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1 Introduction 

Patterning of semiconductor devices has been an extremely important part of technological 

achievements over the last decades. Thanks to improvements of patterning processes, 

especially in their resolution and cost-effectiveness, we have been able to keep up with the 

Moore’s Law1. However, feature sizes of the components have become so small, while at the 

same time complexity of the structures of these components have increased, problems, 

especially with the throughput, the cost, and the number of errors, have become a great 

concern.2–5 Patterning of modern semiconductor devices requires multiple steps and several 

different patterning techniques, thus making the whole process extremely complicated. So, 

finding new and improving old patterning techniques, is more crucial than ever. 

Area-selective etching of polymers is a novel self-aligning patterning technique, first 

presented by Zhang et al.6, where the area-selectivity is achieved by using catalytic surfaces 

underneath the polymer. The catalytic surfaces decompose the polymer on top, either by 

activating etching gases or by directly catalysing the decomposition of the polymer. This 

patterning process is self-aligning because only the polymer on top of the catalytic surface is 

decomposed. And because inherent catalytic effects of certain materials can be used, the 

number of complicated deposition and etching processes can be minimized. In an ideal case, 

only depositing the polymer followed by its catalytic decomposition are needed. Thus, this 

novel patterning technique has a huge potential to increase the throughput, while decreasing 

the cost and the number of errors, of the whole manufacturing process of semiconductor 

devices. In this thesis, only thermally activated catalytic processes are reviewed. It is, however, 

important to remember that also other ways to activate catalysts can be applied, like UV 

radiation.  

Because area-selective etching of polymers catalytically is a new process, many challenges are 

still unknown so it is hard to predict precisely which aspects will be the most important. For 

this reason, many subjects in this thesis are discussed only on general level. This thesis is, first 

and foremost, aimed to give an overview of this novel technique and to bring up possible 

challenges, and raise questions for the future research. 
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In the literature review of this thesis, properties of polymers that are considered important 

for their use as resists in the new area-selective etching technique are reviewed. Also, 

different catalysts as well as catalytic decomposition and degradation processes of organic 

polymers and other carbon-containing compounds in different environments are reviewed. In 

the experimental section, different surfaces are tested for their catalytic effect for 

decomposition of poly(methyl methacrylate) (PMMA) both in air and in H2-atmosphere. 

Additionally, experiments are done for finding out how thick of a CeO2 layer is needed for 

adequate catalytic effect. 
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Literature Review 

2 Patterning techniques 

Several nanopatterning techniques have submerged over a brief period of time which alone 

shows the importance and the challenging nature of patterning in nanoscale. The rapid 

development of new and improved techniques over the last decades will not slow down any 

time soon because many parameters must be taken into consideration. For this reason, one 

single technique has not yet been declared to be the ultimate end-all-be-all technique, since 

improving one parameter often negatively affects another.  

One obvious parameter is the resolution of the pattern.2–4,7,8 Good resolution nowadays is 

often considered to be as small as sub-10 nm. Multiple techniques have been developed that 

can reach a high resolution but they suffer from other issues. One major issue, especially from 

the industry point of view, is the throughput which means how many of these patterns can be 

manufactured in a given time.2–4,7 High resolution and high throughput are almost always 

exclusive. So, even though high enough resolution for most applications can be routinely 

achieved with several techniques, satisfying throughput for high scale industrial production is 

rare. Other important parameters are the cost, the complexity of the technique and - arguably 

the most important parameter for the complicated integrated circuit (IC)-layouts (Figure 1) - 

the number of errors such as defects, line edge roughness (LER), line width roughness (LWR), 

and edge placement errors (EPE).5,9 LER and LWR are usually results of intrinsic properties of 

the resist, such as reflow of the resist during patterning or deposition. EPEs occur because 

multiple patterning steps are needed to create complex multilayered patterns, and the 

alignment of the pattern perfectly is extremely difficult with most of the patterning 

techniques. These errors are important because even a small defect or an alignment error in 

a microchip can cause a short circuit, making the whole chip useless. This has a massive impact 

not only on the throughput but on the cost of the entire process as well. When it comes to 

industrial-scale manufacturing, cost becomes one of the most critical issues, and it consists of 

multiple variables. To bring down the cost one must consider not only the throughput but the 

complexity (both the tools and the process) and the amount of wasted materials of the entire 

process. Additionally, chemical compatibility is of course a necessary thing to keep in mind. 
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For example, organic materials might not withstand some steps in the patterning process 

where solvents are used10, and some materials are difficult to etch11 which can complicate the 

patterning process even more. 

 

Figure 1 – (a) Schematic picture of interconnects where metal lines and vias are connecting 
transistors, and (b) Scanning electron microscopy (SEM) image of a cross section of an Intel 
Broadwell IC.12 Reprinted from Journal of the Electrochemical Society under the Creative 
Commons Attribution 4.0 License. 
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Patterning techniques can be divided into two categories: top-down and bottom-up 

techniques.2,3,13 Top-down techniques, sometimes simply called lithography techniques, use 

a resist to produce the desired pattern. The most common resists are polymer-based due to 

the excellent controllability of polymer properties. Vastly different properties are needed 

because patterning techniques are exploiting many diverse ways of shaping the resist. There 

are two different approaches for patterning using a resist (Figure 2). One way is to first deposit 

the material to be patterned onto the substrate. The resist is then coated on top of the 

material and patterned accordingly, and finally, the material is etched using the patterned 

resist. This is called as an etching method.2,3,8,13 Alternatively, the resist can be first coated and 

patterned onto the substrate, then the material is deposited on top of this structure, and 

finally the resist, along with the excess material on top of the resist, are removed. This is a so-

called lift-off method.2,8,14 Lift-off methods are viewed as superior compared to conventional 

etching methods because the etching of the material is avoided, and many resists suffer from 

bad etching resistance. However, the lift-off method cannot be used, for example, if the 

deposition of the material requires temperatures above the degradation temperature of the 

resist. Lift-off is also difficult to use with conformal deposition techniques like atomic layer 

deposition (ALD). 

Bottom-up techniques use a different approach: the pattern is achieved by depositing the 

material onto a substrate in a self-assembling or self-organizing way.2,13 One such method is 

area-selective deposition (ASD) of the material using ALD.8,13 Certain parts of the substrate 

can be either activated or deactivated for the ALD growth (Figure 2). This way ALD can be used 

to selectively grow, for example, metal on metal, metal on dielectric, or dielectric on dielectric 

material. ASD is not limited to ALD only and can be done with other deposition techniques as 

well. Most of the bottom-up techniques require some sort of pre-patterning procedure to 

enable the area-selective deposition, such as a regular lithography process using a resist. Since 

the top-down techniques are currently the main way to manufacture commercial integrated 

circuits, it makes sense to focus on the top-down techniques when discussing the challenges 

of the current patterning techniques.  
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Figure 2 – Schematics of (a, b) top-down and (c, d) bottom-up techniques. (a) A top-down 
technique where etching of the material is used in the patterning process. (b) A top-down 
technique where the lift-off method is used to pattern the material. (c, d) Bottom-up 
techniques where ALD is used to deposit the material, either by (c) deactivating or by (d) 
activating selected parts of the substrate. 8 Republished with permission of Royal Society of 
Chemistry, from “The use of atomic layer deposition in advanced nanopatterning.”, Mackus, 
A. J. M.; Bol, A. A.; Kessels, W. M. M., 6, 19, 2014, permission conveyed through Copyright 
Clearance Center, Inc.  

 

In lithography, the resist can be patterned in two ways, with or without a mask/mold.4,7,8 

Lithography techniques that use a mask or a mold to transfer the pattern into the resist include 

photolithography, (nano)imprint lithography (NIL), and soft lithography (Figure 3). In maskless 

lithography techniques, the resist is patterned directly, as the name suggests, without using a 

mask or a mold. Maskless techniques include electron beam lithography (EBL) and scanning 

probe lithography (SPL). Although many other techniques exist, these give a good overview of 

current techniques, especially when it comes to their challenges. 
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Figure 3 – Schematics of different top-down techniques. (a) Photolithography, (b) e-beam 
lithography (EBL), (c) (nano)imprint lithography (NIL), and (d) soft lithography.8 Republished 
with permission of Royal Society of Chemistry, from “The use of atomic layer deposition in 
advanced nanopatterning.”, Mackus, A. J. M.; Bol, A. A.; Kessels, W. M. M., 6, 19, 2014, 
permission conveyed through Copyright Clearance Center, Inc.  

 

Photolithography has been used for decades by the semiconductor industry. It is still the most 

common way to manufacture semiconductor devices, and it usually is the limiting step in the 

entire manufacturing process.8 Resists used in photolithography are exposed to high-energy 

photons using a mask that has the desired structure in the form of transparent and non-

transparent areas.2,8,15 The resist can either be positive or negative. The exposed region of a 

positive photoresist becomes soluble in a given solvent while the non-exposed region stays 

insoluble. Vice versa, the exposed region of a negative photoresist becomes insoluble while 

the non-exposed region stays soluble. Both etching and lift-off techniques can be used with 

photolithography. To achieve higher resolutions, the wavelength has been decreased 

significantly over the years (Figure 4).  
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Figure 4 – Development of feature sizes of transistors (nm) and the wavelength (nm) in 
photolithography.16 Reprinted, with permission, from Larry Zhang, Silicon Process and 
Manufacturing Technology Evolution: An overview of advancements in chip making., IEEE 
Consumer Electronics Magazine, 3, 3, July 2014. 

 

High resolutions, even below 10 nm, are routinely achieved with a 13.5 nm wavelength, called 

Extreme Ultraviolet (EUV) photolithography.15 Although this resolution is excellent, the 

complexity and the cost of the equipment are extremely high, so the EUV is only used when it 

is absolutely necessary. Another example of the photolithography technique is 193 nm 

photolithography.5,15 Principles of EUV and 193 nm photolithography are basically the same, 

i.e., the resist is exposed to photons. High resolution with the 193 nm technique can be 

achieved by using a technique called multiple patterning. Usually, with multiple patterning, 

the wafer must be taken out from the photolithography tool for additional resist-producing 

steps, which complicates the process immensely. The spacer-defined double patterning 

(SDDP) technique has been developed for getting rid of these complicated steps.8 SDDP uses 

an additional step to deposit on the patterned resist the spacer which is then etched 

anisotropically (Figure 5). The spacer deposition and the etching can be done two times to 

achieve spacer defined quadruple patterning (SDQP). Throughputs with most 

photolithography techniques are good because many wafers can be patterned 
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simultaneously, which is one of the main reasons they are so widely used in semiconductor 

manufacturing these days. The biggest problem with photolithography appears when 

complicated multilayered structures are patterned. This means that several photolithography 

steps are needed, and because aligning the masks perfectly in every step is virtually 

impossible, EPEs become a major issue.5,9 

 

Figure 5 – Schematics of the different multiple patterning techniques. (a) Double exposure, (b) 
spacer defined double patterning (SDDP), (c) direct spacer defined double patterning (D-SDDP), 
and (d) spacer defined quadruple patterning.8 Republished with permission of Royal Society of 
Chemistry, from “The use of atomic layer deposition in advanced nanopatterning”, Mackus, A. 
J. M.; Bol, A. A.; Kessels, W. M. M., 6, 19, 2014, permission conveyed through Copyright 
Clearance Center, Inc.  
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Nanoimprint lithography (NIL) is a technique that uses a mold to transfer the pattern.17–19 NIL, 

similar to photolithography, uses a resist that is first deposited onto a surface. The pattern is 

achieved by using a mold to shape the resist into the desired pattern. For this reason, NIL is 

called as a mechanical patterning technique. There are different NIL techniques, the two most 

common ones being thermal and ultraviolet (UV) NIL (Figure 3). In thermal NIL the mold is 

heated, the heated mold pressed into a thermoplastic resist, and the resist is cured by cooling 

it down. In UV NIL an UV-transparent mold is pressed into a liquid photoresist, and the resist 

is then cured by UV radiation.17–19 Because heating can cause some damage to the film or the 

substrate20, the UV NIL is more suitable in many cases, compared to the thermal NIL.  

However, challenges in UV NIL are the shrinkage of the resist and uniform UV exposure over 

the whole substrate.18,21 Since the resist pattern is determined by the structure of the mold, 

complicated 3D structures with excellent resolution can be achieved.17–19,22 However, this 

requires sophisticated mold fabrication techniques, such as focused ion beam (FIB).22 High 

throughput NIL techniques are possible because the curing process can be rapid, some resists 

can be cured within ten seconds.19 One of the problems of the high throughput NIL techniques 

is the lifetime of the mold.4 For example, heating and cooling down the mold repeatedly 

creates stress causing damage. The cost of the mold fabrication can rise high, especially if 

extremely small features are patterned, thus complicated mold fabrication techniques are 

needed. Another issue is that some amount of resist can remain on the surface after the 

imprint step, and therefore an additional etching step of the residual resist is needed.2 Like 

with photolithography, the EPEs become an issue when two or more layers must be aligned 

on top of each other. Also, air bubbles can be entrapped during the curing process causing 

defects in the resist.23 

Soft lithography is another mechanical patterning technique that is quite similar to NIL (Figure 

3). The name comes from that soft elastomeric material, often poly(dimethyl siloxane) 

(PDMS), is used as a stamp.24,25 One unique soft lithography technique, microcontact printing, 

uses a mold to stamp material onto the surface. Microcontact printing is used, for example, in 

biotechnology because organic matter like DNA or proteins can be printed/patterned directly 

onto the surface without causing any damage to the delicate biological systems. Microcontact 

printing can also be used for printing self-assembled monolayers (SAM) onto the surface, 



11 
 

enabling area-selective deposition.26 However, soft lithography techniques have not gained 

major attraction in the semiconductor industry.  

Electron-beam lithography (EBL) is a resist-based but maskless lithography technique. The EBL 

process begins by coating the material with an electron-sensitive resist.2,27 The resist is then 

irradiated with an electron beam and etched to achieve the desired pattern (Figure 3). EBL is 

a straightforward technique and can achieve superb resolution, the equipment cost is 

relatively low, and edge placement errors can be avoided almost completely. However, the 

throughput is so low that EBL is mainly used in research and not on a large scale.2,3 To increase 

the throughput, multiple electron beams can be used. EBL is widely used, for example, in area-

selective deposition research, thanks to its excellent resolution and low error rate.28 EBL is 

also used to manufacture masks for photolithography.3  

Focused ion-beam (FIB) lithography is a similar technique to EBL, except it uses ions instead 

of electrons.29 But unlike EBL, FIB lithography can be used to directly etch the resist. 

Additionally, FIB lithography can be used to mill certain parts of the material or deposit 

materials directly. FIB lithography suffers from the same drawbacks as EBL, especially low 

throughput, so it has mainly found use in research. 

Scanning probe lithography (SPL) techniques are similar to EBL or FIB, in a sense that the resist 

is patterned directly with an excellent resolution, without using a mask.2,7 The difference is 

that instead of using an electron or an ion beam, SPL techniques use a cantilever with a sharp 

tip to create the pattern to the resist (Figure 6). The resist can be etched in multiple different 

ways: mechanically, thermally, chemically, or electrically, to name a few. The etching process 

can be done in a scanning tunneling microscope (STM) or an atomic force microscope (AFM). 

SPL techniques can produce patterns with ultrahigh-resolution, STM even down to atomic 

scale. But once again, high resolution equals terrible throughput. Also, STM requires 

conductive surface, which complicates the process. Some SPL techniques, like dip-pen 

lithography, can be used to deposit the material directly onto the surface without using a 

resist.30 
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Figure 6 – Schematic of mechano-chemical scanning probe lithography.31 Reprinted from 
Applied Surface Science, 239, In-Ha Sung; Dae-Eun Kim, “Nano-scale patterning by mechano-
chemical scanning probe lithography”, p. 209-221, 2005, with permission from Elsevier.  

