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Surface characterization of materials is widely utilized over a range of disciplines and 

essential to the development of new materials, technology, or processes. Metal oxide 

nanoclusters have shown promise as potential new generation photoresist materials for 

extreme ultraviolet (EUV) nanolithography. Organotin clusters have been proposed as 

potential candidates for resist materials due to a high photoabsorption cross section in 

the EUV energy range. Before industrial implementation, these new materials must 

undergo rigorous analysis through the use of numerous characterization techniques to 

verify effectiveness and satisfactory performance. In addition to characterization, not 

much information is known about the radiation induced mechanism that causes a 

solubility transition; a key component for acting as a photoresist. The use of near 

ambient pressure X-ray photoelectron spectroscopy (NAPXPS) provides the ability to 

study chemical changes in organotin nanocluster thin films during radiation exposure 

in a range of ambient environments. NAPXPS using synchrotron X-rays determined 

that impinging photon energy can play a role in the solubility transition mechanism 



 

since the total electron yield is dependent on the photon energy. The presence of 

ambient oxygen was also shown to enhance resist sensitivity. NAPXPS with a 

monochromated Al Kα X-rays were used to measure a contrast curve, further 

highlighting oxygen’s ability to enhance resist sensitivity, while also showing a 

decrease in sensitivity for ambients of nitrogen, water, and methanol. Thermal 

NAPXPS studies following the solubility transition in the resist determined a 

significant amount of carbon remains in the film even though carbon removal was 

hypothesized to be a primary step during solubility transition. This led to the conclusion 

that a metal oxide polymer is formed following sufficient X-ray exposure and 

annealing. Metal oxide materials have also shown promise as oxidation catalysts. The 

conversion of volatile organic compounds to non-toxic molecules like CO2 is important 

for pollution control. Interactions of near ambient pressures of 2-propanol (IPA) with 

a well ordered SnO2 surface has yet to be studied from a mechanistic standpoint. For 

these studies, a SnO2 single crystal was prepared with a stoichiometric oxidized surface 

and characterized with low energy electron diffraction (LEED) and valence band 

spectra. NAPXPS was used to track chemical changes in the Sn surface oxidation state 

and adsorbate reactions during exposure to up to 3 mbar of IPA and mixtures of IPA 

and oxygen at 400, 500, and 600 K. The reaction products were measured using mass 

spectrometry to compliment the NAPXPS results. Oxygen was found to be required for 

the complete conversion of IPA to CO2 to prevent the surface reduction of the Sn, which 

otherwise would yield the intermediate product acetone. Ultimately, surface 

characterization is imperative towards forming foundational chemical knowledge of 

materials, which can lead to new and improved technology. 
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CHAPTER 1:  

INTRODUCTION 
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 1.1 SURFACE SCIENCE 

Surface characterization of materials is a widely applicable branch of chemical 

analysis that is utilized to study the chemistry of typically the top ~5 nm of a material 

surface. Obtaining a molecular-level understanding of the chemistry that occurs at 

surfaces is essential for the development of numerous technological applications, 

specifically in the fields of heterogeneous catalysis, energy storage, electrochemistry, 

semiconducting materials, and adhesive materials.1 Within the semiconductor industry, 

characterization methods are required to help ensure nanoscale devices are correctly 

prepared and impurities do not affect performance. In the field of heterogeneous 

catalysis, characterization techniques are employed to understand atomic scale reaction 

mechanisms on solid-gas interfaces. By studying the surface chemistry of a material 

one can assess the optical, electrical, and/or mechanical properties of materials to better 

understand how a material might behave in an environment or application.1 These 

fundamental studies provide the basis for the field of surface science. 

 

 1.2 INDUSTRIAL IMPACT 

Over the past two centuries, the importance of surface science studies has been 

evident through numerous technological advancements. In the late 19th century and 

early 20th century, the production of both syngas and ammonia were two separate 

breakthroughs based on surface catalyzed reactions.2 The study of micelles in the same 

time period are what paved the way for the development of soaps and other detergents.2 

Catalysis and colloids are just two of the many other disciplines, like photography, 
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electrochemistry, and tribology, which have surface science to thank for their 

development.2  

Eventually, around the mid-20th century, advancements in surface science 

allowed for studies of microscopic chemistry instead of just macroscopic interactions.2 

This led to innovations in the creation of integrated microelectronic circuits, ink-jet 

printing, and many others, while also facilitating the advancements of previously 

studied disciplines.2 Current technological advancements in modern society are 

undoubtedly tied to advancements in surface science. For many fields to develop past 

their current state, improvements in materials, process design, efficiency, etc. are 

required. Through surface science, the knowledge to make these types of improvements 

can be obtained. 

 

  1.3 INSTRUMENTATION & TECHNIQUES 

In modern day surface science, fundamental chemistries are studied for a range 

of applications using multiple instrumental techniques. Many surface characterization 

techniques have been established over the past ~50 years, which require ultra-high 

vacuum (UHV) to create a pristine environment.3 Modern advances in surface 

characterization have largely been driven by innovation in the field of vacuum science 

and technology.3  

Vacuum systems are typically able to achieve ambient pressures of ≤10-9 mbar, 

which allows for the preparation of adsorbate-free and ordered surfaces.2 These pure 

surfaces form an idealized model for studying either the underlying chemistry of a 

material or interfacial reactions between a material and other chemicals. In a practical 
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sense, a material’s surface is imperfect with numerous defects as well as adsorbate 

contamination that can influence the chemistry. This presents numerous variables 

which can affect the chemistry that occurs on the surface and complicate the detailed 

understandings.  

In order to make arguments about practical applications, we must first try to 

understand the basics of the chemical reactions that may or may not take place. While 

we may know certain systems, processes, or materials may work in practical use, 

surface characterization techniques are employed to obtain basic knowledge of a 

material’s surface chemistry or chemical reaction mechanisms that occur through 

exposure to known concentrations of adsorbates.2 This scientific approach forms 

building blocks of knowledge that can lead to improvements or innovations in current 

designs, or sometimes the creation of newer better performing materials. 

Most surface characterization techniques utilize the interaction of either 

photons, electrons, or ions, with a material.1 Through energy conservation, these 

particle interactions lead to either the generation of new particles or loss of energy in 

the incident particle, both of which can be measured and analyzed.1 Some common 

techniques used today include X-ray photoelectron spectroscopy (XPS), Auger electron 

spectroscopy (AES), secondary ion mass spectrometry (SIMS), reflection absorption 

infrared spectroscopy (RAIRS), Rutherford backscattering (RBS), and ion scattering 

spectroscopy (ISS).1 Electron microscopy [both scanning electron (SEM) and 

transmission electron (TEM)] as well as scanning tunneling microscopy (STM) are also 

widely used for nanoscale image characterization of surfaces.1 All of these techniques 
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have advantages and disadvantages versus each other and can be utilized for different 

applications, sometimes in conjunction with each other. 

 

  1.4 APPROACHES TO SURFACE CHARACTERIZATION 

Initially, studies of single monocrystalline solids and their interaction with 

gaseous adsorbates set the groundwork for modern surface science. Single crystals cut 

with exact surface terminations were loaded into vacuum systems and cleaned by 

bombarding the surface with Ar+ ions, which leads to the removal of the topmost layer 

of atoms.2 This process, known as ion sputtering, can remove adventitious 

contamination and surface oxide, but also introduces defects and can reduce the 

oxidation state of the atoms on the surface.2 Typically, heating the sample can reorder 

the surface and reproduce the original surface orientation, however the resulting 

structure is sample dependent and at times can even introduce more defects or drive 

contamination from the bulk.2 If bulk contaminants are found following heating (also 

called annealing) they can then be sputtered away. After a few cycles of sputtering and 

annealing, a pristine surface exempt of contamination can be prepared.2,10 Obtaining a 

clean and ordered structure with control over the variables affecting the chemistry 

taking place is required for creating a building block model in order to limit variables.  

Once a surface is prepared, the surface chemistry or interactions with molecules 

can be reproducibly studied. Classically, a simple molecule of interest can be leaked 

into the vacuum chamber at low pressures (~1x10-8 mbar).4 Diatomic molecules like 

CO were the first to be studied due to the simplicity of the molecule and possible 

binding configurations on the sample surface.4 By controlling the pressure and length 
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of exposure, one can control the number of molecules that will stick, or adsorb, onto 

the surface (also known as the coverage). The interaction of adsorbed molecules on a 

surface can be studied with techniques, like XPS or RAIRS, to determine the chemistry 

taking place, including a change in oxidation state or estimating the adsorbate coverage 

on the surface. Realistically, any technological application for studying single crystals 

will never operate in an ultra-high vacuum without contamination. This approach 

merely establishes a foundation for the underlying interfacial chemistry taking place. 

As the field of surface science continues to mature, more complicated 

molecules or substrates can be studied by applying the well understood models 

previously developed and then slowly adding complexities.3 Currently, other materials 

like metal alloys, metal oxides, thin films, organic materials, nanoclusters, or 

biomaterials can be studied using the same or improved versions of surface 

characterization techniques.3 Overall surface characterization provides a route to study 

a wide range of materials allowing for continued technological advancements and 

innovation. 

 

 1.5 MATERIALS OF INTEREST 

This dissertation focuses on two separate types of materials: organometallic 

nanocluster thin films, and metal oxide single crystals. Nanoclusters and other 

nanomaterials can be studied as deposited thin films after synthesis to determine 

material properties and help guide synthesis design. 5,6,7,8,9 Metal-oxides have been 

shown to act as effective oxidation catalysts.10,11,12 Recent advances in surface 

characterization methods have led to improved knowledge of well understood materials 
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through chemical analysis at pressures close to atmospheric conditions.13,14,15 Research 

at near ambient (or NAP) conditions allow for more practically relevant studies by 

providing insight on how a material behaves closer to operating conditions.13,14,15 NAP 

experiments using the following materials serve as the primary focal point throughout 

this dissertation.  

 1.5.1 Organotin Nanoclusters for Thin Film Photoresists 

Organotin compounds have recently gained interest primarily due to the unique 

ability to form precisely controlled nanostructures at the atomic level.16 These 

nanostructures are like building blocks where numerous structures can be formed, and 

additionally linked with an abundance of fragments to form even larger units.16,17 By 

controlling the pH of the nanocluster solution, the nanostructure size can also be 

controlled.17 Specific fragments can be chosen as ligands in order to implement designs 

of structures that can chemically behave a desired way when exposed to a known 

environment. The ability to control the size and fragments of the structure allows for 

control over the electronic structure of the nanocluster, which provides even greater 

chemical versatility.16  

Organotin nanoclusters have a wide range of potential applications, including 

use as catalysts,18,19,20 biocides,21 polymer stabilizers,21,22 anti-cancer agents,23,24,25 and 

precursors for nanoscale materials.26,27 For example, organotin nanoclusters can 

function as catalytic supports,18,28 or as catalysts for transesterification and 

esterification reactions.19,20 Organotin materials have been shown to exhibit both anti-

viral and anti-cancer activity mainly due to their ability to interact with DNA.23,24,25 

Organotin nanoclusters can be synthesized with precise atomic-scale control, where 
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manipulation of size, shape, or structure allows for a range of chemical compositions 

and properties.16,17 The Sn-C bond is also relatively weak (compared to a C-C bond) 

which makes organotin compounds photosensitive. This provides for promising 

application as inorganic photoresists for extreme ultraviolet (EUV) 

photolithography.29,30,31 

EUV photolithography is an industrial process in the semiconductor industry 

which utilizes a photosensitive material to create a mask that is resistant to chemical 

etching to write patterns onto substrates. The photosensitive material, also called a 

photoresist, can be patterned using a radiation source and then removed after the 

etching step to create a patterned substrate. EUV uses significantly shorter wavelengths 

(λ~13.5 nm) compared to the previous industrial standard, deep ultraviolet radiation 

(DUV, λ~193 nm), which allows much higher patterning resolution to be acheived.31,32 

A challenge for EUV photolithography is that the EUV photon energy (hν = 92 eV) 

corresponds to low photoabsorption cross sections for elements typically used for 

photoresists.31 As a result inorganic photoresists have gained considerable interest, 

especially those that incorporate tin which has a EUV photoabsorption cross section 

~20x higher than carbon.33 Recent studies have proposed that replacing the industry-

standard polymer photoresists with metal oxide nanocluster photoresists will provide 

higher resolution, lower line-edge roughness (LER), higher etch resistance, and higher 

sensitivity for EUV photolithography.5,6,7,8,9 Although organotin clusters have recently 

shown promise as next generation EUV photoresists5,7,34 the chemical mechanisms that 

result in radiation-induced solubility transitions are not fully understood.35  
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In this dissertation, Chapter 3 discusses a standard set of surface 

characterization methods and analysis techniques to obtain a baseline for 

polyoxometalate photoresist materials. In chapters 4 and 5, further experiments are 

applied to an ideal organotin photoresist material that leads to mechanistic claims on 

the solubility transition that occurs through exposure to radiation.  

1.5.2 Tin Oxide Catalysis Studied with NAPXPS 

 Metal oxides have unique electronic and chemical properties that make them 

interesting materials for catalysts,10,11,12,13 semiconductor components,10,36,37 and 

sensors.10,36,37,38,39 For most metals, its oxide is the lowest free energy state when 

exposed to air, making these materials extremely stable in atmospheric conditions.36 

Metal oxides can store oxygen in the lattice allowing for efficient transfer of oxygen in 

oxygen-based reactions.13,36 Due to the high stability, presence of lattice oxygen, and 

generally low cost, metal oxides have been extensively studied as catalytic electrodes 

in electrocatalysis.13,36 Dielectric materials in semiconductor devices are also 

commonly metal oxides, due to their temperature stability, corrosion resistance, and 

low cost.36 Some metal oxides are conductive and can instead be utilized as 

semiconducting materials.36,37 The electrical resistivity can additionally be altered 

through adsorbates on the surface, making metal oxides prime candidates for gas 

sensing.38,39 

Studies have shown that some metals are more reactive in their oxidized state 

for oxidation catalysis.10 In most initial catalytic applications, metal oxides have been 

utilized as supports for other materials for the transport of oxygen to and from the 

substrate.40,41 While oxide supported materials are promising catalysts and still heavily 
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studied,36,40
 other studies suggest oxides in pure form are also effective catalytic 

materials.36,42 Recently, studies of well-ordered metal oxide surfaces have increased in 

the surface science community in order to better define the physical and chemical 

properties of these materials.36,40 The catalytic oxidation of CO is a classic example of 

a study on well-ordered metal oxides.40,42 Literature suggests that oxidation reactions 

with bulk oxides usually follow a Mars-van Krevelen mechanism, where lattice oxygen 

is removed during the reaction and then replaced by gas phase oxygen available in the 

ambient.40,42 However, further studies are required for other oxides and molecule 

interactions to fully understand the oxidation chemistry of these materials for improved 

catalyst designs. 

Tin dioxide (SnO2) is an interesting metal oxide material due to its high 

conductivity and optical transparency.10,36,129 There is additionally a wide range of 

obtainable surface structures, which means the oxygen surface concentration can be 

adjusted and potentially controlled, making it a promising material for oxidation 

catalysis.10,129 The reactivity of SnO2 can be strongly influenced by the surface structure 

and cation oxidation states.10,129 More recent studies showed that the surface Sn2+/Sn4+ 

ratio strongly influenced the oxidation activity, specifically for CO oxidation.12 While 

standard UHV surface characterization studies are useful in determining a potential 

mechanistic route, the pressure gap between vacuum and operating conditions makes 

it challenging to completely define how the material behaves during operation.13 

Instead, with NAPXPS, spectra can be collected during exposures of molecules at near 

ambient pressures (up to ~1 mbar). Obtaining mechanistic insights at higher pressures 
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closer to that of operating conditions will lead to more practical information for the 

design of catalytic materials.13 

In chapter 6, the catalytic conversion of 2-propanol (IPA) to CO2 with a SnO2 

catalyst is studied using NAPXPS. A SnO2(110) single crystal is prepared with a 

stoichiometric surface and exposed to high pressures of IPA and mixtures of IPA and 

molecular O2 to determine the chemical reaction mechanism that occurs as IPA is 

oxidized to CO2. 
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CHAPTER 2: 
 

EXPERIMENTAL TECHNIQUES AND METHODS  
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2.1 ULTRA-HIGH VACUUM 

For many surface characterization techniques, a low-pressure environment is 

required. This is either due to the detection sensitivity of the equipment, or to keep the 

surface pristine by preventing any potential background signal from contamination. 

Vacuum is typically described in tiers based on achievable pressure, e.g. low vacuum 

(1000 – 1 mbar), medium vacuum (1 – 10–3 mbar), high vacuum (10–3 – 10–7 mbar), 

and ultra-high vacuum (UHV) (10–7 – 10–11 mbar).43 UHV can be obtained with the 

combination of multiple pumps. Turbomolecular (turbo) pumps can achieve vacuum 

pressures of ~10-9 mbar by spinning a turbine at high speeds (1-10 kHz). The 

volumetric flow rate through a turbo is mostly constant at low pressures, but decreases 

significantly as it approaches ~10-3 mbar as this is the transition pressure between 

molecular and laminar flow.43 In order for a turbo pump to reach its maximum designed 

rotation speed, a backing pump is needed to lower the pressure in the chamber and 

turbo pump to approach molecular flow. Backing pumps can be any type of rotary or 

diaphragm pump, but dry pumps are the most common due to the possibility of chamber 

contamination through back diffusion with oil pumps.  

When a chamber is being pumped for the first time, a pressure of only ~10-7 

mbar is usually achievable (based on the chamber volume) due to adsorbed water on 

the chamber walls. This water is not effectively pumped unless heat is applied to 

vaporize the water into the gas phase. A “bake” is a standard procedure done to vacuum 

systems where heating straps covered in aluminum foil, or specially designed heating 

jackets, are wrapped around the chamber and the chamber is heated to 120-140 °C. The 

temperature should be hot enough that you can efficiently remove the water from the 
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system, but not too hot where plastic is melted, feedthroughs/equipment are damaged, 

or a pressure is obtained that is too high for the turbos to pump. Usually any plastic on 

the system is removed and feedthroughs are covered with Al foil to prevent damage. 

To achieve even lower pressures than baked turbo systems, a sorption or 

cryogenic pump can be added to the system. Hydrogen, helium, and other light 

molecules are notoriously difficult to pump with turbo pumps due to their molecular 

size.43 A cold trap can be implemented where liquid nitrogen is used to cool a wall in 

the chamber to about -170 °C. This will only lead to molecules being trapped through 

adsorption onto the cold wall. Once the cooling source is no longer applied, the 

molecules can desorb back into the chamber ambient.  Another common solution is a 

titanium sublimation pump, where a layer of titanium is deposited on a cold wall and 

acts as a getter. Molecules react with the freshly deposited film and multiple cycles of 

newly deposited titanium can lower the chamber pressure.43 The other more popular 

sorption pump is an ion pump. Ion pumps ionize the gasses that interact with it and 

then use a large voltage (3-7 kV) to chemically trap the ions into an electrode material.43 

These pumps provide the most effective way to pump hydrogen and noble gasses, and 

are required to obtain chamber pressures of 10-11 mbar.43 

Once the desired chamber environment is reached, samples can be prepared or 

introduced through a load lock chamber. For surface chemistry, it is important to 

consider the surface interactions that will occur at UHV pressures. Using the kinetic 

theory of gasses, we can obtain a relationship for the flux of molecules impinging onto 

a surface for a specific pressure (P), shown in Eq. 2.1.2 
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 𝐹𝐹 =
𝑁𝑁𝐴𝐴𝑃𝑃

√2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
 (Eq. 2.1)  

Calculating the flux for impinging molecular oxygen atoms, where the molar mass (M) 

of O2 is 32 g/mol, NA is 6.02x1023 atoms/mol, R is 8.314 J/mol/K, at room temperature 

(T = 300 K) and pressure (1.3x10-6 mbar), we get a value of ~4x1014 atoms/cm2/s 

impinging with the surface. Even at pressures ~8 magnitudes below atmospheric 

pressure, there are still a significant amount of molecule collisions that occur. If we 

factor in that the number of atoms on a solid surface is roughly 1015 atoms/cm2, and 

then assume that each collision leads to a molecule sticking to the surface, we can 

estimate that the surface is completely covered in 1 second.2 This provides a separate 

unit commonly used in vacuum science known as a Langmuir (L), which is equivalent 

to 1.3x10-6 mbar*sec. Essentially, assuming a sticking coefficient of 1 (100% of 

collisions stick to the surface), 1 L results in one monolayer of molecules adsorbed on 

the surface. 

 The Langmuir unit significantly stresses the notion that UHV is required for 

pristine surfaces. Obtaining UHV at a pressure of 10-10 mbar (7.6x10-11 Torr), it would 

take 10000 seconds (~3 hours) to get one monolayer with all molecules sticking. It is 

also important to consider the collisions of molecules with the surface for ambient 

experiments. Gas molecules can be intentionally leaked at a specified pressure for a 

period of time to obtain a defined coverage or determine chemical changes through 

these interactions. The ambient conditions play a significant role in many of the 

following techniques when used for chemical analysis. 
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2.2 TEMPERATURE PROGRAMMED DESORPTION MASS 
SPECTROMETRY 

Mass spectrometry can be used to measure desorbing species from a material 

to obtain information about the adsorbates binding energy on a surface, or the thermal 

stability of a thin film on a surface. Temperature programmed desorption (TPD) 

experiments are performed by heating a sample using a linear ramp rate and using a 

mass spectrometer to measure desorbing species from the sample.44,45 In Figure 2.1a, 

a general setup of a Hiden TPD Workstation is shown, which was the system used for 

all TPD experiments in this dissertation. While linearly heating a sample, one can 

collect a thermal profile for a specific mass, where the measured intensity in the profile 

correlates to the partial pressure of a mass plotted with respect to the sample 

temperature. If a monolayer of a molecule is bound to a surface (e.g. butyl ligands 

bound to tin atoms on a SnO2 surface), once enough thermal energy is applied to the 

sample, the bond between the adsorbed molecule and surface atom breaks, leading to 

the desorption of the molecule. The mass spectrometer will then monitor an increase in 

the intensity for the mass of the desorbed species at the time of desorption. The mass 

data can be linked with the temperature data to form the TPD profile. 

Obtaining a desorption temperature for the removal of an adsorbed molecule or 

the complete decomposition of a thin film is important for determining thermal 

stability. In Chapter 3, TPD experiments were carried out to determine at what 

temperature organotin resists can be heated before the films decompose. This is 

important to the semiconductor industry as there are numerous baking steps during 

photolithography, meaning a resist material must remain stable up to temperatures 
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required to remove residual solvent. This information is also extremely useful for 

general material and process design. TPD can additionally be used for calibrating 

sample temperature measurements. Collecting TPD for a well-studied sample that has 

a sharp desorption profile at a specific temperature can be used to set proportional-

integral-derivative settings on a temperature controller and also ensure the measured 

temperature matches the known value. 

Significant additional information can be extracted from TPD spectra. The 

increase in mass intensity is directly correlated to the amount of adsorbed species that 

desorb. This means the area under the desorption profile can be used to calculate an 

effective coverage for the desorbing species. This is only the case if the desorbing 

molecule has a distinct mass from other molecules in the background, or can be labeled 

appropriately to track only the desorbing molecule’s intensity change. The profile 

shape can be used to determine the order of the thermally-induced reaction. Therefore, 

an experiment can be designed where varying amounts of material are adsorbed or 

deposited onto a surface and then heated to track desorption. Depending on how the 

profile shape changes with respect to surface coverage, one can determine the kinetics 

of the desorption to be either zeroth, first, second, or a higher order. Finally, the 

activation energy for desorption can also be calculated using the Polanyi-Wigner 

equation Eq. 2.2.46  

 
𝐼𝐼(𝑇𝑇) ~ �−

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� = 𝑣𝑣(𝜃𝜃,𝑇𝑇) ∗ 𝜃𝜃𝑛𝑛 ∗ exp �

−𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃,𝑇𝑇)
𝑘𝑘𝐵𝐵𝑇𝑇

� (Eq. 2.2)  

Where I(T) represents the mass spectrometer intensity as a function of temperature (T), 

ν is the frequency factor, θ is the coverage, Edes is the desorption energy, kB is the 
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Boltzmann constant, and 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is the desorption rate. By assuming or measuring the 

desorption order and estimating a range of frequency factor values, Eq. 2.2 can be 

inverted to calculate a range of desorption energies. This inversion analysis was utilized 

in Chapter 3 to obtain desorption energies for the thermal cleavage of butyl tin bonds 

in organotin photoresists.  

