eV) at the edges of exposed areas. The resulting
absorption values were converted to elemental compositions
using eqn (S3). The results are shown in Fig. 3 for samples that
were developed after exposure.

The most conspicuous trend in the data is the decrease of
the amount of carbon detected with increasing exposure. When
comparing the four exposed samples in Fig. 3, we can conclude
that within the limits of the accuracy of the measurements,
oxygen (standard deviation 12%) and tin (standard deviation 7%)
remain in the resist film. In earlier studies of the photoconversion
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Fig. 3 Measured elemental composition of EUV-exposed and developed
TinOH films (bars, left axis) and remaining film thickness (green markers,
right axis). The unexposed film was not developed; its composition was
normalized to the amount of tin in the 50 mJ cm~2 exposed material. The
surface density corresponds to an initial thickness of ~40 nm.®? For the
developed samples, the thickness was measured using AFM.
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of tin—oxo cages we have assumed that tin is not lost from the film
during exposure,”®®* and the present data justify this assumption.
In agreement with the results of the film thickness measurements
discussed below, the lowest dose of 50 mJ cm > already causes
almost complete conversion of TinOH to insoluble products,
and development does not remove appreciable amounts of soluble
tin-oxo cage materials.

The elemental composition of TinF films after exposure and
development is shown in Fig. 4A. As compared to TinOH
(Fig. 3), the results are quite different. A clear loss of all three
elements is apparent at the low doses of 50 and 100 mJ cm 2.
This is attributed to removal of unreacted or insufficiently
converted material by the developer. Clearly, the solubility
switch requires a higher dose for TinF than for TinOH. At high
doses, almost all material is converted to insoluble compounds,
and the remaining amount of tin and oxygen is higher than for
low doses. Very little material remains at low doses, as can be
seen from both the thickness and the elemental composition
measurements. The amount of carbon first decreases strongly
(because the development process removes most of the film),
then increases at 100 mJ cm™> (because more resist material
has become insoluble) and decreases again at 500 mJ cm >
because of further outgassing of carbon-containing species.
The amounts of O and Sn are smaller at a dose of 100 mJ cm ™2
than at 500 mJ cm 2, indicating that development still removed
the material. For TinF, a dose >100 m] cm ~ is required
for reaching the maximum film retention, while for TinOH,
~50 mJ ecm ™ is sufficient. The study of the volatile reaction
products below shows a 2x smaller outgassing rate for TinF,
consistent with the observed smaller sensitivity.

For samples that are exposed but not developed, the
measurement of the transmission in the exposed and unex-
posed areas gives the absorption differences with respect to the
unexposed material, and the AFM experiments measure the
shrinkage of the film (Fig. 4B). Absorption changes, resulting
only from outgassing of volatile products, show a clear decrease
in the amount of carbon. For the dose of 50 mJ] cm?
no accurate AA and thickness data could be obtained because
the contrast was too low. Outgassing of tin and oxygen is
clearly not important, since the AS values are very close to zero.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Analysis of TinF films exposed to EUV. (A) Thickness (d) and elemental surface densities (S) after exposure and development. (B) Change of

thickness and elemental densities due to exposure without development.

This agrees with the result for TinOH (Fig. 3) and with the
outgassing experiments described in the next section.

Volatile reaction products

The loss of carbon-containing volatile reaction products as a
result of breaking of tin-carbon bonds is a well-known char-
acteristic of the photochemistry and radiation chemistry of
tin-oxo cages.?®30396376% [ the present work we directly and
semi-quantitatively identify the reaction products by means of
mass spectrometry. Films of TinOH and TinF on silicon wafers
were irradiated at 13.5 nm and the volatile reaction products
analyzed using a residual gas analyzer (RGA). During the
irradiation the sample was moved at constant speed, resulting
in an average dose of ~30 mJ cm 2 over the irradiated area.
Mass spectra are recorded during the scan in 11 time intervals
of ~2 minutes, in the range of 0-300 amu. After subtraction
of the background recorded under the same conditions, but
without resist material on the Si wafer, mass spectra of the
reaction mixture are obtained. A representative mass spectrum
of the outgassing products of TinOH averaged over the 11
acquisitions during one run is shown in Fig. 5A. Spectra of all
three samples studied are shown in the SI (Fig. S7).

