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SUMMARY 

 

Many problems exist in current photoresist designs that will limit their ability 

to obtain the performance required for future generations of IC devices.  The biggest 

challenge is the inability to simultaneously optimize resolution, line edge roughness 

(LER), and sensitivity; this is known as the RLS trade-off.  Even within the RLS 

trade-off, LER cannot be made as small as desired.  The only way to escape the RLS 

tradeoff, or at least to improve it, appears to be development of completely new resist 

designs and resist material systems.  That is the primary goal and focus of this thesis.   

In order to probe the effects of changes in resist formulation and processing 

on RLS, a mesoscale kinetic Monte Carlo simulation of resists was developed and 

results and insights from that model are discussed in several chapters.  Likewise, in 

order to better understand the effect of metrology on our understanding of the final 

resist relief image, a detailed SEM simulator was developed that allows for the 

probing of how LER is determined.  Although several simulations were developed, 

much of the thesis is focused on the design, synthesis, and characterization of novel 

molecular resists.  Several important structure-property relations were developed for 

the prediction of glass transition temperature (Tg) and to predict the solubility of a 

resist molecular in standard aqueous base developer.  A study of the effect of 

structure on the photoacid generation behavior of non-ionic PAGs under high energy 

exposures such as e-beam and EUV provided useful insight on prediction of acid 

generation efficiency in these systems.  The effect of the solubilizing mechanism in 
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these molecular resists was also studied and important information regarding what 

approaches to avoid and which approaches work best was obtained. 

A large amount of work was done on negative tone molecular resists that 

appear to provide an improvement to many of the problems such as pattern collapse 

and diffusion control while maintaining excellent resolution and good sensitivity.  

This family of resists has had a large effect on the outlook of negative tone resist for 

future patterning generations.  Another completely new family of molecular resists 

was also developed based on using a single molecular species which consists of a 

molecular glass core compound that contains all of the functional groups required to 

act as a CAR including PAG functional groups, base solubilizing groups blocked by 

acid labile protecting groups, and a sulfonic acid anion that is directly attached to the 

molecular glass core.  This approach, referred to as single component molecular 

resists, should completely eliminate inhomogeneity in the as-cast resist film.  Along 

with these, several additional types of novel molecular resists were developed.  Non-

chemically amplified molecular resist were developed that leverage the dissolution 

properties of molecular resists to produce what appears to be a record low dose-to-

clear for non-CARs.  An additional family of molecular resists that thermally cross-

link before exposure and are cleaved back to small molecules was also investigated 

with the idea of improving pattern collapse and potentially reducing photoacid 

diffusion.  This resist family also allowed the comparison between development in 

organic solvent and aqueous base. 



 

1 

CHAPTER 1 

INTRODUCTION TO LITHOGRAPHY AND PHOTORESISTS 

 

1.1  Microelectronics and Microlithography 

1.1.1 Overview 

 
Microelectronic devices based on integrated circuits (ICs) have become a highly 

pervasive technology that is present in all aspects of society including computers, cell-

phones, automobiles, televisions, toys, and appliances.  They have far ranging application 

in business, healthcare, transportation, security, and even domestic tasks. The significant 

impact of microelectronics has come about due to the exponential increase in computing 

power over time coupled with the exponential decrease in the cost for computing.  This 

trend has been enabled by the IC industry’s ability to double the number of transistors per 

chip approximately every 18 to 24 months while maintaining the cost to process the 

silicon wafers at basically the same level, thus cutting the cost per transistor in half in 

each device generation while the computing power grows exponentially.1  This trend is 

commonly referred to as Moore’s Law2-3 and is shown graphically in Figure 1.1 using the 

number of transistors from Intel microprocessors.4  The critical and enabling technologies 

that have led to this dramatic IC cost and performance scaling have primarily been 

advancements in microlithography, i.e. the technique used to print the circuit features on 

silicon wafers during IC fabrication.5  This hectic pace of device scaling has been 

maintained for over 40 years, but as feature sizes have approached molecular size scales, 

a number of technological challenges have arisen that threaten to halt this steady progress 
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and thus threaten the entire IC industry.  One of the most critical and challenging areas 

has become design and production of photoresists, the radiation sensitive material used 

for forming the relief patterns required to build-up IC devices.  Photoresists must be able 

to achieve the required feature sizes while also maintaining a long list of other 

performance requirements.  Figure 1.2 shows the minimum transistor dimension required 

to maintain Moore’s law along with a cross-section of the photoresist pattern required to 

produce these dimensions. 
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Figure 1.1 Moore’s Law demonstrated using the number of transistors in Intel 

microprocessors. 
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Figure 1.2 Minimum transistor dimension required to maintain Moore’s law.  The 

dark rectangles show the scaling of the photoresist pattern height and 
width required to produce these transistor dimensions. 

 

 

Lithography is the art and science of producing a pattern on a substrate.  Today 

the term is commonly used to refer to the process used to print relief patterns on 

semiconductor devices during integrated circuit (IC) fabrication.  The term may also be 

used in conjunction with an adjective that describes the energy source used in printing the 

circuit patterns, such as optical lithography or photolithography which utilizes UV light 

to generate the patterns.  Optical lithography is currently the most wide-spread form of 

lithography used in industry.  An overview of this lithography process is shown in Figure 

1.3.  A thin film of a functional material deposited on top of a silicon wafer is spin-coated 

with a photosensitive polymer film called a photoresist, or simply a resist.  A photomask, 

typically quartz with a chrome pattern to selectively allow light in, is used to generate a 
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radiation aerial image above the resist.  The solubility of the photoresist changes in the 

area where it has been exposed, and a development process is carried out in which a 

solvent is used to remove the selected areas of the polymer film.  In positive tone resists, 

which are the most common type used industrially, the exposed areas of the polymer film 

are rendered more soluble in the developing solvent and are removed.  In negative tone 

resists, the exposed areas become less soluble, and the unexposed areas are removed by 

the developer.  The relief pattern in the polymer is then transferred onto underlying layers 

on the integrated circuit device using various etch processes, with plasma etching being 

most common.  Any remaining photoresist is then removed, leaving the desired pattern in 

the device.  Repeating this process for multiple layers allows for the fabrication of 

complete integrated circuits. 

 

 

  

Figure 1.3 General overview of lithography process. 
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1.1.2 Exposure Sources 

 
When discussing lithographic imaging, it is important to specify the radiation 

source used to transfer the pattern.  The two most industrially relevant exposure sources 

are ultraviolet (UV) and deep ultraviolet (DUV) light.  Lithography using an electron 

beam (e-beam) is used to produce the masks used for UV and DUV lithography and is 

often used in research and development applications due to its ability to generate patterns 

with very small dimensions.6  In the near future, it is expected that extreme ultraviolet 

(EUV) lithography, which uses radiation in the wavelengths of 10-14 nm, will also be 

used for the industrial production of transistors, although it is currently still in the 

development phase.7-8  Each of these exposure sources typically has its own specific type 

of photoresists with unique properties that allow them to work well for that source, 

although some resists can be used across multiple platforms.  A more thorough discussion 

of photoresists will be given later.     