 

The above are only a few examples of nanopatterning techniques available, but they give a 

good overview of the challenges ahead if we want to keep up with the Moore’s Law. Whether 

any of the aforementioned techniques will be improved enough so that it will reign supreme, 

remains to be seen. Most likely a combination of these patterning techniques will be used, 

alongside many techniques yet to be discovered. 
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3 Area-selective etching of polymers using 

catalytic surfaces 

Area-selective etching of polymers using catalytic surfaces is a novel patterning technique, 

first presented by Zhang et al.6 It is a self-aligning technique which relies on different catalytic 

properties of different surfaces (Figure 7). A thin polymer film is used as a resist which can be 

etched from top of catalytically active materials using different thermocatalytic processes, 

while on top of non-catalytic materials the resist stays intact. Etching gases, such as O2 or H2, 

diffuse through the polymer film onto the catalytic surface where they dissociate into reactive 

atoms decomposing the polymer locally. Alternatively, non-reactive gases, like NO, can be 

catalytically converted into more reactive gas, like NO2. The catalytic material can be used to 

decompose the polymer also directly in an inert atmosphere, without using any etching gases. 

Because the etching of the resist is self-aligned, placement errors and defects can be avoided.  

Throughput of this technique is potentially high, since the patterning steps are fast and simple, 

and the entire process ideally consists of only two steps: deposition of the resist and etching 

of the resist. Additional steps may be needed if the surface must be first catalytically activated 

or inactivated, which requires a deposition step and possibly an etching step afterward. But 

unlike many other patterning techniques, this does not inherently require a mask or slow and 

complicated etching procedure, and thus it has a great potential to simplify the patterning 

process significantly and to lower the cost.  
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Figure 7 – Schematic of the self-aligned patterning via area-selective etching of polymers and 
possible deposition methods for patterned films.6 Reprinted from Coatings, under a Creative 
Commons Attribution License.  

 

After the self-aligned patterning step, many different deposition methods can be used. Area-

selective deposition (ASD), where the deposition does not occur on top of the polymer, is one 

potential deposition technique. After the ASD, the polymer can simply be removed with an 

appropriate solvent. Deposition can also be done non-selectively, on top of both the exposed 

area and the resist, and after the deposition a lift-off method can be used to remove the resist 

along with the material deposited on top of the resist. This makes area-selective etching of 

polymers quite tolerant technique since usually with ASD some amount of growth will take 

place eventually on the nongrowth areas as well, which can then simply be removed by lift-

off. Additionally, even if the etching is not perfectly area-selective, i.e., some amount of 

polymer is etched also on non-catalytic areas, polymer may still be able to prevent material 

growth on the desired areas. Therefore, the etching rate needs to be only faster on catalytic 

areas compared to non-catalytic areas. 
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Zhang et al.6 studied the thermocatalytic decomposition of poly(methyl methacrylate) 

(PMMA) and polyimide, PMDA-DAH (PMDA = pyromellitic dianhydride, 1,2,3,5-benzene 

tetracarboxylic anhydride, DAH = 1,6-diamino hexane) (Figure 8). PMMA was successfully 

decomposed selectively in air and in forming gas (5 % H2), whereas PMDA-DAH-polyimide was 

decomposed selectively in air and in an inert atmosphere. PMMA was catalytically 

decomposed in air on Pt at 200 oC, and Ru and CeO2 at 250 oC, whereas native SiO2 did not 

show any clear catalytic effect even at 300 oC. In the H2-atmosphere, Cu and Ti surfaces 

showed promising catalytic effect in the decomposition of PMMA at 300 oC, whereas native 

SiO2, Pt, W, Co, and Pd did not. Polyimide was catalytically decomposed in air on Pt at 250 oC 

and on Ru at 300 oC, whereas native SiO2 or CeO2 did not show any clear catalytic effect at 300 

oC. In an inert atmosphere, Ru and Cu surfaces showed promising catalytic effect in the 

decomposition of polyimide at 400 oC, whereas native SiO2, Pt, W, Co, and Ti did not.  

 

Figure 8 – Molecular structure of PMMA and PMDA-DAH. 

 

Additionally, thermocatalytic etching of polymers was successfully applied to make a 

micrometre-scale pattern, using Pt as a catalytic surface, SiO2 as a non-catalytic surface, and 

polyimide as a resist which was catalytically decomposed in air.6 Finally, Ir thin film was 

successfully deposited on the Pt surface via ALD, while polyimide layer prevented the growth 

on the SiO2 surface (Figure 9). 
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Figure 9 - Scanning electron microscope (SEM) images of the Pt-SiO2 boundary after the area-
selective etching of PMDA-DAH-polyimide (left) and after Ir deposition (middle and right), 
and.6 Reprinted from Coatings, under a Creative Commons Attribution License. 

 

4 Polymers as thermocatalytically decomposable 

resists 

Polymers are already widely used as resists in various patterning techniques because a great 

variety of different polymers can be synthesised. This opens the possibility for choosing 

chemical, physical, mechanical, electrical, and optical properties of the resist precisely. For 

example, the resist in photolithography must be photosensitive32, whereas in NIL the resist 

must not only be UV- or thermal responsive but also have sufficient viscosity in its melt state33. 

Polymer properties can be changed not only by changing the chemical structure of the 

polymer chain but also by changing the architecture of the polymer, which can have a dramatic 

effect especially on the physical properties.  

An example of a commonly used method for changing the chemical structure of a resist is 

fluorination, which enhances the absorption of EUV radiation.34 Also, additives or mixing 

different polymers can be used to manipulate the properties of a resist. For example, to 

increase the photosensitivity of a resist, photoacid generators are used which generate acid 

when exposed to photons.34 These types of resists are known as chemically amplified resists 

(CAR). 

Polymers are excellent resists also because many deposition methods can be used, such as 

spin coating, dip coating, CVD, and molecular layer deposition (MLD)35
. High resolution can be 

achieved routinely with polymer resists, like PMMA36. Also, both ASD and lift-off techniques 
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have been successfully used with many polymers, like poly(vinylpyrrolidone)(PVP)37 and 

PMMA38. Removal of the polymer after the film deposition is in most cases quite simple 

because polymers can be dissolved easily with the right solvent, usually without damaging the 

film and the material beneath. PMMA for example can be dissolved with a variety of solvents, 

like toluene, xylene, and ethyl acetate.39 Alternative methods for polymer removal can be 

used, such as UV-ozone treatment40, or simply by annealing the polymer off41.  

Nevertheless, polymers are an obvious choice as a resist for thermocatalytic decomposition, 

although several factors must be considered when assessing the suitability of a given polymer. 

Other potential carbon-based materials that can be used as a resist include self-assembled 

monolayers42 (SAMs) and amorphous carbon43. 

Firstly, the polymer must be permeable enough so that the reactive gases, like O2 and H2, and 

the decomposition products are able to penetrate through the polymer efficiently. However, 

high gas permeation may become a problem if the reactants are able to diffuse into the 

polymer and react with each other, with the substrate, or with the polymer. Since the diffusion 

of reactants through the polymer, reactions between the reactants and the substrate or the 

polymer is an extremely complicated issue, we will only discuss gas permeation in general. 

The polymer must be susceptible to thermocatalytic decomposition in a correct environment 

and the resolution of the pattern must be satisfactory, thus thermal properties must be 

considered. The polymer must also prevent material growth onto the substrate, so sufficient 

adhesion between the polymer and the substrate is important. And like any other patterning 

technique, the polymer must be able to withstand the film deposition conditions without 

outgassing, changing shape, or collapsing.  

In this thesis, we will almost solely consider the thermal behaviour of different polymers. Vast 

number of different reactants used in different physical and chemical deposition techniques, 

and an immense number of different polymers exist. Therefore, virtually endless amount of 

combination of reactants and polymers exist so reactions between the resist and the reactants 

will not be reviewed exhaustively. 
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4.1 Gas permeability 

Generally, polymers have a high gas permeability. This is because long polymer chains always 

have some irregularities and therefore amorphous regions always exist (Figure 10). For this 

reason, with polymers, we talk about the degree of crystallinity. Highly amorphous polymers 

are porous on a molecular scale, so small gas molecules can permeate through the polymer 

with ease. However, some semicrystalline polymers, can be excellent gas barriers. Examples 

of such polymers are poly(vinylidene chloride) (PVDC)44,45 and polyvinyl alcohol (PVA)45 (Figure 

11). PVDC is used in food packaging for this reason.  

 

 

Figure 10 - Schematics of amorphous and crystalline polymers, as well as a schematic of 
amorphous and crystalline regions in a polymer. 
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Figure 11 - Molecular structures of the repeating unit in poly(vinylidene chloride) (PVDC), 
poly(vinyl chloride) (PVC), and polyvinyl alcohol (PVA). 

 

Several factors are dictating the crystallinity of a polymer, such as symmetry, intermolecular 

forces, tacticity, size of the side groups, polymer architecture, and length of the polymer 

chains. Chain symmetry increases crystallinity because symmetrical chains form lamellae 

structures easier than asymmetrical ones. For example, PVDC is semicrystalline whereas 

poly(vinyl chloride) (PVC) (Figure 11) is a highly amorphous polymer, even though the 

difference in the monomer is only one chlorine atom. For this reason, the O2 permeability of 

PVC is a lot higher than that of PVDC.46 

Chain rigidity also plays a vital role in the crystallinity of a polymer. Rigid chains are not able 

to move freely, so they tend to crystallize easier than flexible chains. For example, aromatic 

groups in the backbone prevent the chain from bending.47 However, flexible chains do not 

always equal highly amorphous polymer. Even though the chain in polyethylene (PE) is 

extremely flexible, high-density PE (HD-PE) can be quite crystalline.48 This is due to 

intermolecular forces in the symmetrical chain, namely van der Waals forces, which cause 

lamellae to form. Hydrogen bonds are another example of intermolecular forces, like in 

poly(vinylidene fluoride) (PVDF) (Figure 12). Chain symmetry and strong intermolecular forces 

make PVDF a good gas barrier material.46  
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Figure 12 - Molecular structure of poly(vinylidene fluoride) (PVDF), and intermolecular forces 
between fluorine and hydrogen in the adjacent polymer chains. 

 

Tacticity plays an important role in the crystallinity of asymmetric polymers. Isotactic polymer 

chains increase crystallinity, whereas syndiotactic or atactic chains decrease crystallinity 

(Figure 13). This can be seen in the case of polypropylene (PP), where a higher level of 

isotacticity increases crystallinity.49 Size of the side groups is also an important factor 

determining the crystallinity of a polymer. For example, methyl side groups in polyisobutylene 

(polyisobutene) (Figure 14) prevent strong intramolecular forces in the chain or intermolecular 

forces between the chains due to steric hindrance, thus decreasing crystallinity even though 

polyisobutylene is a symmetric polymer.46  
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Figure 13 - Molecular structure of the repeating unit in poly(propylene) (PP) and different 
tacticities of PP. 

 

 

Figure 14 - Molecular structure of the repeating unit in polyisobutylene (polyisobutene). 

 

Crystallinity can be drastically changed by modifying the polymer architecture. For example, 

highly branched or cross-linked chains significantly decrease the crystallinity of a polymer 
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(Figure 15). Some polymers, like PVDC, form chemical cross-links upon heating, thus 

decreasing crystallinity.44 Crystallinity can be decreased further by increasing the chain length, 

even in simple linear polymers, like PE.50 Longer chains are more entangled, preventing the 

formation of ordered lamellae structures due to physical cross-links, thus decreasing 

crystallinity.  

 

Figure 15 – Schematic of branched, chemically cross-linked, and physically cross-linked 
polymer. Black dots represent repeating units and red dots chemical cross-links. 

 

Although cross-linking decreases crystallinity, thus increasing the gas permeability of small 

molecules, it might prevent the diffusion of larger molecules. Wojtecki et al.42 showed that 

covalent bonds between the self-assembled monolayer (SAM) molecules substantially 

increased the deposition inhibition compared to weakly bonded molecules. This can be an 

issue when large decomposition products must escape through the polymer. 

As mentioned, most polymers are porous enough so that small gas molecules can penetrate 

easily through the resist, and heating usually loosens polymers making them less dense, thus 

increasing the permeability further. However, permeability might become an issue in 

thermocatalytic decomposition if the decomposition products are large molecules, like 

complete monomers, or if the polymer starts to decompose without softening first so that the 

density does not change enough. Vice versa, if the gas permeability of a polymer is too high, 

it might cause some issues during the following deposition step because reactants are able to 

diffuse through the resist.  
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Porosity is not the only factor dictating the permeability of polymers but interactions between 

the polymer and the gases affects the permeation. For example, polarity of the polymer and 

the gases has an effect on the permeability.51 Solubility of polar gas molecules, such as water, 

increases when the polarity of the polymer increases and vice versa. However, increased 

polarity in the polymer chain increases interchain packing which decreases permeability. 

Houde et al.52 studied the gas permeation of polyarylates with different functional groups. 

Gas permeation of all the gases (He, Ar, O2, N2, CH4, and CO2) decreased as the polarity of the 

functional groups increased. Similar results with polycarbonates were observed by 

Muruganandam et al.53  

Decomposition mechanisms of polymers are complicated, sizes of the decomposition 

products vary, polymer properties change upon heating, not to mention complicated 

interactions between gases and polymers, thus making it hard to predict if a polymer is 

permeable enough. Zhang et al.6 studied the thermocatalytic decomposition of PMDA-DAH-

polyimide and PMMA, where some of the decomposition products are expected to be large 

chain fragments, at least in the case of PMMA54. Both polymers were successfully decomposed 

thermocatalytically with different etching gases, so their permeability seemed to be 

satisfactory in this regard. Polyimide was successfully decomposed in air and under N2 

atmosphere whereas PMMA was successfully decomposed in air and under H2 atmosphere.  

 

4.2 Thermal properties 

To assess the suitability of polymers as thermocatalytically decomposable resists, we must 

look at their thermal behaviour. Thermal decomposition mechanisms are of course important, 

but heating causes also other changes in the polymer, both physical and chemical. The 

distinction between degradation and decomposition is difficult but in this thesis 

decomposition of a polymer means breaking the polymer chain into smaller compounds which 

ultimately leads to the destruction of the whole polymer, whereas degradation can be any 

physical or chemical change which causes the properties of the polymer to change but does 

not lead to decomposition of the polymer.  
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Firstly, temperature dictates the state of the polymer for both semicrystalline and amorphous 

polymers. All polymers are in a stiff solid state, known as a glassy state when the temperature 

is low enough. Polymers do not have an exact melting temperature but they start to soften at 

a certain temperature, known as a glass transition temperature (Tg) where they start to change 

from a glassy state to a rubbery state. The rubbery state forms due to a weakening of 

intermolecular forces which allows polymer chains to flow past one another. Different 

polymers can have vastly different Tg regions. Highly crystalline polymers can have a very 

narrow Tg region, thus showing almost classical melting behaviour of a solid. Some polymers 

do not melt at all when heated, but they start to degrade by other means and ultimately 

decompose. An example of such a polymer is cellulose which upon heating first starts to form 

cross-links and releases water, then char, and ultimately decompose.55 Glass transition and 

melting of the polymer are particularly important to consider because they allow so-called 

reflow to occur, which is a crucial factor dictating the resolution and the roughness of the 

pattern.56  

 

4.2.1 Thermal degradation and decomposition 

Mechanisms of thermal degradation and thermal decomposition of polymers are extremely 

complicated, and in many cases not completely understood. This gets even more complicated 

because the decomposition mechanisms change not only due to different polymer structures 

but to different atmospheres as well. For these reasons, the degradation and decomposition 

mechanisms of polymers will only be discussed in general. 