The spectra show characteristic molecular ion peaks of
octane (m/z 114), butane (m/z 58) and butene (m/z 56), as well
as a small amount of carbon dioxide (m/z 44). There are no
significant product signals at m/z > 120, which excludes the
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Fig. 5
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presence of low molecular weight tin compounds, in line with
the STXM results. The spectrum of TinF (Fig. S7) shows small
peaks (not present in the spectra of TinOH) at 69 amu (CF;")
and 19 amu (F") indicating decomposition of the counterion.
The reported mass spectrum of CF;COOH shows a strong peak
at 45 amu,®” but this is not observed in the spectrum of TinF, so
proton transfer to the counterion and outgassing of the neutral
acid do not occur, in contrast to what was recently reported for
the more basic acetate and pivalate analogs.®®

To estimate the contributions of the different products, the
spectra are compared with the reference spectra of n-octane,
n-butane, 1-butene and carbon dioxide from the NIST data-
base,®*”® as described in detail in the SI. We studied samples of
TinOH and TinF under the same conditions and later repeated
the experiment with a different batch of TinOH (run 2). The
outgassing rates of the products derived from TinOH during an
experiment involving 11 subsequent measurements are shown
in Fig. 5B. The average yields of the products are listed in
Table 1.

As shown in Fig. S7 (SI), after fitting the total mass spectrum
as a sum of the four reaction products, a part of the total peak
intensity remains unaccounted for, mostly in the low m/z range.
One possible cause is the presence of small quantities of
unidentified low molecular weight outgassing products.
Another important factor is the potential mismatch between
the reference spectra from the NIST database and the measured

B 10
o e butene CO,
43 —eo— butane -—e- total
_ o] -e— octane
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(A) Outgassing mass spectrum of TinOH upon EUV irradiation. (B) Outgassing rates of different products during the experiment.
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Table 1 Relative yields of octane, butane, butene and carbon dioxide
upon EUV irradiation of tin—oxo cages. Standard deviation from 11 samples
during one experimental run

Product TinF TinOH (run 1) TinOH (run 2)
Butene 49 £5 40 £3 47 £ 1
Butane 34 £3 352 36 £1
Octane 13+1 20+ 1 12+1

CO, 4.5+ 0.4 54+04 5.2 = 0.6

spectra on the RGA. The accuracy of the relative peak heights in
the NIST data is not specified, and one may expect different
mass analyzers to have a different sensitivity curve (signal
intensity vs. m/z value). The RGA used in the present work
was calibrated in a study of EUV photoresists in which higher
m/z values were of interest, and the extrapolation to the lower
values in the present work may be inaccurate.”®

We have considered other approaches to fitting the data, for
example sequentially subtracting the contributions of octane,
butane, butene and CO, from the total based on their unique
peaks, or fitting only the range m/z >43 in which the RGA
calibration is more trustworthy, but in all cases we find that
butane and butene are formed in similar amounts, octane is
formed to a much lesser extent, and CO, is a minor product.
The numerical data in Table 1 suggest that the yield of butene
is larger than that of butane. The standard deviations, however,
do not take systematic errors in the analysis into account, so we
consider such a conclusion premature. To quantify the yields
more accurately, calibration of the RGA with the proposed
reaction products is required.

Comparing the data in Fig. S9 we note that the average total
outgassing rate for TinOH is 2 times larger than that for TinF.
This agrees with the lower sensitivity of TinF observed in the
STXM experiments discussed above.