 

2.3 ELECTRON STIMULATED DESORPTION MASS SPECTROMETRY 

Similar to TPD, electron stimulated desorption (ESD) is another mass 

spectrometry technique that measures desorbing species from a sample. For ESD, an 

electron gun is used to create an electron beam which impinges on the sample causing 

bonds to break and adsorbed species to desorb. Electron irradiation can typically be 

used to break bonds by colliding with a sample through electronic excitation from the 

absorption of an electron, leading to bond breakage and desorption.47,48 Once 

desorption occurs, a mass spectrometer measures the intensity of the desorbing 

species.47,48 Usually a shutter is used to block the electron beam from hitting the 

sample, allowing control for when the electron beam interacts with the sample. Once 

the shutter is open, an immediate response showing the increase in signal intensity is 

obtained. ESD experiments completed in this dissertation also used the Hiden TPD 

Workstation shown in Figure 2.1b.  

An alternative approach to using ESD is to determine a materials sensitivity to 

electron irradiation. As mentioned in Chapter 3 about metal organic photoresists, the 

primary mechanism for generating a solubility change was hypothesized to be due to 
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low energy electron interactions.45,47,49,50 Low energy electrons are generated through 

the absorption of a photon by an atom which results in the emission of an electron, 

based on the photoelectric effect. If desorption occurs during an ESD experiment, then 

the hypothesis for the role of low energy electrons can be verified. Moreover, 

performing an ESD experiment and tracking desorbed species can be directly correlated 

to the resist sensitivity.47  

Electron beams of different shapes, sizes, and energies can be used for ESD 

experiments. A focused Gaussian beam will provide a larger sample current to a smaller 

area on the sample compared to a defocused wide area beam. In order to truly determine 

electron sensitivity, one must account for the beam shape, exposed area and current. 

The beam current can be measured using a Faraday cup connected to a picoammeter. 

If the Faraday cup is mounted on an XYZ manipulator, one can measure the current in 

multiple positions and generate a beam profile. Once a beam profile is obtained, a beam 

current density can be calculated by integrating over the profile. 

As desorption occurs, less molecules are available for interaction with the 

impinging electrons, thus the desorption follows an exponential decay profile. A 

constant desorption profile would only be possible if the number of impinging electrons 

(beam current) was increasing. The kinetics of an exponentially decaying desorption 

profile can be determined assuming the beam current is constant. Eq. 2.3 relates the 

first order desorption rate 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 to a ratio of the desorption cross section (Q), adsorbate 

coverage (θ), beam current density (J), and time to the charge of an electron (ε).51 
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𝑑𝑑𝑑𝑑
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𝜃𝜃𝜃𝜃𝜃𝜃
𝜀𝜀
𝑡𝑡 (Eq. 2.3) 

Similar to TPD, the intensity change in the mass spectrometer can be directly correlated 

to the change in adsorbate coverage, therefore we can rewrite this equation using the 

mass spectrometer intensity (i) and solve the equation using a constant (i0) at time t = 

0 to give Eq. 2.4. 

 
𝑙𝑙𝑙𝑙 �

𝑖𝑖(𝑡𝑡)
𝑖𝑖0
� =

𝑄𝑄𝑄𝑄
𝜀𝜀
𝑡𝑡 (Eq. 2.4) 

With Eq 2.4, we can take the natural log of the mass spectra intensities and the 

calculated beam current density to calculate the desorption cross section. This value 

essentially represents the probability of an electron interaction leading to a desorbing 

species. The effective desorption cross section was calculated in Chapter 3 for 

organotin photoresists and plays an important role in the design of experiments 

completed in Chapters 4 and 5.  

 

2.4 X-RAY PHOTOELECTRON SPECTROSCOPY 

X-ray photoelectron spectroscopy (XPS) is a powerful technique that provides 

chemical state and compositional information for a material.52,53 Based on the 

photoelectric effect, when a photon is absorbed by an electron of an atom in a material, 

the energy of the photon is transferred to the electron, leading to the ejection of the 

electron. The fundamental energy balance for this process is shown in Eq. 2.5:53 

 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = ℎ𝑣𝑣 − 𝐸𝐸𝐵𝐵 − Φ𝑆𝑆 (Eq. 2.5) 

Where Ekin is the kinetic energy of the ejected electron, EB is the binding energy that 

must be overcome to eject the electron, hv is the photon source energy, and ΦS is the 
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workfunction of the spectrometer.52 Since the electrons in all elements have distinct 

binding energies, the photoemitted electrons can be measured with an electron energy 

analyzer and the resulting data used as a “chemical fingerprint.” Only hydrogen and 

helium are typically not analyzed with XPS due their low photoemission cross 

sections.54  

 During photoemission, another process called an Auger transition occurs that 

can also be measured which contributes to the XPS data.52,53 When an electron is 

ejected, a core hole is created. In order to achieve a stable energy state, a relaxation 

process takes place where an outer electron fills the core hole.52,53 The resulting energy 

from this relaxation can cause either a characteristic X-ray emission or the ejection of 

another outer shell electron.52,53 Figure 2.2 shows a schematic for both events during 

the photoexcitation process. Both processes can be measured by separate techniques to 

identify elements. For the purposes of XPS, the ejected electron is still important as it 

can also be measured with the electron analyzer. The energy balance for the KL1L23 

transition is shown in Eq. 2.6:52 

 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘(𝐾𝐾𝐿𝐿1𝐿𝐿23) = 𝐸𝐸𝐾𝐾 − 𝐸𝐸𝐿𝐿1 − 𝐸𝐸𝐿𝐿23 − Φ𝑆𝑆 (Eq. 2.6) 

Where EK is the binding energy for the K shell electron, EL1 is the binding energy for 

the L1 electron that replaced the core hole, and EL23 is the binding energy of the L23 

electron that was ejected.52 Notice that the photon source energy is not present in the 

equation. This is because the kinetic energy of an Auger ejected electron is independent 

of the photon energy required to create the transition, as long as the photon energy is 

larger than EK to create the core hole needed for the transition to occur. 
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There is some standard XPS nomenclature based on quantum physics theory 

which is used to designate what electrons correlate to each transition. From quantum 

theory, the principal quantum number represents the different energy levels for 

electrons in an atom. The azimuthal quantum number determines the angular 

momentum of an orbital and is established by the quantum number. Electrons emitted 

during XPS are named by the energy level and orbital they were ejected from. This 

means an electron ejected from the second energy level (n = 2) and the s orbital (l = 0) 

will be denoted a “2s” electron. For orbitals with larger angular momentum, like a p 

orbital (l = 1), the electron spin must be considered. The electron spin and angular 

momentum of the orbital can interact leading to spin orbit splitting which causes the 

spectra for one orbital to be split in two. Again from quantum theory, the spin values 

can be ± 1
2
 , and is added to the angular momentum. For the p orbital, we can get a spin 

of 1
2
 and 3

2
. In Figure 2.2 we see the number of electrons present in the 1s, 2s, 2p1/2 and 

2p3/2 orbitals. Spin orbit splitting determines the ratio of the doublet obtain with XPS, 

where p3/2 and p1/2 have a ratio of 2:1, d5/2 and d3/2 have a ratio of 3:2, and f7/2 and f5/2 

have a ratio of 4:3. X-ray notation is also commonly used for Auger transitions, where 

a letter and number represent the orbital transition. X-ray notation is also seen in Figure 

2.2, starting at K (representing 1s) followed by L1 (2s), L2 (2p1/2), L3 (2p3/2), etc. 

XPS is limited by the environment in which it can be measured in. Electrons 

have an inelastic mean free path (IMFP) on the order of ~3 nm for the energies 

commonly measured with XPS.52,53 This means that the technique is extremely surface 

sensitive, but also means that UHV is required since electron scattering can occur in 
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the gas phase. Recently, new systems have been designed with a workaround to this 

pressure gap problem. By designing a chamber that is differentially pumped and has a 

small working distance from the sample to the analyzer, near ambient pressure (NAP) 

XPS can be collected. Figure 2.3 shows the setup for a standard NAPXPS system. 

There are two pumping stages in the analyzer as well as one not shown in the analyzer. 

This provides a vacuum pressure on the order of 1 x 10-9 mbar in the detector, where 

sample ambient conditions can be set to up to 10 mbar.13,14,15 Electrostatic lens filters 

are utilized to focus the photoemitted electrons through the analyzer chamber and into 

the detector.13,14 The rest of the components in Figure 2.3 are standard in any basic and 

modern XPS system. Two different X-ray sources are typically used for XPS. A dual 

anode source uses a filament to bombard a metal anode with electrons. The source is 

called a dual anode as two anode materials are typically used allowing for the 

generation of two characteristic X-ray energies. For the case of the PHI 5600 system 

used in Chapter 3, the two anodes were Al and Mg, providing Al Kα and Mg Kα X-

rays. Dual anode sources can be challenging for peak analysis due to secondary 

radiation (Kαx or Kβ, and Bremsstrahlung radiation) that is generated from the source, 

creating photoemission transitions known as satellite peaks.52 In order to remove these 

extra peaks, a monochromatic source can be utilized. For monochromatic sources, an 

e- gun bombards an anode material with electrons which generates photon emission. 

The produced X-rays are then reflected on quartz crystals causing the X-ray beam to 

diffract based on Bragg’s law. If the alignment is set correctly, only the primary X-ray 

emission (Kα1) wavelength will be focused onto the sample.  
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Figure 2.3 also shows a hemispherical analyzer and detector, which is the most 

important aspect of collecting energy distribution curves in XPS. Analyzers are set to 

a specific kinetic energy range by the user the electrons are counted at each kinetic 

energy, providing photoemission spectra. Electrons enter the analyzer where positive 

and negative fields guide the electrons to the detector. The user can set a pass energy, 

which is the energy that the electrons are decelerated to as they enter the analyzer. The 

pass energy is what is used to adjust the resolution of the analyzer. Adjusting the pass 

energy (or resolution) will lead to a change in the full width half maximum (FWHM) 

of the photoemission peak. Pass energies are generally chosen from 20-150 eV. Higher 

pass energies provide lower resolution but larger intensities, while low pass energies 

provide higher resolution but low intensities. Survey spectra, encompassing a large 

range (0-1400 eV for Al Kα), are usually collected with large pass energies at the cost 

of resolution, since the purpose is to identify peaks in the spectra. High resolution 

spectra can then be performed on desired peaks at smaller energy ranges and higher 

pass energies. The user can also set the number of data points by adjusting the energy 

step in the set energy range. Surveys have larger steps to reduce collection time, while 

high resolution scans have smaller steps. During electron detection, noise is typically 

detected resulting from the random collection of electrons over time. To decrease the 

noise in spectra, multiple scans can be collected and added together. Multi-channel 

detectors (shown in Figure 2.3) allow spectra to be collected faster leading to less noise.  

XPS can provide chemical state and compositional information, however this 

information must be appropriately interpreted.53,55,56 Energy differences in peaks may 

not be very distinguishable in some cases.53,55,56 For example, if a material has 
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numerous oxidation states, the spectra will be seen as a distribution of the peaks for all 

of these states. Peak fitting is required to deconvolute spectra and obtain peak energy 

values which can then be used for oxidation state analysis. It is standard to utilize 

literature and reference samples to accurately fit spectra. Peaks in spectra can be fit 

based on theory to draw conclusions about a material. Peak shapes are typically fit 

using a mixture of Gaussian/Lorentzian components.56 The interaction of the 

photoemitted electron and the material can lead to electron kinetic energies slightly 

lower (higher binding energies) than theoretically expected.56 A phenomenon called 

shake up occurs following initial photoionization where the generated ion stays at an 

energy above the ground state.53 This leads to asymmetry that occurs at higher binding 

energies than the photoemission peak. Shake up features are material specific and 

sometimes can make peak fitting exceptionally difficult. The background must also be 

considered as peak area changes will adjust the accuracy of the fit. The two most 

common are linear and Shirley backgrounds. Linear backgrounds fit a line to two ends 

of the peak, while Shirley backgrounds assume the peak area above the background is 

proportional to the intensity for the binding energy of each data point.55 Shirley 

backgrounds are generally the most accurate for most peak fitting purposes.55  

For most spectra, using a mixed Gaussian/Lorentzian shape with a Shirley 

background is appropriate to fit peaks. Figure 2.4 shows an example fit for Si 2p spectra 

following HF etching (bottom) and a four hour exposure to PO2 = 1 mbar at 573 K (top). 

A Gaussian/Lorentzian ratio of 40 and a Shirley background was used for the fit. A 

doublet for the Si 2p3/2 and 2p1/2 is constrained to a 2:1 ratio and an energy splitting 
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provided from literature.53,57 The silicon oxide peaks are constrained to energy 

positions that are also provided from literature for silicon oxide materials.57 For the 

elemental peaks (purple and teal) a FWHM of 0.8 eV is seen. For the oxidized peaks at 

higher binding energies, the FWHM increases, making it difficult to distinguish the 

spin orbit split. Therefore, only one peak was used to fit the oxide peak contributions. 

Once a good fit is obtained with the applied constraints, one can calculate atomic 

densities using Eq. 2.7:53  

 𝑛𝑛 =
𝐼𝐼

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 (Eq. 2.7) 

where n is the atomic density (atoms/cm3), f is the X-ray flux (photons/cm2/sec), σ is 

the elemental specific photoabsorption cross section (cm-2), A is the analysis area 

(cm2), λ is the IMFP (nm), θ is the photoemission efficiency, y is the detection 

efficiency, and T is the detection efficiency.53 If we take the atomic ratio of two 

elements, we can calculate atomic percent values from Eq. 2.8:53  

 𝑛𝑛1
𝑛𝑛2

=
𝐼𝐼1 𝑆𝑆1⁄
𝐼𝐼2 𝑆𝑆2⁄  (Eq. 2.8) 

where S is a measurable factor that represents 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. This value is instrument 

specific, X-ray source dependent, and angle dependent.53  

Obtaining atomic percent values can provide useful information about a 

material. In Chapter 3, calculated atomic percent values were used to determine the 

composition of organotin photoresists. In chapter 4, atomic ratios were calculated to 

distinguish chemical changes following exposures to different photon energies and 

ambient environments. Chapters 5 and 6 additionally used atomic percent calculations 

to make mechanistic conclusions about reaction mechanisms. Proper utilization of XPS 
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is imperative to framing foundational knowledge of material properties and chemical 

reactions. 

 

2.5 SYNCHROTRON LIGHT SOURCE AND SPECTROSCOPY 

XPS is dependent on the photon source and energy used for photoemission. 

With synchrotron light, a range of photon energies can be achieved which can be used 

for XPS. A synchrotron is a large ring where electrons are accelerated at high speeds 

leading to the generation of photons over a continuous spectrum.52 Synchrotrons have 

numerous endstations present that have varying equipment for a wide range of radiation 

based techniques. Figure 2.5 shows a general setup for a synchrotron lightsource 

endstation used for XPS analysis. The light from the synchrotron ring reflects off a pre-

focus mirror and focused through an entrance slit.58 The entrance slit diverges the beam 

onto a spherical grating which then diffracts the beam to a wavelength of choice. The 

light then passes through an exit slit and diverges again before reflecting off a refocus 

mirror, focusing the photon beam onto the sample.   

With the above-mentioned dual anode or monochromatic X-ray sources in 

Section 2.4, only one energy is achievable. This limits the transitions that can be studied 

in a material to the energy range of whatever anode is being used. An entire range of 

energies can be used with synchrotron light compared to traditional X-ray sources. 

Additionally, Eq. 2.7 shows a direct relationship with the photoabsorption cross section 

to the spectral intensity. The cross section is energy dependent, meaning the ability to 

utilize different photon energies can allow for higher intensity spectra for certain 

transitions. Another advantage of synchrotron sources is the ability to sweep the photon 
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energy on the sample. With XPS, only the detection energy for emitted electrons can 

be varied, allowing for the collection of a survey. By sweeping the photon energy, a 

new technique known as X-ray absorption spectroscopy (XAS) can be collected.59 One 

can measure the photoabsorption edges to determine the energy required to create a 

photoemitted electron from a specific orbital.  

In chapter 4, XAS was used to track the absorption edges of an organotin 

sample. As the photon energy is adjusted, the generated electrons create a sample 

current that can be measured, called the total electron yield (TEY). Once the absorption 

edge energies were obtained, XPS was collected above, below, or on specific edges to 

determine how the number of electrons plays a role in the radiation induced mechanism 

for organotin photoresist.  

 

2.7 LOW ENERGY ELECTRON DIFFRACTION 

Obtaining chemical information from a surface is important to characterization, 

but sometimes the surface structure must be known to fully understand the 

characterization results. Collection of a diffraction pattern provides a route to determine 

the positions of atoms on a surface, which allows for the interpretation of the crystal 

lattice.60 Obtaining a diffraction pattern can be done with low energy electron 

diffraction (LEED).60 LEED can only measure a diffraction pattern on well-ordered 

surfaces. By utilizing the elastic scattering of low energy electrons on a surface, 

diffraction spots are formed and can be observed with a phosphorescent screen.60 This 

is based on the wave properties of an electron, originally hypothesized by De Broglie, 

forming Eq. 2.9: 
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𝜆𝜆𝑒𝑒 =

ℎ
𝑚𝑚𝑒𝑒𝑣𝑣

=
ℎ
𝜌𝜌𝑒𝑒

 (Eq. 2.9) 

Where the wavelength of an electron is equal to Planck’s constant divided by the 

momentum of the electron.60 

A standard LEED setup is shown in Figure 2.6, where a grounded sample is 

placed in front of an e-gun. The e-gun is set to low energies (10-200 eV) and can be 

adjusted to a desired energy during exposure. The scattered electrons are diffracted 

back towards the LEED and pass through a set of grids before reaching the phosphor 

screen. The first grid is grounded to reduce electrostatic deflection of the diffracted 

electrons. The second grid has a negative voltage to allow for only elastically scattered 

electrons for a small energy range to reach the phosphorescent screen. A large voltage 

is applied to the phosphorescent screen (4-6 kV) to make the diffraction spots visible. 

Additional grids can also be used for enhanced diffraction spot visibility. Adding a grid 

that is grounded before the phosphorescent screen will eliminate interference from the 

high voltage on the screen. 

LEED is useful for quickly and routinely determining the symmetry of the 

surface and determine if there is a reconstruction.60 Diffraction patterns are formed in 

reciprocal space of the lattice, meaning one can estimate a LEED pattern by converting 

the real space lattice vectors to reciprocal space. Figure 2.7 shows the effect of changing 

the energy for a stoichiometrically prepared SnO2(110) single crystal. At 60 eV (a) the 

space between diffraction spots is largest compared to 90 eV (b), and 130 eV (c). By 

adjusting the impinging beam energy, the radial distance of diffracted electrons is also 

adjusted based on Bragg’s Law.60 Therefore, adjusting the energy provides larger or 
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smaller diffraction patterns. In Chapter 6, collecting LEED prior to reaction studies was 

required to verify that the desired surface structure was obtained. Sample preparation 

was tested through numerous Ar+ sputter/anneal cycles followed by high pressure O2 

exposure to obtain the 1x1 diffraction pattern. 

 

2.8 SPECTROSCOPIC ELLIPSOMETRY (SE) 

Spectroscopic ellipsometry (SE) is a technique that uses linearly polarized light 

to measure material properties of either a thin film on a substrate or a substrate itself.61 

Because the technique utilizes the change in reflectance of incident light, it can be 

extremely sensitive to very thin films (~0.1 nm).61 A standard measurement is 

completed by using monochromated light from an arc lamp that passes through a 

polarizer creating linearly polarized light that is focused onto a sample. The light then 

reflects off the sample as elliptically polarized light into a rotating polarizer and enters 

a detector. Adjusting the angle of incidence will change the optical path length, 

meaning additional information can be obtained by combining measurements at 

numerous angles. The thickness, surface roughness, and other material properties like 

the bandgap and optical constants can be extracted from the measured reflected light.  

The physical theory behind ellipsometry is based on the polarized light 

transmission equations for reflections in multi-layered materials. Two primary 

parameters, psi (Ψ) and delta (Δ), are measured during ellipsometry data collection. Ψ 

represents the amplitude ratio of s and p polarized light, while Δ is the phase quantity 

between s and p.61 The polarization state change (ρ) can be measured from data 
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collection and then Ψ and Δ can be calculated using Eq. 2.10, where rs and rp are the 

Fresnel reflection coefficients for s and p light.61 

 tan(Ψ) ∗ 𝑒𝑒𝑖𝑖Δ = 𝜌𝜌 =
𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

 (Eq. 2.10) 

The ratio ρ is a function of both the wavelength of light (λ) used and the angle of 

incidence (θ).61 Therefore, usually at least two measurements at different angles are 

utilized to optimize data accuracy. 

For thin films processing and analysis, ellipsometry is extensively used to 

obtain thickness measurements. Thickness values are indirectly measured, as they must 

be fit to a model and then calculated.  A model can be formed in most ellipsometry 

software, where a substrate and multiple layers are selected based on the sample being 

studied. The model contains optical constants, like the index of refraction (n) and the 

excitation coefficient (k) as well as a manually inputted (guessed) thickness. Once the 

model has been built, simulated data can be created and compared to the measured data. 

Values for these parameters in the model are adjusted until a good fit to the measured 

data is obtained with a low mean squared error (MSE).  

Numerous models can be utilized for a range of different types of materials and 

interfaces, but for the purposes of this dissertation, a Cauchy model was used to 

examine the thicknesses of an organotin thin film spin coated on a thermally grown 

oxide (TOx) Si substrate. Cauchy models are used for modelling dispersion in the index 

of refraction, and also commonly used for transparent materials, of which includes tin 

oxide based thin films.61 The model equation relates the refractive index as a function 

of wavelength consisting of three parameters (A, B, and C), shown in Eq. 2.11.61 
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n(𝜆𝜆) =𝐴𝐴 +

𝐵𝐵
𝜆𝜆2

+
𝐶𝐶
𝜆𝜆4

 (Eq. 2.11) 

An example of a fit for the β-NaSn13 film on a TOx substrate is shown in Figure 2.9, 

which was obtained using the CompleteEASE software by JA Woollam. The model is 

designed with a SI_JAW file for the Si substrate, along with a SIO2_JAW file for the 

thermally grown oxide. An additional layer, INTR_JAW is placed in between the oxide 

and substrate to account for the interface between the two. There is no thickness input 

for the substrate, while the interface and oxide thickness are well known and inputted 

manually as 1 nm and 101 nm, respectively. The plot shown in Figure 2.9 shows the 

measured Ψ and Δ data for three collected angles (55, 60, and 65°). The last layer in 

the model is the Cauchy file, where only the A parameter and thickness were set to fit 

in order to simplify the data analysis. The simulated data is also plotted as black dashed 

lines, obtaining a MSE of 15.447 and leading to an estimated thickness of 22.28 nm. 

Nominally, a MSE of greater than 30 is typically considered a bad fit where the data 

was discarded, collected again, or the fit parameters where further optimized. Multiple 

thickness measurements were carried out on the same sample and averaged to 

determine the thicknesses for all organotin thin film samples prepared and 

characterized in this dissertation. 

 

2.9 ATOMIC FORCE MICROSCOPY 

Collecting a microscopic image of a sample surface can be extremely useful for 

designing materials or studying chemical behavior on a micro scale. However, standard 

light microscopes that refract light to collect an image can only achieve a resolution 
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based on the wavelength of light used.62 This limitation prevents the ability to collect 

images of nanoscale features. Instead of refracting light, scanning probe microscopy 

utilizes a probe or tip that interacts with the molecules/atoms on the surface and back 

calculates an image based on changes from interactions. There are numerous types of 

atomic force microscope imaging methods (AFM) (tapping, conductive, contact 

modes) but this section will only focus on tapping mode.  

AFM microscopes have five primary components; a cantilever with a sharp tip 

on the end, a cantilever holder/stage, a piezo drive and a feedback connection to a 

computer for generating an image.62 AFM probes are very thin trapezoidal shaped 

pieces, about 1-2 mm wide, with a cantilever (about 20 μm wide) extending from the 

end. A sharp tip with roughly a 10 nm radius (so sharp that it is not macroscopically 

visible) is located on the end of the cantilever. The cantilever is mounted to the holder 

or stage and a sample is loaded directly underneath the cantilever with the tip facing 

the sample. The stage or holder with the mounted cantilever is lowered so that the tip 

comes within nanometers of the surface. During the approach, the tip is constantly 

oscillating like a damping spring.62 The amplitude of oscillation reduces as it 

approaches the sample, where this decrease can be used to set the position of the tip by 

selecting a desired amplitude.62 At this point the tip is “engaged” and a scan can 

commence. The piezo drive lowers and raises the cantilever in the Z direction so that 

the tip can interact with the surface. The deflection away from the sample based on the 

surface morphology can be measured with a sensor creating a “height” measurement. 