Four important mechanisms involved in the degradation and decomposition of polymers have 

been proposed: random-chain scission, end-chain scission, side-group reactions, and 

formation of cross-links.55,57 Generally, thermal decomposition of a polymer involves more 

than one of these mechanisms because decomposition is a complex process where a polymer 

degrades into smaller and smaller fragments until either the fragments are small enough to 

be volatile or thermally stable solid products are formed. These thermally stable products are 

often unwanted residues that can be carbonaceous, inorganic, or a combination of these 

two.55 Inorganic residues are rare but they should not be ignored completely. Inorganic 

residues can originate from the polymer itself or from the additives. Since most polymers 
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contain a large amount of carbon, the formation of carbonaceous residue, known as charring, 

is a concern. Charring causes less volatile high molecular weight structures to form which can 

cause problems for the patterning if they cannot be decomposed at a proper temperature. 

Another problem with the charring is that some of the porous carbonaceous products are 

excellent thermal insulators which can slow down thermal decomposition.55,58  

Random-chain scission, also known as random-chain cleavage, occurs at a random point in the 

polymer backbone and thus produces random-sized fragments.55,57 Random-chain scissions 

can lead to a production of monomers and oligomers as well as many other species. End-chain 

scission, also known as end-chain cleavage, occurs at the end of the polymer chain and mainly 

produces monomers. End-chain scission can in many cases be thought as a reverse reaction 

to the chain-polymerisation because it leads to high yield of monomers. For this reason, it is 

often called depolymerisation or unzipping.  

Due to the complexity of polymers, their decomposition often proceeds in multiple steps and 

they usually do not have a clear decomposition temperature, very much like they do not have 

a clear melting point. This is because molecular weight and even polymerisation mechanisms 

affect the decomposition temperature. For example, radically polymerised PMMA starts to 

decompose via end-chain scissions at around 220 oC, due to unsaturated end-groups, whereas 

anionically polymerised PMMA starts to decompose at around 300 oC via random-chain 

scissions.54 Another example is polyoxymethylene (POM) (Figure 16) which decomposition 

temperature depends on the end groups in the chain.55 Hydroxyl end groups lower the 

decomposition temperature significantly compared to ester end groups. 

 

Figure 16 – Molecular structure of the repeating unit in polyoxymethylene (POM). 
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Among simple homochain thermoplastics, decomposition is initiated by breaking off either a 

main chain bond or a small unit or group at the end of the chain, both resulting in the 

formation of free radicals to the polymer chain.55,57 The next step, known as propagation, can 

happen in three ways depending on the polymer structure.55 Propagation can proceed via 

either intramolecular hydrogen transfer, intermolecular hydrogen transfer, or 

unzipping/depolymerisation (Figure 17). Both intramolecular and intermolecular hydrogen 

transfer cause random-chain scission. If the polymer chain does not contain hydrogen, like 

poly(tetrafluoroethylene) (PTFE), or if hydrogens in the polymer chain cannot move freely due 

to bulky side groups, like in PMMA, end-chain scissions dominate. For this reason, the 

monomer yield of polystyrene (PS) is only about 50 % whereas poly(α-methyl styrene) is over 

95 % (Table 1). 
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Figure 17 – (a) Intramolecular H transfer, (b) intermolecular H transfer, and (c) end-chain 
scission of a simple polymer. R represents a bulky side group. 

 

 

 

 

 

 

 

 

 

 



28 
 

Table 1 - Monomer yield and thermal decomposition mechanisms of selected homochain 
polymers.55 

 

      

Polymer W X Y Z Monomer 
yield 

(weight-%) 

Decomposition 
mechanism 

PMMA H H CH3 CO2CH3 91-98 End-chain scission 

PTFE F F F F 95 End-chain scission 

Poly(α-methyl styrene) H H CH3 C6H5 95 End-chain scission 

 
PS 

 
H 

 
H 

 
H 

 
C6H5 

 
42-45 

End-chain 
scission/random-chain 

scission 

PP H H H CH3 0.17 Random-chain scission 

Poly(methyl acrylate) H H H CO2CH3 0.7 Random-chain scission 

PE H H H H 0.03 Random-chain scission 

 

 

Some simple heterochain polymers, such as POM, have high monomer yield because 

heteroatoms in the chain are preventing intramolecular hydrogen transfer.55 More 

complicated polymers, such as polyethylene terephthalate (PET) and polybutylene 

terephthalate (PBT) usually go through more complex decomposition processes. Montaudo et 

al.59 showed that an intramolecular exchange (ionic) reaction is the primary cleavage 

mechanism in the pyrolysis of both PET and PBT, followed by a hydrogen transfer (Figure 18). 
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Figure 18 – Proposed pyrolysis mechanism of polyethylene terephthalate (PET) (x=2) and 
polybutylene terephthalate (PBT) (x=4), where the primary cleavage occurs via 
intramolecular exchange reaction leading to a cyclic oligomer, followed by a hydrogen 
transfer.59 Reprinted from Polymer Degradation and Stability, 42, G. Montaudo; C. Puglisi; F. 
Samperi, “Primary thermal degradation mechanisms of PET and PBT”, 16, 1993, with 
permission from Elsevier. 

 

Often degradation and decomposition of a polymer are accelerated by oxidation. The 

initiation step is the same as in the inert atmosphere, i.e., the formation of free radicals.60 

These free radicals then react with oxygen and form peroxy radicals in a propagation step, and 

the peroxy radicals then react further accelerating the decomposition. Limiting oxygen index 

(LOI), or shortly oxygen index (OI), have been defined to determine the flame resistance of 

polymers. LOI tells the minimum fraction of oxygen in a mixture of oxygen and nitrogen that 

is needed to support combustion after ignition (Table 2).61 Polymer is not considered to be 

flammable if the LOI is 0.26 or higher. Some polymers such as PTFE and PVDF have a high LOI 

which means that the concentration of oxygen has a major impact on the decomposition 

mechanism. For example, oxygen concentration affects not only the decomposition 

temperature of PVDF but the decomposition has three stages in high oxygen concentration, 

two stages in air, and only one stage in an inert atmosphere.62 
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Table 2 - Oxygen indices (OI) of selected materials. 61 Reprinted from Polymer, 16, D.W. van 
Krevelen, “Some basic aspects of flame resistance of polymeric materials”, p.615-620, 1975, 
with permission from Elsevier. 

 

 

Hydrogen abstraction is an important mechanism in the formation of free radicals in oxidative 

decomposition.60 Therefore, hydrogen-carbon bond strength can be used to predict the 

thermal stability of a polymer (Table 3). Hydrogen atoms bonded to a tertiary carbon are 

particularly susceptible to dissociation. 
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Table 3 - Dissociation energies (kJ/mol) of some carbon-hydrogen bonds.60 Reprinted from e-
Polymers under the Creative Commons Attribution 4.0 License. 
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Side groups, or atoms in the side groups, can either be cleaved off or they can react in other 

ways.55 Side group scission, also known as chain-stripping, does not involve cleavage of the 

polymer backbone unlike the other two scission mechanisms but it causes elimination of the 

entire side groups or some atoms from the side groups. Products from the side-group scissions 

are generally small volatile molecules and atoms, but sometimes these reaction products can 

accumulate or form new non-volatile products. Cross-linking occurs usually due to reactions 

of the side groups that lead to creating covalent bonds between the polymer chains. Cross-

linking can lead to the formation of non-volatile species.  

Side group reactions are important in char formation. Some side group reactions that cause 

charring include cyclization, condensation, and recombination.63 Polymers that go through 

only few side group reactions upon decomposition form very little char, like POM, PMMA, and 

PTFE. The common feature of these polymers is that they have high monomer yields upon 

decomposition. However, low monomer yield does not always equal high charring. PS has a 

relatively low monomer yield but it is considered to be a non-charring polymer.63,64 Other non-

charring polymers include polyamide 6,6 (PA 66 or Nylon 66), PP, poly(lactic acid) (PLA), and 

poly(acrylonitrile butadiene styrene) (ABS) (Figure 19). Examples of polymers that char heavily 

due to side group reactions are PVA and PVC.  

 

Figure 19 - Molecular structures of the repeating unit(s) in polyamide 6,6 (PA 66 or Nylon 66), 
PP, poly(lactic acid) (PLA), and poly(acrylonitrile butadiene styrene) (ABS). 
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Side group reactions are not the only way how char can form. Some polymers, like many 

aromatic and heterocyclic polymers, char heavily without any side group reactions.61,63 Char 

yield of a polymer can be predicted with a system developed by D.W. van Krevelen, called as 

char-forming tendency (CFT).61 CFT is defined as the amount of char residue per repeating unit 

of the polymer divided by the atomic weight of carbon. The amount of char residue (in weight-

%) can then be calculated by using CFT: 

 

𝐶ℎ𝑎𝑟 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝑤𝑡%) = 12 ∗
{∑ (𝐶𝐹𝑇)𝑖𝑖 }

𝑀
∗ 100 

(1) 

 

Where M is the molecular weight of the repeating unit and 𝑖 refers to the groups in the 

repeating unit. 

 

Certain groups, like aromatic and heterocyclic groups, have a high CFT (Figure 20). Aliphatic 

groups can have a CFT of zero, or negative if they are directly connected to an aromatic group. 

However, it is worth noting that CFT cannot reliably be used with polymers containing 

halogens. 
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Figure 20 - Char-formation tendency (CFT) of some groups.61 Reprinted from Polymer, 16, 
D.W. van Krevelen, “Some basic aspects of flame resistance of polymeric materials”, p.615-
620, 1975, with permission from Elsevier.  
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4.2.2 Reflow 

Reflow of polymers is an important factor in several patterning techniques. For example, 

thermal reflow of PMMA has been used for creating lens-like structures65 and sloped 3D 

structures66. The flow of the polymer melt is also an extensively studied topic in NIL where a 

low viscosity of the polymer melt is of utmost importance.19,67 However, in many cases reflow 

is an unwanted process because it changes the shape of the resist pattern (Figure 21).56 In 

conventional lithography techniques this can be avoided simply by using temperatures below 

the Tg of the polymer. For example, feature sizes below 10 nm have been achieved with area-

selective ALD at 25 oC using PMMA as a resist.36 However, higher temperatures are impossible 

to avoid in thermocatalytic decomposition of polymers, so other ways to minimize the reflow 

are needed.  

 

Figure 21 - Optical images showing the reflow effect. Patterned (a) PMMA and (c) polyimide 
films before the ALD process. Same samples of (b) PMMA and (d) polyimide after deposition 
of Pt with 1000 ALD-cycles at 300 oC. Colour changes at the edges of the polymer indicate 
reflow.56 Used with permission of IOP Publishing LTD, from “Area-selective atomic layer 
deposition of platinum using photosensitive polyimide”, Vervuurt, René H J; Sharma, Akhil; 
Jiao, Yuqing; Kessels, Wilhelmus Erwin M M; Bol, Ageeth A, 27, 40, 2016; permission 
conveyed through Copyright Clearance Center, Inc.  
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To avoid the negative effects of the reflow completely, a polymer that starts to decompose 

without going through the melt state would be ideal. Alternatively, finding a polymer which 

has a high viscosity melt stage, thus minimizing the reflow, is another possibility. However, it 

is important to keep in mind that some catalytic decomposition mechanisms might require 

close contact between the surface of the catalyst and the polymer, and thus melting of the 

polymer might be a necessity.  

Polymers can be divided to thermoplastics and thermosets according to their thermal 

behaviour. Thermoplastics can be re-melted by heating and re-solidified by cooling multiple 

times. This is a desired property in thermal NIL, for example. PMMA is an example of a 

thermoplastic polymer that is used in thermal NIL.68 The imprinting is done at temperatures 

well above the Tg of PMMA.  

Thermosets form irreversible chemical cross-links upon heating or illuminating and then keep 

their solid state no matter whether they are cooled down or heated up. The cross-linking 

process is known as curing and can be done in multiple ways. Heating can cause the curing of 

certain resins, but for example in UV-NIL the curing is done with UV radiation. Alternatively, 

the curing can be done by incorporating additives to some regular thermoplastics to form 

polymer networks with high cross-linking density. An example of such an additive is a 

commercially available photo cross-linking agent family, Irgacure®.39 These covalent bonds 

connecting the polymer network mean that breaking the intermolecular forces requires the 

breaking of strong bonds. As a result, when a cured thermoset polymer is heated, it starts to 

decompose without melting and no reflow occurs. Limited cross-linking is used to adjust the 

extent of reflow for example in the fabrication of microlenses.69  

Thermosets can be divided into two groups based on their molecular weight before curing: 

thermosetting resins and elastomers.70,71 Thermosetting resins contain low molecular weight 

molecules while thermosetting elastomers consist of high molecular weight molecules. Long 

polymer chains combined with low cross-linking density cause elastomers to have viscoelastic 

properties, meaning that they can return to their original shape after deformation. This is 

made possible by the stretching and contracting of the chains (Figure 22). Probably the most 

famous elastomer is vulcanized polyisoprene which is the main constituent of natural 

rubber.72 Since viscoelastic behaviour allows elastomers to change their shape rather easily, 

elastomers are not an ideal choice for a resist.  
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Figure 22 -Schematic of viscoelasticity of an elastomer when stretched and contracted. Red 
dots represent cross-links. 

Thermosetting resins (Figure 23) are generally hard plastics due to high cross-link density, thus 

showing little elastic behaviour after curing.70,71 They usually have a low Tg before curing, due 

to low molecular weight, which makes them easy to process. Examples of common thermoset 

polymers are different epoxy resins and thermoset polyurethanes (PU). Epoxy resins consist 

of molecules with oxirane groups and curing agents, sometimes called hardeners. An example 

of commonly used epoxy is diglycidyl ether of bisphenol A (DGEBA), and an example of curing 

agent is an amine-capped poly(propylene glycol) (Jeffamine®) (Figure 24). Thermoset PU 

resins can consist only of polyols and multi-isocyanates if at least the other one has a 

functionality higher than two. Additionally, thermoset PU can be achieved with cross-linkers. 

 

Figure 23 – Schematic of inelastic behaviour of a highly cross-linked polymer when stretched 
and contracted. 
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Figure 24 - Molecular structures and a curing reaction of diglycidyl ether of bisphenol A 
(DGEBA) and amine-capped poly(propylene glycols) curing agent (Jeffamine®).73 Reprinted 
from Science and Technology of Advanced Materials under the Creative Commons Attribution 
4.0 License. 

 

Another way to minimize the reflow is to use a thermoplastic polymer which has a high 

viscosity melt state. The viscous flow of polymers is due to polymer chains not being able to 

move freely past one another. Viscosity of any polymer melt can be increased by increasing 

the chain length. Longer chains are more entangled, thus resisting the flow better due to the 

increased number of physical cross-links. For this reason, the molecular weight of the polymer 

is the best indicator of viscosity.74 For this reason, some ultra-high molecular weight polymers 

require special processing techniques.75 Some polymers have inherently high melt viscosity, 

such as PTFE, also commonly known by the brand name Teflon®, which is considered not to 

flow at all in the melt state.76,77 The high viscosity makes PTFE a difficult material to process 

and special fabrication methods are required.  

 

Figure 25 – Molecular structure of poly(tetrafluoroethylene) (PTFE). 
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The melt-flow behaviour of thermoplastics is an important factor from a fire safety point of 

view because dripping of polymeric materials during a fire can accelerate the burning.78 Melt-

dripping experiments done by Kandola et al.79 suggest that the decomposition mechanism has 

a significant impact on the viscosity of a polymer melt and thereby melt-flow behaviour. 