When comparing the two data sets of TinOH, we see
differences that exceed the statistical errors and cannot be
due to the systematic error introduced by the data analysis.
In data set 1, the relative yield of octane is higher than in data
set 2. It is known that TinOH undergoes ageing,’® and the time
between preparation of the films in Amsterdam and their
exposure in Leuven in the two experiments was different.
One experimentally confirmed source of ageing is the loss of
co-crystallized isopropanol from the crystals;”" another possi-
ble cause is the transfer of a proton from a bridging OH-group
to the strongly basic counterion, observed in computational
studies.”> To prevent such proton transfer in quantum
chemical models, we have included water molecules in them,
which hydrogen bond to the OH™ in a manner similar to
the isopropanol co-solvent in the crystal structure (see SI,
Fig. $12).°* From an experimental perspective we found it
advantageous to use less reactive counterions such as acetate
which gives rise to a similar patterning sensitivity as
TinOH,*®°* but appears less sensitive to ageing.

By focusing on a small number of ions rather than scanning
the whole spectrum, the time evolution of the outgassing
products can be monitored on a single spot with a resolution
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Fig. 6 Outgassing rates derived by monitoring selected ions during EUV
exposure of a single spot on a film of TinOH.

of 0.65 s per point. The relative intensities of the signals at m/z
84 (octane), 56 (butene), and 44 (CO,) during the exposure of
TinOH are shown in Fig. 6.

Fig. 6 reveals that the rate of outgassing of butene and
octane initially decreases sharply with increasing accumulated
dose on the sample. If Sn-C bond cleavage occurred with a
single rate constant, an exponential decrease of the reaction
rate would be expected, but this is clearly not the case. The
contribution of carbon dioxide (m/z 44) decreases over time, but
more slowly than that of butene and octane. It remains uncer-
tain whether CO, is a genuine EUV photoreaction product.
Possibly, some CO, is bound to the pristine tin-oxo cage®> and
is eliminated after ionization, but CO, could also be a product
of oxidation of minor contaminants. In any case, the amount
of CO, detected is small compared to the main hydrocarbon
products.

Film thickness changes upon EUV exposure

To determine how the thickness of the resist film changes with
exposure dose upon EUV irradiation, 16 different spots on
a TinOH-coated wafer were exposed to different doses up to
5400 mJ cm™>. The initial thickness of the film at each spot,
measured by means of ellipsometry before exposure, is shown
in Fig. 7A in green. The corresponding thickness values mea-
sured at the same positions on the wafer after exposure are
plotted in blue. The red points show the thickness of the same
spots measured after the development of the exposed resist.
The slope of this curve between the dose at which the onset of
retention occurs (D, = 9 mJ cm ?) and the dose at which
maximum thickness is reached (D;oo = 45 mJ cm™?) is known
as the contrast y of the resist.”> Here we find y = 1.44. The
values of Dy and D, agree with those reported by Haitjema
et al. on the basis of AFM measurements.”® The sensitivity of
the photoresist is often described by the dose at which half of
the maximum thickness is reached, D5, ~ 20 mJ cm 2. For this
type of resist the contrast and sensitivity can be enhanced by
heating the film after exposure and before development.>®®8
The difference between the original film thickness and the
one after exposure reveals shrinkage due to the outgassing of
the hydrocarbon products, which decreases the average size of

This journal is © The Royal Society of Chemistry 2026
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(A) Thickness of the TinOH resist film measured at 16 different positions with different exposure doses, before exposing the wafer, after exposure

to EUV, and after development. (B) Blue: thickness difference between the unexposed and exposed film. Red: difference between exposed and

developed.

the resist molecules. Possibly, cross-linking between neighbor-
ing cage molecules also contributes to the shrinkage because
bond formation reduces the distance between the tin-oxo
cores. The difference in the film thickness after exposure and
after development is due to dissolution of material during
the development step. Shrinkage and dissolution are visualized
in Fig. 7B.