There are numerous feedback possibilities, but the most standard is a laser diode sensor. 

A laser is aligned to the cantilever during setup which focuses the reflection towards a 



34 
 

 

photodiode. As the cantilever moves, the photodiode can detect the movements by how 

far the laser spot moves from its original position. The piezo drive can then move the 

sample in both X and Y directions creating a raster profile as the tip measures a small 

area on the sample. A basic example of the described AFM setup is shown in Figure 

2.10. AFM images are usually analyzing small areas (~1-100 nm2) since each pixel in 

the image is generated through the “tapping” motion from the cantilever. 

There are a few aspects to consider before collecting a scan to ensure that a 

useful image is collected. Tip specifications are what determine the image resolution 

and also whether collecting an image is even possible for some materials.62 The smaller 

the radius of the tip, the higher resolution you can achieve in terms of mapping out 

details on the surface.62 For example, if the goal of an experiment is to measure 

dispersed nanoclusters on a surface and the tip being used has a radius larger than 

numerous clusters adjacent to each other, only one large agglomeration will be seen 

instead of numerous individual clusters. Additionally, the tip material must be soft 

enough to not cause damage to the surface, but not too soft that it will be damaged upon 

contact. Once a tip is damaged, a new one is needed for reliable measurements. If a tip 

damages the surface the image will also be unreliable and can lead to a collection of 

debris on the tip further impacting image measurements. Another important aspect is 

potential noise from external influences. Tips should be designed with a high resonance 

frequency so that vibrations from buildings or other low frequency noise are not 

coupled.62 AFMs are usually situated on a floating table to limit vibrations seen during 

the measurement. 
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Setting up an AFM prior to scanning can be tricky. Once a cantilever is mounted 

and a sample loaded, the laser must be aligned to the cantilever and then focused for 

maximum voltage measured by the photodiode. The cantilever is then tuned to obtain 

a resonant frequency of the cantilever. This is done by vibrating the cantilever as the 

software measures the cantilever amplitude and phase voltage with respect to 

frequency. Ideally, the amplitude will form a Gaussian profile and the phase will 

intersect the amplitude just before the peak. An example of what an ideal tune looks 

like is shown in Figure 2.11. The chosen resonance frequency is the frequency where 

the peak of the amplitude occurs, designated by the inverted triangle in Figure 2.11. A 

brand new tip with a good tune will have the phase intersect the amplitude with a steep 

slope. Over time as the tip deteriorates, the slope of the phase will broaden and 

sometimes develop fluctuations as well. 

Data analysis of AFM often requires some data processing. From Figure 2.10, 

one can see that the cantilever is angled as it moves across the sample. This means the 

collected image will be sloped on the same plane and the cantilever angle. In order to 

display a flat image, a flatten algorithm must be used in an image processing software. 

Additionally, for large area scans, a bow shape can form in the image due to non-

linearity in the piezo driven stage. If this happens, the image can be processed by 

applying a plane fit. Second or third order plane fits are commonly used to remove the 

bow effect. While some data processing can be required, it is still possible to over-

process the image leading to manipulated data. Higher order plane fits, shades, or filters 

should only be done if one knows what resulting data is expected. 
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AFM studies are primarily executed for obtaining surface morphology 

information. In Chapter 3, the morphology of two nanocluster photoresists were 

analyzed using a Bruker Veeco Innova SPM to study film uniformity. The biggest 

advantage of AFM is that most samples can be measured as long as the sample remains 

stable through contact with the tip, unlike with other scanning probe techniques like 

scanning tunneling microscopy (STM) that requires conductive samples. AFM does 

have a few disadvantages though. High resolution scans can take long amounts of time 

(~30 min per scan) depending on the system design. Large unexpected debris on the 

sample forming sharp changes in height (>100 nm) can lead to tip crashes, which will 

require mounting a new tip. Overall, the ability to obtain nanoscale height profiles can 

provide useful information for thin film studies. 
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Figure 2.1. General schematic for the setup of the Hiden TPD Workstation. The sample 

is brought close to the mass spectrometer and heated through the stage for TPD 

measurements (a). An e- gun source is focused onto the sample with the sample slightly 

retracted from the mass spectrometer for ESD measurements (b).  
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Figure 2.2. Schematic of electron excitation following exposure to either a photon 

source (X-rays) or electrons. On the left, an Auger transition occurs leading to the 

emission of a KL1L23 electron for Auger spectra. On the right, the photoemitted 1s 

electron is measured to obtain core level XPS. 
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Figure 2.3. Diagram of a standard NAPXPS setup with both dual anode and 

monochromatized X-ray sources. Differential pumping stages are used to achieve 

lower vacuum pressures at the detector compared to what is seen by the sample. 

Electrostatic lens filters are utilized to focus the collected electrons leading to an 

increase the signal seen by the detector. A mass spectrometer can also be added in the 

lens chamber to measure the partial pressures of molecules in the chamber. 
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Figure 2.4. An example of peak fitted spectra using CasaXPS for Si 2p. On the bottom 

is spectra from HF etched Si, while the top is spectra after surface oxidation following 

exposure to 1 mbar O2 at 573 K for ~4 hours. 

  



41 
 

 

 

Figure 2.5. Setup for a standard synchrotron endstation. Electrons are accelerated in 

the synchrotron source ring resulting in photons that can reach the endstation. Slits are 

used to diffract the photons while mirrors are used to focus the photons. A spherical 

reflection grating is used as a monochromator to tune the energy of the photons. 
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Figure 2.6. Schematic of a standard LEED setup. An e- gun focuses a low energy 

electron beam onto a sample leading to electron diffraction. When the electrons hit the 

screen, diffraction spots are visible and correlate to the surface lattice in reciprocal 

space. 
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Figure 2.7. Images of a LEED diffraction pattern for stoichiometrically prepared 

SnO2(110) using 60, 90, and 130 eV electron energies. The 1x1 pattern is seen for all 

three energies shown by the red rectangle. 
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Figure 2.8. Standard setup for a spectroscopic ellipsometer measurement. 

Monochromated light passes through a linear polarizer and then reflects of the sample 

surface into a detector. The measurement is dependent on the number of layers in the 

sample, their refractive index (n) of each layer, and the thickness (t) of each layer. 
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Figure 2.9. An example fit using the J. A. Woollam CompleteEASE software. The β-

NaSn13 on 100 nm TOx sample thickness was measured using a Cauchy model. The 

model parameters are plotted as dashed black lines, while the Ψ and Δ are plotted as 

red and green lines, respectively. The MSE gives the goodness of fit of the model to 

the experimental data for both Ψ and Δ. 
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Figure 2.10. General setup for an AFM measurement. The laser is focused to the back 

of the cantilever and reflected to a photodiode detector. As the tip moves up and down 

while traveling across the sample, the movement of the reflected spot is measured by 

the photodiode and processed into an image. 
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Figure 2.11. A screenshot image from Bruker Nanoscope software showing the ideal 

depiction of what a well-tuned cantilever phase and amplitude. The Gaussian peak 

represents the amplitude, while the negative slope line represents the phase. The 

inverted triangle shows the optimal resonant frequency chosen by the software.  
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CHAPTER 3: 
 

CHARACTERIZATION OF ORGANOTIN PHOTORESIST 
MATERIALS  
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3.1 ABSTRACT 

Significant advances in photoresists are necessary to improve throughput for 

extreme ultraviolet (EUV) photolithography for nanomanufacturing.63 Organotin 

compounds are promising resist materials since tin has a high EUV absorption cross-

section, which is ~30x higher than carbon.33 Before implementing new materials into 

electronics processing, understanding material properties and establishing analysis 

methods for baseline measurements are imperative. Two synthesized organotin 

nanoclusters (Sn12 dodecamer and β-NaSn13 Keggin) which are promising EUV 

photoresists will be discussed in more detail below. Both organotin nanoclusters were 

dissolved in 2-heptanone, spin coated onto silicon substrates, and then characterized 

with atomic force microscopy (AFM) and ellipsometry to determine uniformity and 

thickness. Thermal stability was measured through temperature programmed 

desorption (TPD) experiments, indicating that butyl-group desorption occurs at ~650 

K and is the primary mechanism for thermal driven decomposition. Radiation 

sensitivity was studied with electron stimulated desorption (ESD), where low energy 

electrons with energies close to that of photoemitted, Auger, and secondary electrons 

during EUV were investigated. These electron interactions are what drives the 

solubility transition of organotin materials through cleavage of butyl-tin ligands. 

Atomic compositions of photoresist thin films were measured with X-ray photoelectron 

spectroscopy (XPS) experiments and found to be reasonably consistent with each 

compound structure. The combination of AFM, ellipsometry, TPD, ESD, and XPS 

techniques provide a standard for measuring and better understanding radiation induced 
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processes in organotin photoresist films, ultimately leading to mechanistic insights for 

tin and other metal-based inorganic resists. 

 

3.2 INTRODUCTION 

Improvements towards higher resolution photolithography are required for the 

field of microelectronics to continue to advance.64 Extreme ultra-violet (EUV) 

lithography provides improved resolution due to the much shorter wavelength used 

compared to deep ultraviolet (DUV) lithography.6,65 Further development of EUV 

lithography is required prior to industrial adoption for nanomanufacturing, where 

improvement of EUV photoresists that have high-resolution, low line-edge roughness 

(LER), and high sensitivity is critical.5,64,65 Studies have recently indicated that 

organotin compounds can be promising inorganic photoresists.5,64 This is, in part, due 

to the high EUV absorption cross-section for Sn, which is ~30x higher than carbon.66 

Organotin compounds have alkyl groups that render the compounds soluble in organic 

solvents, and allows them to remain stable against condensation in solution and in thin 

film form.  

There are significant differences between various organotin nanoclusters. Two 

clusters have been suggested as potential model precursors for EUV implementation: 

the {(BuSn)12O14(OH)6}(OH)2 (“Sn12 dodecamer")5 and the recently-discovered 

sodium-centered [NaO4(BuSn)12(OH)3(O)9(OCH3)12(Sn(H2O)2)] (“β-NaSn13 

Keggin”).67 The Sn12 cluster is a charged cluster neutralized with hydroxyl counterions, 

while the β-NaSn13 is charge neutral, meaning no counterions are required. The β-

NaSn13 also is templated with a Na atom at the center and includes some methoxy 
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ligands in addition to butyl ligands due to recrystallization in methanol as part of the 

synthesis.67 

Determining the film deposition quality of both materials is required before 

detailed studies. As resolution increases, the film thickness of the resist must shrink to 

avoid pattern collapse following development.68 When spin coating prior DUV resists, 

film thicknesses were typically on the order of hundreds of nm. In order for new 

materials to be utilized as photoresists for EUV, thin films of the cluster must be 

deposited onto a substrate. Ideally, deposited film thicknesses with the same height as 

the desired patterned feature is preferred. However, film quality can significantly 

deteriorate as the thickness is decreased. Obtaining smooth and uniform films is 

essential to photoresist pattering. Roughness or pinholes in the film can lead to 

unintentional etching of the substrate underneath. XPS data is used to verify the 

chemical composition and tin oxidation state for films of both clusters to ensure no 

chemical changes took place following spin coating. 

The thermal or radiation induced removal of alkyl groups can significantly 

change the solubility of organotin compounds in organic solvents. This is potentially 

one of the mechanisms to enable contrast in photolithography using these compounds. 

Several other high-sensitivity inorganic photoresists have been studied, including 

Hf(OH)4-2x-2y(O2)x(SO4)y·qH2O (HafSOx).6 Detailed characterization of the chemical 

changes that occur during processing HafSOx resists have provided insight into 

patterning reaction mechanisms. Due to the alkyl functionality of the butyl-tin 

precursors these photoresists should have significantly lower rates for condensation 

reactions compared to HafSOx. Since condensation reactions can limit the stability of 
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inorganic photoresist precursors, in solution and films, it is critical to understand the 

thermal induced chemistries and the stability of potential resist materials.  

When organotin nanoclusters are exposed to EUV radiation, both photo- and 

Auger electrons are emitted, leading to inelastically scattered electrons that form lower 

kinetic energy secondary electrons. These electrons can interact with the atoms in the 

film, leading to homolytic cleavage between the Sn-C bonds from the butyl 

ligands.45,47,49,50 Electron stimulated desorption (ESD) studies provide a route to assess 

this hypothesis. By utilizing an electron gun with an electron beam energy similar to 

the expected energies from the photoemitted low energy secondary electrons, the 

radiation sensitivity of the material can be determined. This has been done previously 

for commercial butyltin hydroxide oxide hydrate thin films have indicated that butyl 

ligands desorb upon exposure to low kinetic energy electrons. Due to the high cross 

section values obtained, homolytic cleavage of the butyl-tin bond was suggested.45  

In this study, we examine and characterize two separate organotin photoresist 

precursors, β-NaSn13 Keggin and Sn12 dodecamer. AFM and ellipsometry were used to 

measure film thickness and surface morphology of a spin coated thin film. XPS were 

used to characterize the chemical state information of the films and determine chemical 

composition. TPD experiments measured the thermal stabilities of both cluster films 

and calculated the thermal energy requirement for the cleavage of the butyl-tin bond. 

ESD experiments studied the radiation sensitivity of the films and quantified the 

number of electron interactions leading to desorption of butyl ligands. The complete 

characterization of both clusters provides information for future improvements to 

nanocluster design and establishes a basis for comparisons with new materials. 
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3.3 EXPERIMENTAL 

The Sn12 dodecamer precursor was synthesized using the method outlined by 

Eychenne-Barron et al.69 Following synthesis, tetramethyl ammonium hydroxide was 

used to replace tosylate counterions with hydroxyl counterions, and then crystallized. 

NMR with both 119Sn and 13C were utilized to ensure purity of the precursor. The 

synthesis for the β-NaSn13 Keggin was outlined by Saha et al.67 With both precursors, 

20 mg/mL of precursor powder was dissolved in 2-heptanone (Alpha Aesar, 99% 

purity) and sonicated for 5 minutes. Si(100) wafers, with 100 nm thick thermal oxide 

(TOx), were used as substrates. For ESD experiments only, Si(100) with a native oxide 

were used instead to avoid charging effects from the thermal oxide layer. All substrates 

were pretreated using an acetone, 2-propanol, and deionized water rinse. The substrates 

were then exposed to a 50 watt O2 plasma etch for five minutes. Approximately 7-10 

drops of the solution were applied to the substrate surface and then spin-coated at 3000 

RPM for 30 seconds. Samples were then annealed at 70 °C for 3 min in air to remove 

residual solvent. Each substrate was cleaved into 2x2 cm2 squares and then cleaved into 

four 1x1 cm2 squares for analysis.  

All surface images were collected using a Veeco di-Innova AFM in tapping 

mode. The collection parameters for each experiment were set to 32 x 32 pixel 

resolution, using 5 µm/s scan rate over a 5 x 5 µm scan size. The aspect ratio for the 

images is 1.00 and the amplitude set point was 1716.62 mV. Each image was processed 

using a 3rd order plane fit and flattening filters with the Gwyddion 2.50 image 
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processing software. The tip was a RTESPA-300 probe with 40 N/m spring constant, 

300 kHz resonant frequency, and 8-12 nm radius of curvature. 

Ellipsometry data was collected using a JA Woollam MX-2000 ellipsometer. 

Data were collected over the interval from 400-1000nm, and modeled using the Cauchy 

equation. Mean square error (MSE) were used to determine goodness of fit. Data for 

MSE values above 30 were either recollected, recalculated with new estimates, or 

discarded. Thickness values were calculated through the software once an appropriate 

fit was determined. Measurements were collected in five locations (four corners and 

the center) on the sample and the values averaged.  

TPD data were acquired with a Hiden Analytical TPD Workstation. All the 

measurements were performed at a chamber base pressure < 5 x 109 Torr. A 1×1 cm2 

sample was heated from room temperature to 1173 K using a linear ramp rate of 

15 °C/min. Mass spectra were obtained using a Hiden 3F series quadrupole mass 

spectrometer with a 20 µA emission current, electron impact ionization with a 70 eV 

ionization potential, a settle time of 50 ms, a dwell time of 200 ms, and a multiplier 

voltage of 2400 V.  

Electron stimulated desorption was additionally acquired in the same Hiden 

Analytical TPD Workstation as TPD. A 1×1 cm2 sample was positioned at the focal 

point of a low energy electron gun (Kimball Physics ELG-2 gun with EGPS-1022 

power supply). A kinetic energy (Ekin) of 80eV was used as this energy corresponds to 

the approximate kinetic energy of photoemitted electrons following absorption of EUV 

photons. The electron beam current profile was determined using a Faraday cup with a 

circular pinhole (2 mm2 area). During ESD measurements, the average current density 
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ranged from 0.5-0.8 μA/cm2 and a 150 ms per m/z dwell time was used. Prior to both 

ESD and TPD experiments, the mass spectrometer was degassed for 10 min to achieve 

the lowest base pressure. 

XPS was obtained using a PHI 5600 system (base pressure <2×10−10 Torr) with 

non-monochromatized Mg Kα radiation (hν=1253.6 eV). An electron analyzer pass 

energy of 29.35 eV, and a 45° emission angle were used for the measurements. The 

energy scale of the spectrometer was calibrated to Au 4f7/2 at 84.0 eV and Cu 2p3/2 at 

932.7 eV. Atomic concentrations were calculated using instrument standard relative 

sensitivity factors for a 54.7° source-to-analyzer angle and corrected for the 

transmission function of the analyzer.53 The XPS data were fit using CasaXPS, where 

the most intense peak in the spectrum was used to define the core-level full-width-half-

maximum (FWHM) and Gaussian-Lorentzian mixing. A linear background was used 

to fit all spectra. All binding energies were charge corrected to the C 1s aliphatic carbon 

peak at 284.8 eV.53  

 

3.4 RESULTS AND DISCUSSION 

After film deposition, thickness of films were determined using ellipsometry. 

Data for the thickness measurements are shown in Table 3.1. Both films form with 

thicknesses of ~20 nm for the concentrations used. The MSE values for both suggest 

good fits, yet the Sn12 has about twice the MSE of the β-NaSn13, suggesting the Sn12 

film has additional roughness or other factors that lead to a worse fit. Assuming no 

more than 5 nm is removed from the exposure and development process, this would 

provide patterned film thicknesses of ~15-20 nm. Obtaining resist films with these 
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thicknesses allows for reducing potential pattern collapse when trying to obtain sub-10 

nm half-pitch features.64 

AFM studies were performed to determine spin coated film quality for both 

precursors. The ability for new resist materials to be deposited as uniform thin films is 

imperative. Poor film quality would lead to the material no longer being a candidate 

for photolithography, as the main importance is the ability to create a pattern in the 

underlying material below the thin film. Both precursors were spin coated onto Si 

substrates and characterized with AFM. Figure 3.1 shows two images of 5x5 μm scans 

for the Sn12 and β-NaSn13 thin films. The β-NaSn13 film in Figure 3.1a shows no 

features at all. The calculated mean squared roughness (Rq) roughness was only 0.46 

nm. This is actually close to the noise of the tip, suggesting the film is exceptionally 

smooth. Numerous trials were carried out to make sure this result was real and not due 

to an improperly approached tip.  

In Figure 3.1b, the Sn12 film shows a beadlike formation. The dark spots in the 

image reach a maximum of 36 nm below the highest point of the film. Since this height 

difference is larger than the suggested film thickness from ellipsometry, the dark spots 

likely represent the Si substrate. The radius of the beads are ~0.1 μm, which is 

significantly larger than an individual cluster radius that is ~5 Å. Therefore, we believe 

that the cluster is agglomerating on the surface and forming larger clusters with itself. 

Once a substrate is pretreated with a plasma O2 etch, the surface is hydrophilic. Since 

the Sn12 precursor was dissolved in 2-heptanone, the solution will be hydrophobic. 

Surface functionalization was attempted with hexamethyldisilazane (HMDS), although 

this did not remove the beadlike formation and instead made larger clusters on the 
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surface. No difficulty was occurred when spin coating films with the β-NaSn13 

precursor, suggesting the problem with Sn12 could be related to the stability of the 

cluster and the counterions. Potentially the use of hydrophobic counterions may lead to 

more uniform films. Alternatively, using a different Si substrate may also improve film 

quality. All Sn12 films were spun onto either a native or thermally grown oxide, 

therefore the use of an HF etched surface may reduce surface roughness and improve 

adhesion. Another route would be to use Si(111) as the presence of dangling bonds may 

be advantageous for a charged cluster like Sn12.70 

While the film quality for the Sn12 precursor is not practical for 

nanolithography, we can still obtain useful information about the differences in thermal 

stability and radiation sensitivity compared to the β-NaSn13 film. The thermal stability 

of both the Sn12 and β-NaSn13 precursors were tested using TPD studies. First a mass 

survey was collected during a measurement to see what the main desorbing masses 

were during the experiment. Once the primary masses were determined, a higher 

resolution scan was collected. The primary masses tracked were for butyl desorption 

species (m/z 56 and 41) and oxygenate components (m/z 44 and 28) in addition to water 

(m/z 18). Figure 3.2a shows the TPD profile for each of the primary masses. The spectra 

were normalized to the tin density of the clusters in the film, which was calculated from 

Rutherford back scattering data. For the β-NaSn13 film, the tin density was determined 

to be ~8.9x1015
 cm-2. For Sn12, this value was 5.5x1015 cm-2. Even though similar mass 

concentrations were used for both cluster solutions, the tin density in Sn12 is likely 

lower due to non-uniformity in the film compared to the β-NaSn13.   
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The TPD spectra for both films are nearly identical and share the same primary 

desorption events. First there is a desorption event around 350 K where a peak is seen 

only for water (m/z 18). This is likely due to adsorbed water or hydroxyl recombination 

leading to water desorption.45 Since both films are spin coated in atmosphere, there is 

likely to be some moisture present. The amount of water desorption from the β-NaSn13 

film is slightly greater, possibly due to more water being trapped in the film. The second 

desorption event occurs at 696 K where there is a sharp increase in m/z 41 and an 

increase for all other masses as well due to the butyl group cracking in the mass 

spectrometer. For these studies we use m/z 41 to represent butyl desorption. Where this 

desorption feature is most likely resulting from the thermal cleaving of the butyl ligand 

bound to Sn.45 As this occurs, the film decomposes leading to the desorption of other 

species. 

We can extract additional information from the TPD spectra using the Polanyi-

Wigner inversion analysis. Using Eq. 2.2, we can calculate a range of desorption 

energies using estimates of pre-factors, and assuming first order desorption. The 

coverage (θ) was assumed to be the tin density in the film from Rutherford 

backscattering measurements. Pre-factor values can be determined using transition 

state theory, where the desorption temperature T = 696 K and chain length N = 4 were 

used.71 Recent studies have shown that calculating ν with this method can overestimate 

the value by two to four orders of magnitude.72 Adjusting the theoretical values to 

account for this overestimation provides a range of ν from 1016 to 1020. Figure 3.2b 

shows the results of the inversion analysis for the specified ν values allowing for the 

calculation of the desorption energies. Both films show nearly an identical value for 
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each ν. The energy also remains mostly constant for both films, suggesting the bond 

strength is uniform for butyl-tin. The energy values range from 2.4-3.1 eV, which is 

consistent with literature for the heat of combustion for butyl-tin.73 This means the film 

thermal stability is directly related to the strength of the butyl-tin bond. 

ESD was used to determine the radiation sensitivity of both materials. Since 

low energy electrons from the photoemission process have been proposed to drive the 

solubility transition chemistry,47,50,45 we can test this hypothesis using ESD with low 

energy electrons (80 eV). First a mass survey was collected, similar to TPD, during 

electron irradiation to determine the primary masses. The same masses from TPD were 

found to be the primary desorbing species during ESD. Figure 3.3a shows the spectra 

for ESD using a Gaussian beam profile. The spectra were additionally normalized to 

the tin density for the clusters in the film. No desorption occurs until the shutter is 

opened, leading to a sharp increase in signal measured by the mass spectrometer. Over 

time, this intensity slowly decays as there are less species available for the interaction 

with the impinging electrons. This decay is not seen for water (m/z 18), suggesting the 

water desorption is not related to electron-induced desorption. For the Sn12 there are 

more butyl species desorb compared to β-NaSn13, although nearly identical desorption 

rates occur for oxygenate species with both films. This is likely due to the presence of 

methyl ligands on tin sites in the β-NaSn13 that can also interact with an electron and 

result in desorption. This would explain the larger ratio of oxygenate desorption to 

butyl desorption in β-NaSn13 compared to Sn12.  