Polymers that decompose mainly via random chain cleavage lose their viscosity fast due to 

rapid decrease in molecular weight. By contrast, polymers that decompose mainly via chain-

end scission break down to monomers which are usually volatile at high temperatures. This 

means that these polymers lose their viscosity slower because the chains decrease in length 

slower. Also some additives can be used to tune the viscosity of a polymer. For example, using 

PTFE as a fire retardant also improves the anti-dripping properties of polymers.80 

 

4.3 Integrity of the resist 

Resists must be able to withstand harsh conditions without changing shape. Other than 

completely collapsing, the resist can shrink or swell, get etched, and bubbles may form inside 

the resist (Figure 26). All these deformations can take place either during the patterning or 

during the following deposition step. Some of the issues like shrinking or formation of bubbles 

can also negatively affect adhesion of the resist. 

 

Figure 26 – Schematic examples of how a resist pattern can deform. 
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Since the targeted patterns are getting continuously smaller, but resist thicknesses cannot be 

scaled accordingly, the aspect ratio of the patterns in the resist has become a major issue, 

especially if a drying process is required.81 Resist collapse due to drying happens because 

capillary forces pull the structures together. This should not be an issue in patterning via 

thermocatalytic decomposition of a polymer, since the only possible drying process is during 

the initial deposition of the resist. However, the issue of pattern collapse should not be 

neglected completely, since in the very smallest resist structures vibration can potentially 

cause opposite structures to get close enough to each other so that intermolecular forces can 

pull the opposite surfaces together, causing the pattern to collapse.  

An obvious solution to avoid pattern collapse due to high aspect ratios is to develop more 

robust resists that can inhibit material growth and resist etching at lower thicknesses. 

Alternatively, making already existing resists more robust is another possibility. Cross-linking 

of PMMA is used to increase its etching resistance82,83, and cross-linking of SAMs has been 

shown to improve deposition inhibition as well42. Resist can also be made tougher without 

changing the chemical structure of the polymer, for example by Sequential Infiltration 

Synthesis (SIS).8 SIS uses ALD to deposit small amounts of material into the resist, like Al2O3
84, 

thus increasing its integrity.   

Shrinking and swelling are issues with resists, especially during a curing process or when the 

temperature changes. For example, in thermal NIL, thermal expansion is a big problem.17 In 

UV-NIL, resist shrinkage is a major issue during the curing process.85,86 Adding silica particles 

into the resist was successfully used for solving the shrinking problem in NIL.87 Another issue 

in several patterning techniques is that organic molecules can get trapped inside the resist 

and cause swelling.88 This problem can be largely avoided with the thermocatalytic 

decomposition since no solvents are needed after the initial resist deposition. However, since 

thermocatalytically decomposable resists must be heated and then cooled down again, 

swelling and shrinking of the resist must be considered.  

The formation of bubbles into the resist due to trapped gases is a major issue, especially in 

NIL. However, in NIL, bubbles form mainly between the mold and the resist.89 Nevertheless, 

this issue should not be ignored completely because bubbles can compromise the pattern 

toughness, gas in the bubbles can outgas during deposition, and bubbles can reduce the 

adhesion of the resist. One way to minimize the formation of bubbles is a careful deposition 
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process of the polymer. An advanced way to tackle this issue is to do the whole patterning 

process under a vacuum, thus decreasing the number of bubbles.89 Alternatively, gas 

condensation, for example with pentafluoropropane flow, can be used during the patterning 

process.90 Bubbles can also form during the decomposition process. If side group reactions 

produce small volatile molecules at much lower temperatures than where the complete 

decomposition occurs, bubbles may form.63 

Etching steps after the resist patterning  are possible to avoid completely with thermocatalytic 

etching of polymers, thus the etching resistance of the resist can be largely ignored. If, 

however, the catalytic material must be removed after the patterning step, the etching 

resistance of the resist must be considered. Some polymers, like PMMA, are known for their 

poor plasma etch resistance.91,92 This is because PMMA do not have any aromatic groups in 

the polymer structure which are known to increase plasma etching resistance.93 One way to 

increase the etching resistance of non-aromatic polymers is cross-linking.82 Etching can also 

take place during the deposition process so the etching effects cannot be disregarded 

completely. Due to an immense number of deposition techniques and polymers available, a 

great variety of possible etching reactions exist. So, this issue will not be discussed further in 

this thesis. 

 

4.4 Adhesion 

Sufficient adhesion is important not only for keeping the resist in place, but it also plays a key 

role in preventing film growth under the resist in chemical deposition techniques. If the 

adhesion is poor, reactants can diffuse under the resist and deposit film on the substrate. Also, 

when the adhesion is sufficient, it can prevent growth even if the reactants are able to diffuse 

through the polymer. Finally, adhesion failure can also lead to pattern collapse.94  

In NIL, adhesion is an extensively studied topic because adhesion must be taken into 

consideration not only between the resist and the substrate but also between the resist and 

the mold. The surface energy of the mold must be lower than the surface energy of the 

substrate.19 Most important factors affecting the adhesion are surface roughness and forces 
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between the substrate and the resist. In the case of polymers, these forces are usually weak 

forces, such as Van der Waals forces and hydrogen bonds, but if the polymer is chemically 

deposited onto the substrate, strong covalent bonds may exist as well. Sufficient cleaning and 

other pre-treatment procedures of the substrate are vital and should always be done, 

regardless of the patterning technique. Additionally, the deposition must be done properly to 

achieve adequate adhesion. Improper deposition procedures can result in voids between the 

substrate and the resist.95  

Polymers can have excellent adhesion to a variety of surfaces, which is why they are often 

used as adhesives between other materials.95,96 Problems arise if the substrate is hydrophilic 

and the polymer hydrophobic, or vice versa. A common solution to this problem is to use 

molecules that change the substrate surface from hydrophobic to hydrophilic, or vice versa. 

One such molecule is bis(trimethylsilyl)amine, also known as hexamethyldisilazane (HMDS).94 

However, using an adhesion layer may not be possible in thermocatalytic etching of polymers, 

since it introduces another layer that must be catalytically decomposed, and finding an 

adhesion layer that has similar decomposition behaviour as the polymer is difficult. Although, 

another etching step could be used to remove the adhesion layer. 

To ensure excellent adhesion, molecular layer deposition (MLD) can be used to deposit the 

polymer directly onto the substrate by covalent bonds (Figure 27). This has been done 

successfully with several polymers, like different polyimides97 and polyurea98. However, MLD 

is relatively slow and complicated compared to many other deposition techniques, like spin-

coating. MLD would then lower the throughput and increase the cost of the whole process. 

On the other hand, one could try to combine MLD and thermocatalytic etching of polymers to 

form a novel type of AS-MLD process.  
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Figure 27 – Molecular layer deposition (MLD) of PMDA–EDA polyimide. Suggested sequence: 
(a) starting surface with amine groups, (b) surface after PMDA pulse, (c) and surface after 
EDA pulse.97 Used with permission of Royal Society of Chemistry, from Atomic layer 
deposition of polyimide thin films, M.Putkonen; J. Harjuoja; T. Sajavaara; L. Niinistö, 17, 7, 
2007; permission conveyed through Copyright Clearance Center, Inc. 

 

Another option is to grow the polymer directly onto the surface by using a surface-initiated 

polymerisation. Surface-initiated polymerisation is realised by first bonding an initiator to the 

substrate, after which the polymerisation can be executed normally. An example is surface-

initiated polymerisation of PMMA via atom transfer radical polymerisation (ATRP), using [3-

(2-bromoisobutyryl)propyl]dimethyl chlorosilane as an initiator (Figure 28).99 However, 

similarly to MLD, surface-initiated polymerisation would also introduce another slow and 

complicated step into the overall process. 
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Figure 28 - Surface-initiated polymerisation of PMMA by atom transfer radical 
polymerisation (ATRP).99 Used with permission of John Wiley and Sons, from Growth of 
poly(methyl methacrylate) brushes on silicon surfaces by atom transfer radical 
polymerisation, J. Rühe; R. Dhamodharan; A. Ramakrishnan, 44, 5, 2006; permission 
conveyed through Copyright Clearance Center, Inc. 
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5 Catalytic decomposition of polymers and other 

carbon-containing compounds 

Catalytic degradation and decomposition of polymers are widely studied topics due to the 

immense amount of plastics in the world which has made the effective recycling of polymers 

extremely important. Three common atmospheres have been extensively studied for 

thermocatalytic decomposing of polymers as well as other carbon-containing compounds: an 

oxidative atmosphere, an inert atmosphere, and a H2-atmosphere. Thermal decomposition in 

an oxidative atmosphere is also known as combustion or thermo-oxidative decomposition. 

Thermal decomposition in an inert atmosphere, also known as pyrolysis, is often simply called 

thermal decomposition. In the petroleum chemistry, breaking down large hydrocarbons into 

more easily combustible molecules in an inert atmosphere is called thermal cracking, whereas 

thermal decomposition in a H2-atmosphere is called hydrocracking.  

The aim of plastic recycling is usually not to destroy the polymer completely but to decompose 

the polymer into useful products, such as fuel or feedstock. In other words, decomposition 

processes that produce useful hydrocarbons, such as monomers or oligomers, are sought 

after. Even though decomposition products in the self-aligned etching of polymers can be any 

volatile compounds, not just oligomers or monomers, examination of plastic recycling 

processes is relevant for the thermocatalytic decomposition of polymers. Additionally, well-

known processes for catalytical decomposition of other carbon-containing compounds, such 

as soot and oils, can be useful for finding suitable catalysts for decomposing polymers as well. 

Soot is a carbonaceous product from incomplete combustion of hydrocarbons, for example 

from a diesel engine. Soot is known to consist of mainly solid carbon, although small amounts 

of C=O, C-O-C, and C-OH bonds as well as some aromatic structures and sulphur exist too.100 

Soot combustion catalyst studies are mainly done using soot mimicking compounds, such as 

carbon black.101 

Many of the known thermocatalytic decomposition processes of polymers and other carbon-

containing compounds might not be applicable for the patterning purposes because some of 

the compounds in these processes are either dissolved or in a liquid state. Additionally, the 

catalytic material is often in a fine form, such as nanoparticles.102 This means that the surface 

area of these catalytic materials is much greater than in the case of films and the surface area 
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is not restricted to only one dimension which might cause differences in the catalytic effect 

between powders and thin films. Also, sometimes the catalyst must be in tight contact with 

the material to be decomposed. For example, Neeft et al.103 showed that both loosely and 

tightly mixed MoO3 had catalytic effect in soot oxidation, but only tightly mixed Fe2O3 had a 

catalytic effect whereas loosely mixed Fe2O3 did not. Tight contact might not be possible to 

achieve in area-selective etching of polymers if the polymer flow must be prevented to 

achieve high resolution. Restriction of the polymer flow might cause cavities to form between 

the surface and the resist, preventing contact. Thus, it is in most cases impossible to predict 

whether these catalytic decomposition processes work when the catalytic material is a thin 

film, and the polymer is not dissolved or in a liquid form.  

Several types of catalytic compounds in different atmospheres have been identified, e.g., 

noble metals, transition metals, ionic compounds, and other compounds such as zeolites and 

clays. Although many of these catalytic compounds are irrelevant from the semiconductor 

application point of view, they give useful information about the catalytic decomposition 

mechanisms. Additionally, some of these compounds can be used to make surfaces 

catalytically active, either by covering with a given compound on desired areas or by modifying 

a non-catalytic surface to a catalytic surface. Vice versa, catalytic surfaces can be passivated 

by covering with a non-catalytic compound or by modifying the surface to prevent the 

decomposition from happening. 

 

5.1 Catalytic decomposition in an oxidative atmosphere 

Oxidative degradation and decomposition of polymers and other carbon-containing 

compounds are complicated. These get even more complicated when a catalyst is introduced 

because then not only does the molecular structure of the polymer affect the oxidation but 

so does the type of the catalyst used. Even similar catalysts can have vastly different effects. 

For example in the case of metal salt catalysts, several factors affect the catalytic effect, like 

what is the metal, the metals valency, and the anion or the ligand of the compound.104 

Additionally, the oxidant does not have to be oxygen. Other oxidants that have been used for 

example in soot combustion include H2O, CO2, and NO2.100 One must also keep in mind that 
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some oxidants, such as NO2, are more powerful than O2.105 Due to a large number of different 

oxidants, polymers, and catalysts, a vast number of different oxidative reactions exist so we 

will discuss thermocatalytic oxidation mechanisms only generally. 

CeO2 is a widely used catalyst for soot combustion. In catalytic converters, CeO2 works as an 

oxygen storage and a transport medium due to its high oxygen storage capacity (OSC).106–109 

For this reason, CeO2 serves as a so-called oxygen storage promoter (OSP) or oxygen storage 

material (OSM). In CeO2, Ce4+ is easily reduced to Ce3+ and oxidised back again while the 

material maintains its fluorite structure (2). The reduction can be caused, for example, by H2 

or CO, and oxidation by H2O or CO2.  

 

𝐶𝑒𝑂2 
𝐻2/𝐶𝑂
⇌

𝐻2𝑂/𝐶𝑂2

 𝐶𝑒𝑂2−𝑥 +
𝑥

2
𝑂2 

 

(2) 

 

Also hydrocarbons and soot can work as a reducer and thereby become combusted in the 

process. The following reaction mechanism has been suggested by Gross et al.106 for CeO2 

catalysed soot combustion. First, the partially reduced CeO2 adsorbs molecular oxygen that is 

transformed into superoxide species and finally into peroxides:  

 

𝑛𝐶𝑒𝑂𝑥 + 𝑂2(𝑔) → [𝑛𝐶𝑒𝑂𝑥]
+𝑂2

− (3) 

 

[𝑛𝐶𝑒𝑂𝑥]
+𝑂2

− ⇌ [𝑛𝐶𝑒𝑂𝑥]
2+𝑂2

2− (4) 

 

Conversion of the superoxide into an oxidised form of cerium oxide is also possible:  

 

[𝑛𝐶𝑒𝑂𝑥]
+𝑂2

− ⇌ 𝑛𝐶𝑒𝑂𝑦 (5) 

where y is greater than x. 

 

Peroxides will then oxidise soot and carbon dioxide is formed. Carbon dioxide desorbs leaving 

oxygen vacancies behind: 
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[𝑛𝐶𝑒𝑂𝑥]
2+𝑂2

2− + 𝐶 → [𝑛𝐶𝑒𝑂𝑥]
2+[𝐶𝑂2]

2− (6) 

 

[𝑛𝐶𝑒𝑂𝑥]
2+[𝐶𝑂2]

2− → [𝑛𝐶𝑒𝑂𝑥]
2+[]2− + 𝐶𝑂2(𝑔) (7) 

 

Finally, the oxygen vacancies spread out which reforms the reducing sites where molecular 

oxygen can absorb again:  

 

[𝑛𝐶𝑒𝑂𝑥]
2+[]2− →  𝑛𝐶𝑒𝑂𝑥 (8) 

 

In addition to CeO2, many other metal oxides are known to have a good OSC. Examples of 

good OSC couples are NiO-Ni and CuO-Cu which can be used in a process called chemical 

looping combustion (CLC).110 CLC works similarly to soot combustion presented above, i.e., 

metal oxides are reduced by carbon-containing compounds, which are combusted in the 

process. After this, the metal oxides are renewed again by an oxidant.  

Various ionic compounds including metal oxides103,111–114, chlorides113,114, and sulphates115 

have been used as oxidation catalysts. Neeft et al.113 showed that metal chloride catalysts 

required significantly lower temperatures in catalysing soot combustion compared to most 

metal oxide catalysts. Additionally, metal carbides, nitrides, and phosphides are known to 

have catalytic properties.116 Experiments done by Claridge et al.117 showed molybdenum and 

tungsten carbide catalysts to have comparable catalytic activity in methane reforming as some 

noble metals. Also, catalysts with more complicated structures, such as perovskites118, have 

been studied for soot combustion. 