UV lithography has been the work-horse of the semiconductor industry for 

decades and is still used for multiple levels of patterning at feature sizes of 0.3 μm and 

larger.9  The exposure source is a high pressure mercury arc lamp.  Due to the unique 

emission characteristics of the mercury arc lamp, three main wavelengths are used: 436 

nm, 405 nm, and 365 nm which are also referred to as G-line, H-line, and I-line 

respectively.  In projection lithography which is most commonly used in industry, the 

light from the lamp is collected by a series of lenses and focused onto the mask.  The 



 6

light diffracts through the open areas of the mask and is collected by another lens which 

focuses the light onto the photoresist.   

DUV lithography has been used in industrial production since the early 1990s and 

is still in use for even the smallest levels of patterning.10  Although use of a Hg-Xe arc 

lamp extends the usable wavelengths down to 220 nm, with a large peak near 248 nm, 

excimer lasers are typically used industrially to produce DUV light.  The two most 

important DUV wavelengths are 248 nm, which is produced by a KrF excimer laser, and 

193 nm, which is produced by an ArF excimer laser.  Research into 157 nm wavelength 

lithography using a F2 excimer has been seriously investigated, but was never used 

industrially due to difficulties finding a suitable replacement for quartz as a lens 

material.11  Similar to UV lithography, a series of quartz lenses and a mask are used to 

generate the aerial image which is translated by the photoresist into a relief image. 

E-beam lithography is a form of lithography that utilizes direct exposure of the 

resist with a focused beam of electrons.  A tungsten thermionic emission cathode is often 

used for the electron gun.9  Several condenser lenses and beam deflection coils are used 

to focus the beam onto a spot size that can be less than 10 nm in diameter.  The use of 

these lenses and deflectors allows very fine control of the spot location, and so no mask is 

required.  E-beam lithography can be considered a form of maskless lithography.  The 

desired pattern is programmed into the tool and virtually any geometry can be patterned.  

In this way, the masks for the other forms of lithography are created using e-beam 

lithography.  E-beam lithography, using 50-100 keV energy primary electrons, is widely 

considered to have the highest resolution of all forms of lithography; sparse features as 

small as sub-5 nm have been fabricated by e-beam lithography.12  The main drawback for 
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e-beam lithography is the slow throughput of the tool.  Due to the use of a single beam of 

such small size, it can take several hours to expose a single wafer; some complex masks 

can take days to completely pattern.  This is in contrast to standard optical lithography 

scanners which can pattern over a hundred wafers per hour.  This low throughput means 

that e-beam lithography is used only for mask making and research and development 

purposes. 

In UV and DUV lithography, the optical radiation interacts with the resists 

primarily by direct photon absorption.  In e-beam lithography, the resist’s interaction with 

the radiation is very different and patterning occurs by a more complicated series of 

excited state electron transfers. 13  A high energy (50-100 keV) electron will scatter 

through the resist, losing energy and generating multiple secondary electrons.  These 

secondary electrons will behave similarly so that a single incident electron can generate a 

cloud of electrons.  The scatter from the electrons leads to a teardrop shaped interaction 

volume with the resist as shown in Figure 1.4.  The electrons are of sufficient energy that 

they can cause direct bond cleavage of some groups and can also cause cross-linking of 

other groups.  When the electrons get low in energy (< 10-20 eV), they can be effectively 

scavenged by some compounds in the resist; this leads to excited state compound that can 

carry out further reactions.  This change in imaging mechanism will be discussed further 

in later sections. 
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Figure 1.4 Simulated trajectories of electrons into PMMA. 

 

 

EUV lithography has received much attention in recent years as a potential 

replacement for 193 nm DUV lithography in sub-32 nm applications, although it is 

currently unknown when it will enter high volume manufacturing.  The radiation for 

EUV lithography is generated by laser-induced plasma which generates radiation in the 

wavelengths of 10-14 nm; these wavelengths can be considered extreme ultraviolet or 

soft x-rays.  Since all materials absorb at these wavelengths, transparent optics cannot be 

used, and instead, reflective optics and a reflective mask must be used.  The most 

commonly used reflector is composed of multiple alternating layers of molybdenum and 

silicon, which can reflect up to 65% of the incident light due to the large differences in 

the refractive indexes at each interface.  This type of mirror leads to a primary 

wavelength of 13.5 nm as the energy incident onto the wafer.  Use of multiple mirrors 

allows for the creation of a projection system somewhat similar to that used for 

conventional UV and DUV lithography.   
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Although EUV can be considered a form of optical lithography, its imaging 

mechanism is more similar to that of e-beam than DUV.  The incident 13.5 nm photon 

has about 92 eV of energy.  When this photon is absorbed by the resist, a photoelectron 

of about 80 eV (on average) is generated.14  This photoelectron will scatter through the 

resist and generate more secondary electrons in a manner similar to the electrons 

generated by e-beam lithography.  Since low energy electrons are the primary reactive 

species in both EUV and e-beam, results generated in one source are considered to be 

directly relatable to the other source.  For example, if a resist is highly sensitive in e-

beam, it will be highly sensitive in EUV.  This allows the use of e-beam lithography, 

which is widely available, to serve as a screening tool for EUV lithography for which 

there are currently very few available tools. 

 

1.1.3 Figures of Merit for Patterned Resists 

 
When a resist is patterned via any form of lithography, the success of the 

lithography process is often measured against certain figures of merit or performance 

metrics for the final relief image.  The primary goal of photoresist chemists, physicists 

and engineers is to improve each of these metrics by optimizing the resist formulation 

and patterning process.  Although there are multiple performance metrics, there are four 

main criteria that are used to judge a photoresist: resolution, sensitivity, contrast, and line 

edge roughness.  The following sections discuss each of these criteria in more detail. 

Resolution, in terms of a lithographic process, describes the smallest feature that 

can be successfully printed with acceptable quality and control.15  Resolution seems 

simple and people often mistakenly associate the resolution obtained in a lithographic 
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process as being purely dictated by the resist’s capabilities.  However, the resolution 

obtained for a resist process is in general a complex function of the tool and conditions 

used to expose the resist, the exact resist thermal and development processing conditions 

used, the aspect ratio of the structures printed in the resist (due to pattern collapse 

problems as the aspect ratio gets larger), and a number of other factors.  In the case of 

integrated circuits, the resolution of the best production worthy lithographic process 

determines the minimum size of transistors in a given device generation.  More precisely, 

one can discuss the ultimate resolution or intrinsic resolution of a resist which refers to 

the smallest feature that can be printed into the resist using a digital aerial image (i.e. a 

perfect square wave intensity function) and optimized resist processing conditions. 