We can also obtain quantitative information from the ESD spectra by 

calculating the cross sections. By obtaining a beam profile through current 
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measurements from a picoammeter, we can use Eq. 2.4 to create simulated data for the 

desorption decay. Comparing the simulated data to the measured data allows us to 

obtain an effective desorption cross section. Figure 3.3b shows the cross section 

analysis for both films where Q = 1.1 x 10-14 cm-2 for β-NaSn13 and Q = 1.7 x 10-14 cm-2 

for Sn12. The cross section value Q represents the amount of desorption that occurs for 

a given area with each incident electron. The value is denoted as an “effective” 

desorption cross section due to the numerous additional events that can lead to 

desorption during e- irradiation, like thermal excitation or radical abstraction, which are 

not accounted for. Obtaining this value is significantly useful in comparisons between 

materials or ambients.  

Finally, we obtained XPS for both films to further characterize both materials. 

Figure 3.4 shows the spectra for C 1s (a), O 1s (b), Sn 3d (c), and Na 1s (d) core level 

transitions. The C 1s spectra was fit with three peaks for the β-NaSn13, specifically C-H 

(Eb = 284.8 eV) C-O (Eb = 286.3 eV) and C=O (Eb = 288.6 eV).53 Only two peaks were 

needed for Sn12, where the C-O peak is absent since Sn12 has no methoxyl ligands like 

β-NaSn13. Neither films should contain any C=O in the film, but this is due to 

contamination from exposure to atmosphere during spin coating. The O 1s spectra was 

fit with two peaks for both precursors, with O-Sn (Eb = 530.4 eV) and O-H (Eb = 532.0 

eV).53,74 There are O-C species present in the β-NaSn13, as shown by the C 1s spectra, 

however the O 1s binding energy is difficult to distinguish from the O-H groups.53 

Therefore the higher binding energy peak for β-NaSn13 is denoted O-C/O-H. The Sn 

3d spectra is fit with two peaks representing the Sn 3d5/2 (Eb = 486.6 eV) and Sn 3d3/2 

(Eb = 495.0 eV) spin-orbit splitting.53,74,75 No noticeable differences are seen in the Sn 
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3d spectra for either film. Na is only present in the β-NaSn13, as it serves to template 

the cluster.67 The Na 1s in β-NaSn13 was fit using one peak (Eb = 1072.2 eV). The Sn 

MNN Auger spectra were also collected for both films and show two peaks 

representing M4N45N45 (Ekin = 432 eV) and M5N45N45 (Ekin = 424 eV). Due to close 

energy values of peaks for the Sn2+ and Sn4+ oxidation states, Auger spectra is required 

to truly determine the oxidation state.74 The Auger parameter is calculated by adding 

the binding energy of Sn 3d5/2 to the kinetic energy of Sn M4N45N45, where we obtain 

918.5 eV for Sn12 and 918.6 eV for β-NaSn13. This is consistent with expected value 

for Sn4+ (918.3−918.4 eV) as opposed to Sn2+ (919.7 eV) or Sn metal (922.0−922.4 

eV).53,75 

We have also calculated atomic concentrations for both films using the XPS 

data. Calculated At % values are presented in Table 3.2 along with the theoretically 

calculated values from the crystal structure of both precursors. The ratio of C-H:C-O is 

much higher than the theoretical value for β-NaSn13 primarily due to the presence of 

adventitious carbon. Adsorbed water is also likely due to the increase in O-H seen in 

β-NaSn13. Due to the inability to focus on multiple spots on the sample with a dual 

anode source, there is likely some desorption that has occurred during the scan length. 

Using a monochromated source instead with the ability to obtain spectra on fresh 

locations for each transition would provide more accurate atomic composition data. 

This is evident as the Sn % is larger than theoretically expected, suggesting some 

desorption has already occurred. 

Ultimately, this information paves the way for future studies. The primary goal 

is to be able to understand the chemical mechanisms that occur through EUV exposure. 
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But this can only be done after a baseline of data and standardized measurements are 

obtained and tested for repeatability. As more materials are synthesized moving 

forward, it is important to have a benchmark in place and reliable methods to compare 

to prior materials. Due to the film uniformity and stability of the β-NaSn13 shown in 

this chapter, further studies were carried out using the β-NaSn13. The focus of Chapters 

4 and 5 is to better understand the chemical transition taking place leading to a change 

in solubility through photon exposure.  

 

3.5 CONCLUSIONS 

We have characterized the Sn12 dodecamer and β-NaSn13 Keggin precursors as 

model photoresists for EUV lithography. AFM data shows that the β-NaSn13 forms a 

smooth film with low roughness, while the Sn12 agglomerates on the surface following 

deposition, creating pinholes in the film. This suggests the Sn12 requires some 

improvements in film quality before it can be reliably used as a photoresist. TPD data 

for both clusters were similar and indicated that there were two main desorption events; 

water desorption (350 K) and butyl desorption (690 K). Calculated desorption energies 

were identical for both on the range of 2.5-3 eV, correlating to the cleavage of butyl 

ligands bonded to Sn. Thus, the thermal stability of the film is directly related to the 

butyl-tin bond strength. Both films are stable at temperatures well above standard 

industrial baking temperatures. ESD demonstrated low energy electrons can induce 

butyl desorption. Calculated ESD cross sections provide a benchmark for assessing the 

radiation sensitivity of organotin resist materials. XPS results indicated the oxidation 
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state of the Sn through Auger parameter analysis and verified the chemical composition 

for both materials following film deposition. 
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Figure 3.1. AFM images for 5x5 µm scans of β-NaSn13 Keggin (a) and Sn12 Football 

(b) organotin precursors.  
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Figure 3.2. TPD studies showing the primary mass profiles (a) and the inversion 

analysis to calculate a thermal desorption energy for a range of pre-factors (b) for both 

the β-NaSn13 Keggin and Sn12 Football precursors. 
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Figure 3.3. ESD studies showing the primary mass profiles (a) and the desorption cross 

section analysis using Gaussian beam simulations (b) for both the β-NaSn13 Keggin 

and Sn12 Football precursors. 
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Figure 3.4. XPS characterization of both the β-NaSn13 Keggin and Sn12 Football 

precursors, comparing C 1s, O 1s, Sn 3d, Na 1s, and Sn MNN Auger spectra using Mg 

Kα dual anode X-ray source. 
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Table 3.1. Ellipsometry thickness measurements for the β-NaSn13 Keggin and Sn12 

Football precursors spin coated as thin films. 

Precursor 
Average  

Thickness (nm) 
Average  

MSE 

β-NaSn13 20.8 14.8 

Sn12 22.8 28.1 
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Table 3.2. XPS atomic percent calculations for the β-NaSn13 Keggin and Sn12 

dodecamer precursors. The Auger parameter is also calculated from the Sn M4N45N45 

kinetic energy. 

 Sn12 
Measured 

Sn12 
Theoretical 

β-NaSn13 
Measured 

β-NaSn13 
Theoretical 

Element Atomic % Atomic % Atomic % Atomic % 
Sn 17 % 15 % 19 % 13 % 
C (Total) 56 % 59 % 50 % 58 % 

C-H 53 % 59 % 46 % 47 % 
C-O 0 % 0 % 2.3 % 11 % 
C=O 2.7 % 0 % 1.9 % 0 % 

O (Total) 28 % 27 % 30 % 29 % 
O-Sn 19 % 17 % 22 % 24 % 
O-C/O-H 8.9 % 10 % 7.5 % 5 % 

Na 0 % 0 % 0.9 % 0 % 
Sn M4N45N45 431.9 eV  432.0 eV  Auger Par. 918.5 eV 918.6 eV 
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 4.1 ABSTRACT 

Advances in extreme ultraviolet (EUV) photolithography requires the 

development of next-generation resists that allow high-volume nanomanufacturing 

with single nanometer patterning resolution.  Organotin-based photoresists have 

demonstrated nanopatterning with high-resolution, high sensitivity, and low line edge 

roughness. However, very little is known regarding the detailed reaction mechanisms 

that lead to radiation-induced solubility transitions. In this study, we investigate the 

interaction of soft X-ray radiation with organotin clusters to better understand 

radiation-induced chemistries associated with EUV lithography. Butyltin Keggin 

clusters (β-NaSn13) were used as a model organotin photoresist and characterization 

was performed using near ambient-pressure X-ray photoelectron spectroscopy 

(NAPXPS). The changes in relative atomic concentrations and associated chemical 

states in β-NaSn13 resists were evaluated after exposure to radiation for a range of 

ambient conditions and photon energies. A significant reduction in the C 1s signal 

versus exposure time was observed, which corresponds to the radiation-induced 

homolytic cleavage of the butyltin bond in the β-NaSn13 clusters. To improve resist 

sensitivity we evaluated the effect of oxygen partial pressure during radiation 

exposures. We found that both photon energy and oxygen partial pressure had a strong 

influence on the butyl group desorption rate. These studies advance the understanding 

of radiation induced processes in β-NaSn13 photoresists and provide mechanistic 

insights for EUV photolithography. 
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 4.2 INTRODUCTION 

During the EUV photolithography process, the absorption of relatively high 

energy EUV photons results in the emission of photo- and Auger electrons, which 

inelastically scatter and result secondary electrons. Recent studies have indicated that 

low kinetic energy electrons are the active radiation species in EUV patterning,8 and 

ultimately drive photoresist chemistries.47,45,76,77 Electron stimulated desorption studies 

have found that the interaction of low energy electrons with butyltin hydroxide oxide 

hydrate resulted in desorption of the butyl ligand with fairly high cross sections, which 

is consistent with homolytic cleavage of the butyl-tin bond.5,45 For organotin 

compounds the EUV photosensitivity can be inversely correlated with the C-H bond 

dissociation energies for phenyl, butyl and benzyl groups,34 where the C-H bond 

dissociation energies were used to approximate trends in the C-Sn bond dissociation 

energies. Higher EUV photosensitivities were obtained for weaker C-H bond 

dissociation energies, which suggests that the homolytic cleavage of the C-Sn bond 

occurs during EUV exposure for organotin photoresists.  

Another factor that influences organotin resist properties is the ambient during 

radiation exposure. Studies have shown that DUV exposures of organotin cage 

photoresists in various ambients resulted in significant carbon loss compared to 

unexposed films.7 The carbon loss was correlated with cleavage of the butyl-tin bond. 

DUV exposures in air significantly decreased the amount of carbon compared to DUV 

exposures in N2, but also increased the amount of oxygen incorporated in the film.7 A 

major concern for EUV lithography is mirror contamination in EUV steppers by a range 

of species that can reduce the mirrors reflectivity. Prior studies have investigated 
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methods to minimize carbon contamination on the mirrors through the reactions of 

hydrocarbons with EUV radiation.78,79 Low pressures of O2 (~1x10-4 Torr) were shown 

to successfully decreases the amount of carbon deposition.78  

A more significant concern is Sn contamination on the mirrors from the EUV radiation 

sources (i.e., ablation of tin droplets). To minimize Sn contamination current EUV 

steppers operate with a hydrogen ambient. This results in the formation of volatile SnH4 

that then desorbs form the mirrors.80,81 The interaction of metal containing resists with 

EUV radiation and the hydrogen ambient can lead to the formation of volatile metal 

hydrides from the resists that can further contaminate the EUV mirrors.72 Based on the 

concern for resist outgassing ASML has introduced a dynamic gas lock (DGL) 

membrane for EUV steppers.82 The DGL membrane is located between the projection 

optics and the wafer stage. A secondary benefit of the DGL technology is that it allows 

ambient conditions at the wafer stage to be modified to potentially improve photoresist 

performance while not effecting the projection optics. Obtaining a more complete 

understanding of radiation induced mechanisms in organotin photoresists, and the role 

of ambient environments during exposures, will potentially allow the design of more 

efficient EUV photoresists and can ultimately lead to improvements in EUV 

photolithography.35  

In this study, we evaluated the effect of the X-ray photon energy and O2 partial 

pressures on the radiation induced chemistries for β-NaSn13 photoresists. We have used 

X-ray absorption spectroscopy (XAS) to measure the electron yield with respect to the 

X-ray photon energy and near ambient-pressure X-ray photoelectron spectroscopy 
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(NAPXPS) to perform operando characterization of the chemical and compositional 

changes with respect to exposure time, photon energy, and O2 partial pressure. 

 

4.3 EXPERIMENTAL 

The β-NaSn13 clusters were synthesized by a procedure described previously.67 

Si substrates (< 0.0055 Ω-cm) were prepared by rinsing with acetone, 2-propanol and 

deionized water, followed by etching the native oxide with hydrofluoric acid (48-51% 

ACS grade, VWR, diluted 1:5 with water) for two minutes. The substrates were 

immediately loaded into a VEECO 7700 Series thermal evaporator and pumped down 

to a base pressure of 1x10-6 Torr. Manganese chips (99.95%, KJ Lesker) were used to 

thermally evaporate ~100 nm Mn thin films onto the substrate. Mn film thickness was 

verified using a quartz crystal microbalance and profilometry.  

Hexamethyldisilazane (HMDS) (99.2%, MP Biomedicals) was spin coated onto 

the Mn films to form a hydrophobic surface and improve cluster adhesion and film 

uniformity. The HMDS was puddled on the substrate for approximately 30 seconds and 

then spin dried at 3000 RPM for 30 seconds. To form the precursor solution, 20 mg/mL 

of β-NaSn13 clusters were dissolved in 2-heptanone (99%, VWR) and mixed via ultra-

sonication for five minutes to make a 90 mM (Sn-basis) solution. The β-NaSn13 cluster 

solution was filtered through 0.45 µm PTFE syringe filter and puddled onto the 

substrate. A thin film was obtained by spin-coating at 3000 RPM for 30 seconds. 

Samples were then annealed at 70 °C for 3 min in air to remove residual solvent. Each 

substrate was cleaved into 5x10 mm2 coupons for sample mounting. 
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Atomic force microcopy has indicated that similar procedures provide uniform 

films with low roughness67 and spectroscopic ellipsometry has indicated that the films 

are ~20 nm thick.77  Rutherford backscattering spectroscopy (RBS) analysis was 

performed on these films to determine the number of Sn atoms present in the film. RBS 

was performed using a 2 MeV He+ beam from a 1.7 MV tandem accelerator and an ion 

current of 2-3 nA. Data fitting and modeling were performed using the SIMNRA 6.06 

software package. These results indicate that there are 1.0x1016 Sn/cm2. 

NAPXPS and XAS were performed using beam line 13-2 at the Stanford 

Synchrotron Radiation Lightsource (SSRL). The endstation features a vacuum chamber 

with a differentially pumped electron spectrometer (VG-Scienta, SES-100) connected 

to an ambient-pressure gas cell. With this endstation NAPXPS can be performed for 

pressures up to approximately 10 Torr.83 The distance between the sample and the 

beamline window was 10 mm. The beamline has an energy range of ℎ𝜈𝜈 = 180-1450 eV 

with a resolving energy of E/ΔE > 5000.83 The beamline uses a spherical grating 

monochromator along with Kirkpatrick-Baez focusing mirrors to obtain a spot size of 

0.01x0.075 mm2 and a flux between 1011-1012 photons/second.83 For NAPXPS and 

XAS experiments we used ℎ𝜈𝜈 = 472-640 eV and a 600 l/mm Ni coated grating. 

Two separate mounting procedures were used for NAPXPS and XAS. For 

NAPXPS, two 5x10 mm2 samples were mounted side-by-side by spot welding strips 

of Ta foil over the corners of the sample. For XAS, two 5x10 mm2 samples were 

mounted side-by-side using double sided conductive carbon tape on top of the Ta foil. 

For both cases, the Ta foil sample holder was mounted to the translation arm using a 1 

mm diameter platinum-rhodium alloy (Pt87Rh13) wire. After loading the samples, the 
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system was pumped down overnight to a pressure of <1x10-9 Torr. The ambient-

pressure gas cell was connected to a gas manifold containing an ultra-high purity O2 

lecture bottle (99.999% Purity Research Grade, Airgas). A high-precision variable leak 

valve (Vacuum Generators) was used to introduce and control the O2 pressure in the 

ambient-pressure gas cell. A residual gas analyzer (RGA200, Stanford Research 

Systems) was used to obtain background mass spectra in order to ensure no other 

impurity gasses during dosing. XAS was performed for the Sn M4,5, O K, and Mn L3 

absorption edges, where ℎ𝜈𝜈 was scanned from 480 to 640 eV with a 0.2 eV step size. 

The partial electron yield (PEY) was obtained by measuring the Sn MNN Auger 

electron intensity and the total electron yield (TEY) was obtained by measuring the 

sample current. The photon energy was further calibrated by measuring the kinetic 

energy of the C 1s peak at each photon energy.  

NAPXPS spectra were collected from the β-NaSn13 thin films at several photon 

energies and ambient conditions. For a typical set of experiments six C 1s spectra were 

obtained sequentially at a given photon energy (ℎ𝜈𝜈 = 472, 510, 530 and 626 eV). After 

these measurements a reference set of C 1s, O 1s, and Sn 3d spectra were obtained 

using ℎ𝜈𝜈 = 626 eV. Alternatively, six O 1s spectra were obtained sequentially using ℎ𝜈𝜈 

= 626 eV, followed by a reference set of C 1s, O 1s, and Sn 3d spectra at ℎ𝜈𝜈 = 626 eV. 

Each series of spectra were performed at new sample locations by using a piezo drive 

to move the sample ~10 µm. This NAPXPS procedure was performed in UHV and at 

𝑃𝑃𝑂𝑂2 = 0.01 and 1 Torr. The collection time interval in successive scans was set by the 

length of time required for the collection of one scan. The C 1s, O 1s, and Sn 3d spectra 
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were obtained using a 200 eV analyzer pass energy, 0.1 eV step size, 267 ms/step, and 

one sweep. All NAPXPS spectra were charge corrected to the aliphatic C 1s binding 

energy (Eb) at 284.8 eV.53 The NAPXPS spectra were fit with CasaXPS, using 

Gaussian-Lorentzian line shapes and a linear background. We found that the amount 

of charge compensation varied between ambient conditions and photon energies and 

we therefore allowed the full width half maximum (FWHM) values of the fitted peak 

components to vary by ±0.1 eV. The NAPXPS spectra were normalized to account for 

changes in flux from the beamline by using the average of the background intensity at 

low binding energies. This was done by averaging the intensities of three separate 1 eV 

energy windows shifted 0.5 eV apart below the main photoemission peak being 

analyzed. This normalization procedure additionally allowed us to assess the error with 

respect to the background noise. The film atomic concentrations (At%) were obtained 

by calculating relative sensitivity factors based on the known chemical composition of 

the β-NaSn13 clusters (i.e., 13 At% Sn, 58 At% C, and 29 At% O).77 The spectra 

obtained following exposure at 626 eV in UHV was used to estimate the sensitivity 

factors.  The same factors were then applied to the spectra for other experimental 

conditions. In an XPS system with well quantified sensitivity factors we obtained At% 

for the β-NaSn13 thin films that match the expected chemical composition.77  

To estimate the photon dose during spectral acquisition we divided the beamline 

photon flux by the X-ray spot area, which resulted in 4.1x1015 photons/cm2/s. The time 

to obtain C 1s, O 1s, or Sn 3d spectra was 420, 540 or 540 seconds, respectively. For 

the C 1s and O 1s series, the total exposure times were 2940 or 3780 seconds, 

corresponding to photon doses of ~1.2x1019 and ~1.6x1019 photons/cm2, respectively. 
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4.4 RESULTS AND DISCUSSION 

The interaction of low kinetic energy electrons with organotin photoresists 

drives much of the radiation-induced chemistries that lead to the required solubility 

transition. To better correlate the relative number of electrons at various photon 

energies for the NAPXPS experiments we have performed XAS. In Figure 4.1 we show 

the TEY XAS data from the 𝛽𝛽-NaSn13 films, which were obtained for ℎ𝜈𝜈 = 480-640 

eV. We have indicated the location of the Sn M4,5, O K, and Mn L3 edges and the 

photon energies used for the NAPXPS experiments. We find that as the photon energy 

increases the background intensity of the TEY also increases. The Sn M5 and M4 edges 

were located at 486.8 and 494.8 eV, respectively, which correspond well with values 

obtained for SnO2 aerogels.74,84 The O K edge was located at 531.2 eV, but also 

contains a significant pre-edge feature starting at 520.2 eV as well as multiple peaks 

extending from 535-600 eV. The pre-edge at 520.2 eV is due to an increase in the Sn 

3d photoionization cross section where there is a maximum ~40 eV above the M4,5 

edges.33 The peaks between 535-600 eV are from constructive and destructive 

interference due to multiple scattering from near neighbor atoms in the cluster.85 It is 

important to note that radiation induced chemical changes in the cluster are expected 

to occur during the collection of the XAS data, which may result in changes to the edge 

energies and relative intensities. 

To evaluate the effect of the photoelectron-emitting atom on radiation induced 

chemistries in 𝛽𝛽-NaSn13 films, we have used photon energies either below, at, or above 

the absorption edges of Sn and O.  We have also considered the role that the TEY has 
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on the radiation chemistries in the 𝛽𝛽-NaSn13 films. For the four photon energies used 

in the NAPXPS experiments we can evaluate the TEY and the primary atomic origin 

of the electrons. At ℎ𝜈𝜈 = 472 eV, which is below both the Sn M4,5 and O K edges, we 

have the lowest total absorption leading to a low TEY. At ℎ𝜈𝜈 = 510 eV, which is just 

above the Sn M4,5 edge, we have increased the TEY. At ℎ𝜈𝜈 = 530 eV, which is on the 

O K edge, we have further increased the TEY. At ℎ𝜈𝜈 = 626 eV, which is above both 

the Sn M4,5 and O K edges, we have the highest TEY. Compared to the TEY at ℎ𝜈𝜈 = 

472 eV we find that the TEY for ℎ𝜈𝜈 = 510, 530, and 626 eV increase by factors of 1.6, 

2.1, and 3.5, respectively. 

To further evaluate radiation induced chemistries we have obtained NAPXPS 

data for ℎ𝜈𝜈 = 472, 510, 530, and 626 eV and for UHV, 𝑃𝑃𝑂𝑂2= 0.01, and 𝑃𝑃𝑂𝑂2= 1 Torr. The 

goal of adding oxygen during exposure is to determine if oxygen adsorbed in the film 

can result in the formation of reactive oxygen intermediates that can increase the rate 

of butyl ligand loss from the resists.7,77 Based on mechanisms where the loss of the 

butyl group is necessary to form an insoluble film the incorporation of oxygen may 

potentially increase the sensitivity of the EUV photoresists.86 In Figure 4.2 (a-c) we 

show C 1s, O 1s, and Sn 3d spectra, respectively, obtained at ℎ𝜈𝜈 = 626 eV in UHV and 

𝑃𝑃𝑂𝑂2= 1 Torr. The spectra are stacked for clarity and are normalized using the procedure 

described above. The signal to noise ratios in the spectra decreases with increasing O2 

pressure due to the additional inelastic attenuation of electrons in the gas phase at 

higher O2 pressures.  
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In Figure 4.2a we show the C 1s spectra fit with three peaks at Eb = 284.8, 286.8, 

and 288.9 eV. These binding energies correspond to C-H, C-O, and C=O, 

respectively.53 The most intense peaks at Eb = 284.8 and 286.8 eV can be correlated to 

the twelve butyl and methoxy ligands, respectively, that are coordinated to the β-

NaSn13 cluster.53,87 The peak at Eb = 288.9 eV is likely due to contamination from 

exposure to the atmosphere.53 Adventitious carbon may also be present due to exposure 

to the atmosphere, which could lead to an error in determining the film specific 

sensitivity factor.53  

In Figure 4.2b we show the O 1s spectra fit with two peaks at Eb = 530.5 and 

532.0 eV. These binding energies correspond to tin oxide and either methoxy or 

hydroxyl ligands, respectively.75,87,88,89 Adsorbed organic carbonates (based on C 1s 

spectra) and water are also expected as potential contaminates. Unfortunately, the 

binding energies of these potential contaminates are similar to the values expected for 

methoxy or hydroxyl ligands, which makes it difficult to quantify the amount of 

contaminants.74 Therefore, in the discussions below the O 1s components will be 

primarily identified as tin oxide (Eb = 530.5 eV, O-Sn) and methoxy/hydroxyls (Eb = 

532.0 eV, O-C/O-H). The O 1s spectra obtained at 𝑃𝑃𝑂𝑂2= 1 Torr also has peaks at Eb = 

537.8 and 538.8 eV which correspond to the gas phase O2 doublet.90  

In Figure 4.2c we show the Sn 3d spectra fit to two peaks at Eb = 486.6 and 

495.0 eV, which correspond to the Sn 3d5/2 and 3d3/2 spin-orbit split doublet. These 

binding energies are consistent with either Sn2+ or Sn4+.74,75,88,89, Based on a prior Auger 

parameter analysis of these β-NaSn13 clusters, we have determined that the oxidation 
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state is Sn4+, which is consistent with the molecular formula and structure of the β-

NaSn13 cluster.77  

To assess changes in the β-NaSn13 films in different ambient conditions for 

increasing exposure times and different photon energies, we have fit the sequential C 

1s and O 1s spectra using the procedure described above. Figure 4.3 shows NAPXPS 

spectra obtained with ℎ𝜈𝜈 = 626 eV. Figure 4.3 (a,b) show the C 1s spectra obtained at 

UHV and 𝑃𝑃𝑂𝑂2= 1 Torr, respectively, while Figure 4.3 (c,d) show the O 1s spectra 

obtained at UHV and 𝑃𝑃𝑂𝑂2= 1 Torr, respectively. The X-ray exposure time is indicted in 

the figures and corresponds to the time at the midpoint of the spectrum. The C1s and 

O 1s spectra labeled 3.5 and 4.5 minutes, respectively, were obtained immediately after 

the sample was moved to a new location. The other spectra were obtained at the 

indicated times. We found that the C 1s spectra obtained in UHV (Figure 4.3a) do not 

change significantly even after a 38.5 min radiation exposure. However, the C 1s 

spectra obtained in 𝑃𝑃𝑂𝑂2= 1 Torr (Figure 4.3b) significantly decreased in intensity for 

the C-H component, while the intensity for the C-O and C=O components stayed 

approximately the same as the initial spectrum. As shown in Figure 4.3 (c,d), only 

minor changes were observed for the O 1s spectra whether the data were obtained in 

UHV or 𝑃𝑃𝑂𝑂2= 1 Torr or for longer exposure times. 