Reaction mechanism

In earlier studies, ample evidence has been provided for tin—-
carbon bond cleavage as a key process upon activation of tin—-
oxo cages by photons or electrons.>**%¢%4%¢ [n this work, we
report the detection of the resulting hydrocarbon reaction
products: butene, butane and octane. Recently, Dorney et al
reported similar experiments on TinOH and two other tin—oxo
cage derivatives,®® but they do not report (relative) yields, and
do not mention the presence of butane. The three products may
be formed by bimolecular reactions of the butyl radicals
generated by Sn-C bond cleavage, as shown in steps (c) and
(d) in Scheme 1.

(@ Sn-Bu Le”- [SnBul* — Sn++Bu* -0.83eV
(b) Sn-Bu +e- [SnBu]- Sn-+Bu -0.17 eV
(c) Bu +Bu — Bu -3.35 eV
(d Bu+Bur —— BuH + CHy=CHCH>CHa -2.76 eV
() Sn-Bu+Bur —— Buz+Sn° -1.08 eV
(f) Sn-Bu+ Bur — Sn-CH2-CH'-CH2-CH3 + BuH -0.35 eV
@ L. CHo=CHCH>CHz + Sn* -0.13 eV

Scheme 1 Reaction scheme. Sn—Bu refers to the model of TinOH. (a)
Photoionization and Sn—C bond breaking; (b) electron trapping on a tin—
oxo cage and Sn—C bond breaking;”? (c) radical combination to form
octane; (d) radical disproportionation leading to butane and butene; (e)
radical transfer leading to octane; (f) and (g) H-abstraction and bond
cleavage leading to butane and butene with transfer of the radical site to
Sn. Calculated reaction energies at the B3LYP/Def2TZVP//B3LYP/
LANL2DZ level including zero-point vibrational energies. Details are in
the SI (Fig. S12 and Table S3).

This journal is © The Royal Society of Chemistry 2026

However, at the pressures in the exposure tool, p =
10~ mbar, the probability of encounter of two radicals is likely
too low for bimolecular reactions to be effective. Moreover, the
preferred reaction of two butyl radicals is combination (c)
rather than disproportionation (d), in a ratio of 7:1,”* but
we find the opposite: butene and butane are the major pro-
ducts. Alternative pathways of formation of the closed shell
products should be considered (Scheme 1). The butyl radical
lost from an activated tin cage (step (a) or (b)) could react
with an Sn-Bu unit in the same or another cage molecule,
either by forming a C-C bond (step (e)) or by hydrogen
abstraction (step (f)). Such reactions are thermodynamically
favorable, because they exchange relatively weak Sn-C bonds
for stronger C-H and C-C bonds. Note that they give rise to two
(or more) Sn-C bond cleavages per ionization event, thus
potentially doubling the quantum efficiency of the process.
Moreover, the neutral tin-centered radical that can be formed
in these processes is thermally labile. Bond dissociation ener-
gies of Sn—-C bonds in closed-shell systems are ~2.3 eV, but the
loss of a butyl radical from the Sn,,Bu,; radical requires only
~1 eV because it is facilitated by a structural rearrangement
of the cage structure.®® It is known that the sensitivity and
contrast of tin-oxo cage resists can be enhanced by post-
exposure baking, and metastable radicals might be responsible
for this.”®”"

The X-ray absorption experiments above showed that the
trifluoroacetate compound TinF is less EUV-sensitive than
TinOH and the outgassing data agree with this. The outgassing
product distribution of TinF is similar to that of TinOH, but the
rates are smaller by a factor of 2. This indicates that the
counterions play an important role in the mechanism of the
solubility switching reaction. After photoionization, a covalent
bond can be formed between the tin-oxo cage, now with a +3
charge, and the counterion.®**® Proton transfer to the counter-
ion is another possible process.”> The trifluoroacetate anion
is less basic (pK, 0.03)’° and nucleophilic’” than hydroxide
(pK, 14)’® or acetate (pK, 4.76).”° This renders its reactions
slower and less competitive with other processes (e.g. recombi-
nation of charges or radicals), which is a likely reason for the
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lower reactivity. Details of the computational results with some
additional discussion are provided in the SI.