Noble metals are extensively studied catalysts for oxidative decomposition. For example, Pt, 

Pd, and Ru are used in combustion engine exhausts to convert different gases, such as CO, 

NOx, SOx, and hydrocarbons into less harmful ones.107 In these catalytic converters, Pt and Pd 

are used to promote oxidation of different compounds, while Rh is used to promote NO 

dissociation, although Rh has been shown to catalyse oxidation too. Noble metals have been 

used to catalyse polymer combustion as well. For example, Schiavo et al.119 successfully used 

Pd as a catalyst in the combustion of PVP. Additionally, catalytic effects of noble metals have 
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been studied in ALD, where interactions between O2, other precursors, and noble metals, such 

as Pt, Ru, Os, Rh, and Ir, is an important subject for understanding the growth mechanisms.120 

Other examples of noble metal oxidation catalysts are Ag (ref. 121) and Au (ref. 122).  

The mechanism in the noble metal catalysed oxidative decomposition is different compared 

to the CeO2 catalysed oxidation. The oxidation is initiated by molecular oxygen bounding onto 

a noble metal surface where it is dissociated into reactive surface-bound atomic oxygens.123–

125 These surface-bound oxygen atoms can then attack different bonds, such as carbon-

hydrogen bonds in hydrocarbons. Alternatively, oxidative decomposition can be initiated by 

catalysing conversion of less oxidative gases into more oxidative ones, such as NO to NO2.126 

Nevertheless, the catalytic activity of noble metals in combustion is based on their ability to 

break bonds. A review by Freyschlag et al.123 shows that different noble metals have different 

bond-breaking capabilities (Figure 29). 

 

Figure 29 - Bond-breaking capabilities of noble metal catalysts.123 Reprinted from Materials 

Today, under the Creative Commons CC-BY-NC-ND license. 

 

Catalyst-soot contact is an important parameter in soot combustion. This contact can be 

divided into two categories: loose and tight.101,103,113 Loose contact usually means mixing the 

soot-catalyst mixture with a spatula, while tight contact is achieved with ball milling or mortar. 
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Most catalysts can lower the combustion temperature already with a loose contact, although 

the temperature can be in most cases lowered significantly further with tight contact (Figure 

30). Some catalysts can catalyse soot combustion equally well with tight and loose contacts. 

Two mechanisms for the loose contact catalysis in the air have been proposed: catalysts 

becoming mobile103,113 and spillover of reactive species111,114. Highly mobile catalysts usually 

mean that they are volatile at relatively low temperatures, so they are not often used in 

combustion reactions. The spillover effect can be due to the migration of dissociated oxidants 

away from the catalytic surface. Alternatively, spillover can be caused by catalysing less 

reactive gas molecules into more reactive ones, for example, catalytically oxidising NO to 

NO2.101,126 Common oxidation catalysts, like noble metals and CeO2, are usually able to 

catalyse the oxidation of NO as well.126 

 

Figure 30 – The effect of contact on soot combustion temperature for several metal oxide 
catalysts.103 Reprinted from Applied Catalysis B: Environmental, 8, John P.A. Neeft; Michiel 
Makkee; Jacob A. Moulijn, “Catalysts for the oxidation of soot from diesel exhaust gases. I. An 
exploratory study”, p.57-78, 1996, with permission from Elsevier.  
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5.2 Catalytic decomposition in an inert atmosphere 

Many metals oxidise heavily when heated in an oxidative atmosphere127, thus alternative 

atmospheres where oxidation does not occur must be found. One obvious atmosphere is an 

inert atmosphere, usually consisting of high purity nitrogen gas. In the inert atmosphere the 

decomposition takes place by pyrolysis which causes the bonds between the monomers of a 

polymer to break, thus breaking the polymer into smaller compounds like monomers and 

oligomers. This is often referred to as cracking, which can be accelerated with different 

catalysts.102,128–131 Catalytic pyrolysis is also known to yield lighter hydrocarbons and gases as 

well as to lower the char yield compared to the non-catalytic pyrolysis.  

The catalytic activity of solid catalysts in an inert atmosphere has been correlated to the 

number of both Brønsted and Lewis acid sites at the catalyst surface.102,129,130 Stronger acids 

have been found to yield more gaseous products132 which is desired in patterning via the 

catalytic decomposition of polymers. The most widely studied solid acid catalysts include 

zeolites and different silica-based acids.102,128–130,132 Silica-based catalysts usually consist of an 

ionic compound, like aluminium chloride, supported by silica. Non-silica-based transition 

metal oxide catalysts, like Fe2O3 and CuO, have been used for polymer recycling as well.133,134 

Guoxi et al.135 showed that Cu powder retarded the degradation of PS while Al, Zn, Fe, and Ni 

accelerated it. 

The catalytic decomposition mechanism of polymers and other hydrocarbons over a solid 

acidic catalyst is assumed to start with a formation of a carbocation, followed by β-scission of 

a carbon-carbon bond.57,102,130,136,137 Formation of the carbocation can be catalysed in two 

ways: by an abstraction of a hydride which is initiated by a Lewis acid site, or by a proton 

addition which is initiated by a Brønsted acid site (Figure 31). These mechanisms have been 

suggested for several polymers, such as PP136 and PS134.  
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Figure 31 - Formation of carbocation by (a) hydride abstraction by a Lewis acid site, and by 
(b) proton addition by a Brønsted acid site. 

 

Non-acidic catalysts have been used as well, such as basic catalysts like alkaline earth metal 

oxides134,138 and alkaline earth metal carbonates139,140. Experiments done by Antonakou et 

al.138 showed that basic catalysts lower the decomposition temperature of polycarbonate 

more than acidic catalysts. Also, Zhang et al.134 reported faster decomposition of PS with basic 

catalysts, such as barium and potassium oxides, than with acidic catalysts. An explanation for 

this was proposed to be the deactivation of acidic catalysts by the formation of carbonaceous 

products. Decomposition of PS with basic catalysts was suggested by Zhang et al.134 to start 

with a formation of a carbanion through the removal of a proton by the base, followed by β-

scission of a carbon-carbon bond (Figure 32). 

 



53 
 

 

Figure 32 - Catalytic decomposition of polystyrene (PS) via formation of a carbanion by a basic 
catalyst. 

 

It has been seen that catalytic decomposition of polymers into volatile compounds in an inert 

atmosphere can be achieved with sufficient surface acidity or basicity. Other important 

parameters include the porosity of the catalyst and the contact between the catalyst and the 

polymer. Microporous catalysts have been shown to exhibit better catalytic effects as well as 

higher gaseous and lower char yields compared to macroporous catalysts.129 Although 

adjusting the porosity of thin films in most cases is not possible or practical, the effect of 

porosity must be kept in mind. The catalyst and the polymer must be in contact to achieve a 

good catalytic effect. During the experiments, Lin et al.141 found that if zeolite catalyst and HD-

PE were unmixed, 50-100 oC higher cracking temperatures were required as compared to 

thorough mixing. 
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5.3 Catalytic decomposition in a H2-atmosphere 

Catalytic decomposition can also be done in a reductive atmosphere, like in the presence of 

hydrogen. Different processes involving hydrogen reacting with hydrocarbons, sometimes 

called hydroconversion, are widely used in petroleum chemistry. These processes are used to 

remove impurities, such as sulfur, chloride, and metals from the feedstock. They are also used 

to saturate or reduce hydrocarbons, like aromatic compounds. Additionally, hydrogen is used 

to alter the cracking process, which can be done catalytically in three ways depending on the 

nature of the catalyst or catalysts used.142 The cracking catalyst can either be hydrogenating 

which causes hydrogenolysis143–146, or it can be a regular acid catalyst142 like the ones used in 

thermal cracking in an inert atmosphere. The process can also involve both types of catalysts, 

and therefore we often talk about either monofunctional or bifunctional processes. All the 

cracking processes aided by hydrogen gas are called hydrocracking, although sometimes only 

the bifunctional process is referred to as hydrocracking because it is by far the most used these 

days.  

 

5.3.1 Hydrogenolysis 

Hydrogenolysis is a reaction where carbon-carbon, carbon-oxygen, carbon-sulfur, carbon-

halogen, or carbon-nitrogen bond is cleaved by hydrogen.143–145 Hydrogenolysis is analogous 

to hydrolysis where water is used for cleaving bonds (Figure 33).  

 

 

Figure 33 - Reaction mechanisms of hydrolysis and hydrogenolysis of an ester. 
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Condensation polymers, such as polyesters, polyamides, and polycarbonates, are susceptible 

to depolymerisation reactions. For example, the ester bonds in PET can be cleaved by various 

reactions, such as hydrolysis, methanolysis, glycolysis, and aminolysis.147 Hydrogenolysis has 

been successfully used by Westhues et al.148 to depolymerise polyesters and polycarbonates 

using a Ru-based catalyst (Figure 34). It is thus reasonable to assume that many other 

condensation polymers are susceptible to hydrogenolysis as well.  

 

Figure 34 – Catalytic hydrogenolysis of polyesters and polycarbonates.148 Reprinted from 
Science Advances141 under a Creative Commons Attribution 4.0 (CC BY-NC). 

 

Catalysts used in hydrogenolysis are hydrogenation catalysts, such as noble and transition 

metals.144,145,149–151 Additionally, several metal catalysts modified with metal oxide species 

have been used as hydrogenolysis catalysts.146 Ionic catalysts used for hydrogenolysis include 

metal carbides and nitrides.152,153  

Studies on the mechanism of hydrogenolysis of carbon-carbon bonds with several metal 

catalysts have been done on small hydrocarbons, such as ethane to methane 

hydrogenolysis.145,154 The hydrogenolysis of the carbon-carbon bond in ethane is believed to 

start by dehydrogenation on the catalyst surface, followed by adsorption of the radical species 

onto the catalyst surface (9). Hydrogen deficient species can dehydrogenate further (10). Final 

steps are a scission of the carbon-carbon bond of the adsorbed radical species into C1 

fragments, which are then hydrogenated to methane (11). 

 

𝐶2𝐻6 ⇌ 𝐶2𝐻5(𝑎𝑑𝑠) +  𝐻(𝑎𝑑𝑠) (9) 

 

𝐶2𝐻5 + 𝐻(𝑎𝑑𝑠) ⇌  𝐶2𝐻𝑥(𝑎𝑑𝑠) +  𝑎𝐻2 (10) 
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where a =
6−x

2
. 

𝐶2𝐻𝑥(𝑎𝑑𝑠) →  𝐶𝑦+ 𝐶𝑧 
𝐻2
→  2 𝐶𝐻4 

(11) 

 

Catalysts have different activities depending on the bond being cleaved144 (Figure 35). For 

example, Ir has the highest catalytic activity on carbon-nitrogen bonds, whereas Os has the 

highest activity on carbon-carbon bonds. Au has virtually no catalytic activity on ethane, as 

compared with example Pt. This is believed to be because Au is not able to chemisorb ethane. 

Because hydrogenolysis requires a close interaction between the compound being 

decomposed and the catalyst, catalytic decomposition of large solid polymers via 

hydrogenolysis using thin film catalysts might be difficult.  

 

Figure 35 - Catalytic activity of different metals in hydrogenolysis of different selected 

bonds.144 Reprinted by permission from Springer Nature Customer Service Centre 

GmbH: Springer Nature, Catalysis Letters, “Catalytic hydrogenolysis on metals”, J.H. 

Sinfelt, 1991.  
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5.3.2 Bifunctional hydrocracking 

Bifunctional hydrocracking requires one catalyst for cracking and another catalyst for 

hydrogenation/dehydrogenation.142,155 The main reason for using bifunctional cracking is to 

convert compounds, for example by isomerization and saturation, or to remove impurities 

such as sulfur, nitrogen and oxygen-containing compounds. In petroleum chemistry, 

bifunctional hydrocracking is used, for example, to achieve a higher concentration of iso-

paraffins and lower concentration of olefins, resulting in mainly liquid products which are 

sought after in the petrochemical industry.155,156 

The mechanism of bifunctional hydrocracking involves a combination of formation of 

carbocation by an acidic catalyst and catalytic hydrogenation/dehydrogenation (Figure 

36).142,155 The acidic catalyst is most often a zeolite, and the hydrogenation/dehydrogenation 

catalyst is most often a noble metal or a transition metal.155,157,158 Zeolites are used as the acid 

catalyst due to their high surface area which enhances the hydrocracking significantly. 

Different hydrogenation/dehydrogenation catalysts yield different products, and therefore 

we often talk about either hydrotreating or hydrocracking.159 Noble metals are generally used 

for hydrocracking, and transition metals for hydrotreating. Conversion percent in 

hydrotreating is smaller than in hydrocracking. For efficient hydrocracking of polymers, high 

pressure such as 20 (ref. 158) or 50 bar (ref. 160) is used. Hydrocracking can often be done at 

much lower temperatures than normal catalytic cracking.142 Also, the formation of 

carbonaceous products which might cause catalyst deactivation is decreased in hydrocracking 

compared to normal catalytic cracking.  
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Figure 36 – Two alternative ways to present a bifunctional hydrocracking pathways of 
hydrocarbons: the upper image showing a reaction mechanism161 and the lower image 
showing a scheme162. PCP=protonated cyclopropane steps. The reaction mechanism is 
reprinted from Catalysis Science & Technology under the Attribution 3.0 Unported (CC BY 
3.0). The scheme is reprinted from Journal of Industrial and Engineering Chemistry, 89, Roba 
Saab; Kyriaki Polychronopoulou; Lianxi Zheng,S. Kumar; Andreas Schiffer, “Synthesis and 
performance evaluation of hydrocracking catalysts: A review”,21, 2020, with permission from 
Elsevier 
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5.4 Deactivation of the catalyst 

There are several reasons for complete deactivation or a loss of performance of a catalyst, like 

mechanical stress, thermal degradation, chemical reactions, and deposition of species onto 

the catalytic surface.163,164 Deactivation of the catalyst due to mechanical stress can be largely 

ignored in patterning by the thermocatalytic decomposition of polymers because the entire 

process is delicate, and therefore mechanical stress like crushing and abrasion must be 

avoided anyway. Three common deactivation mechanisms due to thermal degradation are 

sintering, evaporation, and phase transformation. Since sintering is a problem of catalysts in 

a fine particle form, and evaporation and phase transformations of catalysts usually take place 

at high temperatures, i.e., well above decomposition temperatures of polymers, these 

problems are quite unlikely. However, certain metals and ionic compounds can have a 

relatively low melting point, such as Zn, and already below the melting point atoms in metals 

and compounds become mobile. These temperatures are called Tamman and Hüttig 

temperatures (Table 4) which can be approximated in relation to the melting temperature as 

follows:164 

 

𝑇Tamman = 0.5𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 (12) 

 

𝑇Hüttig = 0.3𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 (13) 

 

At the Hüttig temperature atoms at the surface start to become mobile, and at the Tamman 

temperature atoms from the bulk start to become mobile.165 Thus, the thermal degradation 

of catalysts cannot be ignored completely. 
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Table 4 - Examples of melting temperatures, Tamman temperatures, and Hüttig 
temperatures of some metals and their oxides, commonly used as heterogeneous 
catalysts.164 

 

Compound Tmelting (K) TTamman(K) THüttig(K) 

Pt 2028 1014 608 
PtO 823 412 247 
Pd 1828 914 548 

PdO 1023 (decomposes) 512 307 
Rh 2258 1129 677 

Rh2O3 1373 (decomposes) 687 412 
Ru 2723 1362 817 
Fe 1808 904 542 
Co 1753 877 526 
Ni 1725 863 518 

NiO 2228 1114 669 
Ag 1233 617 370 
Au 1336 668 401 
Cu 1356 678 407 

CuO 1599 800 480 
Cu2O 1508 754 452 

Zn 693 347 208 
ZnO 2248 1124 675 

 

Several chemical reactions can cause catalyst deactivation as well. These reactions often 

happen between the catalyst and the gas or liquid phase, but solid-solid reactions are possible 

as well.163,164 Metal catalysts can be oxidised, sulphurised, or carbonised, and metal oxides can 

be reduced. Not only can these reactions cause deactivation, but in extreme cases catalysts 

can also become volatile, although usually the volatilization requires high temperatures. An 

example of the volatilization of a catalyst is the reaction of Ni with CO to form Ni(CO)4.166  

Finally, deactivation of the catalyst can be caused by adsorption of unwanted species onto the 

surface which blocks the active sites on the catalyst.163,164 Depending on the adsorption 

process, this is either called poisoning or fouling. Poisoning is caused by strong chemisorption 

of species onto the catalytically active sites which prevents the catalysis from happening. 