To better quantify the changes in the spectra shown in Figure 4.3, we have 

plotted peak intensity ratios with respect to X-ray exposure time. In Figure 4.4 (a-c) we 

show the intensity ratio of the C-H component for each spectrum divided by the C-H 

component from the initial spectrum with respect to X-ray exposure time. Plotting the 
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data in this manner highlights the relative changes in intensity during the X-ray 

exposure at each photon energy and ambient condition. In Figure 4.4a, we show the C-

H intensity ratio versus X-ray exposure time for four different photon energies in UHV. 

For these data very little change in the C-H intensity ratio was observed where the 

maximum decrease was ~0.10 compared to the original C-H intensity ratio.  In Figure 

4.4b we show changes in the C-H intensity ratio versus X-ray exposure time for four 

different photon energies at 𝑃𝑃𝑂𝑂2= 0.01 Torr. We find that there was a significant 

decrease in the C-H intensity ratio compared to the UHV data and that the decrease has 

a photon energy dependence. The maximum decrease in the C-H intensity ratio was 

~0.37 compared to the original C-H intensity ratio. In Figure 4.4c, we show changes in 

the C-H intensity ratio versus X-ray exposure time for four different photon energies 

at 𝑃𝑃𝑂𝑂2= 1 Torr. An even higher decrease in C-H intensity ratio (~0.52) was observed at 

this pressure. Again, the rate of decrease in the C-H intensity ratio was found to have a 

photon energy dependence. 

The main path for the reduction in the C 1s intensity ratio is through the 

homolytic cleavage of the C-Sn bond, which leads to the loss of butyl ligands from the 

cluster.5,45 Assuming that the observed reduction in the C 1s intensity correlates to the 

desorption of butyl ligands we can apply an exponential photon stimulated desorption 

(PSD) model to fit the data.91 For this analysis, the coverage of the radiation sensitive 

ligand with respect to photon exposure time can be determined using Eq. 4.1: 

 𝐼𝐼(𝑡𝑡) = 𝐼𝐼0exp[−σφt] + 𝐼𝐼∞ (Eq. 4.1) 
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Where 𝐼𝐼(𝑡𝑡) is the peak intensity of the radiation sensitive ligand at time t, σ is the 

desorption cross section in cm2, φ is the photon flux in photons/cm2/s, 𝐼𝐼∞ is the peak 

intensity of the radiation sensitive ligand at t = ∞, and 𝐼𝐼0 is the peak intensity of the 

radiation sensitive ligand at t = 0. At t = 0 Eq. 4.1 simplifies to 𝐼𝐼0 = 𝐼𝐼(𝑡𝑡 = 0) + 𝐼𝐼∞ and 

can be normalized by dividing by (𝐼𝐼0 + 𝐼𝐼∞) to obtain Eq. 4.2: 

 𝑦𝑦(𝑡𝑡) = 𝐴𝐴exp[−σφt] +  𝑦𝑦∞ (Eq. 4.2) 

Where 𝑦𝑦(𝑡𝑡) is the peak intensity ratio of the radiation sensitive ligand at time t, 𝑦𝑦∞ is 

the peak intensity ratio at t = ∞, and 𝐴𝐴 = 1 − 𝑦𝑦∞. This model allows for a quantitative 

comparison of the change in the C 1s signal for each experimental condition, which we 

correlate to the loss of the butyl ligands.  

The lines shown in Figure 4.4 (b,c) are based on the results of Eq. 4.2. By fitting 

the data to an exponential model and dividing the constant in the exponential term by 

the photon flux we can obtain σ. The absorption of incident X-rays results in the 

emission of photoelectrons, Auger electrons, secondary, and thermal electrons. It is 

these electrons that lead to the ligand desorption observed in our experiments. As a 

result the cross section includes the absorption of the incident X-rays and the emission 

of electrons by any atom in the cluster and not just a specific atom. However, by varying 

the photon energy we can enhance the relative X-ray absorption for specific elements. 

For 𝑃𝑃𝑂𝑂2= 0.01 and 1 Torr, we find that σ ranges from 8x10-18 to 4x10-17 cm2 where the 

lowest value was found for ℎ𝜈𝜈 = 472 eV at 𝑃𝑃𝑂𝑂2= 0.01 Torr and the highest value was 

found for ℎ𝜈𝜈 = 510 eV at 𝑃𝑃𝑂𝑂2= 1 Torr. Exponential fits were only used for fitting the 

C-H intensity ratio in 𝑃𝑃𝑂𝑂2= 0.01 and 1 Torr. A linear model was used to fit the C-H 
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intensity ratio in UHV and is included in Figure 4a to provide a visual representation 

of the relative changes. 

The calculated values for 𝑦𝑦∞ were between 0.48 to 0.8, which indicates that up 

to half of the aliphatic carbon desorbed during the longest X-ray exposures. For the C 

1s spectra obtained in 𝑃𝑃𝑂𝑂2= 1 Torr there was also a slight increase in C-O and C=O, 

which suggests that some of the remaining carbon species were oxidized in the oxygen 

ambient. We found that a solubility change occurred after developing the β-NaSn13 

after the extended X-ray exposures used to collect the data in Figure 4.1(a-d) and even 

for X-ray exposures performed in UHV. It is likely that the beamline provides sufficient 

X-ray flux to cause radiation induced changes very rapidly in the films, which 

ultimately results in the formation of an insoluble product.  

As mentioned above, we have found that the C-H intensity ratio depends on 

both the ambient conditions and the photon energy. This suggests that both of these 

factors influence the rate of butyl ligand desorption from the β-NaSn13 resists. We 

believe that ambient O2 is adsorbed in the β-NaSn13 resists and that reactive oxygen 

species form during inelastic scattering of the emitted and secondary electrons. For the 

expected electron kinetic energy range (< 90 eV) molecular oxygen has high cross 

sections for electronic excitations, ionization and dissociation, which can lead to the 

formation of reactive oxygen species.92,93 A recent study has demonstrated that the 

introduction of an oxygen ambient during e-beam lithography allows the direct 

patterning of single- and bilayer graphene with a resolution better than 20 nm.94 Due 

to the high resolution patterning that was obtained, the authors proposed that secondary 
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electrons produced during e-beam lithography led to the reactive oxygen species that 

etched the graphene.  

In our studies the O2 ambient provides two potential reaction pathways: the 

electrons emitted from the β-NaSn13 resists can interact with O2 adsorbed in the film, 

resulting in the formation of reactive oxygen species that preferentially interact with 

the butyl ligands; or the gas phase O2 can absorb the X-rays, leading to electron 

emission in the gas phase, which would simultaneously reduce the X-ray flux at the β-

NaSn13 resist. An increase in the number of emitted electrons or the presence of reactive 

oxygen species is expected to result in a larger loss of butyl ligands from the β-NaSn13 

resist. To assess the total number of emitted electrons at a given photon energy we used 

the TEY XAS data from Figure 1. In Table 4.1 we provide normalized TEY for β-

NaSn13 films at each photon energy using the TEY at ℎ𝜈𝜈 = 472 eV. These data indicate 

that both ℎ𝜈𝜈 = 530 and 626 eV have much higher TEY than either ℎ𝜈𝜈 = 472 and 510 

eV. For 𝑃𝑃𝑂𝑂2= 0.01 Torr we find that ℎ𝜈𝜈 = 530 and 626 eV have the largest C-H loss, 

and these photon energies correspond to the highest TEY in Table 1. However, for 𝑃𝑃𝑂𝑂2= 

1 Torr we find that ℎ𝜈𝜈 = 626 eV still has the largest C-H loss, but ℎ𝜈𝜈 = 510 eV has a 

larger C-H loss compared to ℎ𝜈𝜈 = 530 eV. This may be due to an increase in the 

absorption of the photons by gas phase O2 at the O K edge (ℎ𝜈𝜈 = 530 eV). To evaluate 

this we have calculated the expected X-ray attenuation at each photon energy compared 

to UHV and these results are also provided in Table 4.1. At 𝑃𝑃𝑂𝑂2= 0.01 Torr this analysis 

indicates only minor X-ray attenuation at ℎ𝜈𝜈 = 626 eV, and effectively no attenuation 

at the other photon energies. However, at 𝑃𝑃𝑂𝑂2= 1 Torr X-ray attenuation occurs for all 
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four photon energies. The largest decrease is observed for ℎ𝜈𝜈 = 626 eV, while the 

attenuation for ℎ𝜈𝜈 = 510 and 530 eV are essentially the same. Experimental gas phase 

X-ray absorption spectra for O2 indicates that the main absorption transition occurs at 

ℎ𝜈𝜈 ~ 532 eV.95  If we modify our absorption cross sections for ℎ𝜈𝜈 = 530 eV by assuming 

we are on the main absorption transition of O2 in the gas phase we can recalculate our 

X-ray attenuation. By doing this we find that the X-ray attenuation for ℎ𝜈𝜈 = 530 eV at 

𝑃𝑃𝑂𝑂2= 1 Torr is now 0.9881. This value is only slightly reduced compared to the 

estimates in Table 4.1. As such, we suggest that the X-ray attenuation at the different 

oxygen partial pressures should result in only a minor variation in the X-ray flux at the 

sample and does not explain the observed differences in C-H loss at the different photon 

energies. 

To evaluate the effect that radiation exposure time has on the oxygen species in 

the β-NaSn13 clusters we have performed an analysis similar to what was done for the 

C 1s data. We have calculated an O 1s intensity ratio by dividing the intensity of each 

O 1s spectrum by the intensity of the initial O 1s spectrum after the indicated X-ray 

exposure time. In Figure 4.4d, we show the O 1s intensity ratio obtained using ℎ𝜈𝜈 = 

626 eV for β-NaSn13 resists in UHV and at 𝑃𝑃𝑂𝑂2= 0.01 and 1 Torr for different X-ray 

exposure times. The O 1s intensity ratio obtained in UHV decreased for longer X-ray 

exposure times, while the O 1s intensity ratio obtained in 𝑃𝑃𝑂𝑂2= 0.01 and 1 Torr slightly 

increased for longer X-ray exposure times. We found that the O 1s intensity ratio 

obtained in UHV decreased by ~0.23, while the O 1s intensity ratio obtained in 𝑃𝑃𝑂𝑂2= 

0.01 and 1 Torr increased by ~0.05. The same PSD model described above was used 
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to fit the O 1s data obtained in UHV and is indicated by the solid black line. A linear 

model was used to fit the O 1s data obtained in 𝑃𝑃𝑂𝑂2= 0.01 and 1 Torr and these are 

indicated by the solid blue and red lines, respectively.  

To gain further insight into how the chemical composition of the β-NaSn13 films 

change we have determined the At.% before and after X-ray exposures. In Figure 4.5 

we show At.% for spectra obtained after a 42 minute X-ray exposure with ℎ𝜈𝜈 = 626 eV. 

It should be noted that similar results were obtained for ℎ𝜈𝜈 = 472, 510 and 530 eV. 

These results indicate only negligible changes for Sn At.% in UHV or as a function of 

𝑃𝑃𝑂𝑂2. This is expected since the likely Sn species are not expected to be volatile at room 

temperature.  Furthermore, there was a significant reduction in the C At.% for 

increasing 𝑃𝑃𝑂𝑂2 compared to UHV, which is due primarily to the reduction in the C-H 

component. As already mentioned above a reduction in C-H component suggests the 

desorption of butyl ligands from the β-NaSn13 films. Both the C-O and C=O 

components are found to increase with 𝑃𝑃𝑂𝑂2 compared to UHV, which indicates that 

some butyl ligands are oxidized during X-ray exposure in the presence of O2 and these 

species remain in the film. There was only a negligible increase in the total O atomic 

concentrations for increasing 𝑃𝑃𝑂𝑂2 compared to UHV. We found that the O-Sn 

component increased when going from 𝑃𝑃𝑂𝑂2 = 0.01 to 1 Torr and that there was an 

increase in O-C/O-H at 𝑃𝑃𝑂𝑂2 = 0.01 Torr and a decrease at 𝑃𝑃𝑂𝑂2 = 1 Torr. The ratio of O-

Sn:O-C/O-H also increases for higher 𝑃𝑃𝑂𝑂2 . When 𝑃𝑃𝑂𝑂2= 1 Torr the conversion to SnO2 

is maximized and the O-C/O-H component makes up a much smaller portion of the 

total O 1s intensity. These results suggest we are increasing the rate at which β-NaSn13 
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converts to SnO2 through exposure to a higher ambient pressure of O2. Furthermore, 

there is an increase in oxygenates on the surface which provides another route to Sn 

oxidation. These species could possibly act as intermediates during the reaction, which 

is why they make up a larger component of the film in the lower O2 ambient pressure. 

Figure 4.6 provides a visual representation of mechanisms that occur in the β-

NaSn13 resist when exposed to radiation in different ambient conditions. A portion of 

the β-NaSn13 cluster is shown Figure 4.6a, and shows one Sn ion bound to structural 

oxygen and methoxy/hydroxyl groups. Figure 4.6 (a,b) illustrate that two different 

reaction pathways can occur during EUV exposure in UHV and 𝑃𝑃𝑂𝑂2= 1 Torr, 

respectively. When the clusters absorb EUV radiation both photo- and Auger electrons 

are emitted from the atoms in the cluster. Inelastic scattering of these electrons leads to 

formation of both low energy secondary and thermal electrons. These electrons have 

enough kinetic energy to drive reactions that further modify the cluster chemistries. 

During this process, ambient oxygen molecules also interact with the emitted electrons 

leading to an increase in the number of reactive oxygen species that are formed.77 The 

C-Sn bond is the weakest bond in the cluster5 and butyl ligands undergo homolytic 

cleavage as shown in Figure 4.6d due to inelastic scattering of the electrons.5 In UHV 

the only oxygen available to oxidize the Sn is from within the cluster. This process 

requires additional energy to break the bond between the hydrogen or methyl group 

and oxygen. The resulting O ion may form a double bond in order to restore charge 

neutrality. In an oxygen ambient three additional reaction pathways are possible. In 

Figure 4.6e, the reactive oxygen species can enhance the removal of methoxy/hydroxyl 

ligands which leads to an increase in the rate of conversion to SnO2. In Figure 4.6f, the 
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reactive oxygen species can react directly with Sn, which results in oxidation without 

a change in coordination. In Figure 4.6g, reactive oxygen species can react with two 

Sn groups in adjacent clusters leading to Sn-O-Sn linking. 

We find that removal of less than half of the butyl groups from the β-NaSn13 

cluster results in a change in solubility.86 It is expected that further removal of butyl 

ligands or oxidation of Sn occurs during the development process which includes a 

170 °C anneal in air and soaking in 2-heptanone. Further investigation of the 

composition following both the anneal and developer soak are necessary to obtain a 

complete understanding of the solubility transition mechanism.50 By investigating 

ambient gasses with different oxidative strength we can also determine how they could 

be added during the EUV processes using a DGL membrane or how related species 

could be integrated into the resist to improve EUV sensitivity.  

We have demonstrated that the addition of oxygen during β-NaSn13 radiation 

exposure enhances the rate at which the cluster desorbs butyl groups. The addition of 

O2 during EUV lithography may reduce the necessary dose to achieve the solubility 

transition, and thereby reduce the time required to pattern a wafer. This also likely holds 

true for other polyoxometallic nanocluster resists where the chemical mechanism relies 

on creating secondary and thermal electrons that result in homolytic bond cleavage 

through inelastic scattering. Further studies are still required to determine the 

mechanisms that take place through each step of the EUV lithography process. For our 

NAPXPS studies, the photon dose used (~1x1019 photons/cm2) is likely several orders 

of magnitude higher than the dose required to achieve the solubility transition. 

Performing similar experiments with a lower photon flux and EUV radiation should 
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provide further information on the distinct chemical changes occurring during EUV 

exposures. 

 

4.5 CONCLUSIONS 

Through this study we were able to show that carbon is removed from β-NaSn13 

during X-ray exposures and we were able to monitor radiation-induced changes in 

chemistry. The emitted and inelastically scattered electrons have enough kinetic energy 

to drive the homolytic cleavage of the Sn-C bond. We show that increasing electron 

yield due to increasing X-ray photon energy leads to a greater loss in carbon, which we 

correlate to the desorption of butyl ligands from the β-NaSn13 cluster. The observed 

changes in the PSD cross sections with photon energy was closely related to the TEY 

as measured by XAS. An oxygen ambient resulted in a significantly higher rate for 

butyl group desorption, which we propose is due to the formation of reactive oxygen 

species through the interaction of O2 with emitted electrons. Investigating the role gases 

play on the chemical mechanism allow for a better understanding of the chemistry 

taking place during radiation exposures. This study also suggests that introducing 

oxygen during radiation exposure may increase resist sensitivity and increase process 

efficiency. 
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Figure 4.1. TEY XAS obtained from a β-NaSn13 film.   
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Figure 4.2. NAPXPS obtained for β-NaSn13 in both UHV and 𝑷𝑷𝑶𝑶𝟐𝟐 = 1 Torr using hν 

= 626 eV. (a) C 1s, (b) O 1s, and (c) Sn 3d core levels. 
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Figure 4.3. NAPXPS data obtained for different X-ray exposure times for C 1s in (a) 

UHV and (b) 𝑷𝑷𝑶𝑶𝟐𝟐 = 1 Torr, and O 1s in (c) UHV and (d) 𝑷𝑷𝑶𝑶𝟐𝟐 = 1 Torr. 
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Figure 4.4. X-ray induced change in peak intensity ratios: C-H component of the C 1s 

spectra obtained in (a) UHV, (b) 𝑃𝑃𝑂𝑂2= 0.01 Torr, (c) 𝑃𝑃𝑂𝑂2= 1 Torr, and (d) Total O 1s 

spectra at hν = 626 eV for indicated oxygen pressures. The curves in the figure (b,c) 

are fits to equation 1, while the lines in figure (a) are fits to a linear function. In figure 

(d) the UHV data are fit to equation 1, while the ambient oxygen data are fits to a linear 

function.
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Figure 4.5. Atomic percent calculations showing the compositional changes for C 1s, 

O 1s, and Sn 3d core levels and their respective chemical states after sequential C 1s 

scans (42 min of exposure) at ℎ𝜈𝜈 = 626 eV.
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Figure 4.6. Proposed mechanism showing the conversion from β-NaSn13 to SnO2. 

Photons are absorbed leading to photoemission (a), followed by electron scattering and 

generation of secondary electrons (b and c). The homolytic cleavage of butyl ligands 

(d) is enhanced in the presence of oxygen and provides a more efficient route to SnO2 

(e, f, and g).  
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Table 4.1. Ratio of TEY from β-NaSn13 resists normalized to ℎ𝜈𝜈 = 472 eV. Ratio of 

X-ray attenuation for different photon energies and oxygen partial pressures 

normalized to UHV. Photoabsorption cross section values obtained from Henke et al.66 

hv (eV) 
UHV Normalized 

TEY Intensities 

Attenuation of X-rays Normalized to UHV 

0.01 Torr 1 Torr 

472 1.0000 1.0000 0.9973 

510 1.5934 1.0000 0.9978 

530 2.1454 1.0000 0.9980 

626 3.4893 0.9997 0.9745 
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5.1 ABSTRACT 

Solution-based organometallic nanoclusters are unique nanoscale precursors 

due to the ability to precisely control their size, shape, structure, and assembly. The 

interaction of extreme ultraviolet (EUV) or X-ray photons with these organometallic 

nanoclusters can result in processes where organic ligands are modified and can lead 

to a change in solubility. This makes organometallic nanoclusters prime candidates for 

next-generation photoresists for EUV nanolithography. In this study, we investigate the 

interaction of X-ray radiation with a charge neutral, sodium templated, butyl-tin Keggin 

(β-NaSn13) nanocluster. This cluster is used as a model EUV photoresist to better 

understand the radiation induced solubility transition. Near ambient pressure X-ray 

photoelectron spectroscopy (NAPXPS) was used to characterize the β-NaSn13 thin 

films, where Sn 3d, O 1s, and C 1s core-levels where measured under a range of 

ambient conditions, including ultrahigh vacuum and 1 mbar of oxygen, water, 

methanol, or nitrogen. A photon dose array was obtained for each ambient condition to 

determine their effect on the photon induced chemistries which result in the observed 

solubility transition. The resulting contrast curve indicate that an oxygen ambient 

significantly reduces the required photon dose relative to UHV, while all other 

ambients increases the required photon dose relative to UHV. We performed in-situ 

XPS after annealing post-exposure β-NaSn13 thin films in multiple ambients to study 

the chemistry that occurs after a post exposure bake (PEB). The β-NaSn13 thin films 

retained a significant amount of aliphatic carbon following the PEB in all the ambients 

we studied. Based on our studies, we propose that the solubility transition for β-NaSn13 

thin films occurs through radical hydrogen abstraction and radical–radical coupling 
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reactions. These studies further improve the understanding of photon induced 

chemistries in a β-NaSn13 model resist and provides mechanistic insights for EUV 

lithography processing with organometallic nanomaterials. 

 

5.2 INTRODUCTION 

As integrated circuits continue to decrease in size, photolithography is often 

pushed to its resolution limits to meet the required device scaling.32 In order for 

integrated circuits to continue on the International Roadmap for Devices and Systems, 

sub-10 nm ½ pitch are required. 31,96,97 By reducing the wavelength of light the ½ pitch 

can be achieved without resorting to quadruple patterning or beyond.32,96 Currently, a 

transition from deep ultraviolet (DUV, λ=193 nm) nanolithography to shorter 

wavelength extreme ultraviolet (EUV, λ=13.5 nm) nanolithography is commercially 

underway.32 Although EUV nanolithography is being adopted this transition still has 

several issues that need to be addressed, including increased EUV source power, higher 

tool uptime, lower mask defects, improved pellicle design, reduced stochastic effects, 

and photoresists that manage the resolution, line edge roughness (LER), and sensitivity 

tradeoff.32,35,96  

Recent advances to improve high-resolution EUV photolithography have 

focused on the development of new photoresist materials. One promising class of EUV 

photoresist materials include organometallic nanocluster photoresists. 31,96,98,99 When 

these organometallic nanoclusters are exposed to radiation the bond between the 

organic ligands and the metal group can undergo homolytic cleavage. The reaction of 
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the resulting radicals can result in a change in solubility.5,8,50,45 A benefit of these 

organometallic nanocluster resists is that they can be synthesized with precise control 

over their size, shape, structure, composition, and ligand chemistries, which allows the 

development of a wide range of materials that can be optimized for EUV 

nanolithography. 28,17 The highest performing materials include elements that have high 

photon absorption cross sections for EUV radiation (λ=13.5 nm and hν=92 eV).96,100 

These organometallic cluster photoresists can potentially replace the industry-standard 

polymer photoresists for EUV photolithography with the goal to provide higher 

resolution, lower LER, higher sensitivity, and higher etch resistance.31,5,50,96  

Organotin nanoclusters are promising for numerous applications, including 

inorganic photoresists for EUV photolithography.67,101 Synthetic approaches for 

organotin nanoclusters allow precise atomic-scale control, where a range of chemical 

compositions and properties can be obtained through manipulation of size, shape, or 

structure.16 We have previously studied a charge-neutral sodium templated butyltin 

Keggin cluster [NaO4(BuSn)12(OH)3(O)9(OCH3)12(Sn(H2O)2)] (β-NaSn13) as a model 

organotin photoresist to better understand radiation induced reaction mechanisms.86,102 

A benefit of the β-NaSn13 system is that tin has a high photon absorption cross section 

for EUV radiation (~20x greater than carbon).67 Furthermore, β-NaSn13 is charge-

neutral and does not need counterions,5 which allowed us to focus primarily on the 

butyltin chemistries. 