Sensitivity or photospeed is the dose (amount of energy per unit area) required to 

produce the desired feature in the resist.  This can be further defined as the dose-to-size 

(Esize) or dose-to-clear (E0).  Dose-to-size is the energy required to print a specific feature 

at the desired size.  Dose-to-clear is the minimum energy required to completely dissolve 

a large area exposure in a positive tone resist.  In negative tone resists, instead of E0, the 

energy required to retain 50% (E50) and 100% (E100) of the original film thickness in 

large area exposures are the metrics which define sensitivity.  Although the values are 

often almost the same, Esize and E0 can be different due to changes in the optical aerial 

image for large area or very small area exposures which are often near the limits of the 

lithography tools capabilities.  The term sensitivity is also somewhat unfortunate 

nomenclature since it can have multiple meanings.  For example, if a resist is said to have 

high sensitivity, that could mean that it requires a low dose to image by the conventional 

use of the word; however, using the lithography definition given above, a high sensitivity 
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resist would require a high dose.  To avoid this confusion, the term dose will be used 

primarily to describe the sensitivity of a resist. 

Contrast is a measure of the photoresist’s conversion of the aerial image (i.e. the 

spatial distribution of energy) during exposure into a spatial distribution of resist material 

in the final physical relief image.  The contrast of a resist is strongly affected by the 

development behavior of the resist (e.g. development rate of the resist depends on 

deprotection level).  Contrast, typically given the symbol γ, is the slope of a plot of post-

development normalized remaining resist thickness (NRT) as a function of the logarithm 

of dose and can be defined by Equation (1.1) for a positive tone resist.16  Contrast curves 

are typically measured by exposing a resist film to an array of large area exposures, each 

at a different dose.  As a result, the contrast curve can directly provide information 

regarding the sensitivity of the resist as shown in Figure 1.5 for positive and negative 

tone resists.  
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Figure 1.5 Contrast curves for positive (a) and negative (b) tone resists.  The contrast 

curves directly provide information regarding the sensitivity of the resist.  

 

 

Although contrast is not a direct measure of a resist’s ultimate capability to obtain 

a specific resolution, it is a highly informative metric which tells how well a resist will 

convert the aerial image of a specific exposure tool into a final resist profile; this is 

demonstrated Figure 1.6.  The resist with the higher contrast (γ = 9.7) produces a final 

relief image that is more like the ideal square profile than the resist with the lower 

contrast (γ = 2.6) which has a more rounded profile.  In general, higher contrast resists 

provide better lithographic resolution. 
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Figure 1.6 Contrast affects the final resist profile; (a) the aerial image produced by 

the exposure tool; (b) two contrast curves (── γ = 9.7, --- γ = 2.6); (c) the 
final resist profile cross-section. 

 

 

Line edge roughness (LER) is defined as the root-mean-square deviation of the 

line profile shape from the straight line or plane, and it is usually reported as the 3σ 

value, where σ is the standard deviation in line edge.17  Along with LER, the other 

important parameter used to characterize the deviation of the lines in a printed feature is 

the line width roughness (LWR), which is a measure of the fluctuations of the critical 

dimension (CD) width along the length of the resist line.18  LER and LWR are very 

important because they eventually affect the performance of the final device.  Threshold 

voltage and on-off current variation are device characteristics reported to be strongly 

dependant on LWR.19  LER can also affect dopant concentration profiles and leakage 

currents.  For a 0.13 μm CMOS technology, a reduction in LER from 9.3 nm to 6.5 nm 

showed a 1.5 times improvement in leakage current.20  One study found that both 

nominal drive current and its variation degrade with increased LWR and Ioff increased 

exponentially with increased LWR.21  Furthermore, as LER increases, the distribution of 

leakage current increases, reducing performance predictability from transistor to 

transistor, even on the same wafer.  It can also affect many other aspects such as 
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capacitance of thin films, scattering in optoelectronics, and flow in microfluidic 

structures.22 

 

  
Figure 1.7 LER is the deviation in the edge of the line and LWR is the deviation in 

the width of the line. 

 

 

1.2  Photoresists 

 
Photoresists can be generally classified as either a chemically amplified resist 

(CAR) or a non-chemically amplified (non-CA) resist which can also be called more 

simply a non-amplified resist.  They are called non-amplified resists because they 

undergo a single reaction per photon (at UV and DUV) often accompanied by a relatively 

low quantum yield.  In CARs, a single photon can produce a reactive species, usually an 

acid, which can catalytically carry out multiple additional reactions; thus, the required 

number of photons, or dose, to effect an equivalent solubility change is greatly reduced in 

CARs.   

Non-amplified resists encompass a large range of resists that are used for a 

number of applications.  The quintessential non-CA resist used in commercial 



 15

semiconductor fabrication for most all G-line and I-line lithography is a positive tone 

resist known as diazonaphthoquinone-novolac, or DNQ-novolac.23  Although novolac has 

intrinsic solubility in aqueous base, the addition of DNQ strongly inhibits the dissolution 

of novolac due to strong hydrogen bonding reactions.  Upon exposure, DNQ is converted 

to a carboxylic acid via the Wolff rearrangement; this changes the DNQ from a 

dissolution inhibitor to a dissolution promoter.  The schematic diagram of how this 

system works is shown in Figure 1.8.23  Despite its excellent performance, when moving 

to 248 nm lithography from the I-line wavelength, DNQ- novolac could not be used due 

to its high absorbance.  Likewise, DNQ dissolution inhibitor based systems could not be 

effectively used for positive tone resists under e-beam and EUV because the high vacuum 

in these systems removes the water required for the Wolff rearrangement from the resist 

film, and the DNQ instead cross-links the matrix resulting in negative tone behavior.24   

 

 

  
Figure 1.8 Schematic diagram of the mechanism by which DNQ-novolac resists 

function. 
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The other place that non-chemically amplified resists find use is in e-beam 

lithography.  The most commonly used non-CA resists used in e-beam are 

polymethylmethacrylate (PMMA),25 a methyl styrene-chloromethyl acrylate copolymer 

known as ZEP,26 and hydrogen silsesquioxane (HSQ).27  PMMA and ZEP operate as 

positive tone resists; electron induced cleavage of the main polymer chains reduces the 

molecular weight in the exposed region which increases the solubility in organic solvents.  

HSQ acts as a negative tone resist via electron induced cross-linking; development of 

HSQ may be done using either organic solvent or aqueous base.  These resists are favored 

for use in e-beam because of their very high resolution; they are able to produce patterns 

that are at least twice as small as current state-of-the-art CARs.  They also typically have 

superior LER relative to CARs.  However, their very poor sensitivity makes them much 

less favorable for high volume production resists because of high exposure doses and low 

exposure tool throughputs; these effects compound with the already reduced throughput 

from e-beam tools to create a process that could potentially take days to pattern a single 

complete wafer.  Although their slow throughput means that they are rarely used in 

industry, they are often used in research and development where very high resolution is 

the most important parameter.   