Common poisons for the cracking and hydrocracking catalysts include the group 15 and 16 

elements (Table 5). Fouling is caused by a weak adsorption of species which accumulate 

material onto the catalyst surface so that it becomes physically covered. The most important 

fouling species are carbonaceous products which can form due to incomplete combustion of 

hydrocarbons, i.e., charring, or they can accumulate from the fluid phase. Fouling due to 
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carbonaceous species is often called coking. Cracking and hydrogenolysis catalysts are 

vulnerable to coking since these processes are by design deprived of oxygen so combustion 

does not occur. However, formation of coke might not be an issue in area-selective etching of 

polymers if sufficient amount of polymer is removed from top of the catalytically active 

material. Timed etching can then be used to etch the coke completely while sufficient amount 

of polymer remains on top of the non-catalytic areas.   

 

Table 5 - Examples of some catalysts and their poisons.163 

Catalyst Poison(s) 

Noble metals on zeolites NH3, S, Se, Te, P 
Ag C2H2 
Pt, Pd Pb, P, Zn, SO2, Fe 
Ni, Pt, Pd Compounds of S, P, As, Zn, Hg, Pb, NH3, C2H2 
Fe, Ru O2, H2O, CO, S, C2H2 
Ni H2S 
Co, Fe H2S, COS, As, NH3, metal carbonyls 

 

 

Deactivation of the catalyst can take place in multiple ways in the catalytic decomposition of 

polymers. Highly coking/charring polymers might cause deactivation, as well as certain gases, 

such as H2S or NH3. Oxidation and reduction reactions are another likely cause of catalyst 

deactivation. It is important to keep in mind that these deactivation sources can originate not 

only from outside sources, like etching gases or additives, but also from the polymer itself, for 

example by through the decomposition of sulphur groups.  
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6 Summary of the literature review 

Decreasing feature sizes of semiconductor devices forces us to improve existing and invent 

new patterning techniques. In addition to improving the resolution of the patterning 

techniques, also the throughput, cost, and decreasing the number of errors must be taken 

into consideration.  

Area-selective etching of polymers thermocatalytically is a new self-aligned patterning 

technique that has a great potential. It is a technique where a polymer, or another carbon-

containing compound, is used as a resist which is patterned by selective thermal 

decomposition using different catalytic properties of the underlying material surfaces. The 

catalytic effect of surfaces can be intrinsic, or the surfaces can be catalytically activated or 

deactivated to achieve the desired pattern. Not only can the catalytic surfaces be used to 

catalyse the decomposition reactions of polymers directly, but they can also be used to 

catalyse less reactive gases into more reactive gases which then decompose the polymer. This 

novel technique has the potential to achieve excellent resolution without alignment errors 

without requiring expensive and complicated equipment. It is also easily scalable because the 

etching process requires only an oven and controlled atmosphere. 

Polymers are an obvious choice to use as a resist because they are already widely used in 

several patterning techniques, although other carbon-containing compounds can be used as 

well, like SAMs and amorphous carbon. Several factors must be taken into consideration when 

choosing the right polymer as a resist. The resist must be sufficiently permeable to allow 

etching gases to permeate through the polymer and decomposition products to escape. The 

degree of crystallinity plays a key role in gas permeability. The resist must also be catalytically 

decomposable in the selected environment without leaving residues behind. Therefore, it is 

of the utmost importance to understand the decomposition mechanism of the polymer. The 

resist must also achieve adequate resolution while keeping its shape, thus spillover of the 

reactive gases and reflow and adhesion of the polymer are crucial things to consider. The resist 

must also prevent material growth and withstand deposition conditions. Due to an immense 

number of different polymers, and multiple ways to modify them, possibilities for 

customization of polymer properties are almost endless.  
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Several atmospheres have been used to catalytically decompose polymers and other carbon-

containing compounds. This is important because some thin film materials cannot withstand, 

for example, oxidative conditions. Catalysts can also be deactivated in certain conditions.  

Several catalysts for oxidative decomposition of polymers exist, like many noble and other 

transition metals, as well as several ionic compounds like metal oxides and chlorides. Catalytic 

decomposition in an inert atmosphere can be achieved by sufficient surface acidity or basicity. 

Several metal oxides and carbonates have been used as catalysts in an inert atmosphere. The 

biggest concern with the catalytic decomposition in an inert atmosphere is the resist-catalyst 

contact. The catalytic surface must be in contact with the resist to catalytically decompose it. 

Another non-oxidative atmosphere is the H2-atmosphere where the reactions are reductive. 

Decomposition in the H2-atmosphere is widely used, especially in petroleum chemistry where 

the process is called hydrocracking. Hydrocracking is used for decomposing plastics while 

turning them into useful products, like fuel and feedstock. Hydrocracking is often done using 

a bifunctional catalytic process where an acidic catalyst is used for cleaving the bonds and a 

hydrogenating/dehydrogenating catalyst is used for modifying the cleaved hydrocarbons. 

Hydrogenation that also causes cleavage of bonds, often called as hydrogenolysis, is analogous 

to for example hydrolysis. Hydrogenolysis is catalysed by using hydrogenation catalysts, such 

as different noble and transition metals as well as metal oxides, carbides, and nitrides. 

Because area-selective etching of polymers via catalytic decomposition is a new technique, it 

is impossible to fully predict what challenges will lie ahead. Thus, the literature review of this 

thesis focused on giving an overlook of main factors that must be considered, and possible 

solutions to potential issues. Most importantly, the literature review was aimed to raise 

questions and give ideas for the future research.  
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Experimental 

7 Experimental methods 

7.1 Preparation and characterization of surfaces for testing 

Thin films of Al2O3, CeO2, W, Co, Cu, Pt, Ti, and Ni were tested for their potential catalytic 

effect in the decomposition of PMMA. All these surfaces were used without cleaning or any 

other pre-treatment after the deposition, apart from removing dust particles with a nitrogen 

blow. Native SiO2 was studied as a non-catalytic surface6, thus oxide terminated Si(100) was 

used as a reference substrate in all the experiments.  

Films were identified and their thicknesses measured by ellipsometry, energy dispersive 

spectroscopy (EDS), and x-ray diffraction (XRD). Ellipsometry data was measured with a Film 

Sense FS-1 Multi-Wavelength ellipsometer. EDS spectra were measured with a Hitachi S-4800 

FESEM equipped with an Oxford INCA 350 EDS spectrometer and the thicknesses were 

calculated from the EDS data using a GMRFILM program. XRD was measured with a Rigaku 

SmartLab X-Ray diffractometer with grazing incidence geometry. 

CeO2 thin films were deposited by ALD using an F-120 ALD reactor from ASM Microchemistry, 

with a well-known process using Ce(thd)4 (thd = 2,2,6,6-tetramethyl-3,5-heptanedionate) and 

O3 as precursors.167 Ce(thd)4 was provided by Volatec Ltd. A deposition temperature of 250 oC 

was used. Nitrogen (99,999 %) was used both as a carrier and a purging gas. Pressure was less 

than 10 mbar during all the depositions. The cycle sequence was as follows: 1 s Ce(thd)4 pulse, 

1.5 s purging pulse, 1.5 s O3 pulse and 2.5 s purging pulse. Growth per cycle was around 0.03 

nm which is compatible with the literature.167 

Al2O3, W, Cu, and Co coated wafers were received from ASM Microchemistry. The thickness 

of the Al2O3 films was around 100 nm as measured with an ellipsometer. Thicknesses of W, Cu, 

and Co were around 140 nm, 320 nm, and 50 nm, respectively, as measured with EDS. 

Ni thin films were deposited by electrochemical deposition using a known process.168 Ni was 

deposited at -1.0 V vs Ag/AgCl for 5 min from a solution of 0.4 M NiSO4 and 0.66 M H3BO3 
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using the aforementioned Cu film as a substrate. Ni thin film thickness was around 150 nm as 

measured with EDS. 

Pt and Ti thin films were deposited using an electron beam evaporation technique. The 

thicknesses of the films were measured with quartz crystal microbalance (QCM) in situ with 

an Intellemetrics IL 150 Thickness Monitor. 80 nm thick Ti film was deposited directly on a Si 

substrate, and 80 nm thick Pt film was deposited on top of an 80 nm thick Ti adhesion layer 

on a Si substrate. 

FIB-SEM (FEI quanta 3D 200i DualBeam) was used for testing patterning of PMMA with Al2O3 

and CeO2 surfaces. CeO2 film deposited on Al2O3 film was etched exposing selected Al2O3 areas 

by using Ga-ions with a voltage of 30 kV, currents of 3nA or 0.5 nA, and an incident angle of 

52o from the normal of the surface. 

 

7.2 Deposition of PMMA films 

PMMA solution of 2 mass-% was prepared by dissolving PMMA (Mw=550 000, Alfa Aesar) into 

toluene and heating at 80 oC for 4 h while stirring. PMMA was deposited on the tested surfaces 

by spin coating using a P-6000 Spin Coater from Specialty Coating Systems, Inc. The majority 

of the substrates were 5 x 5 cm2 in size, but some 7 x 7 cm2 were used as well for Fourier-

transform infrared spectroscopy (FTIR) measurements. For the spin coating 0.08 ml of the 

PMMA solution per cm2 was measured and added to the center of the substrate before 

starting the rotation. The rotational speed and time used for all the coatings were 1500 RPM 

and 90 s, respectively, after which the samples were annealed in air to remove the remaining 

solvent. Annealing temperatures of 90 – 110 oC and times of 2 – 24 h were tested, but neither 

the time nor the temperature within these ranges appeared to make any noticeable 

difference. Annealing for 2 h at 105 oC was used for most of the samples. The thicknesses of 

the PMMA layers on all the 5 x 5 cm2 samples were between 118 and 149 nm, while on the 7 

x 7 cm2 samples the thicknesses were 82 to 113 nm, as measured with an ellipsometer. For 

the annealing experiments, smaller pieces were cut from the 5 x 5 cm2 and 7 x 7 cm2 samples. 
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These smaller pieces varied in size from about 1 x 1 cm2 to about 2 x 2 cm2. For the FTIR 

measurements, 3.5 x 3.5 cm2 pieces were used. 

 

7.3 Thermocatalytic decomposition of PMMA films 

Thermocatalytic decomposition of PMMA was tested in air and H2-atmospheres, in isothermal 

conditions. Decomposition experiments in air were done with an oven from Nabertherm® and 

a program controller from Lagotherm®. The samples were placed on different pieces of bare 

silicon as carriers (Figure 37). The oven was heated and the temperature was let to settle 

before inserting the samples. After the first selected time had passed, one piece of silicon 

carrying the samples was quickly removed from the oven and the samples were let to cool 

down at room temperature. The other samples remained in the oven until their respective 

annealing times were reached. Because all the samples for a given annealing time were on the 

same carrier, their removal was quick and the cooling of the oven was neglectable. After 

cooling the samples were cleaned by blowing them with N2 gas and PMMA film thicknesses 

were measured with an ellipsometer immediately after. 

 

Figure 37 - Typical setup for the annealing experiments in air where Si and Pt samples are 
placed on bare pieces of silicon as carriers. 
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Experiments in the H2-atmosphere were done with forming gas (5 % H2) in a tubular oven 

(Carbolite Furnaces CTF 12/75/700) equipped with a leak tight assembly for creating vacuum 

or controlled atmosphere. Before heating, three pump-purge cycles were done. The first 

pump cycle took 5 min, the second one 3 min, and the third one 1 min. Purging times were 2 

min each and the purge gas was N2. From this on, the system was kept at atmospheric 

pressure. A continuous N2 flow of around 460 sccm was supplied while the oven was heated 

up to the set temperature. One minute before the start of the annealing experiment the N2 

flow was changed to a continuous forming gas flow of around 460 sccm that was kept during 

the whole annealing process. After the selected time had elapsed, a continuous N2 flow of 

around 460 sccm was again started and kept until the samples were removed from the oven. 

Since the tubular oven was tightly closed, i.e., removal of the samples could not be instant, 

isothermal conditions were not optimal. To achieve as isothermal conditions as possible, a 

movable sample holder was installed (Figure 38). The sample holder was placed at the cold 

end of the oven while the oven was heated up to the set temperature. After the oven had 

settled at the selected temperature, the sample holder was moved to the centre of the oven 

where the set temperature was. After the selected anneal time had passed, the sample holder 

was moved back to the cold end of the oven. The oven was let to cool down to at least 200 oC 

before removing the samples from the oven to avoid any chance of O2 exposure at catalytically 

active temperatures. Anyhow, it was later tested that it did not seem to make any noticeable 

difference whether the samples were removed immediately or only after the cooling to 200 

oC (Figure 81). 
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Figure 38 – Typical setup for the annealing experiments in forming gas: leak tight tubular oven 
and eight samples on a movable sample holder.  

 

The temperature of the sample holder was around 90 oC after the oven had been heated for 

60 min at 300 oC. Temperature increase of the sample holder in the cold end of the oven was 

measured with a FLUKE VT04 visual IR thermometer. Therefore, it is reasonable to assume 

that there was no decomposition of PMMA on any of the surfaces before the actual annealing 

process.  

 

7.4 Analysis of the decomposition of PMMA 

The main method used for measuring the decomposition of PMMA was ellipsometry which 

was found to be an adequate method although the thicknesses measured were most likely 

not perfectly accurate. Especially oxidation and reduction of the metal surfaces complicated 

the fitting, thus decreasing the measurement accuracy.  

Some of the findings with ellipsometry were confirmed using EDS. The decomposition rate of 

PMMA was followed by measuring the intensity of the carbon Kα-line which has an energy of 
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0.277 keV.169 Electron beam acceleration voltage of 10 keV was used in all the EDS 

measurements unless otherwise noted. Although the EDS measurements could not give an 

exact thickness for the PMMA layer, EDS gave relative information about the changes in the 

PMMA thicknesses. The EDS results were in line with the ellipsometry results.  

For studying the decomposition mechanisms of PMMA, both IR and Raman spectroscopies 

were used. For the IR spectroscopy, an FTIR spectrometer in the attenuated total reflectance 

(ATR) mode was used (Thermo Fisher iS50 with Harrick VariGATR ATR-accessory). For Raman 

spectroscopy, a confocal Raman microscope (NT-MDT Ntegra) was used. 
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8 Results 

8.1 Catalytic decomposition of PMMA in air 

Experiments in air were fast and straightforward, so a wide variety of temperatures and times 

were used for testing catalytic thermo-oxidative decomposition of PMMA on different 

surfaces. Unless otherwise noted, all the surfaces were first tested with 10, 30, 60, and 120 

min annealing times at each temperature. 

