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  Organotin oxo cage compounds have an electronic absorption band in the UV spectral 
range (max ~220 nm) associated with a d electronic transition. Irradiation at 225 nm of thin 
films of these materials leads to loss of carbon, as shown by X-ray Photoelectron 
Spectroscopy. Photolysis of solutions of the compounds causes a decrease and slight 
broadening of the absorption band, consistent with replacement of the organic groups. 
Quantum chemical calculations support the breaking of the tin-carbon bonds as the primary 
process, both in electronically excited states and in oxidized states that can be expected to be 
the result of EUV photoionization.  
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1. Introduction
For Extreme Ultraviolet (EUV) Lithography

(EUVL) to firmly grasp its position as a tool for 
mass production of nano-electronic devices, the 
availability of suitable photoresists is an important 
condition [1,2]. Photoresists based on acid-
catalyzed polymer deprotection, which are the 
standard for deep UV photolithography, have in the 
past decade been adapted for use in EUVL [3]. 
These materials have a number of inherent 
limitations related to diffusion of the catalyst and to 
the stochastic distributions of photoacid generators 
(PAG) and quenchers. Probably even more 
importantly, the absorption cross-sections of these 
mostly organic materials at the EUV wavelength of 
13.5 nm are only low, [4,5] and their resistance to 
etch processes is limited. These disadvantages are 
aggravated by the need to reduce the film thickness 
in order to maintain a reasonable aspect ratio for the 
small features that need to be transferred. As an 
approach to overcome these limitations, metal-
containing materials have been proposed by a 
number of research groups [6-8]. 

In this work, we study the class of tin cage 
compounds that was introduced to the EUV 
lithography field by Brainard and co-workers [7] 

Scheme 1.  Molecular structures of the tin cage 
compounds studied. R = n-butyl.   

(Scheme 1). 
These systems combine several advantages: the 

demonstrated EUV patterning underscores their 
relevance for the EUVL field [7,9], the absorption 
cross sections are 2 – 3 times higher than those of 
organic polymers [5], and the materials are of a 
molecular nature, consisting of small (~1 nm) and 
fully defined building blocks. The goal of our 
research in this field is to boost the fundamental 
level of understanding of the photoresist 
performance in relation to the chemical processes 
that take place upon activation of these materials by 
high energy sources such as UV and EUV photons 
as well as electrons. Apart from the publication by 
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the Brainard group [7], and a description of this type 
of molecular structure as EUV photoresists in an 
Inpria patent [10], we could not find any 
publications on the chemical reactivity of this type 
of tin cage compounds. Their only application sofar 
seems to be as a filler in polymers, in which their 
mechanical properties are exploited [11,12]. 

In the present paper, we focus on the response of 
TinOAc (Scheme 1) to deep UV irradiation. UV 
photon absorption leads to the formation of a well-
defined electronically excited state. Whether such 
states are also involved in the radiation chemistry 
induced by EUV excitation is still a matter of debate 
[13]. In any case, they are relevant in view of the 
presence of out-of-band radiation in EUVL scanners 
[14].  

2. Experimental and computational methods
Preparation of the compounds, largely following

the literature [15,16] and of thin films of TinOAc 
has been described recently [9]. The thickness of the 
films was 30 nm, as determined by means of AFM 
and ellipsometry. 

The deep UV irradiation was performed using an 
ESKPLA NT342B laser, delivering 225 nm pulses 
at 10 Hz with an energy of ~2.5 mJ/pulse. UV-vis 
spectra were recorded on a Shimadzu UV-2700.  

Quantum-chemical calculations were performed 
using the Gaussian09 program (rev. D1) on a model 
system 1 in which the n-butyl groups were replaced 
by methyl groups. Because of the large size of the 
molecules and the difficulty of geometry 
optimization of the flexible methyl rotors we were 
limited [17] to the relatively small LANL2DZ basis 
set. The standard B3LYP and B97DX density 
functionals were used.  

3. Results and discussion
3.1. Molecular structure 

The DFT calculations of 1 give rise to optimized 
molecular geometries in good agreement with 
available crystal structure data [18-20] (Fig. 1). The 
tin cage has two different types of tin atoms. In a 
central belt formed by six four membered Sn-O-Sn-
O rings connected via the Sn atoms, each Sn atom 
is linked to four oxygen atoms and one carbon. The 
cage is closed on both sides of the central belt by a 
cap in which three Sn atoms are bridged by OH 
groups, linked to the central belt, and linked to each 
other by an oxygen atom inside the cage. These Sn 
atoms have five bonds to oxygen and one to carbon. 
The highest occupied and lowest unoccupied 
molecular orbitals are shown in Fig. 2.   

Fig. 1.  Computed structure of the tin cage model 
compound 1 (B3LYP/LANL2DZ). Hydrogen atoms on 
carbon omitted for clarity. 

Fig. 2.  Highest occupied (HOMO) and lowest 
unoccupied (LUMO) molecular orbitals of the tin cage 
model 1 (B3LYP/LANL2DZ).  

The highest occupied MO’s are located primarily 
on the Sn-C bonds of the six-coordinated Sn atoms 
on the caps and may be described as-MOs. The 
LUMO is located on the central belt and is 
composed mostly of d-orbitals on Sn atoms. 
Evidently, any chemical process that removes 
electron density from the HOMO will weaken the 
Sn-C bonds. In fact, at the current level of theory, 
geometry optimization after one-electron oxidation 
or formation of the triplet excited state leads to 
spontaneous cleavage of an Sn-C bond. This 
reaction occurs specifically at the sites of the 6-
coordinated Sn, where the highest occupied MOs 
are located.  