When photoresists are exposed to EUV radiation both photo- and Auger 

electrons are emitted, and these primary electrons can inelastically scatter to form 

secondary electrons with lower kinetic energy. These secondary electrons have been 
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shown to be the primary radiation species responsible in driving photoresist chemistries 

during EUV exposures.8,50,45 Electron stimulated desorption (ESD) studies from 

butyltin hydroxide oxide hydrate thin films have indicated that butyl ligands desorb 

upon exposure to low kinetic energy electrons. This process occurs with high cross 

sections, and was correlated with the homolytic cleavage of the butyl-tin bond.45 Recent 

studies have used contrast curves to study the photosensitivity of tin-oxo cluster 

resists.34,103 These contrast studies can also be used to hypothesize on the mechanisms 

that take place in the photoresist. For example, recent studies have indicated that the 

bond strength of the hydrocarbon ligand attached to the tin atom was inversely 

proportional to the photoresist sensitivity, which suggests that cleavage of the Sn-C 

bond is the rate limiting reaction.34 It has also been determined that the post exposure 

bake (PEB) conditions can also affect photoresist performance, which indicates that 

further reactions of photo-generated products take place by the addition of thermal 

energy.103 

To reduce the risk of photoresist outgassing on contaminating the reflective 

optics in EUV steppers ASML has introduced a dynamic gas lock (DGL) membrane. 

The DGL membrane separates the projection optics from the ambient in the wafer 

handling system. The DGL membrane also allows EUV radiation to pass through with 

negligible aberration effects.104 In addition to protection from ambient exposure, the 

DGL membrane setup additionally allows for alternative molecules to be intentionally 

introduced into the photoresist side of the membrane, providing an additional variable 

in optimizing photolithographic performance. Thus obtaining an understanding of 
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ambient interactions with resist materials can provide an important role in industrial 

applications. 

Varying the ambient conditions during photon exposure has been shown to 

affect photosensitivity. DUV exposures of organotin cage photoresists showed an 

increase in the amount of carbon loss for exposures in air versus N2, with a 

corresponding increase in oxygen incorporation for exposures performed in air.7 

Multiple studies have recently shown that oxygen can increase photoresist 

sensitivity.86,102 For example, an increase in ESD cross sections for hydrocarbons 

during low kinetic energy electron exposure in O2 has been demonstrated for β-NaSn13 

thin films, which suggests that reactive oxygen species affect the radiation 

chemistries.86 A significant increase in carbon loss from β-NaSn13 thin films was 

demonstrated after exposure to soft X-rays in ~1.3 mbar of O2 versus ultra-high vacuum 

(UHV).102 Adjusting the photon energy, and thus controlling the total electron yield, 

indicated that a direct relationship could be made with the reaction rate and amount of 

carbon loss. These results imply that reactive oxygen species can be formed through 

interaction of O2 with secondary electrons and the reactive oxygen species can result 

in an increase in photoresist sensitivity.102 

Prior studies following post exposure bakes indicated that a significant amount 

of carbon remained in the organotin photoresists.105 Following an exposure in 1 mbar 

of O2, which was high enough to change the photoresists solubility, there was a 

decrease in the total C 1s atomic percent (at %) to 49 % from the original films 57 %.105 

There was little to no change in the total C 1s at % after annealing to 170 °C in vacuum 

for locations that were exposed to radiation versus those that were unexposed. Further 
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analysis with other molecules is needed to better understand the radiation induced 

reaction mechanisms and processes that occur following exposure and the PEB.  

In this study, we evaluated the effect of ambient conditions during exposure on 

the sensitivity of β-NaSn13 photoresists. Contrast curves were generated to estimate the 

change in photoresist sensitivity with respect to ambients with different gases. We used 

near ambient-pressure X-ray photoelectron spectroscopy (NAPXPS) to characterize the 

chemical and compositional changes in-situ for each ambient used. We additionally 

studied the chemical changes following in-situ PEBs of β-NaSn13 photoresists in 

multiple ambients to determine the effect thermal energy has on the contrast 

mechanism. Finally, we provide a possible mechanistic description of the lithographic 

process for β-NaSn13 photoresists. 

 

5.3 EXPERIMENTAL 

The β-NaSn13 clusters were synthesized by a procedure described previously.67 

To form the precursor solution, 20 mg/mL of β-NaSn13 clusters were dissolved in 2-

heptanone (99%, VWR) and mixed via ultra-sonication for five minutes to make a 90 

mM (Sn-basis) solution. Si substrates with a 100 nm thermally grown oxide (TOX) 

were pretreated by sonicating separately in acetone, 2-propanol, and deionized water 

for 2 min, followed by a 50 watt O2 plasma etch for five minutes. Hexamethyldisilazane 

(HMDS) (99.2%, MP Biomedicals) was spin coated onto the Si substrates to create a 

hydrophobic surface and improve cluster adhesion and film uniformity. The HMDS 

was puddled on the substrate for approximately 30 seconds and then spin dried at 3000 

RPM for 30 seconds. The β-NaSn13 cluster solution was filtered through 0.45 µm PTFE 
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syringe filter and then puddled onto the Si substrate. A thin film of β-NaSn13 was 

obtained by spin-coating at 3000 RPM for 30 seconds. Samples were then annealed at 

70 °C for 3 min in air to remove residual solvent. Atomic force microcopy has indicated 

that this procedure provides uniform films with low roughness and spectroscopic 

ellipsometry has indicated that the films are ~20 nm thick.45 Each substrate was cleaved 

into ~5x10 mm2 coupons for sample mounting. Several samples were coated and those 

that were not immediately used were stored under vacuum in a sealed desiccator.  

Experiments were performed with a SPECS NAPXPS system with a base 

pressure <2×10-10 mbar. Monochromatized Al Kα radiation (hν = 1486.6 eV, 50W, 

15kV) was used as the radiation source for obtaining contrast curves in UHV and 𝑃𝑃𝑂𝑂2 =

𝑃𝑃𝐷𝐷2𝑂𝑂 = 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑃𝑃𝑁𝑁2 = 1 mbar, as well as for measuring high resolution C 1s, O 1s, 

and Sn 3d core level spectra in each ambient. Spectra were obtained with an electron 

analyzer pass energy of 38 eV, and normal emission. The X-ray beam diameter on the 

substrate was ~300 μm. XPS data were charge corrected to the C 1s aliphatic carbon 

binding energy (Eb) at 284.8 eV. The spectra were fit using Gaussian-Lorentzian line 

shapes and a linear background. Since β-NaSn13 is dynamically changing during 

exposure to X-rays the full width half maximum (FWHM) values were allowed to vary 

up to ±0.05 eV. Changes in charge compensation from differing ambients is also 

considered with this variation in fitting constraints.  

The gas manifold for the ambient pressure cell has connections to both an 

Edwards nXDS6i scroll pump and a Hi Cube 80 Pfeiffer Turbo. A base pressure of < 1 

x 10-5 mbar was achieved for the manifold. The manifold was also connected to an O2 
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lecture bottle (99.997% Matheson Purity, Matheson), a N2 300 CF cylinder (99.999% 

Ultra High Purity, Airgas), and Schlenke vials (Wilamed Lab Glass) that contain either 

anhydrous methyl alcohol (Absolute AR ACS Grade, Macron Fine Chemicals) or 

deuterated water (99.9% Sigma-Aldrich). A high-precision variable leak valve was 

used to control the pressure in the ambient pressure cell. A residual gas analyzer 

(RGA200, Stanford Research Systems), located in the differentially pumped portion of 

the analyzer, was used to collect background mass spectra and verify the purity of each 

molecule. 

For contrast studies, the ambient pressure cell was stabilized at a fixed ambient 

condition (𝑃𝑃𝑥𝑥 = 1 mbar) or kept at UHV before exposing the β-NaSn13 photoresist to 

X-rays. An automated manipulator drive was used to move the sample so that the X-

ray exposure times can be precisely controlled. The exposure time began once the X-

rays spot was moved to a new location on the β-NaSn13 thin film. Each location was 

exposed for increasing lengths of time (Δ = 100 sec). For longer dose times, XPS data 

were collected during the exposure. The O 1s, C 1s, and Sn 3d spectra were separately 

obtained immediately after moving to a new sample location, denoted as “Initial,” so 

that chemical changes during exposure in one location would not affect the initial 

spectra for each core-level. Slight intensity changes can occur from moving to different 

a location on the sample due to small changes in the distance of the sample to the 

analyzer. Therefore a reference Sn 3d spectrum was collected in the same location 

following each initial spectrum to assist in normalizing the spectra. A C 1s, Sn 3d, O 

1s, Sn 3d sequence was obtained in the same location after an 1800 sec exposure and 

these spectra are labeled “After 30 min.” All “After 30 min” spectra were additionally 
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normalized by a reference Sn 3d peak collected after the main sequence. All spectra 

were normalized by dividing the spectra by the total peak area of the Sn 3d5/2 reference 

spectra. 

For annealing studies three locations were chosen to obtain C 1s, O 1s, and Sn 

3d spectra, each followed by a Sn 3d reference spectra. All three locations were exposed 

to X-rays to achieve 1800 s exposures. The ambient pressure cell was stabilized for a 

given pressure and gas (𝑃𝑃𝑥𝑥 = 1 mbar) or kept at UHV. Samples were annealed for 5 

min at 170 °C (±5°) in each ambient and then cooled back to room temperature. The 

ambient gas was slowly pumped from the ambient pressure cell once the sample was < 

130 °C. The X-ray spot was then moved back to the saved manipulator positions for 

the previous three 1800 s exposures. A C 1s, Sn 3d, O 1s, Sn 3d sequence was obtained 

at each of these locations and are labeled “After 30 min, 170 °C Anneal.” Three 

additional locations which were not exposed to X-rays were analyzed after the anneal 

to monitor the changes in the spectra related to just the annealing process. 

Photoresist films were developed immediately after removing the samples from 

the XPS system after X-ray exposure. Photoresist films were baked for 5 min at 170 °C 

on a temperature controlled hot plate. For the samples annealed in the SPECS system, 

no external bake was used. The photoresist films were then immersed in a 2-heptanone 

bath for 60 seconds and then blow dried with compressed N2. A J. A. Woollam M-2000 

spectroscopic ellipsometer was used to measure the thickness of the insoluble film that 

remains after development. Developed spot sizes varied depending on the different 

ambient used and length of time exposed. Therefore, the thickness of the center region 

for the developed spot is what was used for the contrast curves. The thickness 
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measurements were normalized by subtracting the smallest measured thickness and 

then dividing by the difference between smallest and largest measured thickness. An 

average of three normalized thickness measurements were used to determine the 

thickness for each exposure time. Error bars were determined by calculating a 95% 

confidence interval.  

An estimate the photon dose was made by using the manufacturer specified 

photon flux for a Specs µ-FOCUS 600 X-ray monochromator, which is 9x1010 

photons/s. With a spot size of ~370 µm and assuming 90% transmission through the 

SiN window on the ambient pressure cell. This resulted in a photon flux of 2.5x1013 

photons/cm2/s. For an exposure time of 1800 seconds, the corresponding photon dose 

is ~4.5x1016 photons/cm2.  

Each contrast curve was further analyzed by fitting three lines to the curve. A 

low exposure line was fit from time 0 to the time (dose) before a significant increase in 

thickness (>0.05 increase) occurs. A high exposure line was fit from the time (dose) at 

which a maximum normalized thickness of 1 is reached, to the final measured time. 

The third line is the linear slope in the region between the endpoint of the low exposure 

line and the beginning of the high exposure line. The intersection of the linear slope 

and low exposure line is the energy density D0, while the intersection of the linear slope 

and high exposure line is the energy density D100. A contrast parameter (γ) can be 

calculated using Eq. 5.1 from Campbell et al.106 

 
𝛾𝛾 =

1
log10(𝐷𝐷100 𝐷𝐷0⁄ ) (Eq. 5.1) 
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To estimate the at % relative sensitivity factors we determined attenuation 

lengths and differential cross sections for each XPS transition. To calculate the 

attenuation length we used Equation 15 from Cumpson et al.107 The differential cross 

section was calculated using equation 89 from Fadley et al.108 where we used published 

photon absorption cross sections values from Yeh et al.33 and a 60° X-ray source-to-

analyzer-angle. Rewriting equation 115 from Fadley et al. and assuming negligible 

differences from the solid angle, specimen area, and detection efficiency between 

spectra gives Eq. 5.2: 

 𝜌𝜌2
𝜌𝜌1

=
𝐼𝐼2Λ1(𝑑𝑑𝑑𝑑1 𝑑𝑑Ω⁄ )
𝐼𝐼1Λ2(𝑑𝑑𝑑𝑑2 𝑑𝑑Ω⁄ ) (Eq. 5.2) 

Where we can calculate the atomic densities (ρ) using the peak intensities (I), 

attenuation lengths (Λ), and differential cross sections �𝑑𝑑𝑑𝑑
𝑑𝑑Ω
�.108 Similar at % were 

obtained for samples measured in a Perkin Elmer PHI 5600 XPS system that has 

published sensitivity factors for a 90° angle between the X-ray source-to-analyzer-

angle.86  

 

5.4 RESULTS AND DISCUSSION 

To better understand the solubility transition mechanism for β-NaSn13 we have plotted 

contrast curves to evaluate how the resist sensitivity changes for different ambient 

conditions. The contrast curve for β-NaSn13 photoresists from exposure to Al Kα X-

rays in multiple ambients is shown in Figure 1. In this figure the normalized film 

thickness after development is plotted with respect to exposure time. While Al Kα X-

rays have a higher photon energy than EUV radiation, secondary electrons will still be 
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the dominant energetic species generated during exposure and have been shown to 

drive the solubility switch.45,86,105 Therefore, Al Kα X-rays can be used to study the 

solubility change during exposure and investigate the detailed chemical reaction 

mechanisms.  

β-NaSn13 is a negative photoresist and the contrast curve provides an estimate 

of the minimum dose required to fully convert the photoresist to an insoluble film. The 

maximum thickness data point is the time where the photoresist is no longer soluble in 

organic solvents. By using the calculated photon density and exposure time, a photon 

dose can also be obtained. It is important to consider that the dose measurement is 

specific to the radiation source used. Lower doses are expected for EUV radiation due 

to higher photon absorption cross sections (generating more secondary electrons) for 

Sn, O, and C at 92 eV compared to 1486.6 eV for Al Kα, and the higher photon flux 

for EUV steppers. The calculated doses allow us to have a numerical comparison 

between different ambients and are specific to our experimental system. 

In Figure 1, a shift to lower exposure time (lower dose) was observed for 

exposures in 𝑃𝑃𝑂𝑂2= 1 mbar compared to UHV. These results were expected based on 

prior studies that have shown a lower dose requirement, and thus higher sensitivity, for 

exposure in O2 ambients.105 Two other molecules containing oxygen were studied to 

assess how the photoresist sensitivity may change during exposure. Both deuterated 

water (D2O) and methanol (MeOH) were used as potentially reactive species after 

interacting with secondary electrons. Furthermore, it is expected that D2O would 

primarily interact with the hydrophobic surface of the β-NaSn13 thin film, while MeOH 

would diffuse through the thickness of the thin film since it is the solvent used to purify 
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β-NaSn13 during synthesis.67 Oxygen gas molecules can also diffuse through the 

thickness of the thin film.  

The interaction of D2O or MeOH with low energy photoelectrons (40-100 eV) 

could lead to the production of reactive hydroxyl species that could oxidize components 

in the resist and potentially increase resist sensitivity. However, we found that both 

D2O and MeOH required an increase in the necessary dose for the solubility transition, 

and as a result decreased the resist sensitivity. Literature reported electron induced 

ionization cross sections for both water and molecular oxygen species provide the 

probability of generating excited species. Both water and molecular oxygen have 

similar total ionization cross sections of ~2x1016
 cm2 for electron energies of 40-100 

eV.109,110 The primary excited species for water are H2O+, OH+, and H+, where H2O+ 

has the largest ionization cross section of ~1x10-16 cm2
 from 40-100 eV.109 OH+ and H+ 

have nearly identical cross section values at ~3x10-17 cm2 for the same energy range.109  

Comparing to oxygen, O2
+, O+, and O++ are the main species produced from electron 

induced ionization.110 O2
+ has an ionization cross section of ~1.5x10-16 cm2 while O+ 

has a cross section of ~0.7x1017 cm2.110 While the total cross sections are similar for 

both molecules and both have oxidizing species generated, the generation of H+ from 

exposure to water can interact with the film and create hydrolyzed species. The β-

NaSn13 cluster has been shown to be sensitive to hydrolysis in solution through 

exchange of the bridging hydroxyl ligands.111 This reaction is additionally expected for 

exposure in MeOH, where the primary species CH3OH+, CH2OH+, CHO+ all have 

ionization cross sections of ~1x10-16 cm2
 from 40-100 eV, as well as H2

+ with an 

ionization cross section of ~3x10-17 cm2, which can all act as hydrogen donors.112 
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Nitrogen was chosen as an inert molecule to determine whether the presence of 

gaseous molecules has a distinct and separate effect on the photoresist sensitivity. 

Assuming that no oxidizing or reducing species interact with the film when exposed to 

N2, then the contrast curves in N2 and in UHV should be similar. However, we found 

that an increase in exposure time was necessary for exposures in N2 relative to UHV. 

This suggests that N2 may absorb photons or scavenge secondary electrons thereby 

causing a decrease in sensitivity. Photon transmittance through each molecule can be 

calculated using mass attenuation coefficients for hν = 1500 eV which are provided by 

NIST.113 Assuming room temperature, 1 mbar pressure, and a 1 cm X-ray path length 

we can estimate that the percent of photon transmission to the sample surface is ~99.8% 

with a standard deviation of ±0.05%. Therefore, the reduction in photon flux for Al Kα 

X-rays due to photon absorption is minimal and should be similar for all four gas 

molecules. The interaction of secondary electrons with the gas phase species is 

therefore the most likely reason for the decrease in sensitivity. The integral electron 

elastic scattering cross sections in each ambient has been reported.  For energies 

ranging from 1-30 eV, O2 has the lowest electron elastic scattering cross sections114 

followed by N2,115 D2O,116 and MeOH.117 At 2 eV, there is a significant difference in 

electron elastic scattering cross sections where N2 is ~3x larger and D2O and MeOH 

are ~5x larger than O2.114,115,116,117 Looking at the total scattering cross sections, which 

includes multiple inelastic electron scattering events, the same trend is observed which 

matches the contrast curve results.109,110,118 

In addition to obtaining a visual representation of the changes in dose 

requirements, a contrast parameter (γ) was calculated using equation 1. This numerical 
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value is representative of how sharp the soluble to insoluble transition is for β-NaSn13. 

Table 1 shows the calculated D0, D100, and γ parameters for each of the ambients used 

for these studies. Typical γ values for commercial photoresists range from 2 to 4, which 

means D100 is ~2-3 times greater than D0.106 Large values for γ correspond to a material 

with a high contrast, however high numbers can also signify low sensitivity if D0 and 

D100 values are high.106 For β-NaSn13, we found that UHV had the lowest contrast 

where γ = 3.3, however UHV also had the second highest sensitivity with D100 = 1100 

s (5.4x1015 ph/cm2). For 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar, the contrast is the highest at γ = 4.4, and also 

had the lowest sensitivity where D100 = 1700 s (8.1x1015 ph/cm2). For extended 

exposures in all ambients, there is a decrease in the maximum thickness after reaching 

D100. Exposure in O2 had the largest decrease in thickness, which we attribute to further 

desorption of the butyl groups from the photoresist during interaction with the X-rays.  

C 1s XPS spectra were obtained for all five ambient conditions both before X-

ray exposure (initial) and after 30 min of X-ray exposure. The spectra are shown in 

Figure 2. Three peaks can be fit to each of the spectra, where aliphatic carbon (C-H) 

has Eb = 284.8 eV (blue), carbon atoms singly bound to oxygen (C-O) has Eb = 286.4 

eV (green), and carbon atoms doubly bound to oxygen (C=O) has Eb = 288.6 eV (red).53 

The most intense C-H peak is correlated to butyl ligands, while the C-O peak is 

correlated to the methoxy ligands,53 both of which are components bound to the β-

NaSn13 nanocluster. C=O is not expected in the film, therefore we believe this 

component is due to contamination from exposure to atmosphere. Adventitious carbon 

may also be present on the surface of the thin film and would lead to an overestimation 
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of the C-H:C-O intensity ratio. A fourth peak is also seen in Figured 2d, which 

corresponds to gas phase C-H (labeled as MeOH (g) in the figure) with Eb = 287.8 eV. 

The attenuation of electrons due to the gas phase is evident in the C 1s spectra, 

where the initial C-H peak intensity is highest for spectra obtained in UHV. Otherwise, 

all the initial C 1s spectra intensities shown in Figure 2 are very similar for each of the 

conditions except for 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar. For 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar (Figure 2d) there is a larger 

oxygenate peak intensity. This is partly due to the presence of a gas phase C-O peak, 

however the fit for C-O at Eb = 286.4 eV is still largest under these experimental 

conditions. This increase in C-O potentially suggests the presence of adsorbed MeOH 

in the film. An increase in C-O on the surface could also result in an exchange reaction 

between methoxy with hydroxyls in the photoresist thin film. A similar reaction occurs 

during the purification synthesis of the β-NaSn13 nanoclusters. For all other ambients 

there was no evidence that the film chemistry was different for the initial spectra. After 

a 30 min X-ray exposure, a significant decrease in the C-H peak intensity was observed 

for 𝑃𝑃𝑂𝑂2= 1 mbar (Figure 2b), which has previously been shown.86,102,105. 

XPS spectra for Sn 3d and O 1s were also obtained for each experimental 

condition. The Sn 3d5/2 peak is located at Eb = 486.6 eV, along with the Sn 3d3/2 peak 

located at Eb = 495 eV.53 No change in chemical state information was observed for the 

Sn 3d peaks, where there was only an increase in the relative intensity as carbon desorbs 

from the film. Figure 3 shows the O 1s XPS spectra for all ambient conditions both 

before a X-ray exposure (initial) and after a 30 min X-ray exposure. The most intense 

peak from Eb =528 to 534 eV corresponds to the oxygen that is incorporated in the β-

NaSn13 clusters, while the higher binding energy peaks correspond to gas phase oxygen 
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which is independent of the film. Two peaks were used to fit the O 1s spectra that 

correspond to the film, where tin oxide (Eb = 530.5 eV, O−Sn) and methoxy/hydroxyls 

(Eb = 531.9 eV, O−C/O−H) are the two primary components.53 Due to the similar 

binding energies for the O-C and O-H peaks, only one peak was used to represent 

contributions from both species.53,74 We have previously observed that the methoxy 

groups can exchange with hydroxyls when the films are exposed to moisture. As such, 

we expect that there may be some O-H contamination in the films, as well as other 

oxygenates (based on the C 1s spectra). This contamination may lead to overestimation 

of the O-Sn:O-C/H ratios. For the gas phase spectra, two peaks are used to fit the O 1s 

(g) at Eb = 538.2 eV and 539.83 eV, one peak at Eb = 535.1 eV for D2O (g), and one 

peak at Eb = 534.3 eV for MeOH (g). While it appears that the gas phase spectral 

intensity is changing in the data, this is due to the normalization procedure used for the 

spectra, where the gas phase peak intensity is independent from the film. 

The initial O 1s spectra are all very similar with approximately a 2:1 O-Sn:O-

C/H ratio. After the 30 min exposure in UHV there was an increase in the O-Sn peak 

intensity and a slight decrease in the O-C/O-H peak intensity which led to a 2.5:1 O-

Sn:O-C/H ratio. After the 30 min exposure in 𝑃𝑃𝑂𝑂2= 1 mbar there was a further increase 

in the O-Sn peak intensity and decrease in O-C/O-H peak intensity resulting in a 3:1 

O-Sn:O-C/H ratio. These results suggest that the incorporation of oxygen with Sn is 

enhanced in presence of O2, while also reducing the O-C/O-H component. This also 

suggests that exposures in O2 results in the direct oxidation of Sn sites, which was also 

observed in prior studies.86,102 After the 30 min exposures in 𝑃𝑃𝐷𝐷2𝑂𝑂 = 1 mbar and 
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𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar there was virtually no change in the O-Sn, peak intensity while the O-

C/O-H peak intensity increased. Since the O-Sn peak intensity does not decrease, it is 

unlikely that hydrogenation of the Sn sites after homolytic cleavage of the butyl-tin 

bond occurs. However, hydrogenation of the butyl radical could be occurring through 

hydrogen radical abstraction from butyl groups still bound to the β-NaSn13 clusters. 