Quantum yield

When we assume that upon exposure the density of the
material gradually increases from its initial value to that of
the product of ultimate conversion, with the stoichiometry of
Sn,03,%° we can use the observed thickness loss due to the
decrease of molecular size as a measure of chemical conversion
(see Fig. S11 for a graphical illustration). This is a reasonable
approximation especially at small conversion. As explained in
detail in the SI, the decrease in thickness of ~2.7 nm at the
dose needed for the maximum film retention (45 mJ cm™?)
corresponds to a loss of ~2.2 butyl groups per tin cage. Based
on the known absorption factor®® agyey = 10.9 pm™"' and the
initial film thickness, we calculate the number of photons
absorbed, and we derive the quantum yield of the photoche-
mical conversion as ¢ ~ 3.3 Sn-Bu bond breaking events per
absorbed photon, averaged over the dose from 0 to 45 mJ cm 2.
However, as is apparent from Fig. 6, the reaction rate at the
earliest stages of conversion is higher than the average and the
initial quantum yield amounts to ¢ x 5.4.

Recent total electron yield measurements (TEY) on tin-oxo
cage resists have shown that 3 to 4 electrons are generated per
absorbed EUV photon.®! Each electron leaves a hole behind,
and both electrons and holes can undergo Sn—-C bond cleavage
(steps (a) and (b) in Scheme 1).°* Thus, the TEY result suggests
a maximum quantum yield of ~7 Sn-C bond dissociations per
absorbed photon. The quantum yield could be even higher
if energy loss of the low-energy electrons leads to electronic
excitation, or if radical fragmentation mechanisms such as
those proposed in Scheme 1 occur. In practice, our results
show that the quantum yield of conversion is much smaller
than the theoretical maximum, which we attribute to various
recombination processes.

In the XUV excitation energy range, the initial reaction
quantum yield was estimated to be @ ~ 1 for TinOAc (tin-
oxo cage with acetate counterions) which has a similar sensi-
tivity as TinOH.?® This number is consistent with the present
result, because the number of electron-hole pairs created
increases with the photon energy.®" Also in the XUV range, the
bond breaking quantum yield decreased sharply with conversion.

In 2017, Hinsberg and Meyers published the first simulation
study of the solubility switching in a metal oxide EUV resist.*®
The simulation model did not feature an explicit molecular
structure, but the presence of 12 “metal-ligand” bonds, and
the activation mechanism based on metal-ligand bond break-
ing followed by cross-linking resembles that of tin—oxo cages.
In the study, experimental data of an Inpria resist were used for
calibration. The conversion was measured using infrared data,
but details were not given. Like in our observations, the rate of
conversion decreases with increasing conversion, but not as
sharply. The experimental dose at which the film thickness
after development is at its maximum (D) of ~13 mJ cm™>
corresponds to ~25% conversion. Hinsberg and Meyers did
not disclose the chemical structure of the material for which
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the experimental data were obtained. The EUV absorption
coefficient of the model was 16.6 um . In n-butyl tin-oxo
cages the absorption coefficient is smaller, indicating that the
Inpria model (if it is a dodecameric tin-oxo cage) must have a
more compact organic shell, because the absorption at 92 eV
originates mostly from tin atoms. From the simulations,
Hinsberg and Meyers derived that 8 electrons are generated
per photon, where they equate electrons generated with bond
breaking reactions occurring. In other words, their data corre-
spond with a bond-breaking quantum yield of ¢ = 8. Similar
quantum yields have been reported in more recent simulation
studies.?””*® Unfortunately, in these cases, even fewer calibra-
tion data were disclosed. In their seminal study of tin-oxo cages
as EUV resists, Cardineau et al®>’ found that the sensitivity
is enhanced when using weaker tin-alkyl bonds, i.e. with alkyl
groups forming more stable radicals.