 

8.1.1 Oxides 

Native SiO2 

Native SiO2 was considered as a non-catalytic surface. While this is difficult to prove, the 

decomposition was never slower on any other surface. Therefore, Si with a native SiO2 layer 

was used as a reference for all the other tested surfaces. Thus, thorough experiments were 

done with the native SiO2, especially at temperatures between 250 and 300 oC. As expected, 

noticeable decomposition of PMMA on the native SiO2 surface started to slowly occur at 300 

oC (Figure 39) which is consistent with the results from Zhang et al.6 A slight decrease of the 

PMMA layer thickness below 300 oC was probably caused by densification of the polymer, 

possibly due to melting followed by solidification of the polymer when brought back to room 

temperature. Only a minor change in the thickness of the PMMA layer occurred when the 

temperature was 275 oC, even after 240 min (Figure 43).  

At 300 oC the change in the thickness was noticeable, as measured with an ellipsometer 

(Figure 39). This was further studied with an EDS measurement which showed that no major 

decomposition of PMMA took place on the SiO2 surface at 300 oC during 120 min (Figure 40). 

The decomposition of bulk PMMA was prominent at 325 oC. This further proves that SiO2 can 

be used as a non-catalytic surface since many studies show that the decomposition of PMMA 

in an oxidative environment starts to occur below 300 oC.115,170,171 From the literature it is 

difficult to assess exact polymer decomposition temperatures since these depend not only on 

the molecular structure but the molecular weight as well. Additionally, lower decomposition 
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temperatures in the experiments done by Song et al.172 were probably due to higher oxygen 

concentration as the process was said to be done in an oxygen atmosphere. This explains why 

our experiments showed no decomposition of PMMA at 275 oC, unlike the experiments 

conducted by Song et al.172 It can be concluded that the target temperature for catalytic 

decomposition of PMMA in air on different surfaces is below 300 oC. 

 

Figure 39 – Changes in the thicknesses of PMMA thin films on native SiO2 over time in air at 
different temperatures. 
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Figure 40 - Changes in the EDS intensity of C and O Kα-lines measured from PMMA on native 
SiO2 after annealing at 300 oC in air for 0, 10, 30, 60, and 120 min.  

 

Al2O3 

Al2O3 showed similar behavior as native SiO2 at all temperatures (Figure 41). Non-catalytic 

behavior at 300 oC was confirmed with EDS which showed no major change in the intensity of 

the carbon peak even after 120 min of annealing (Figure 42). Therefore, Al2O3 and be used as 

a non-catalytic surface similar to native SiO2. 

Both SiO2 and Al2O3 surfaces were further tested with annealing times up to 240 min (Figure 

43) which showed that on both surfaces decomposition starts to take place at around 300 oC, 

whereas at 275 oC no major changes in the PMMA thickness were observed. Although the 

change in the thickness at 300 oC in most cases was probably due to densification, annealing 

for 240 min showed decomposition to take place. This further confirms that the target 

temperature for the catalytic decomposition of PMMA in air is below 300 oC. On the other 

hand, minor degradation or decomposition of the polymer can be accepted and tolerated, 

providing that the remaining polymer maintains its capability to prevent the material growth. 
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Area-selective etching has a significant edge over area-selective deposition in this respect. 

Thus, temperatures of 300 oC and over might be acceptable.  

 

Figure 41 - Changes in the thicknesses of PMMA thin films on native SiO2 and Al2O3 over time 
in air at different temperatures.  
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Figure 42 - Changes in the EDS intensity of C and O Kα-lines measured from PMMA on Al2O3 
after annealing at 300 oC in air for 0, 10, 30, 60, and 120 min. 

 

 

Figure 43 - Changes in the thicknesses of PMMA thin films on native SiO2 and Al2O3 over time 
in air at different temperatures. 
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CeO2 

CeO2 thin film was known to be an effective catalyst for the oxidative decomposition of PMMA 

even at 250 oC.6 Because CeO2 is not used in the current semiconductor devices, it was of an 

interest to study how thin CeO2 film still has a catalytic effect. This was straightforward to 

study because the thickness of CeO2 film is easy to adjust with ALD. The catalytic effect of CeO2 

was first confirmed with a 30 nm thick CeO2 film which showed excellent catalytic effect 

already at 250 oC (Figure 44). 

 

Figure 44 - Changes in the thicknesses of PMMA thin films over time on 30 nm thick CeO2 film 
in air at different temperatures. 

 

1 nm and 5 nm thick CeO2 films showed similar catalytic effects (Figure 45) as the 30 nm film 

at 250 and 275 oC. The 1 nm and 5 nm thick CeO2 films were tested also at 225 oC where the 

decomposition of PMMA started to slow down significantly (Figure 46). The catalytic effect on 

the 5 nm thick CeO2 film at 250 oC (Figure 47 a) and 275 oC (Figure 47 b) was confirmed with 

an EDS.  
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Experiments were also done on CeO2 films made by only one ALD-cycle, and ultimately also 

on a SiO2 surface exposed to only one pulse of Ce(thd)4, without the O3 pulse. Even these films 

showed a clear catalytic effect at 250 oC although the decomposition rate of PMMA seemed 

to slow down compared to the 1 and 5 nm CeO2 films (Figure 45). The experiments clearly 

showed that CeO2 films can be used as catalysts for the decomposition of polymers even 

below 1 nm thicknesses. 

 

Figure 45 - Changes in the thicknesses of PMMA thin films over time on CeO2 films of different 
thicknesses in air at temperatures between 250 oC and 300 oC. 
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Figure 46 - Changes in the thicknesses of PMMA thin films over time on 1 nm and 5 nm thick 
CeO2 films in air at 225 oC. 
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Figure 47 - Changes in the EDS intensity of C and O Kα-lines measured from PMMA on CeO2 
after annealing at (a) 250 oC and (b) 275 oC in air for 0, 10, 30, 60, and 120 min. 
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IR and Raman spectroscopies were used to study the catalytic decomposition mechanism of 

the PMMA layer on CeO2 and SiO2 surfaces (Figure 48 and Figure 49). 30 nm thick CeO2 films 

were used for both measurements, and Si substrates with the native SiO2 and 315 nm thick 

thermal SiO2 layers were used as references for IR and Raman, respectively. A thicker SiO2 

layer was used for the Raman measurements to increase the intensity of the peaks from 

PMMA. The annealing temperature of 275 oC and annealing times of 20 and 60 min were 

selected. These parameters were selected because previous experiments showed that at 275 

oC about half of the PMMA layer on 1-30 nm CeO2 films had decomposed between 10 and 30 

min and because the PMMA layer was completely decomposed after 60 min of annealing.  

The thickness of the PMMA layer on the samples used in the Raman and FTIR measurements 

was around 130 nm before the annealing. On the SiO2 samples the PMMA thickness decreased 

to 110 - 120 nm after 60 min of annealing. On the CeO2 samples, the thickness decreased to 

87 nm after 20 min and to 0 nm after 60 min of annealing.  

No intermediates or solid products of the decomposition could be detected with IR and Raman 

because no other difference than the intensity of the peaks was observed between the 0 min 

and the 20 min samples. Complete decomposition on the CeO2 sample was also confirmed 

after 60 min because the spectra of the bare CeO2 film and the 60 min sample were identical. 

This is very well in line with the findings from the literature which show that the 

decomposition of PMMA in an oxidative atmosphere mainly produces monomers and a 

minimum amount of charring occurs.63 Both spectroscopies also further confirmed that the 

PMMA layers on top of the SiO2 samples were not notably decomposed at 275 oC. 
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Figure 48 - FTIR spectra of (a) bare Si substrate and PMMA films on the Si substrate and (b) 
bare CeO2 film and PMMA films on CeO2. The samples with the PMMA films were annealed at 
275 oC in air for 0, 20, and 60 min. Absorbance bands typical for PMMA173 can be found in the 
picture. 
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Figure 49 - Raman spectra of (a) bare Si substrate with 315 nm thick SiO2 layer and PMMA 
films on the Si substrate and (b) bare Si substrate with 315 nm thick SiO2 layer and PMMA films 
on CeO2. The samples with the PMMA films were annealed at 275 oC in air for 0, 20, and 60 
min. Raman bands typical for PMMA174  can be found in the picture.  
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8.1.2 Metals 

Cu and Co 

Many transition metals are known to form a thin oxide layer in air at low and intermediate 

temperatures, and deeper oxidation proceeds at elevated temperatures.127 Experiments in air 

with Cu and Co turned out to be impossible due to the formation of oxide layers which made 

the ellipsometer measurements non-reliable. Also, when Cu and Co samples were heated at 

300 oC, the films started to peel off, possibly due to oxidation or poor adhesion (Figure 50). 

This meant that using EDS was out of the question to avoid contamination of the equipment. 

Obviously, such a destructive process would be impossible to use in any application either. For 

these reasons, Cu and Co surfaces were not further tested in air. 

 

Figure 50 – (a) Bare Cu and Cu with a PMMA layer on top before annealing. (b) The same 
samples after 120 min of annealing at 300 oC in air. 

 

W and Ni 

Although also W and Ni films suffered from oxidation this did not seem to be as severe as with 

Cu and Co, and more reliable ellipsometry measurements could be conducted with the W and 

Ni samples. Also, W films did not seem to suffer from the same adhesion issues as Cu and Co, 

so also EDS measurements could be conducted. W showed a slightly faster decomposition rate 

of PMMA at 300 oC than the native SiO2 but at 275 oC the difference was non-existent (Figure 
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51). These findings were confirmed with EDS (Figure 52). Even though W showed faster 

etching rate of PMMA at 300 oC compared to native SiO2, it might not be reliably used as a 

catalytic surface at that temperature. More experiments are needed to test is the etching rate 

on W high enough compared to native SiO2 at over 275 oC so that it can be used as a catalytic 

surface.  

 

Figure 51 - Changes in the thicknesses of PMMA thin films over time on native SiO2 and W films 
in air at different temperatures. 
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Figure 52 - Changes in the EDS intensity of C and O Kα-lines measured from PMMA on W 
after annealing at (a) 275 oC and (b) 300 oC in air for 0, 10, 30, 60, and 120 min. 
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Ni films did suffer from the same adhesion issues as Cu films, so EDS measurements were not 

possible. Measurements with an ellipsometer, however, seemed more reliable with Ni than 

Cu films, albeit the formation of an oxide layer made them most likely inaccurate. Ni films 

showed some catalytic behavior even at 250 oC and a clear catalytic effect at 275 oC (Figure 

53). However, no further testing in air was done with Ni films because of the adhesion 

problems. 

 

Figure 53 - Changes in the thicknesses of PMMA thin films over time on native SiO2 and Ni films 
in air at different temperatures. 

 

Ti 

Experiments with Ti films were possible due to the absence of severe oxidation and adhesion 

issues. Metallic Ti exposed to air always has a thin passivating native oxide layer similar to SiO2 

on silicon. Ellipsometry measurements showed that the Ti films had a promising catalytic 

effect even at 250 oC, although the decomposition was not complete after 60 min (Figure 54). 

At 275 oC the decomposition of PMMA on the Ti film was faster and almost complete. After 

the 120 min annealing experiments at 275 and 300 oC, the samples had similar thin PMMA 

layers, as measured with an ellipsometer. This was further analysed with EDS with the 275 oC 

samples (Figure 55). The intensity of the carbon Kα-line decreased but a small carbon peak did 

remain. This could indicate that the decomposition was incomplete, and some PMMA or other 

carbon-containing residue remained on the surface. The notable increase in the intensity of 

the Ti Kα-line over time is due to decreasing absorption of X-rays from Ti when the thickness 
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of the PMMA layer on top is decreasing. These findings confirmed that Ti has the potential to 

be used as a catalytic surface in air, but further experiments are needed to confirm whether 

the catalytic decomposition is complete or not. 

 

Figure 54 - Changes in the thicknesses of PMMA thin films on native SiO2 and Ti film over time 
in air at different temperatures. 

 



87 
 

 

Figure 55 - Changes in the EDS intensity of C and O Kα-lines measured from PMMA on Ti after 
annealing at 275 oC in air for 0, 10, 30, 60, and 120 min. 

 

Pt 

The only noble metal tested in this study, Pt, is known to be an excellent catalyst for 

thermocatalytic oxidative decomposition of soot123 as well as PMMA6 in the oxidative 

atmosphere, even at 200 oC. Therefore, Pt was not tested thoroughly. The catalytic effect of 

Pt films was tested at 175 and 150 oC. Ellipsometry showed excellent catalytic effect even at 

175 oC but no clear catalytic effect at 150 oC (Figure 56). Decomposition of PMMA at 175 oC 

was also confirmed with EDS (Figure 57). These experiments verified that Pt thin films can be 

used as catalytic surfaces, even at temperatures below 200 oC. 
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Figure 56 - Changes in the thicknesses of PMMA thin films on native SiO2 and Pt film over time 
in air at different temperatures. 

 

Figure 57 - Changes in the EDS intensity of C and O Kα-lines measured from PMMA on Pt 
after annealing at 175 oC in air for 0, 10, 30, 60, and 120 min. 
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8.2 Catalytic decomposition of PMMA in H2-atmosphere 

Experiments in H2-atmosphere were more complicated to conduct than those in air. Testing 

was a lot slower because only one annealing time could be tested at a time and preparing the 

oven, heating it, and letting it cool down took a long time. For these reasons, annealing times 

of 60 and 120 min were tested first, and other annealing times were then selected accordingly. 

Also, due to the complexity of the whole procedure, identical conditions for different batches 

were challenging to ensure which might affect the results. 

 

8.2.1 Oxides 

Native SiO2 

Like in air, native SiO2 was expected to have no catalytic effect in the H2-atmosphere.6 This 

was confirmed with temperatures ranging from 250 to 325 oC (Figure 58). Only densification 

but no major decomposition of PMMA was observed at 250 or 275 oC. However, 

decomposition started to occur at 300 oC, and at 325 oC the decomposition was obvious. The 

results are similar to those in air at the same temperatures. The results at 300 oC (Figure 59) 

were confirmed with EDS which showed a small decrease of C Kα peak over time. However, 

FTIR did not show any noticeable decomposition at 300 oC after 60 min (Figure 60). 
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Figure 58- Changes in the thicknesses of PMMA thin films on native SiO2 over time in forming 
gas (5 % H2) at different temperatures. 
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Figure 59 - Changes in the EDS intensity of C Kα-line from PMMA on native SiO2 at 300 oC in 
forming gas (5 % H2) after 0, 30, 60, and 120 min. 
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Figure 60 - FTIR spectra of bare Si substrate with native oxide layer and samples of PMMA layer 
on Si substrate annealed at 300 oC in forming gas for 0 and 60 min. Absorbance bands typical 
for PMMA173 can be found in the picture. 

Al2O3 

Decomposition of PMMA on Al2O3 films also seemed to be similar in the H2-atmosphere as in 

air. Measurements with ellipsometry revealed that no major decomposition occurred at 275 

oC, but at 300 oC PMMA started to decompose (Figure 61). So, neither native SiO2 nor Al2O3 

showed any catalytic effect in forming gas. Decomposition of PMMA started to occur at 300 

oC, like in the experiments in air (Figure 41). Thus, it was concluded that the target 

temperature for catalytic decomposition of PMMA in the H2-atmosphere was below 300 oC. 
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Figure 61 - Changes in the thicknesses of PMMA thin films on native SiO2 and Al2O3 over time 
in forming gas (5 % H2) at different temperatures. 