After the 30 min exposure in 𝑃𝑃𝑁𝑁2= 1 mbar, we observe results similar to UHV and O2 

where there is an increase in O-Sn peak intensity. However, in N2 there is an increase 

in O-C/O-H as well, which is the opposite compared to both UHV and O2. Since no 

nitrogen was detected in the film using XPS we believe that N2 is not directly 

interacting with the buytl ligands. From these results we find that the ambient during 

exposure can affect the desorption of butyl ligands, and modify the O-Sn and O-C/H 

chemistries.  

To gain more insight into the photoresist chemistries we have determined the 

relative at % values from the XPS data. Table 2 shows at % values for each ambient 

condition before (Initial) and after (After 30 min) the solubility transition takes place. 

Based on the structure of the β-NaSn13 cluster the expected at % are 13% Sn, 58% C 

(47% C-H, 11% C-O, and 0.0% C=O), and 29% O (24% O-Sn and 5% O-C). The at % 

values obtained for the elements using the initial spectra are a good match to these 

expected values, which suggests that our analysis was appropriate. In all cases we find 

that there is a reduction in the C at % after the 30 minute exposure, where the largest 

reduction was for the experiment with 𝑃𝑃𝑂𝑂2= 1 mbar. The corresponding O and Sn at % 

also increased after the 30 minute exposure. This change is likely due to the desorption 
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of butyl groups during exposure, which was noted previously for organotin 

photoresists.77 To obtain more information regarding the β-NaSn13 cluster chemistries 

we have evaluated the changes in at % for the chemical states in the C 1s and O 1s core 

level spectra. We find that the C-O component for the C 1s spectra for the Initial 

measurements was highest for MeOH and lowest for D2O. This could be due to ligand 

exchange from hydroxyl to methoxy in MeOH, and from methoxy to hydroxyl in D2O. 

The C-O component for the C 1s spectra for the Initial measurements was also high for 

O2 which could be due to reaction of oxygen radical species with the butyl groups. 

Finally, the C-O component was fairly constant for the Initial measurements obtained 

in UHV, D2O, and N2. We find that the C-O component for the C 1s spectra for the 

After 30 min measurements was highest for MeOH and lowest for UHV and D2O. This 

could be due to a similar mechanism which we discussed above. The O-C/O-H 

component for the O 1s spectra for the Initial measurements did not change 

significantly for the various ambients. However, we found that O-C/O-H component 

for the O 1s spectra for the After 30 min measurements increased for D2O, MeOH, and 

N2 likely signaling some hydrolysis taking place.  

One model that can be considered for the observed solubility transition for the 

photoresist could occur through the homolytic cleavage of the butyl-tin bond during 

exposure to radiation and then accompanying reactions that link clusters through Sn-

O-Sn bonds during PEB. For this model it would be expected that a significant amount 

of butyl groups would need to desorb from the photoresist to link the clusters together. 

For our studies we found a 20% decrease in total C 1s intensity for exposures in 𝑃𝑃𝑂𝑂2= 

1 mbar. However, these films still contain ~40% carbon following exposure to a dose 
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that results in the solubility transition. Previous studies have suggested that the excess 

carbon is removed from organotin photoresists due to the thermal energy provided 

during the PEB.119 Since the PEB is typically performed under atmospheric conditions, 

the O2 and/or H2O present in air could assist in desorption of the organic ligands or the 

formation of Sn-O-Sn network bonds. 

We have performed in-situ NAPXPS studies to characterize the chemistries that 

occur after a PEB. We have used the three primary components found in air to provide 

further insight in the solubility transition of β-NaSn13. Prior thermal characterization 

studies have shown that β-NaSn13 thin films are stable up to ~350 °C,86 and that 

decomposition of the β-NaSn13 is not expected at typical PEB conditions (anneals up 

to 170 °C). Figure 4 shows both C 1s and O 1s spectra “Before Anneal” (identical to 

“Initial”) and after a 30 min exposure and anneal to 170°C in UHV. Figure 4 also shows 

C 1s and O 1s spectra for anneals in 𝑃𝑃𝑥𝑥= 1 mbar of O2, D2O, and N2. MeOH was omitted 

from annealing studies as there is not expected to be a significant MeOH partial 

pressure during PEBs. All XPS peak fit parameters and peak identities are the same as 

used for our contrast studies. 

The after exposure and anneal in UHV spectra are nearly identical to Figure 2 

and 3 after exposure in UHV and no anneal. Relative at % were calculated for these 

spectra and the values are provided in Table 3 for PEBs in UHV, 𝑃𝑃𝑂𝑂2= 1 mbar, 𝑃𝑃𝐷𝐷2𝑂𝑂 = 

1 mbar, and 𝑃𝑃𝑁𝑁2= 1 mbar. The results indicate that for all conditions lower total O 1s 

intensities were obtained compared to the After 30 min spectra. This is likely due to 

removal of hydroxyl ligands either from adsorbed water or infused water in the 
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film.45,86 There was also lower Sn 3d intensities after the PEB compared to the After 

30 min spectra.  Most notable is that there was a significant increase in the C 1s intensity 

after the PEB. This increase in C 1s intensity after the PEB may be due to the diffusion 

of carbon chain radicals from the bulk of the film to the surface. Another difference 

that we noticed was that the PEB in 𝑃𝑃𝑂𝑂2= 1 mbar led to an increase in the O 1s 

component assigned to the O-C/O-H, but there was no decrease in C 1s compared to 

UHV. The PEB in 𝑃𝑃𝑥𝑥= 1 mbar of D2O and N2 also show an increase in the O 1s 

component assigned to the O-C/O-H which was greater than what was seen in 𝑃𝑃𝑂𝑂2= 1 

mbar. Additionally, there was an increase in total C 1s intensity for both D2O and N2 

compared to UHV. This suggests that carbon was not being removed from the 

photoresist due to chemical reactions with air. We found that there was a noticeable 

drop in the C 1s component assigned to C-O for PEBs performed in D2O, which 

suggests that hydroxyls are exchanging with methoxys in the film.  

Combining the results of both the contrast and anneal studies, along with prior 

literature, we propose a mechanism for the solubility transition of β-NaSn13 which is 

shown schematically in Figure 5. We illustrate this mechanism specifically for 

exposure in O2, as this condition results in the highest photoresist sensitivity. First, the 

photoresist is exposed to radiation (hν) leading to electron emission. These electrons 

can scatter in the photoresist and result in homolytic cleavage of the butyl-tin bond, as 

well as the formation of reactive oxygen species. Reactive oxygen species can react 

directly with undercoordinated tin in adjacent clusters which can lead to Sn-O-Sn 

networks bridging the clusters. We expect that this is a minor contributor to the 
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solubility change, and that the interaction of reactive oxygen species with butyl ligands 

resulting in radical hydrogen abstraction is the primary reaction process. 

Polymerization of butyl groups can occur through radical–radical coupling reactions 

during the PEB step. The resulting polymerization results in a film that is no longer 

soluble in organic solvents.  

The formation of a metal polymer formed after the PEB step has recently been 

suggested for butyl-tin based precursors.120 The resulting film is dependent on the 

ligands present in the film during exposure, which provides an opportunity to adjust 

the density of the oxide by changing the ligands of the precursor.120 The ambient can 

also be utilized to tune the performance of the resist during patterning. Specifically for 

β-NaSn13, oxygen can act similarly to a photoacid generator while nitrogen or water 

can act as a quencher. Adjusting the ligand chemistry would likely affect how the 

ambient modifies the sensitivity, which would allow for the design of resist materials 

that can be optimized for a specific pattern or feature size. 

We have shown that ambient gasses can play a significant role in resist 

chemistry, and thus the sensitivity of the resist. Oxygen can be used to reduce the dose 

requirement for patterning β-NaSn13 while water, methanol, and nitrogen increase the 

dose requirement. This response could potentially be similar for other metal containing 

photoresists. Following exposure and development of the β-NaSn13 resist, there is still 

significant amounts of carbon remaining in the developed film. While this shows no 

negative effect in the ability to induce a solubility transition, there could be a negative 

impact on the desired etch resistance of the film. One of the primary factors in utilizing 

metal oxide resists is the poor etch resistance found for polymer resists.121 Ultimately, 
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further studies on resist performance are necessary to conclude if β-NaSn13 can meet 

the specifications desired for an EUV photoresist.  

 

5.5 CONCLUSIONS 

We have shown that the ambient can affect resist sensitivity. An O2 ambient 

decreased the dose requirement while D2O, MeOH, and N2 all increased the dose 

requirement compared to UHV. The change in sensitivity is due to the interaction of 

electrons with the ambient molecules leading to the generation of excited species. In 

the presence of O2, reactive oxygen species react with butyl ligands through hydrogen 

abstraction which then leads to radical-radical coupling reactions. Annealing the 

sample in vacuum to simulate a PEB, we found essentially no difference in the at % 

whether we were measuring a portion of the sample exposed to radiation or a portion 

which was not.  The PEB did not remove any carbon from the films. Annealing 

separately in O2, D2O, and N2 ambients (the three primary molecules in air) also did 

not remove any carbon from the films. We believe that during the PEB step, that 

polymerization of the butyl ligands occurs through radical-radical coupling. The 

resulting film is a metal oxide polymer, which is no longer soluble in organic solvents.  
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Figure 5.1. Extended (a) and zoomed in (b) β-NaSn13 contrast curves using Al Kα X-

rays (50 W, 15 kV, 30° impingement) for UHV, 𝑃𝑃𝑂𝑂2= 1 mbar, 𝑃𝑃𝐷𝐷2𝑂𝑂 = 1 mbar, 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 

1 mbar, and 𝑃𝑃𝑁𝑁2= 1 mbar ambients. Error bars were calculated from an average of three 

ellipsometer thickness measurements. 
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Figure 5.2. XPS for C 1s during exposure to UHV (a), 𝑃𝑃𝑂𝑂2= 1 mbar (b), 𝑃𝑃𝐷𝐷2𝑂𝑂 = 1 mbar 

(c), 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar (d), and 𝑃𝑃𝑁𝑁2= 1 mbar (e) for both before X-ray exposure (initial) 

and after 30 min of X-ray exposure. 
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Figure 5.3. XPS for O 1s during exposure to UHV (a), 𝑃𝑃𝑂𝑂2= 1 mbar (b), 𝑃𝑃𝐷𝐷2𝑂𝑂 = 1 mbar 

(c), 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar (d), and 𝑃𝑃𝑁𝑁2= 1 mbar (e) for both before X-ray exposure (initial) 

and after 30 min of exposure.   
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Figure 5.4. XPS for C 1s (a) and O 1s (b) before X-ray exposure and annealing 

designated “before anneal.” Annealing was performed after 30 min X-ray exposure in 

ambients of UHV, 𝑃𝑃𝑂𝑂2= 1 mbar, 𝑃𝑃𝐷𝐷2𝑂𝑂 = 1 mbar, and 𝑃𝑃𝑁𝑁2= 1 mbar, then cooled and 

pumped to UHV before the next set of spectra was collected.   
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Figure 5.5. Suggested chemical mechanism for the full lithographic process of 

patterning β-NaSn13 in the presence of O2.  
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Table 5.1. Calculated D0 and D100 parameters for both photon dose (ph/cm2 x1016) and 

exposure time (sec). 

 
D0 (ph/cm2) 

x1016 

D100 (ph/cm2) 
x1016 

D0 (sec) D100 (sec) γ 

UHV 1.4 2.7 550 1100 3.3 

𝑃𝑃𝑂𝑂2= 1 mbar 1.2 2.2 470 870 3.8 

𝑃𝑃𝐷𝐷2𝑂𝑂 = 1 mbar 2.1 4.0 850 1600 3.7 

𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar 2.5 4.1 980 1700 4.4 

𝑃𝑃𝑁𝑁2= 1 mbar 2.0 3.4 810 1400 4.4 
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Table 5.2. Calculated XPS At % values for C, O, and Sn obtained from C 1s, O 1s, and 

Sn 3d spectra before X-ray exposure (Initial) and after 30 min of exposure in UHV, 

𝑃𝑃𝑂𝑂2= 1 mbar, 𝑃𝑃𝐷𝐷2𝑂𝑂 = 1 mbar, 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar, and 𝑃𝑃𝑁𝑁2= 1 mbar. 

  UHV 𝑷𝑷𝑶𝑶𝟐𝟐= 1 mbar 𝑷𝑷𝑫𝑫𝟐𝟐𝑶𝑶 = 1 mbar 𝑷𝑷𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 = 1 mbar 𝑷𝑷𝑵𝑵𝟐𝟐= 1 mbar 

 Element Atomic % Atomic % Atomic % Atomic % Atomic % 

Initial 

Sn 13 % 12 % 12 % 11 % 12 % 
C (Total) 61 % 62 % 62 % 62 % 62 % 

C-H 57 % 56 % 57 % 54 % 57 % 
C-O 3.1 % 4.2 % 2.8 % 5.3 % 3.3 % 
C=O 1.5 % 1.4 % 2.0 % 3.1 % 1.5 % 

O (Total) 26 % 26 % 26 % 27 % 26 % 
O-Sn 17 % 17 % 17 % 17 % 17 % 
O-C/O-H 8.7 % 9.0 % 9.5 % 9.4 % 9.1 % 

After 
30 min 

Sn 17 % 15 % 14 % 13 % 14 % 
C (Total) 50 % 42 % 50 % 55 % 48 % 

C-H 47 % 37 % 47 % 43 % 42 % 
C-O 1.3 % 3.1 % 1.7 % 9.3 % 3.6 % 
C=O 1.7 % 2.6 % 2.1 % 2.8 % 2.1 % 

O (Total) 34 % 42 % 36 % 32 % 38 % 
O-Sn 25 % 32 % 22 % 21 % 26 % 
O-C/O-H 9.0 % 10 % 13 % 11 % 12 % 
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Table 5.3. Calculated XPS At % information for C 1s, O 1s, and Sn 3d peaks post 

exposure after annealing to 170 °C for 5 min in UHV, 𝑃𝑃𝑂𝑂2= 1 mbar, 𝑃𝑃𝐷𝐷2𝑂𝑂 = 1 mbar, 

𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 mbar, and 𝑃𝑃𝑁𝑁2= 1 mbar. 

  No Anneal After 170 °C Anneal 
  UHV UHV 𝑷𝑷𝑶𝑶𝟐𝟐= 1 mbar 𝑷𝑷𝑫𝑫𝟐𝟐𝑶𝑶 = 1 mbar 𝑷𝑷𝑵𝑵𝟐𝟐= 1 mbar 
 Element Atomic % Atomic % Atomic % Atomic % Atomic % 

After 
30 min 

Sn 17 % 15 % 15 % 14 % 13 % 
C (Total) 50 % 57 % 56 % 61 % 62 % 

C-H 47 % 53 % 51 % 58 % 56 % 
C-O 1.3 % 2.6 % 3.3 % 1.0 % 3.8 % 
C=O 1.7 % 1.4 % 1.7 % 1.9 % 2.3 % 

O (Total) 34 % 28 % 29 % 25 % 25 % 
O-Sn 25 % 21 % 20 % 18 % 18 % 
O-C/O-H 9.0 % 7.3 % 8.8 % 7.6 % 7.6 % 
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6.1 ABSTRACT 

Tin dioxide (SnO2) has been used for a wide range of applications due to its 

unique surface properties. The performance of SnO2 can be strongly influenced by the 

Sn oxidation states on the surface. Recently the oxidation of volatile organic 

compounds (VOC) has been demonstrated using SnO2, where 2-propanol (IPA) was 

used as a VOC probe molecule. In this study we have used near ambient pressure X-

ray photoelectron spectroscopy (NAPXPS) to characterize the surface chemistry of IPA 

on a well-defined stoichiometric SnO2(110). The prepared surface chemistry and 

structure were characterized with NAPXPS and low energy electron diffraction, 

respectively. NAPXPS was performed for IPA pressures up to 1 mbar and mixtures of 

IPA and O2. These measurements allowed us to determine the chemical states of 

adsorbed species on the SnO2(110) surface over a wide sample temperature range. We 

found that both the IPA/O2 ratio and the sample temperature strongly influence the 

reaction chemistry. We found that reduction of the surface occurs when no ambient 

oxygen source is present as indicated by an increase in the Sn2+/Sn4+ ratio. Based on 

these studies we have developed a reaction model that describes the oxidation of IPA 

on SnO2(110) surfaces. 

 

6.2 INTRODUCTION 

Tin dioxide (SnO2) is widely used for a range of applications, specifically as a 

gas sensor,10,36,37,38 transparent conductor,10,36 and oxidation catalyst.10,11,12,36,40 All of 

its applications are based on the ability to easily reduce the oxidation state of the tin 

ions, which changes the materials conductance or creates reactive defects. The ideal 
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stoichiometric SnO2(110) surface contains rows of bridging O atoms than can be 

removed simply by applying thermal energy or through ion bombardment.36 When the 

bridging O atoms are removed, the oxidation state of the surface changes from 

exclusively Sn4+ to a mixture of Sn2+ and Sn4+.10,36 SnO2 has been studied for the 

oxidation of CO, where the surface Sn2+/Sn4+ ratio was found to strongly influence the 

catalytic activity.10,122 Recently, SnO2 has also been studied for the oxidation of volatile 

organic compounds (VOC), where the oxidation of 2-propanol (IPA) to CO2 and H2O 

was used to characterize the activity of the catalyst.11  

VOCs are a primary pollutant in the atmosphere and have been shown to be 

correlated to brain and other nervous system cancers.123 Many people are subject to 

IPA exposure as it is largely used in laboratories and industries as a cleaning solvent or 

antimicrobial agent.124 A potential route to reduce environmental pollution from IPA 

is by combusting it to non-toxic molecules, however this reaction is thermodynamically 

expensive.11 Literature has shown that metal oxide or metal oxide supported materials 

can be effective for the oxidation of VOCs at lower temperatures.11,125,126,127,128 For 

example, a stainless steel tube with SnO2 deposited on the surface has been shown to 

achieve 100% conversion of IPA at ~550 K, compared to a maximum of only ~50% 

conversion at 673 K on clean stainless steel using a reactive mixture of 1000 ppm 

IPA/20% O2/9.9% He/70% N2.11 

While metal oxide and supported oxide materials have been well studied from 

a catalysis perspective, the mechanism for alcohol oxidation on pristine surfaces is still 

not fully understood.126 The role of O2 in alcohol oxidation has been debated between 

numerous pathways. The O2 can either directly react with the surface or only with the 
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adsorbates on the surface.126 In order to gain a fundamental understanding of alcohol 

decomposition, studies using well-defined surfaces and controlled alcohol exposures 

are essential. Obtaining a detailed reaction model for alcohol decomposition and 

oxidation allows for improvements in catalyst design. 

In this study, we have used near ambient pressure X-ray photoelectron 

spectroscopy (NAPXPS) to further understand the surface chemistry of IPA on a well-

defined SnO2(110) surface. The stoichiometric surface was characterized using 

NAPXPS and low energy electron diffraction (LEED). NAPXPS was additionally 

performed to determine the effect of IPA pressure and sample temperature on the 

adsorbed species. Mass spectrometry was used to measure gas phase products and 

estimate the conversion of IPA to CO2. Additionally, we have developed a mechanism 

that describes the oxidation of IPA on a SnO2(110) surface. 

 

6.3 EXPERIMENTAL 

A 10x10 mm2 natural SnO2(110) (±0.5°) single crystal was purchased from 

SurfaceNet GmbH. The crystal was sonicated in IPA (ACS grade, >99.5%) for 5 min 

and mounted to a Ta sample holder. The sample holder had a type K thermocouple 

which was spot welded next to the sample. The sample was loaded into a SPECS 

NAPXPS system with a base pressure of <2x10-10 mbar. Numerous cycles of Ar+ 

sputtering at 1 kV for 600 s with a 1.5 µA sample current were performed with the 

sample at room temperature (RT). This procedure was followed by flashing to 700 K. 

This process was performed until no impurities were detected at the surface while using 

XPS.  
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The stoichiometric oxidized surface was prepared by Ar+ sputtering for 600 s 

at RT flowed by annealing in the NAP cell to 580 K in UHV. The sample was then 

held at this temperature while O2 was added to the cell until the O2 pressure (𝑃𝑃𝑂𝑂2) was 

1 mbar. The sample was oxidized by under these conditions for 10 min. The cell was 

pumped to UHV and the sample was then flash annealed to 780 K. Once the 

temperature cooled back to 600 K, the 𝑃𝑃𝑂𝑂2was increased to 1 mbar. A second oxidation 

step was performed for 10 min at 𝑃𝑃𝑂𝑂2 = 1 mbar and 580 K. The sample was then cooled 

to 380 K while keeping the pressure at 𝑃𝑃𝑂𝑂2 = 1 mbar. The cell was pumped to UHV 

and then further cooled to RT. This process was performed to prevent any potential 

oxygen vacancies at the surface. 

A SPECS ErLEED 150 was used to collect diffraction images of the prepared 

surface. A cathode current of 1.3 A and screen voltage of 5 kV were used. The beam 

energy was set to 90 eV, yielding a beam current of 1.1 uA. The sample was moved 

across the sample surface to ensure uniformity, which was performed by observation 

of a consistent LEED pattern. Beam energies 60 and 135 eV were additionally used to 

verify no surface reconstruction.  

Ultraviolet photoemission spectroscopy (UVS) was collected using a SPECS 

UVS 10/35 operating at 1 x 10-7 mbar of He. XPS data were obtained using a SPECS 

XR 50 μ-Focus X-ray source with monochromatized Al Kα radiation (hν = 1486.6 eV, 

50W, 15kV), an electron analyzer pass energy of 35 eV, and normal emission. Valence-

level spectra were collected to verify the oxidation state of the surface.  
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For near ambient pressure IPA experiments, IPA was loaded in a glass bulb and 

several freeze-pump-thaw cycles were used to degas the IPA. A sequence of the C 1s, 

O 1s and Sn 3d core levels, Sn MNN Auger transition and valence-level spectra were 

obtained at each temperature and pressure. All XPS data were charge corrected to the 

C 1s aliphatic carbon binding energy (Eb) at 284.8 eV. The spectra were fit using 

Gaussian-Lorentzian line shapes and a linear background.  

6.4 RESULTS AND DISCUSSION 

Once a stoichiometric surface was prepared, LEED was used to characterize the 

surface structure. Figure 6.1 shows the 1x1 diffraction pattern for the SnO2(110), which 

is consistent with an unreconstructed surface and prior literature.129 An idealized model 

of the stoichiometric surface is also shown in Figure 6.1. Valence-level band spectra 

(Figure 6.2) were initially obtained using both XPS (a) and UPS (b) to confirm the 

surface oxidation state. The oxidized XPS valence spectra shows three main peak 

shapes followed by a steep drop around 4 eV, which was also consistent with 

literature.130 The ion bombarded surface has an obvious edge feature in the band gap, 

that extends to ~2 eV. This is due to the presence of reduced tin on the surface from 

oxygen deficiencies.131 

NAPXPS were collected for C 1s, O 1s, Sn 3d, Sn MNN and the valence band 

for the oxidized surfaces at RT with 𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 = 0.1, 1, and 3 mbar. Spectra were also 

obtained while pumping IPA from the cell, and after transferring the sample to UHV. 

Figure 6.3a shows the C 1s spectra for the indicated sample conditions. No significant 

changes were observed for Sn 3d or Sn MNN spectra. During IPA exposure, adsorbed 

species were observed on the surface starting at 𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 = 0.1 mbar. The adsorbed species 
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are stable on the surface, both during exposure and after pumping out the IPA. Gas 

phase C 1s peaks for IPA becomes apparent for 𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 = 0.1 mbar, and overlaps with the 

adsorbed carbon peaks. We deconvoluted the spectra by constraining the area ratio of 

C-H:C-O to be 2:1 and fixing the full width half maximum to be identical for both 

peaks. No significant change occurs for different IPA pressures, other than an increase 

in overall peak area corresponding to an increase in adsorbate coverage. No change 

was seen in valence-levels for either surface after exposure to IPA, which suggests that 

IPA does not significantly change the surface oxidation state of SnO2 at RT. Figure 

6.3b shows the O 1s spectra for the oxidized surfaces at RT with 𝑃𝑃𝐼𝐼𝐼𝐼𝐼𝐼 = 0.1, 1, and 3 

mbar. A high Eb shoulder (~532.4 eV) is seen after oxidation possibly due to hydroxyls 

on the surface or adsorbed O2.74,132 No significant changes in the O 1s spectra take 

place as the IPA pressure is increased. 