In a previous study from our laboratory, Haitjema et al
obtained the maximum retained thickness (after development)
at an EUV dose D, oo = 50 mJ cm ™2 for TinOH and TinOAc films
with an initial thickness of ~40 nm and with no post-exposure
bake applied to the films. They also observed a reduction
in the thickness of the developed films for doses above
100 mJ cm™2.%® In the current study, the maximum retention
of the resist film is reached at a similar dose of ~45 mJ cm 2.
Further exposure leads to further hydrocarbon loss and densi-
fication, as is also apparent from the gradually increasing
refractive indices derived from ellipsometry (Fig. S10B).

As shown in Fig. 7B, at a dose of ~45 mJ cm >, the loss
of material in the development step is already very small.
However, with an average loss of ~2.2 butyl groups per tin-
oxo cage at this stage of conversion, it is not possible to form a
highly cross-linked network. A substantial fraction of the tin-
oxo cages may still be intact, but they are not removed by the
developer. For a good understanding of how this type of
photoresist works, more extensive studies of the development
step are crucial.**%

Conclusions

Extreme ultraviolet photo-induced chemical changes were stu-
died in the n-butyltin-oxo cage materials TinOH and TinF. Both
X-ray absorption and outgassing measurements showed that
the former is ~2 times more sensitive/reactive than the latter.
No evidence was found for outgassing of tin species, neither for
TinOH (Fig. 3) nor for TinF (Fig. 4B). This implies that con-
tamination of the EUV lithography machine with tin from the
photoresists is not likely to be a problem.

The outgassing reaction products were identified as pre-
dominantly 1-butene and n-butane, together with a smaller
quantity of n-octane. These hydrocarbons result from the butyl
radicals that originate from Sn-C bond breaking. The products
are probably mostly formed inside the photoresist film, and
a variety of possible reaction pathways may be involved in
addition to simple disproportionation and C-C coupling
of the radicals. Based on our results, we cannot exclude that

This journal is © The Royal Society of Chemistry 2026
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other low molecular weight species are outgassing in smaller
amounts.

Measurements of the thickness of TinOH films before
exposure, after exposure, and after development show that
the film thickness after development reaches a maximum of
~85% of the original thickness at a dose of ~45 mJ cm >
(D100)- At this point, the development removes only very little
material, and at higher doses the film shrinks further only due
to outgassing. Using a simple model in which the shrinkage
(prior to development) is assumed to be proportional to the loss
of the volume of the organic fraction, we estimate that on
average ~ 2.2 butyl groups are lost per tin-oxo cage at D; o, with
an average bond cleavage quantum yield of ~3.3 Sn-C bonds
per absorbed photon. The rate of outgassing of hydrocarbons,
however, decreases sharply with conversion (Fig. 6), and
the extrapolated quantum yield at zero conversion is ~5.4.
Considering the mechanism of activation via photoionization
and secondary electron hole/pair generation, we can expect a
quantum yield of at least 7 for the formation of reactive radical
ion species. Reactions of the initially formed butyl radicals
that lead to the closed-shell outgassing products inside the film
further increase the maximum reaction quantum yield in terms
of Sn—-C bonds broken per absorbed photon.

Our study provides new (semi)quantitative insight into the
EUV induced chemistry of tin—oxo cage photoresists that can be
used to calibrate simulation models of EUV pattern formation.
So far, models assume that all Sn-C bonds are equally reactive,
and that the quantum yield does not change with conversion.
This assumption has been shown to be incorrect.

Despite the progress made, many questions remain. Cross-
linking between tin-oxo cages has been proposed from the
beginning of the research in this field,>” but experimental data
on how exactly the cages are connected are still lacking.®* Our
results indicate that extensive 3D network formation is not
required for the film to become insoluble. For the understanding
of pattern formation, more insight into the development of the
exposed resist is crucial. We have proposed molecular level
structures of the reaction products of the first activation step,
but the number of possible follow-up reactions is large, and
this forms a challenge for a systematic exploration by means of
quantum chemical methods.®> On the experimental side, more
powerful techniques are needed that are sensitive enough to
handle the minute quantities of material in the thin films and
give detailed structural information.
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