3.2. Photochemical conversion in solution 
The tin cage compounds were found to have a 

strong absorption near 220 nm, with a decadic molar 
absorption coefficient   105 L mol-1 cm-1. The 
conversion of a solution of TinOAc in ethanol upon 
irradiation at 225 nm was monitored using UV/Vis 
absorption spectroscopy (Fig. 3).  
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Fig. 3.  UV/Vis absorption spectra of a solution of 
TinOAc in ethanol during irradiation at 225 nm. The 
absorbance at the maximum decreases with increasing 
time of irradiation.  

The experimental absorption spectra show a 
decrease of the absorption at the maximum of the 
band, and a slight broadening at the long 
wavelength edge as the photochemical conversion 
proceeds. While we are still in the process of a full 
chemical analysis of the reaction products, we can 
propose a hypothetical explanation of the 
observations. Inspired by the DFT calculations we 
assume that the butyl groups are split off in the 
primary excited-state process. The tin-centered 
radicals formed in this way might abstract a 
hydrogen atom from the butyl radical, from another 
butyl side chain, or from the solvent ethanol, which 
is a good hydrogen atom donor. Replacement of the 
alkyl group by an oxygen substituent is another 
possible mode of reaction. We modeled this using 
OH-groups. Interestingly, after replacing one alkyl 
group (methyl in the model compound 1) by OH or 
H, excitation to the triplet excited state leads again 
to a spontaneous loss of an alkyl group, and this can 
be repeated until all six methyl groups have been 
replaced. For each structure, time-dependent 
density functional theory (TDDFT) was used to 
compute the UV absorption spectrum. During the 
evolution of the structures in which the methyl 
groups are gradually replaced the calculated spectra 
become broader and less intense as more transitions 
become allowed and the transition probability is 
shared among more transitions (Fig. 4). For the OH-
substitutions, a red shift is predicted. The TDDFT 
calculations predict excitation energies slightly 
higher than what is experimentally observed, but 
this is in line with common experience. When 
comparing the two sets of calculations (Fig. 4) with 
the experimental data in Fig. 3, it appears more 
likely that the Sn atoms upon irradiation are reduced 
to hydrides rather than oxidized.  

While more chemical analytical work is needed 
to test its correctness, the current hypothesis at least 
explains the spectral evolution during the irradiation. 

Fig. 4.  Computed UV/Vis absorption spectra (TDDFT 
B3LYP/LANL2DZ) of 1, and a series of compounds in 
which the methyl groups at the 6-coordinated Sn atoms 
are successively substituted. (a) Me replaced by H-atoms 
(b) Me replaced by OH-groups. (c) Illustration of the 
stepwise replacement of the alkyl groups of 1 (Y = H or 
OH).  

3.3. Photochemistry in the solid state 
Spin-coated films of TinOAc were exposed to 

the same 225 nm laser light as the solutions, and 
analyzed using Hard X-ray Photoelectron 
Spectroscopy (HAXPES) [21]. Samples were 
exposed either under ambient conditions, or in a 
special sample cell in nitrogen atmosphere. The 
latter samples were carefully stored under nitrogen 
until they could be transferred to the HAXPES 
sample chamber. The spectrum (Fig. 5) of the fresh 
sample shows the signals of the elements present in 
the ratios Sn : C : O = 12 : 51 : 25, very close to 
those expected for the chemical composition C52O24 
Sn12.   

Fig. 5.  HAXPES spectra of thin films of TinOAc: fresh 
sample, sample exposed to DUV (1.2 J cm-2) under N2 
and sample exposed to DUV under air. The spectra are 
scaled to equal intensities of the Sn 3d peaks. The spectra 
of the exposed samples are offset and shifted for clarity.  

After DUV exposure a dramatic loss of carbon 
relative to Sn is observed. In nitrogen atmosphere, 
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oxidation cannot occur (Sn : C : O = 12 : 38 : 24), 
but in the case of the ambient conditions a clear 
increase in the oxygen content was observed and 
more carbon was lost (Sn : C : O = 12 : 16 : 30).  

The observations are similar to those published 
recently for TinOH [21]. Further analysis of the 
spectra will be presented elsewhere. 

3.4. Common elements of deep UV and EUV 
induced chemistry 

EUV photons have much higher energy than 
DUV photons, and can be expected to lead to 
ionization as a primary process. Subsequently, 
Auger electron emission is likely to fill the core hole 
formed, leading to a doubly ionized system. 
Secondary electrons may have enough energy to 
create other singly and even doubly ionized cages. 
Interestingly, the DFT calculations on the triplet 
state, the trication and the tetracation indicate that 
the same initial process takes place in all cases: 
barrierless cleavage of the tin-carbon bonds. The 
details of the subsequent processes, including the 
quantitative aspects, are the targets of our current 
research. 

4. Conclusion
Butyl-tin cage compound TinOAc responds to

deep UV irradiation by breaking of the tin-carbon 
bonds. When thin films are irradiated under ambient 
conditions, oxygen containing products are formed, 
but in a solution in ethanol the main products are 
different, possibly tin hydrides. This work is a step 
towards knowing and understanding the radiation 
induced processes in tin oxo cage compounds, 
which are prototypical EUV photoresists. More 
complete analysis of the products and quantification 
of the reaction efficiencies are in progress. 
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