 

CeO2 

30 nm CeO2 layer was tested at temperatures between 250 and 325 oC (Figure 62). CeO2 

showed no catalytic effect which gave confidence that no significant amount of O2 was able 

to enter the tubular oven during the experiments, since CeO2 showed a clear catalytic effect 

at 225 oC in air already at low CeO2 thicknesses (Figure 45). Decomposition of PMMA at 275 

oC was measured with EDS which showed only a minor decrease in the intensity of the carbon 

peak, thereby further confirming the non-catalytic effect of CeO2 in the H2-atmosphere (Figure 

63). 
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Figure 62 - Changes in the thicknesses of PMMA thin films on native SiO2 and CeO2 film over 
time in forming gas (5 % H2) at different temperatures. 
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Figure 63 - Changes in the EDS intensity of C Kα-line from PMMA on CeO2 at 275 oC in 
forming gas (5 % H2) after 0, 60, and 120 min. 

 

8.2.2 Metals 

Pt 

Pt films showed no major difference in the catalytic effect compared to the native SiO2, as 

measured with an ellipsometer (Figure 64). This was confirmed with EDS from the sample 

annealed at 275 oC (Figure 65). This gives further proof to that no significant amount of O2 was 

present in the tubular oven since in air Pt showed excellent catalytic effect even at 175 oC 

(Figure 56). 

Pt is a known hydrogenating catalyst used in hydrocracking.157,160 However, hydrocracking is 

often done with both hydrogenating/dehydrogenating and acidic catalysts, and at high 

pressures of H2. Since our experiments were not done in these typical hydrocracking 

conditions, it is hard to conclude whether Pt thin films can be used as catalytic surfaces in H2-

atmosphere.  
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Figure 64 - Changes in the thicknesses of PMMA thin films on native SiO2 and Pt film over time 
in forming gas (5 % H2) at different temperatures. 
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Figure 65 - Changes in the EDS intensity of C Kα-line from PMMA on Pt at 275 oC in forming 
gas (5 % H2) after 0, 60, and 120 min. 

 

W 

W showed no catalytic effects at 250 or 275 oC, but at 300 oC the rate of PMMA decomposition 

was slightly higher than on the native SiO2 (Figure 66). But after 120 min of annealing at 300 

oC, there was still a significant amount of PMMA left on the surface, so the decomposition rate 

was low. This was confirmed with EDS (Figure 67). However, at 325 oC the PMMA was 

completely decomposed after 120 min of annealing. Although W showed a slightly faster 

decomposition rate of PMMA compared to the native SiO2 at 300 oC and above, difference 

was so small that using W thin films as catalytic surfaces would be difficult. Also, potential 

reduction reaction of the oxide layer on W could have affected the accuracy of the 

ellipsometry results.  
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Figure 66 - Changes in the thicknesses of PMMA thin films on native SiO2 and W film over 
time in forming gas (5 % H2) at different temperatures. 

 



99 
 

 

Figure 67 - Changes in the EDS intensity of C Kα-line from PMMA on W at 300 oC in forming 
gas (5 % H2) after 0, 30, 60, and 120 min. 

 

Cu 

Experiments with Cu and Co films in the H2-atmosphere were complicated due to the 

reduction of the oxide layer. But unlike in the air where oxidation made the measurements 

impossible, reduction did not have such a preventive effect on the measurements in H2. It is 

important to note, however, that the thicknesses from the ellipsometry measurements most 

likely are not accurate because the reduction complicated the fitting. 

Experiments between 250 and 300 oC with Cu revealed interesting results. The decomposition 

of PMMA was clear after 60 min of annealing but seemed to stop completely after that (Figure 

68). This was confirmed at 275 and 300 oC (Figure 69) with EDS where the intensity of the 

carbon Kα-line did not go down significantly after the initial drop. This was further tested at 

275 oC with smaller annealing times which showed that the decomposition of PMMA was clear 

after 20 min, but it did not continue significantly after that, as measured with an ellipsometer 

(Figure 70). PMMA showed faster decomposition rate at 325 oC on Cu than on native SiO2 
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surface (Figure 68). Additionally, the decomposition mechanism was studied with FTIR from 

the sample annealed at 300 oC. After 60 min of annealing, the thickness of the PMMA layer 

decreased from 82 to 37 nm. FTIR spectra showed no clear difference between the spectra 

before and after annealing, only the absorption intensities had decreased (Figure 71). This 

indicates that the decomposition did not cause any new products to form on the remaining 

film.  

 

Figure 68 - Changes in the thicknesses of PMMA thin films on native SiO2 and Cu film over time 
in forming gas (5 % H2) at different temperatures. 
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Figure 69 - Changes in the EDS intensity of C Kα-line from PMMA on Cu at (a) 275 oC and (b) 
300 oC in forming gas (5 % H2) after different annealing times. 
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Figure 70 - Changes in the thicknesses of PMMA thin films on native SiO2 and Cu film over time 
in forming gas (5 % H2) at 275 oC. 
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Figure 71 - FTIR spectra of a bare Cu film and samples of PMMA films on the Cu substrate 
annealed at 300 oC in forming gas for 0 and 60 min. Absorbance bands typical for PMMA173 
can be found in the picture. 

 

A possible explanation for the sudden halt in the catalytic effect could be that the oxide layer 

acts as a catalyst which is reduced back to metallic Cu, thus deactivating the catalytic effect. 

Oxides are known to have a catalytic effect on PMMA decomposition in an inert atmosphere, 

including CuO.134 By-products from the reduction reaction could also decompose the polymer. 

Cu-CuO couple has been used in CLC110, which supports this hypothesis. Another possibility is 

that either the Cu surface or the oxide layer acts as a catalyst which is then deactivated by 

fouling. This is, however, unlikely because FTIR measurement showed no signs of new 

products. Cu surfaces were further tested with PMMA films of under 30 nm in forming gas, 

N2, and Ar at 275 oC. PMMA was decomposed completely in all of the atmospheres as 

measured with EDS (Figure 72). 
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Figure 72 - Changes in the EDS intensity of C Kα-line from PMMA on Cu at 275 oC in forming 
gas (5 % H2), N2, and Ar after 60 min. 

 

Co 

Co showed no clear catalytic effect in the H2-atmosphere. The decomposition rate was similar 

to the decomposition rate on the native SiO2, as measured with an ellipsometer (Figure 73). 

This was confirmed with EDS measurements from the samples annealed at 300 oC which 

showed only a small decrease in the intensity of the C Kα-line (Figure 74). 

Co is known to have a catalytic effect in the hydrogenolysis of ethane151 which further 

indicates that the conditions in our experiments were not optimal for hydrocracking.  
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Figure 73 - Changes in the thicknesses of PMMA thin films on native SiO2 and Co film over time 
in forming gas (5 % H2) at different temperatures. 
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Figure 74 - Changes in the EDS intensity of C Kα-line from PMMA on Co at 300 oC in forming 
gas (5 % H2) after 0, 30, 60, and 120 min. 

 

Ni 

Like in air, experiments with Ni in the H2-atmosphere turned out to be difficult. Heating in the 

H2-atmosphere caused again issues with the adhesion, so EDS measurements were out of the 

question. The experiments, done using only an ellipsometer, showed no clear catalytic effect 

at temperatures between 250 and 300 oC (Figure 75). 

Like Pt and Co, also Ni is used as a catalyst in hydrocracking.158 The lack of a catalytic effect of 

these known hydrocracking catalysts in our experiments is probably due to non-ideal 

conditions, i.e., low H2 pressure and monofunctional thin film catalyst. 
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Figure 75 - Changes in the thicknesses of PMMA thin films on native SiO2 and Ni film over time 
in forming gas (5 % H2) at different temperatures. 

 

Ti 

Different from the other metals tested, Ti has a very stable native oxide TiO2 that is not 

expected to reduce under the test conditions. Decomposition of PMMA on Ti thin films was 

tested thoroughly at temperatures between 250 and 300 oC (Figure 76-Figure 80). Ti films 

showed a clear catalytic effect at 250 and 275 oC. Decomposition of PMMA seemed to be 

complete at 300 oC after 30 min, as measured with an ellipsometer (Figure 76) and EDS (Figure 

77b).However, decomposition was not always consistent because EDS showed better catalytic 

effect at 275 oC after 60 min, compared to 90 or 120 min (Figure 77a). This could indicate some 

differences in the testing conditions between these annealing experiments. Smaller annealing 

times between 0 and 60 min were studied at 275 oC which also showed a clear decomposition 

of PMMA, as measured with both an ellipsometer (Figure 78) and EDS (Figure 79).  
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Figure 76 - Changes in the thicknesses of PMMA thin films on native SiO2 and Ti film over time 
in forming gas (5 % H2) at different temperatures. 
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Figure 77 - Changes in the EDS intensity of C Kα-line from PMMA on Ti at (a) 275 oC and (b) 275 
oC in forming gas (5 % H2) after different annealing times. 
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Figure 78 - Changes in the thicknesses of PMMA films on native SiO2 and Ti films over time in 
forming gas (5 % H2) at 275 oC. 

 

Figure 79 - Changes in the EDS intensity of C Kα-line from PMMA on Ti at 275 oC in forming gas 
(5 % H2) after 0, 10, 20, 30, 40, and 50 min. 
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Since the decomposition of PMMA at 275 oC showed some inconsistency, decomposition after 

60 min annealing was further studied with another batch and additional measurements with 

IR-spectroscopy were done. The thickness of the PMMA layer decreased from 101 to 0 nm, as 

measured with an ellipsometer. The IR-spectrum showed clear decomposition of PMMA after 

60 min, but small absorbance bands at ~1700 cm-1 and ~1200 cm-1, typical for PMMA173, were 

still visible indicating that a small amount of either PMMA or other hydrocarbon residue was 

still left on the surface (Figure 80). Thus, Ti has a potential for being used as a catalytic surface 

in the H2-atmosphere, but further studies are needed. 

  

Figure 80 - FTIR spectra of a bare Ti film and samples of PMMA films on Ti annealed at 300 oC 
in forming gas for 0 and 60 min. Absorbance bands typical for PMMA173 can be found in the 
picture. 

 

Ti was also used to test whether the samples should be left in the oven to cool down or 

should/can they be removed immediately to room temperature after the annealing. This was 

tested at 275 oC with annealing times of 10 and 20 min. The samples left in the oven to cool 

down were removed after the oven temperature was below 200 oC. There was no significant 
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difference in the decomposition rate of PMMA whether the samples were cooled down in the 

cold end of the oven or in air immediately after the annealing (Figure 81). 

 

Figure 81 - Changes in the thicknesses of PMMA films on Ti over time in forming gas (5 % H2) 
at 275 oC. 

 

8.3 Patterning of PMMA using Al2O3 and CeO2 surfaces 

Patterning experiment was done using CeO2 as a catalytic surface and Al2O3 as a non-catalytic 

surface. A 5 nm thick CeO2 film was deposited on to 100 nm thick Al2O3 film by ALD. After the 

deposition, several patterns of different sizes were made by etching CeO2 away with a FIB-

SEM (Figure 82). The pattern consists of a continuous CeO2 film with Al2O3 being exposed in 

the etched holes. The holes patterned are around 50 µm in length and their widths vary from 

0.1 to 10 µm. 
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Figure 82 - Image of some of the patterns etched by the FIB-SEM. The image was taken at an 
angle of 52o from the normal of the surface. The darker area is the exposed Al2O3 surface. 

 

After the etching with FIB-SEM, a 150 nm thick PMMA layer was spin-coated on top of the 

substrate, as measured with an ellipsometer. Next, the sample was annealed in air at 275 oC 

for 60 min. The thickness of the PMMA layer was 0 nm after the annealing, as measured with 

an ellipsometer from unpatterned area of CeO2. 

SEM images confirmed that PMMA was removed from the CeO2 surface, whereas on the 

patterned Al2O3 surfaces PMMA largely remained (Figure 83). This was confirmed with EDS 

using both point measurements and line scans with a 3 kV electron beam (Figure 84). SEM 

images show, however, that the PMMA layer was removed from the smallest patterns and 

from the edges of the larger patterns. This could be due to either a spillover of reactive oxygen 

species or reflow of the polymer. Zhang et al.6 were able to achieve sharp edges with 

polyimide, thus indicating no major spillover.   
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Figure 83 - SEM images of the patterned Al2O3/CeO2 sample after being spin-coated with 
PMMA and annealed in air at 275 oC for 60 min. 
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Figure 84 - EDS of the patterned Al2O3/CeO2 sample after being spin-coated with PMMA and 
annealed in air at 275 oC for 60 min. Both (a) point measurements and (b) line scans were 
used. 
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9 Conclusions 

Experiments in this study focused on proving the concept that polymers, PMMA specifically, 

can be thermocatalytically decomposed with different thin films in both oxidative and 

reductive atmospheres. Also, experiments were conducted to prove that the thermocatalytic 

effect is achievable already with an extremely thin layer of the catalytic material. 

Experiments in air showed that PMMA starts to decompose at around 300 oC without a 

catalyst, thus the target temperature for the catalytic effect is below 300 oC. It is, however, 

important to note that small amount of degradation or decomposition might be acceptable 

on top of the non-catalytic surface as well, thus temperatures at and above 300 oC could 

potentially be used as well. Native SiO2 and Al2O3 surfaces were shown to be non-catalytic, 

whereas CeO2 films showed catalytic effects even at thicknesses below 1 nm. Decomposition 

of PMMA on CeO2 surfaces was verified to be complete at 275 oC leaving no solid products 

behind.  

Due to oxidation of many metals, their use as catalytic surfaces in air might be impossible. 

Oxidation made the experiments with Cu, Co, W, and Ni either impossible or unreliable. Ni 

showed some promising catalytic effect, but further experiments are needed to confirm this. 

Ti showed a promising catalytic effect at 250 oC, although the decomposition might not be 

complete. Pt, however, showed a clear catalytic effect even at 175 oC. 

Experiments in the H2-atmosphere confirmed that the non-catalytic decomposition of PMMA 

starts to occur at around 300 oC. Native SiO2 and Al2O3 surfaces were once again proved to be 

non-catalytic. Unlike in air, CeO2 surface showed no catalytic effect in the H2-atmosphere.  

Ti showed some promising catalytic effect in the H2-atmosphere, although EDS and FTIR 

measurements indicate incomplete decomposition at 275 oC. W also showed slightly faster 

decomposition at 300 oC, compared to the non-catalytic surfaces. Pt, Co, and Ni films, 

however, did not show any catalytic effect, although all these metals are used in hydrocracking 

or hydrogenolysis.145,150 This indicates that the conditions in our experiments might not have 

been suitable for hydrocracking, or monofunctional thin films are not effective catalysts for 

hydrocracking. 
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Cu films showed a catalytic effect in H2 already at 250 oC but the decomposition of PMMA 

stopped after 20 min of annealing. A possible explanation for this is that the oxide layer on 

copper acts as the catalyst but gets reduced due to hydrogen and/or PMMA, thus losing the 

catalytic effect. Another explanation is that the by-products from the reduction reaction of 

copper oxide accelerate the decomposition of the polymer. Cu-CuO couple is used in a process 

called chemical looping combustion (CLC) which supports this hypothesis.110 A third 

explanation is deactivation of the catalytic surface by fouling. More experiments are needed 

to prove the hypothesis that the oxide layer acts as a catalyst, or that its reduction by-products 

accelerate decomposition.  

Area selectivity of this novel patterning technique was tested in the air atmosphere. Al2O3 was 

used as a non-catalytic surface and CeO2 as the catalytic surface. Area selectivity was achieved, 

but SEM images revealed rough edges of PMMA on the Al2O3 surface which leads to poor 

resolution. This could be due to reflow of the polymer or spillover of the reactive oxygen 

species from the catalytic surface to the non-catalytic surface. Further experiments are 

needed to confirm whether a sufficient amount of PMMA remains on the entire Al2O3 surface 

to prevent deposition of various materials. 
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