The current state-of-the-art photoresists used in semiconductor production today 

are chemically amplified resists (CARs).  As mentioned earlier, they are called CARs 

because a single photon can produce a reactive species, usually an acid, which can 

catalytically carry out multiple additional reactions; thus, the required number of photons, 
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or dose, to effect an equivalent solubility change is greatly reduced in CARs relative to 

non-CARs.  CARs are typically composed of two or more components, the most 

important of which are the base polymer resin and a dispersed additive known as a 

photoacid generator (PAG).  PAG loadings are typically 1-5 wt% of the total solids, 

although the proportion is increasing in newer formulations.  The base polymer is often a 

co-polymer composed primarily of an aqueous base soluble monomer such as 4-

hydroxystyrene or methacrylic acid, which has been protected to reduce its solubility in 

base.  Irradiation of the resist film causes photolysis of the PAG which releases photoacid 

that catalyzes the deprotection of the polymer; the deprotection reaction is typically done 

using elevated temperatures in a post exposure bake (PEB) step.  Acid catalyzed 

deprotection of protected hydrophilic functional groups, such as phenols or carboxylic 

acids, contained on polymer chains results in a change in the solubility of the polymer in 

aqueous alkaline developer solvents.  The portion of the resist that is deprotected 

becomes soluble in aqueous base and can be washed away, or developed, by immersion 

in aqueous alkaline solution.  Figure 1.9 shows a basic schematic of the composition and 

function of a CAR.   
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Figure 1.9 Schematic diagram of chemically amplified resist (CAR). 

 

 

While many types of polymers have been investigated for use as chemically 

amplified resists (CARs), some of the most successful materials have been based on 

hydroxystyrene (APEX type),28 hydroxystyrene/methacrylate (ESCAP type),29 or purely 

acrylate (for 193 nm lithography)30 platforms.  Representative structures for these types 

of resists are shown in Figure 1.10.  It was determined in the early work on these 

materials that general coating and patterning performance was optimized by using 

partially protected polymers in which part of the base solubilizing groups of the polymer 

were not protected.  Using partially protected hydroxystyrene containing polymers 

provides several benefits because the un-blocked base soluble groups provide improved 

adhesion to substrates and improved dissolution behavior with minimal swelling.  By 



 19

using a level of protection near the minimal amount required, the sensitivity of the resist 

is also improved because fewer deprotection reactions are required to render the resist to 

be highly base soluble from its initially insoluble state.   

 

 
Figure 1.10 Chemical structures of the most commonly used families of chemically 

amplified resist (CAR). 

 

 

Use of polymers with a large percentage of aromatic rings, such as APEX and 

ESCAP type polymers, produced resists with sufficient etch resistance for most 

patterning applications.  When the patterning wavelength shifted from 248 nm to 193 nm, 

new resist platforms were required because the UV absorbance of the aromatic groups 

was too large to produce uniform exposure profiles through the depth of the film.  This 

led to the use of acrylate based platforms that have sufficient transparency.  However, 

initial designs lacked sufficient etch resistance.  This was improved by the inclusion of 

adamantyl groups which improved the etch resistance to plasma etching by increasing the 

percentage of carbon atoms in the polymer relative to oxygen and hydrogen.31 

The photoacid generator (PAG) is a compound that generates an acid upon 

absorption of light.  Upon absorption of a photon, it enters an excited state.  The excited 

state can either return to the ground state and emit the energy as light or heat, or it can 
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undergo bond cleavage to form new chemical species, one of which is typically an acid.  

Figure 1.11 shows examples of the most commonly used types of PAGs.  Onium salts 

(sulfonium, iodonium), pioneered by J.V. Crivello,32-41 are the most widely studied and 

most used types of PAGs.  They are composed of a cationic chromophore with a counter-

ion that is the anion of the photogenerated acid.  Upon photolysis of sulfonium salts, a 

carbon-sulfur bond is broken and the cation molecules typically reform in one of two 

ways, termed either cage or escape (out-of-cage) products, and the anion abstracts a 

hydrogen atom to form the acid.  Besides onium salts, there are multiple classes of non-

ionic PAGs including α-sulphonyloxy ketones42, nitrobenzyl esters43, oximes44, 

chloromethyl triazines, and dicarboximides.45  Oximes and dicarboximides have both 

been more extensively used and investigated as PAGs.  They are formed by converting a 

ketone to an oxime or by converting a cyclic acid anhydride to a hydroxy dicarboximide.  

A sulfonyl chloride then attaches the sulfonic acid portion of the compound.  Upon 

irradiation, the N-O bond typically breaks to form the sulfonic acid. 
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Figure 1.11 Commonly used types of PAGs. 

 

 

Photolysis reactions under UV and DUV can proceed by one of two main 

pathways: direct excitation or electron transfer sensitization.46  Direct excitation occurs 

when the PAG molecule itself directly absorbs a photon, enters an excited state, and 
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decomposes to the acid and other products.  Electron transfer sensitization occurs when 

another molecule besides PAG (the sensitizer) absorbs a photon, enters an excited state, 

and transfers an electron to the PAG which then undergoes cleavage.  Under DUV 

exposure, in a transparent resist, direct excitation is the primary photolysis pathway, 

especially for sulfonium salts.  In a UV absorbing resist, the resist itself can act as a 

sensitizer for PAGs, especially more transparent PAGs such as NDI shown in Figure 

1.11.  Under high energy e-beam and EUV exposures, virtually no direct excitation 

occurs for any PAGs because the incident radiation is of too high energy.47 Instead, the 

radiation causes ionization of any material it hits (typically the resist), producing radical 

cations and ejecting high energy secondary electrons.  These ejected electrons lose their 

kinetic energy to either further ionization reactions or to thermal energy through 

interaction with surrounding molecules (thermalization).48  The electrons lose energy 

until they are of low enough energy to be scavenged by the PAGs to cause electron 

transfer radiolysis.49  This is the primary mechanism of acid generation under e-beam and 

EUV exposures. 

Chemically amplified resists using a PAG blended into a polymer resist resin 

constitute a vast majority of all CARs currently in use; however, two new families of 

CARs have received much attention recently and appear to have good potential for use 

both in the near and long term.  One of these new families of resists that has been 

developed to improve performance is the so-called polymer-bound PAG resists.50-62  

Polymer-bound PAGs refer to PAGs which are covalently attached to the main polymer 

chain either through the chromophore (cation for onium salts) or through the photoacid 

(anion for onium salts).  These resists have shown large improvements in outgassing and 
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component segregation compared to resists with blended PAGs.  They also allow much 

higher PAG loadings than are possible with blended systems which suffer from the low 

solubility of most PAGs.  When the PAG anion is attached to the polymer, significant 

improvements are also seen in resolution and LER.  Figure 1.12 shows an example of a 

PAG anion, polymer-bound resist.  These types of resists show great promise for 

overcoming many current resist challenges, but still have some limitations.  They still 

have many of the problems associated with polymers including difficulty in 

compositional control and repeatable synthesis. 