To study the decomposition of IPA on the stoichiometric surface, NAPXPS was 

performed at elevated temperatures. Initial studies focused on exposure to IPA only. 

The results are shown in Figure 6.4, for PIPA = 0.5 mbar and T = 400, 500, 600 K. A 

pressure of 0.5 mbar was chosen since the C 1s intensity from the adsorbed species was 

significantly higher that C 1s intensity from the gas phase peaks, which allowed 

relatively straight forward deconvolution of the spectra. Figure 6.4a shows the C 1s 

spectra where the C-H:C-O ratio was again constrained to 2:1 for both adsorbed and 

gas phase species. No difference was seen at 400 K compared to the RT studies shown 

in Figure 6.3. At 500 K, a new higher energy peak (brown) is evident at EB = 290 eV, 

which suggests the presence of a gas phase C=O species.74,132 Once 600 K is reached, 

another peak (teal) forms at EB = 288 eV, while the peaks associated to adsorbed IPA 
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(C-H blue, C-O red) significantly decreased. This new peak is associated with acetone 

that is adsorbing to the surface. No significant changes were detected in the O 1s spectra 

for Figure 6.4b for all the experimental conditions. In the valence band spectra shown 

in Figure 6.4c, we see that the surface is being slightly reduced as the band edge 

increases with temperature. This is a result of oxygen vacancies being formed through 

reactions with IPA at 600 K, leading to only a partial conversion of IPA to acetone. 

By retracting the sample slightly during exposure, only the gas phase spectra 

are collected. In Figure 6.5, we show the gas phase spectra for C 1s (a) and O 1s (b). A 

small amount of C=O species (green) are initially present at 400 K in the C 1s spectra. 

As the temperature is increase, evidence of C=O is seen in both the C 1s and O 1s. 

Annealing to 600 K, we see a decrease in the C-O peak, as well as an increase in C=O 

for both the C 1s and O 1s spectra. We also see a new peak (green) at EB = 533.8 eV in 

the O 1s spectra that is attributed to O-H, suggesting the formation of water.  

Mass spectrometry was utilized to measure the partial pressures of gasses 

flowing out of the NAPXPS cell and into the analyzer to obtain further information of 

the chemical reactions. Figure 6.6 shows mass spectra for acetone (m/z 58, 43), CO2 

(m/z 44), water (m/z 18), hydrogen (m/z 2), oxygen (m/z 32), and IPA (m/z 45). At 400 

and 500 K, no change was observed for the IPA signal. This is likely due to lower 

sensitivity compared to the products due to the mass spectrometers distance from the 

reaction cell. Once 600 K was reached, a noticeable change in the mass spectrometers 

signal was observed, where the IPA signal significantly decreased and the acetone and 

water signals increased. This correlates well with the XPS results and suggests acetone 

is indeed being formed through interaction with SnO2. One concern during the studies 
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was the potential for the heater filament decomposing IPA as opposed to the SnO2. In 

order to eliminate this possibility, we ran background experiment where the SnO2 

sample was not mounted on the sample holder. The mass spectrometer data from the 

background experiment was then subtracted from the experiment with the SnO2 

sample. Using the ratios of each mass to the IPA signal, the background spectra was 

subtracted and plotted in Figure 6.6. This subtraction method does not work ideally for 

dynamic changes in temperature, where the filament is temporarily hotter due to 

ramping, as such the data obtained during temperature changes do not represent the 

experiment. Additionally, moving the sample back for gas phase measurements (done 

towards the end of each temperature) affects the flow rate of gas through the cell 

leading to the slight change in IPA intensity which is observed just before each 

temperature change as seen in Figure 6.6.  

Since we saw the surface being reduced during exposure to PIPA = 0.5 mbar, we 

repeated the same experiment with 9:2 ratio of O2:IPA which is based on the 

stoichiometry for the complete oxidation of IPA. Figure 6.7 shows the C 1s (a), O 1s 

(b) and valence band spectra (c) for PIPA= 0.2 mbar and PO2= 0.9 mbar. At 400 K we 

already see the presence of C=O gas phase species. At 500 K we already see a similar 

spectra to Figure 6.4a, where C=O forms on the surface as the C=O gas phase peak 

increases and the C-O gas phase peak decreases. Once the cell is pumped to UHV, there 

is evidence of carboxylic acid (yellow) and acetone (teal) on the surface which were 

not seen in Figure 6.4a. Again, no significant conclusions can be drawn from the O 1s 

data. The valence band spectra also shows a different response in mixed IPA/O2. We 
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see that little to no reduction of the SnO2 surface occurs when an oxygen ambient is 

present, suggesting that oxygen vacancies from exposure to IPA are being replenished 

by the ambient oxygen. 

We can additionally look at the gas phase XPS spectra for the 9:2 PO2:PIPA 

ambient to analyze the reaction products. Figure 6.8 shows the gas phase spectra for C 

1s (a) and O 1s (b). At 400 K, not much is different compared to the experiment with 

just IPA. At 500 K, the decrease of C-O, and increase of C=O is similar to the 600 K 

spectra with PIPA= 0.5 mbar. Increasing to 600 K we can see the presence of a CO2 gas 

phase peak at EB = 294 eV. The O 1s also shows a doublet at EB = 538 and 540.5 eV 

which corresponds to gas phase O2. At 500 K, the spectra resembles the 600 K exposure 

with PIPA= 0.5 mbar, similar to C 1s, where the presence of C=O and O-H gas phase 

peaks are present. At 600 K, we can see the presence of a new CO2 peak (purple).  

Mass spectrometry was additionally used for the 9:2 PO2:PIPA exposure. Figure 

6.9 shows the mass spectra for 9:2 PO2:PIPA tracking the same masses as in Figure 6.6. 

No detection of reaction products were seen at 400 K. When annealed to 500 K, we see 

a decrease in IPA, and an increase in the water and acetone signals, with only a trace 

amount of CO2 present. At 600 K, the IPA continues to decrease and water continues 

to increase. The acetone decreases slightly while a significant increase in CO2 is also 

seen. During the entire experiment, the amount of O2 is consistently decreasing. 

However, when the sample is allowed to cool the IPA and O2 increase to nearly their 

original starting pressure. As the IPA oxidation takes place, ambient the O2 is being 

consumed. 
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The role of oxygen in this reaction mechanism can be assumed to follow a 

Mars-van Krevelen mechanism.40,42 Figure 6.10 shows a cartoon diagram for the 

suggested mechanism of IPA oxidation on stoichiometric SnO2(110). First the IPA 

adsorbs to the surface, where the oxygen in the IPA binds to a Sn site and donates the 

hydrogen from the alcohol group to the bridging oxygen. When enough thermal energy 

is provided to the surface, the alpha carbon in the IPA can donate its hydrogen to 

another bridging oxygen. This then results in the formation of acetone that can desorb 

from the surface. Then either the protonated bridging oxygens can react to form water 

and an oxygen vacancy, or two hydrogens can combine to form molecular hydrogen. 

Both water and molecular hydrogen can then desorb from the surface. As noted, the 

bridging oxygens are consumed overtime through adsorption and reaction of IPA and 

desorption of water. Due to the limited amount of oxygen available at the surface only 

the partial oxidation of IPA to acetone occurs. If there is ambient oxygen present, these 

bridging oxygen vacancies can be replenished allowing for acetone desorption at lower 

temperatures. Additionally, adsorbed IPA can react with adsorbed O2 forming acetic 

acid, CO intermediates, and ultimately CO2. 

NAPXPS studies in multiple environments provide significant insight towards 

the reaction mechanism for IPA combustion of CO2 on the stoichiometric Sn(110) 

surface. A Mars-van Krevelen mechanism is suggested due to the inability to achieve 

full combustion of IPA without an ambient oxygen source. Obtaining basic knowledge 

of the chemical mechanism for alcohol combustion is extremely useful to the catalysis 

community.   
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6.5 CONCLUSIONS 

We have shown that IPA adsorbs to a stoichiometrically prepared SnO2(110) 

following exposures to PIPA = 0.5 mbar at 400 K. Increasing the temperature to 600 K 

leads to the conversion of IPA to acetone. Using O2:IPA ratios equivalent to 9:2 results 

in the formation of acetone at 500 K. Further increasing the reaction temperature to 600 

K at the 9:2 O2:IPA ratios leads to the rapid depletion of oxygen along with the 

formation of acetic acid and carbon monoxide intermediates. Once the oxygen is 

replenished, CO2 and water are formed. This suggests a Mars-van Krevelen mechanism 

for the oxidation of IPA on stoichiometric SnO2(110). 
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Figure 6.1. A photographed image of a LEED pattern for the prepared stoichiometric 

surface using an electron energy of 90 eV. A visible 1x1 pattern is highlighted in the 

red box. The suggested ideal surface structure is shown in the cartoon below, with Sn 

(grey), O (red), and bridging O (yellow) atoms.  
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Figure 6.2. Valence band spectra using both monochromated Al kα X-rays (a) and He 

I UV light (b) for both the oxidized stoichiometric surface (black) and the reduced ion 

bombarded surface (red). 
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Figure 6.3. XPS of C 1s (a) and O 1s (b) of stoiciometrically oxidized SnO2(110) after 

exposures to PIPA = 0.1, 1, and 3 mbar at room temperature. 
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Figure 6.4. NAPXPS of C 1s (a) and O 1s (b) at PIPA = 0.5 mbar for 400, 500, and 600 

K, as well as after exposure at UHV.   
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Figure 6.5. Gas phase NAPXPS spectra of C 1s (a) and O 1s (b) at PIPA = 0.5 mbar for 

400, 500, and 600 K.  
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Figure 6.6. Subtracted mass spec data for acetone (m/z 43, yellow and m/z 58, red), 

CO2 (m/z 44, blue), water (m/z 18, purple), hydrogen (m/z 2, pink), O2 (m/z 32, black), 

and IPA (m/z 45, grey) at PIPA = 0.5 mbar.   
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Figure 6.7. NAPXPS of C 1s (a) and O 1s (b) at 9:2 PO2:PIPA for 400, 500, and 600 K, 

as well as after exposure at UHV.   
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Figure 6.8. Gas phase NAPXPS spectra of C 1s (a) and O 1s (b) at 9:2 PO2:PIPA for 

400, 500, and 600 K. 
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Figure 6.9. Subtracted mass spec data for acetone (m/z 43, yellow and m/z 58, red), 

CO2 (m/z 44, blue), water (m/z 18, purple), hydrogen (m/z 2, pink), O2 (m/z 32, black), 

and IPA (m/z 45, grey) at 9:2 PO2:PIPA.  
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Figure 6.10. Cartoon diagram of the mechanism for IPA adsorption and decomposition 

on a stoichiometric SnO2(110) surface. 
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CHAPTER 7: 
 

CONCLUSIONS AND FUTURE DIRECTIONS  
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7.1 ORGANOTIN PHOTORESISTS 

Surface characterization of organotin thin films combined with ambient, 

contrast, and annealing studies have provided significant knowledge and led to a 

proposed mechanism for how tin-based nanocluster resists behave through the 

patterning process. In chapter 3, we proposed standard characterization methods for 

new resist materials through the use of AFM, ellipsometry, TPD, ESD, and XPS. These 

methods allow the study of film morphology, thermal stability, radiation sensitivity, 

and chemical composition. Chapter 4 focused on radiation induced mechanistic studies 

through use of XANES and NAPXPS to further confirm the role of electrons in the 

reaction mechanism and also to try and better understand what reaction products were 

formed following exposure. In chapter 5, contrast studies provided benchmark 

sensitivity comparisons, which led to suggestions on improvements for processing and 

material designs. Finally, annealing studies in chapter 5 provided insight towards the 

chemical composition of the resulting films post exposure, drawing further conclusions 

and proposing a full mechanism for the overarching patterning process. 

There are still a few characterization studies that could be performed to provide 

further insight or knowledge about these resist materials. Currently, no chemical 

composition studies were completed following the full development process. As stated 

in chapter 5, a significant amount of carbon is still found leftover in the developed film. 

This is not ideal as the design of the materials were specifically intended to form a 

metal oxide matrix where most of the carbon originally in the film is removed after 

development. While annealing studies were able to suggest that significant carbon is 

left behind, these studies were all done in a controlled vacuum system with maximum 



156 
 

 

pressures of 1 mbar and therefore not directly correlated with annealing in ambient air. 

Ambient anneal studies were only performed in 1 mbar of each molecule as this was a 

safe system pressure for the molecules used. Comparing to air, higher partial pressures 

would need to be achieved, namely ~200 mbar O2, ~20 mbar D2O, and ~730 mbar for 

N2. Additionally, since there was evidence of some reduction mechanism taking place 

through interactions with D2O, studying mixtures of gasses would determine if an 

alternative mechanism may occur. Mixing 10:1 O2:D2O for annealing studies (a ratio 

similar to that of air) would be interesting to see if the extra oxygen leads to increased 

oxidation through hydroxyl species instead of any reducing reactions. Other mixtures, 

possibly including N2, may also be useful in shedding light on the chemistry occurring 

during the PEB. 

Following annealing the thin film, the next step is to develop the sample. The 

goal would be to determine what further changes occur to the films, especially on the 

surface, after the film is immersed in developer solution. Unfortunately, there are 

numerous challenges to determining the true composition after exposure to the 

developer solution. The most straightforward compositional study would be to remove 

the film from vacuum following exposure and anneal, develop the film ex-situ, and then 

reload the sample in vacuum and measure the composition. However, once a sample is 

removed from vacuum, the surface composition can drastically change. Additionally, 

since the development process requires dissolving unexposed areas by immersing the 

entire film in organic solvents, some carbon will inherently be left behind on the 

remaining film. X-ray photoelectron spectroscopy is only able to measure a distribution 

of chemical components, which would make it difficult to separate between film carbon 
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and what carbon was left behind following development or other adventitious carbon. 

Alternatively, the use of IR spectroscopy would be a great way to pinpoint specific 

binding stretches that are characteristic to the film carbon versus the contamination 

from developer solution or air. With IR spectroscopy, baseline spectra can be 

subtracted from each measurement, unlike with XPS, providing for a more accurate 

depiction of the true film chemistry. This would require collecting IR spectra at 

numerous points during the development process, namely before and after exposure, 

after the PEB, and after developing the film. These measurements can be done either 

in atmosphere or more ideally in a controlled environment with a vacuum system. Yves 

Chabal’s group in UT Dallas has established a reliable method to study resist thin films 

in-situ via transmission IR spectroscopy.133 Dangerfield et al. were able to investigate 

interfacial chemistries and pinpoint the loss or gain of specific methoxy or hydroxyl 

vibrational modes for the γ-NaSn12 resist. Transmission IR would also be useful to 

combine with current XPS studies in all prior experiments, not only just for 

development studies. In the future, a similar setup for IR spectroscopy can be mounted 

onto the Specs NAPXPS system at Oregon State, allowing for the complete surface 

characterization and mechanistic study of a resist material in-situ. 

Resist composition could also be studied through thermal studies combined 

with spectroscopic compositional studies to draw further conclusions on the chemical 

changes occurring before, during, and after desorption processes. For example, XPS 

and/or IR spectroscopy could be collected at three temperatures; just after water 

desorption ~150 °C, just before the butyl desorption peak ~300 °C, and then just after 

butyl desorption ~400 °C. TPD has already shown that butyl groups are leaving the 
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film, but no studies have been performed to determine the chemical information of what 

remains after butyl desorption. If desorbed butyl ligands are finding their way back to 

the film by adsorbing to the surface, this could contribute to why only ~20% of carbon 

is removed post exposure. Tracking the stability of an exposed film is also important 

for PEB studies. Chapter 5 only discusses the composition changes following anneals 

to 170 °C as this is the temperature used for the PEB. It would also be interesting to 

see if the film chemistry changes further with exposure to higher temperatures, as this 

may suggest a different PEB temperature. Previously, the PEB temperature was 

determined by analyzing the resist contrast and line edge roughness through e-beam 

exposure in a scanning electron microscope (SEM) using temperatures that are 

commonly for metal oxide resist PEBs.121 However, for organotin, it is possible that 

even higher temperatures could be effective for a PEB since TPD studies show the pre-

exposed films are thermally stable to up to ~350 °C. XPS and/or IR should also be 

collected for post exposed films at temperatures >170 °C. The key aspects to look for 

would be whether the oxygenates (C-O and C=O) are eventually removed at higher 

temperatures, or if they form permanent contamination in the film. The O-C peak in 

the O 1s spectra would also provide more information on oxygenates in the film. Other 

important features would be whether carbon can be completely thermally removed, if 

so at what temperature, and does the Sn change oxidation state during high temperature 

anneals > 400 °C. 

Thermal studies for post exposed films can also be achieved through mass 

spectrometry studies instead of spectroscopic studies. This would have to be done using 

a different X-ray source than what has been used for other exposure studies stated in 
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this dissertation. Specifically for monochromated X-ray sources, only a small spot (0.3-

1 mm) is exposed on the sample while the rest remains unexposed. If TPD were to be 

done on a sample like this, the unexposed regions would also desorb and complicate 

the analysis. Instead, a dual anode source, scanned monochromated X-ray source, or 

large scanned electron source would be required to expose the entire sample to 

radiation. Once exposed, a TPD experiment could be run to determine if the desorption 

profile is any different than pre-exposed films, followed by spectroscopic 

characterization of the remaining film. Based on the proposed mechanism, significantly 

fewer butyl ligands would desorb at the temperature seen for pre-exposed films. 

Otherwise, another likely result could be a distinctly different peak profile for m/z 41 

desorption, possibly at a different temperature as well. This result, combined with 

spectroscopic analysis, would verify that polymerization occurs and now C-C bonds 

must be broken instead of solely C-Sn for the decomposition of the film. Another 

feature to look for would be if longer carbon chain desorption species are now detected 

with a mass survey. If no change is seen in the m/z 41 profile except for a slight 

reduction in signal intensity (correlating to the amount of carbon loss seen from 

annealing studies in chapter 5) this may contradict the suggestion that complete 

polymerization occurs. Instead it may suggest that not all C-Sn bonds are broken during 

the exposure process even though a solubility transition is still able to occur. 

Spectroscopic characterization of the remaining film would provide useful information. 

Finally, studies with other organotin materials besides β-NaSn13 would be 

beneficial as well. With organotin synthesis, different ligands can be substituted on 

nanoclusters in order to try and control the chemistry. While β-NaSn13 was well utilized 



160 
 

 

as a model resist for studying radiation chemistries, adding additional or separate 

ligands could be useful in thermal studies following exposures. With bulkier and 

weaker bound ligands leftover in the proposed metal-oxide polymer post exposure, 

PEBs may then be able remove the carbon more effectively compared to what was seen 

with polymerized butyl ligands. Charged nanoclusters would also be interesting for 

post exposure thermal studies as the need for counterions could be utilized to control 

the chemistries following anneals. Overall, significant knowledge has been gained 

about the radiation-induced mechanism for organo-tin resists, however a full 

understanding of the chemical transformations that occur following exposure and 

anneal require more studies for complete understanding of the patterning process, 

leading to better designed materials for industrial applications.  

 

7.2 TIN OXIDE CATALYSIS 

Ambient pressure XPS studies of 2-propanol (IPA) interactions with SnO2 

determined a Mars-van Krevelen mechanism occurs for the oxidation of IPA to CO2. 

Chapter 6 explains the differences between exposures to solely IPA compared to 

mixtures of O2 and IPA. The oxygen was shown to be a necessary component to 

maintain the oxidation state of the surface of SnO2, which is required to fully convert 

IPA to CO2. However, this has only been determined for the oxidized stoichiometric 

SnO2 surface. A reduced surface can also be prepared, where a 4x1 LEED pattern is 

formed instead of the 1x1 pattern seen with a stoichiometric surface. Preparation of a 

reduced surface, which requires significant removal of oxygen from the bulk of the 

SnO2 crystal, would be an interesting alternate surface for IPA conversion studies.  
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NAPXPS studies have shown ambient oxygen is required for full conversion of 

IPA to CO2, but no conclusions have been made on whether bulk oxygen 2-3 atomic 

layers beneath the surface is as important as ambient oxygen. With the reduced surface 

the top layer of bridging oxygen is no longer present, providing more available Sn sites 

for the IPA to adsorb to. However, the bridging oxygen likely plays a role in the 

acceptance of a proton during the decomposition of IPA. So it is questionable whether 

more Sn sites would increase or decrease adsorption of IPA. Since studies with only 

IPA led to a reduction of the SnO2 surface and ultimately quenching the full conversion 

to CO2, the reduced surface will likely not be advantageous versus the stoichiometric 

surface. There are additionally numerous surface terminations for SnO2(110) that can 

be prepared,10 however the most useful studies would be comparing the differences of 

IPA conversion on the stoichiometric 1x1 and the reduced 4x1 surface as they are 

essentially opposites.  

Following XPS comparisons between both surfaces, combining STM studies to 

study the surface would provide more information about the mechanism for each 

surface preparation and reaction conditions. While LEED is an effective technique to 

determine the crystal surface structure, STM allows you to image the surface structure 

and identify defects, like facets or step-edges, and also see if any other contamination 

is still present that is undetectable by XPS and LEED. With the collection of STM after 

IPA exposure, atomic resolution images allow for the ability to determine the exact 

sites where IPA adsorbs to the surface. The coverage of IPA can also be directly 

determined using STM images instead of estimating the coverage from photoemission 

spectra. Obtaining a more accurate coverage would be useful to combine with reaction 
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chemistry studies through XPS and mass spectrometry measurements. Comparing IPA 

adsorption sites for the stoichiometric and reduced surfaces would further determine 

the role of bridging oxygen in IPA adsorption. Alternatively to imaging, surface 

tunneling spectroscopy (STS) can be utilized to measure the electron density of a 

surface, allowing for the calculation of the bandgap. Looking at bandgap changes 

following exposure to IPA for each surface or experiment conditions can be combined 

with valence band changes in XPS measurements to determine how the oxidation state 

of surface tin sites are changing. 

STM can also be collected in ambient pressure and at elevated temperatures. 

This means that the same NAPXPS experimental conditions can be applied to the STM 

chamber where images can be collected. A series of images can also be stitched 

together to form a movie where one can observe the adsorbed IPA interacting with the 

atoms on the surface. One must consider the time scale of the reaction for creating a 

movie, as the reaction may be too quick to see intermediates. Instead, a separate 

experiment may be necessary where IPA pressure is stabilized and O2 is slowly 

introduced as images are continuously collected. Alternatively, IPA and O2 can be 

mixed and during imaging where O2 is slowly quenched from the chamber. By 

changing the O2 pressure, the reaction kinetics will change and potentially leading to a 

noticeable change in the adsorbed species. Since NAPXPS is limited in its ability to 

track specific molecules, combining with NAPSTM could provide significant 

conclusions on the reaction mechanism. 

In addition to surface preparation and further characterization of single crystal 

SnO2, a thin film of another element can be deposited onto the surface to potentially 
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enhance reactivity. Leclercq et al. were able to show that multiple weight percent 

dopings of Pt on SnO2 were able to reduce the reaction temperature needed to convert 

IPA to CO2 compared to just SnO2 alone.11 As the amount of Pt is increased, a further 

reduction in the temperature requirement is seen.11 Thin films of Pt can be evaporated 

onto the surface of a stoichiometric or reduced surface through e-beam evaporation. 

With e-beam evaporation, submonolayer layers of Pt can be deposited on the surface. 

A light Ar+ ion sputter could also be used to introduce defects in the Pt surface and 

decrease the amount of Pt to less than a monolayer. STM can then be used to 

characterize the Pt on the surface and measure the coverage. NAPXPS and NAPSTM 

studies can be repeated for the Pt surface to determine what role the Pt plays in the 

reaction mechanism. 

Lastly, IPA conversion to CO2 is only one proposed reaction where SnO2 has 

been shown to be an effective catalyst. Other reactions for catalytic conversion of other 

volatile organic compounds, like MeOH, can also be studied. SnO2 has been shown to 

be an effective oxidizing catalyst for CO oxidation to CO2.12 Not many ambient 

pressure XPS studies have completed for reactions on SnO2 surfaces, which means 

there is still much fundamental knowledge to be obtained for a very unique material. 

Fundamental knowledge of solid-gas interfacial reactions is vital for advancing 

heterogeneous catalysis, which plays a central role in numerous commercial 

applications, namely industrial-scale chemical production, energy conversion 

applications and pollution control. Advances in the molecular-level understanding of 

chemical reactions on solid surfaces are essential for developing rational strategies for 

designing more efficient and selective catalytic processes.  
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