 

 
Figure 1.12 Example of a polymer bound PAG where the anion is bound to the 

polymer. 

 

 

The other major new family of resists that has been developed to improve 

performance is molecular glass resists or molecular resists.  Molecular glasses are low 

molecular-weight organic compounds that readily form stable amorphous glasses and 

show glass transitions usually associated with polymers.63 They have received growing 

attention since the mid-1990s for use in photo- and electroactive organic materials, 

photochromic amorphous molecular materials, amorphous molecular resists, and photo- 

and electroactive materials for electronic, optoelectronic, and photonic devices.64  
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Molecular glasses were first reported to be used as photoresists in 1995 by Fujita et. al., 

who used a calixarene derivative (hexa acetate p-methylcalix[6]arene) to obtain sub-10 

nm resolution using electron beam (e-beam) lithography.65  Since then, several molecular 

glasses based on star-shaped molecules,66-70 calixarene derivatives,71-76 dendrimers,77-80 

polyphenols,81-82 and cholates83-86 have been applied as resist materials.  Figure 1.13 

shows several examples of these types of molecular glasses. 

 

  
Figure 1.13 Examples of molecular resists. 

 

 

  It has been assumed that molecular glasses offer advantages over polymeric 

resists.  One of these advantages is that they are much smaller in molecular size, thus 

leading to improved line edge roughness.  They also do not suffer from intermolecular 

chain entanglement like polymers that can lead to internal stress or swelling and pattern 

distortion.  They are identical molecules which should produce homogeneous films, with 

no segregation of components which will produce better LWR.  Since they are single 

molecules, their properties and functionality can be precisely controlled using 

conventional chemical synthesis and separation methods which permits materials to be 

made repetitively in an identical manner with identical properties (i.e. unlike the complex 
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ter- and tetra-polymers which consist of a combination of different monomers that can 

polymerize in different orders, in differing amounts, and product differing chain lengths 

each time they are synthesized).  The other advantage is that molecular glass resists are 

about the same size as many resist additives such as PAGs which could potentially result 

in more uniform distribution of resist additives due to better phase compatibility.  Figure 

1.14 shows the size of a typical resist polymer compared to a molecular resist and a PAG. 

 

  
Figure 1.14 Comparison of polymeric resist (left) versus molecular glass resist 

components.  Left: polyhydroxystyrene with 50 repeating units, roughly 
the size of polymeric resists. Right: components of molecular glass resist; 
top right: photoacid generator; bottom right: representative molecular 
resist.87 

 

 

The most important reason that people have proposed molecular glasses instead of 

polymers for use as photoresist resins is the promise of reduced LER with these 
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materials.  Unfortunately, the majority of molecular resists reported thus far have 

exhibited line-edge-roughness (LER) values of around 5 nm (3σ) or more; confirming 

previous studies which suggest that 5 nm may be the ultimate minimum LER limit for a 

conventional CAR, polymeric or otherwise.88  These results indicate that, although 

molecular resists may provide some advantages, they still suffer from inhomogeneity in 

the blended film that causes LER.  Studies have shown that LER in molecular resists can 

be reduced by using more homogeneously distributed PAGs89 and by controlling the 

distribution of the protecting groups.90  Likewise, statistical effects from the exposure that 

lead to LER are not addressed by molecular resists anymore than they are addressed by 

polymeric resists.  This shows that molecular resists alone will not provide the needed 

improvement in LER, but rather, they can provide a route to produce highly 

homogeneous resists with proper molecular and resist design. 

 

 

1.3  Challenges in Modern Resist Design 

 
The 2010 International Technology Roadmap for Semiconductors (ITRS) sets the 

goal for EUV resist metrics to less than 20 nm ½ pitch resolution, at most 10 mJ/cm2 

sensitivity, and less than 1.5 nm 3σ line width roughness (LWR).91  To simultaneous 

meet all three of these performance metrics will require solutions to multiple challenges 

that exist in current CAR designs.   

One problem that has been shown to exist is inhomogeneity in the resist due to 

segregation and aggregation of the different components in the film, such as PAGs.92-93  

Although it is not entirely clear what effect this has on patterning performance, 
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improving the homogeneity of the component distribution in the film has been shown to 

improve LER.89  Despite the difficulty in trying to directly quantify the effect of 

inhomogeneity, it seems clear that improving the homogeneity of the resist should lead to 

improvements in overall patterning performance.  Polymer-bound PAGs should 

theoretically improve PAG phase separation from the polymer since they are covalently 

bound, but these systems still will have chain-to-chain inhomogeneity and may also have 

locally PAG-rich areas.  Although molecular resists were theorized to show a more 

uniform distribution with PAGs, studies have shown that PAG inhomogeneity still occurs 

in molecular resists.89  Since most reported molecular resists are based on physical 

blending of PAGs with molecular resists, there is little reason to believe that molecular 

resists won’t exhibit the same challenges as blended polymeric resists. 

Another increasing concern for high resolution lithography is the problem of 

pattern collapse.  Virtually all resists are developed by immersion or spraying with a 

liquid development solvent followed by a rinse in a more inert solvent and then drying of 

the resist.  In most industrially used resists, the developer is 0.26 N 

tetramethylammonium hydroxide (TMAH), and the rinse is deionized water.  Other 

systems use organic solvents such as methyl isobutyl ketone (MIBK) and isopropanol 

(IPA).  Regardless, when the liquid is being dried, usually by forced nitrogen or natural 

evaporation unbalanced capillary forces are experienced by the resist features.  These 

forces lead to pattern collapse.  For a symmetric pair of resist lines with very large outer 

spaces and a small space, S1, between them, a pressure difference is acting on the resist 

lines.  This is described in Equation (1.2), where γ is the surface tension of the final rinse 

liquid and θ is the contact angle of the rinse liquid on the photoresist.94  Since the 
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pressure difference is proportional to inverse line space, as the space gets very small, the 

pressure gets very big.  This implies that as the scale of resist features continues 

downward, it is also very likely that pattern collapse will become an even more 

significant problem; this is confirmed by studies that examine the maximum stress that a 

resist can experience before it collapse as shown in Figure 1.15.  Although some attempts 

have been made to improve collapse by reducing the surface tension or increasing the 

contact angle of the final rinse liquid, most of these attempts tend to break even in the 

final effect.  For example, switching IPA for the rinse liquid instead of water reduces the 

surface tension by ~32% of its original value, but causes a decrease in contact angle that 

often leads to a 3-4 times increase in the cos θ term.  It seems that the best option to 

improve pattern collapse is to increase the mechanical strength of the polymer.95-96  
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Figure 1.15 Experimentally determined critical stress at the point of pattern collapse 

for the positive tone ESCAP-1 photoresist as a function of resist feature 
height and width.  
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One of the main problems intrinsic to current CAR designs is the issue of 

photoacid diffusion.  To a great degree, the ultimate resolution of modern CARs is 

controlled by photoacid diffusion.  For example, in positive tone CARs the photoacid is 

initially generated and confined to the area of exposure, but can diffuse outside of this 

range during the post-exposure bake step.  This creates a wider area of deprotected resist 

which then translates into a wider developed feature than is desired, as seen in Figure 

1.16.  Although diffusion of the photoacid is crucial to obtain the amplified effect of 

these resists, it must be controlled sufficiently to obtain the desired resolution.  

 

  
Figure 1.16 Schematic of photoacid diffusion induced feature widening. 
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One successful method to reduce the diffusion of acid into the unexposed regions 

is the addition of a base quencher to the resist formulation.  The base neutralizes the 

photoacid eliminating its ability to carry out deprotection of the base resist.  Addition of 

base is especially useful to confine acid diffusion at the latent image line edge via 

quenching acid molecules diffusing from exposed regions.97  Unfortunately, the base 

additives are uniformly distributed throughout the film, meaning that acids are also 

neutralized in the exposed regions.  Thus, a higher dose is required to image the resist 

because extra acid must be created to effectively titrate the base in the exposed regions.  

Increasing the dose leads to a loss of throughput which would be a loss of revenue.  An 

increase in dose for EUV patterning is especially damaging due to the current low power 

output of the light sources. 

A similar approach to improve resolution is the use of polymer-bound PAGs 

where the acid anion is bound to the polymer.  Since the photoacid is attached to a large 

molecule, its diffusion length is greatly reduced relative to the free small molecule 

photoacids that are conventionally used.  The reduction in diffusion length improves 

resolution; however, it also leads to a loss in sensitivity because the acids do not diffuse 

to as many protecting groups to carry out deprotection. 

To improve resolution, the diffusion of the photoacids must be reduced; however, 

if the diffusion of photoacids is reduced, the dose required to pattern the resist increases.  

Thus, resolution and sensitivity cannot be simultaneously optimized.   Likewise, it was 

found that a similar relation can exist between each of these parameters and LER.  For 

example, increasing diffusion length can sometimes improve LER by smoothing out 

deprotection inhomogeneities; however, this would lead to a loss in resolution.  This 
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trade-off between resolution, LER, and sensitivity has been termed the RLS tradeoff or 

the tri-lateral challenge.98  The RLS tradeoff states that there is a tradeoff between 

resolution, LER, and sensitivity, such that any two of these performance parameters can 

be reduced but only at the expense of the third parameter.99  Mathematically and 

experimentally this relation has been shown to closely follow the expression given in 

Equation (1.3). 100  

 Constant Z MaterialResist ySensitivitLERResolution 23 ≈⋅⋅  (1.3) 

  

The resist material constant Z is an intrinsic property of a particular CAR resist 

design and formulation and can be reduced by changing aspects of the resist formulation 

such as the type of photoacid generator or altering the resist structure.  Improving the 

resist design leads to a smaller Z, but the resist is still restricted by the RLS tradeoff.  This 

is graphically demonstrated in Figure 1.17 where the area of the triangle represents Z, the 

smaller triangle is an improved resist design.  Although Figure 1.17 conceptually shows 

the tradeoff, the RLS tradeoff is quantitatively demonstrated in Figure 1.18 which was 

generated using Equation (1.3) for reasonable experimental values of Z.  It is clear that 

LER appears to have a limit at some non-zero value regardless of how large resolution 

and sensitivity are made.  Although improvements in resist design can reduce Z, it 

appears that modern blended polymeric CAR designs have minimized this product near 

the lower limits for such resist designs.  The performance of these resists still does not 

meet the future requirements of the ITRS roadmap and LER especially is far from the 

reaching the desired metrics. 
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Figure 1.17 Diagram representing the RLS trade-off.  When the resist design is 

improved, the tradeoff is still in effect, but the total area of triangle is 
reduced. 

 

 

 
Figure 1.18 Diagram quantitatively representing the RLS trade-off as described by 

Equation ( 1.3). 
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The only way to escape the RLS tradeoff, or at least to significantly improve Z, 

appears to be development of completely new resist designs and resist material systems.  

That is the primary goal and focus of this thesis.  To solve the current problems in 

modern resist design, it is not sufficient to merely be skilled in a single area such as 

synthesis or modeling of structure/property relations.  To truly leverage the wide variety 

of approaches available to model material design, all major approaches and areas should 

be combined.  The overall view of this thesis is that nearly all of the major areas required 

in material design are combined in one holistic approach as shown in Figure 1.19.  There 

are four major areas that can impact the properties and use of materials.  Molecular and 

material design tools are used to focus on which particular chemicals structures of 

monomers, final materials, etc. are most likely to yield promising results.  These tools 

would include such things as quantitative structure-activity relationship (QSAR) models, 

density functional theory (DFT) models, or simply heuristics that perform well and allow 

the prediction of the final properties.  Once the most promising structures have been 

identified, they then must be synthesized.  The ability to synthesize a material under 

cost/time/effort restraints is critical for widespread application.  While synthesis produces 

molecules, these molecules must typically be processed to produce useful materials.  The 

processing of the material can also have a significant effect on the final properties.  A 

normal piece of glass will easily break but tempered safety glass can withstand the impact 

of a brick and not break.  Understanding the effects of processing on advanced materials 

such as photoresists are even more complicated, but are often well-suited to mesoscale 

type models that can capture the effects over the hundreds to thousands of nanometers 

that are important in determining the properties of materials, but are too small for many 
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continuum or bulk models and too large for atomistic and molecular dynamics models.  

After the molecules have been processed, the final material is produced and must be 

accurately characterized.  As nanoscale materials become more and more important, 

improved methods of characterization must be developed and a better understanding of 

what information the current tools give is required.  The characterized material then 

provides information that feeds into the next generation of design.  Each iteration 

leverages the information gained during the previous cycles to improve the design tools 

and models leading to better materials and a better understanding of the critical properties 

of the materials.  

 

 
 

Figure 1.19 The research philosophy used in this thesis showing a combined/iterative 
approach to solving materials-related problems and designing new 
materials. 

 

 

In order to probe the effects of changes in resist formulation and processing on 

RLS, a mesoscale kinetic Monte Carlo simulation of resists was developed and results 
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and insights from that model are discussed in several chapters.  Likewise, in order to 

better understand the effect of metrology on our understanding of final resist relief image, 

a detailed SEM simulator was developed that allows for the probing of how LER is 

determined.  Although several simulations were developed, much of the thesis is focused 

on the design, synthesis, and characterization of novel molecular resists.  Several 

important structure-property relations were developed for the prediction of glass 

transition temperature (Tg) and to predict the solubility of a resist molecular in standard 

aqueous base developer.  A study of the effect of structure on the photoacid generation 

behavior of non-ionic PAGs under high energy exposures such as e-beam and EUV 

provided useful insight on prediction of acid generation efficiency in these systems.  The 

effect of the solubilizing mechanism in these molecular resists was also studied and 

important information regarding what approaches to avoid and which approaches work 

best was obtained. 

A large amount of work was done on negative tone molecular resists.  This work 

appears to provide an improvement to many of the problems listed above, such as pattern 

collapse and diffusion control, while maintaining excellent resolution and good 

sensitivity.  This family of resists has had a large effect on the outlook of negative tone 

resists for future patterning generations.101  Another completely new family of molecular 

resists was also developed based on using a single molecular species which consists of a 

molecular glass core compound that contains all of the functional groups required to act 

as a CAR including PAG functional groups, base solubilizing groups blocked by acid 

labile protecting groups, and typically, but not always, a sulfonic acid anion directly 

attached to the molecular glass core.  This approach, referred to as single component 
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molecular resists, should completely eliminate inhomogeneity in the as-cast resist film.  

Reduction of the photoacid diffusion length can theoretically be accomplished with 

minimal loss of sensitivity due to the very high PAG loading of these resists; and LER 

has been shown to be reduced compared to conventional resists.  

Along with these, several additional types of novel molecular resists were 

developed.  Non-chemically amplified molecular resist were developed that leverage the 

dissolution properties of molecular resists to produce what appears to be a record low 

dose-to-clear for non-CARs.  Another high sensitivity non-CA negative tone molecular 

resist was developed based on direct photolysis and radiolysis of an ionic single 

component resist that could be developed in pure water.  These resists should allow for 

the resolution of non-CARs while maintaining comparable sensitivity to CARs.  An 

additional family of molecular resists that thermally cross-link before exposure and are 

cleaved back to small molecules was also investigated in the hope of improving pattern 

collapse and potentially reducing photoacid diffusion.  This resist family also allowed the 

comparison between development in organic solvent and aqueous base. 

This thesis presents a comprehensive investigation of the major areas of 

photoresist technology.  As such, it provides significant insight into the challenges 

currently faced and offers direction towards potential solutions to these problems. 
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CHAPTER 2 

TWO-DIMENSIONAL MESOSCALE MODEL FOR SIMULATION 

OF MOLECULAR RESISTS - THE EFFECT OF PAG LOADING 

AND PAG HOMOGENEITY 

 

A two-dimensional kinetic Monte Carlo mesoscale model of molecular resists has 

been created and implemented that allows for the investigation of the effect of material 

composition and physiochemical properties, such as PAG loading and photoacid 

diffusion coefficient, on the lithographic performance (i.e. resolution, line edge 

roughness, and sensitivity or as commonly referred to “RLS”) of molecular glass 

photoresists.  This model  produced results that are in good agreement with many of the 

conventional LER scaling arguments.  Increased PAG loadings were found to provide 

comparatively lower LER at the same resolution and sensitivity as lower PAG loadings, 

or alternatively to provide better sensitivity at the same resolution and LER as lower PAG 

loadings.  Even at ultra-high PAG loadings, chemically amplified resists (CARs) were 

found to exhibit RLS limitations.  By normalizing all PAG loadings to the total amount of 

acid produced, it was shown that LER is controlled primarily by photoacid concentration 

in the resist at the imaging dose for the case where constant critical dimension is 

maintained with no use of base quencher in the resist.  Thus, the most direct and 

functional scaling argument for LER under such cases is ][/1 AcidLER ∝ , which is 

similar to the more common scaling arguments that state ][/1 DoseLER ∝ .  This work 

shows that it is more universal to state that ][/1 AcidLER ∝ , which automatically 
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normalizes for different PAG loadings and photoreaction rate constants across different 

resist formulations.  The model was also used to probe the effects of photoacid (PAG) 

homogeneity, specifically PAG aggregation behavior, on the resolution, sensitivity, and 

line edge roughness performance of resists.  The model reproduces many pattern defects 

that are commonly found experimentally simply by increasing the amount of PAG 

aggregation. The sensitivity of resists was found to change with increasing PAG 

aggregation in resists with low photoacid diffusivity, but remained near constant for 

resists with high photoacid diffusivity. Likewise, LER was found to increase with 

increasing PAG aggregation in resists with low photoacid diffusivity, but appears to be 

weakly dependent on PAG aggregation when the resist has high photoacid diffusivity.  

Increasing PAG aggregation limited the absolute resolution of a resist because there is a 

trade-off between the ability of photoacid diffusion to smooth out the inhomogeneity due 

to PAG aggregation and the blurring of the patterned feature that reduces resolution.  

Even very low levels of PAG aggregation appear to greatly limit the potential of a resist 

for sub-30 nm resolution patterning, but increased PAG loading appears to provide a way 

to mitigate this problem and allow for improved absolute resolution even in the presence 

of aggregation. 

  

2.1 Introduction  

2.1.1 Photoacid Generator (PAG) Loading 

 
In modern chemically amplified resists (CARs), there exists a well-known trade-

off between resolution, line edge roughness (LER), and sensitivity which is sometimes 
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referred to as the RLS limitation or tri-lateral challenge.1  A significant amount of effort 

has been focused on understanding this phenomenon, what effect it has on resist 

performance, and what it implies about the ultimate performance limits of chemically 

amplified resists.  Figure 2.1 shows a schematic representation of the RLS trade-off.  It 

can be thought of as a triangle of constant area: any one or two parameters can be 

minimized, but only at the expense of the other parameters which must increase to 

maintain the total area. 

 

Resolution

Sensitivity

LER

 
Figure 2.1 Diagram representing the RLS trade-off. 

 

 

Current CAR designs, composed of a polymeric resist resin and physically 

blended additives such as photoacid generators (PAGs) and base quenchers, have 

generally reached their limits and thus are restricted to a given RLS area.  A new class of 

resists, referred to as polymer-bound PAG resists, have slightly increased PAG loading 

and reduced photoacid diffusion relative to traditional blended CAR systems,  and have 

shown promise in improving resolution and LER with little trade-off in sensitivity.2  In 

addition, the concept of molecular glass resists, which utilize small organic glasses in the 
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place of larger and less well defined polymer resins as the main constituent of a resist, 

was introduced several years ago as a resist platform for achieving low LER performance 

in chemically amplified resists.   One of the early claims was that the smaller molecular 

size of the glass compounds as compared to traditional resist polymers would naturally 

lead to lower LER.  However, recent work on molecular glass resists utilizing the same 

traditional component blending strategies used in polymeric CARs has not shown 

dramatically improved LER performance for blended molecular glass resists as compared 

to polymeric CARs.  The lack of improved performance using molecular resists is likely 

due to the fact that the dominant source of LER is currently not molecular size, but 

instead is the random walk nature of photoacid diffusion.  This is why polymer-bound 

PAG resists do show LER improvements; the diffusion length of photoacids is reduced 

since they are attached to relatively large polymers.  Alternative design strategies using 

molecular resists that show similarly improved performance will likely be similar to 

polymer-bound PAG resists in that they will contain a higher loading of covalently 

attached PAGs.  Taking this approach to the extreme is the resist design strategy referred 

to as single component resists, which are based on a resist molecule that contains all of 

the functional groups required to act as a CAR including etch resistant groups, protected 

solubilizing groups, and photoacid generator (PAG) functional groups.3-4  This new resist 

design offers a number of significant advantages over current CAR materials that will 

lead to higher resolution and lower LER performance while maintaining good resist 

sensitivity including: (1) the ability to utilize very high PAG loadings in the resist, (2) the 

opportunity to ensure homogeneity of the resist film, and (3) the ability to tightly control 

the photoacid diffusion behavior in such systems.  One of the motivations of this model 
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was to test the above hypothesis by examining the effect of PAG loading up to 100 wt% 

of the molecular resist.   

 

2.1.2 Photoacid Generator (PAG) Homogeneity 

 
Line edge roughness (LER) is an increasing concern for the continued reduction 

in critical feature sizes for integrated circuits and other microelectronic devices because 

the size scale of LER is rapidly becoming a significant portion of the total feature size.5  

While there has been much effort to model chemically amplified resist (CAR) physics 

that may induce LER such as shot noise effects6 and photoacid diffusion and reaction7, 

little work has been done to model material homogeneity effects that may contribute to 

LER, especially photoacid generator (PAG) homogeneity.  Likewise, little work has been 

done to use these models to direct material synthesis or to describe resist design 

approaches that should lead to improved performance. 

Continuum based models have long been used to simulate photoresist behavior, 

and this approach allows for fast simulation of resist performance and can model global 

inhomogeneities such as concentration gradients due to exposure effects (e.g. standing 

waves, absorption, etc.).  Unfortunately, the utility of continuum models is limited for 

modeling LER, localized material homogeneity effects such as PAG aggregation, and the 

stochastic behavior of individual events like PAG decomposition and acid diffusion.  The 

length scales of interest are rapidly approaching the size of individual resist component 

molecules, and thus the resist behavior becomes strongly influenced by such stochastic 

effects.  Several groups have investigated the use of mesoscale stochastic modeling to 

investigate the properties of materials at these length scales,8-12 but they have not 
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thoroughly examined the effects of PAG homogeneity, especially PAG aggregation, on 

the performance of resists.  Likewise, little effort has been made to investigate the effect 

of PAG loading.  To fully investigate these issues, a full kinetic Monte Carlo mesoscale 

simulation of molecular resists has been developed to probe the effect of resist 

composition, processing parameters, PAG loading, and PAG aggregation on the 

resolution, sensitivity, and LER of CARs.  While this specific model was designed as a 

simulation of molecular resists, the results should extend directly to the case of polymeric 

resists as well. This is because many of the results discussed are due to PAG clustering 

which should occur similarly in the polymers and, due to the reaction-diffusion of 

photoacids, should likewise have very similar behavior in both polymers and molecular 

resists. The major difference would be in the development step as the polymers would 

have chain connectivity that is lacking in the molecular resists.  The longer wavelength 

LER induced by the PAG aggregation should be similar in both cases. 

 
 

2.2  Model Description 

 
The mesoscale model developed in this work is based on a two-dimensional 

lattice with 1 nm by 1 nm cells.  The total simulation space was 150 X 150 cells, giving 

22500 total cells.  One molecular resist was placed into each cell as shown in Figure 2.2.  

Each cell was used to represent either a THPE-tBoc or TAS-tBoc molecule (both of 

which have three protecting groups) as seen in Figure 2.3 and the ratio of THPE to TAS 

compounds was varied to control the overall molar loading of PAG in the resist in the 

range of 0 mole% to 100 mole%.  Lattice sites with the TAS PAG molecules were treated 

identically to resist squares because the unreacted PAGs and cations should behave 
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similarly to a resist, i.e. require acid catalyzed deprotection to be rendered soluble, as 

shown in previous experimental work and in Chapter  9.3  Again, comparing the 

structures of TAS-tBoc and THPE-tBoc in Figure 2.3, it can be seen why this should be a 

reasonable assumption.  The lattice sizing of 1 nm by 1 nm was chosen because it was a 

good approximation of the size a representative molecular resist13 and it provided a 

molecular density that is consistent with the experimental mass density of bulk samples 

of this resist. 
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Figure 2.2 Simple schematic illustrating the lattice model setup used in this work. 
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Figure 2.3 Chemical structures of the molecules that can be represented by each cell.  

 

 

Ideal aerial image profiles consisting of a step function were used for exposure 

simulation. The width of the step function was 50 nm (from x = 50 nm to 100 nm) in 

most figures, except for Figure 2.16 and Figure 2.17 where the width was varied from 50 
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nm to 10 nm to study the effect of PAG aggregation on resolution.  Only a single isolated 

line was simulated.  Photoacid generation was executed using the Dill C equation to 

determine the probability of an acid being generated for a given exposure dose.  For this 

study, a C parameter of 0.03 cm2/mJ was used in the Dill C equation.14-15  This Dill C 

parameter corresponds to 95% of all PAGs being converted to photoacids at a dose of 

100 mJ/cm2.  During the PEB step, the photoacids random walk from lattice site to lattice 

site and carry out deprotection.  The specifics of how this is done are described later.  

After the PEB simulation is completed, the development step occurs.  Development was 

treated by simple threshold removal of lattice sites and molecules that are beyond a 

specified level of deprotection.  Critical ionization type arguments were not directly 

invoked for development because molecular resists should dissolve with a binary type 

behavior based on both our own and other groups’ previous studies (i.e. small molecular 

glasses show a dissolution rate transition that is extremely large with respect to the 

removal of a single protection group, transitioning from completely soluble to completely 

insoluble after a critical number of protecting groups are removed).16  When development 

is complete, the remaining image is analyzed for critical dimension and LER of both 

edges.  The LER values reported in this paper are 3σ, averaged from the LER of both 

sides, with an inspection length of 150 nm.  The procedure was repeated at each set of 

material and process conditions multiple times and the results averaged over all the runs 

to provide the reported data. 

The reaction-diffusion of photoacids during the PEB step was carried out using 

the kinetic Monte Carlo method by considering the relative rates of photoacid diffusion 

and the deprotection reaction.  The rate of photoacid diffusion is proportional to the acid 
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diffusion coefficient D as shown in Equation (2.1) where a is the lattice spacing (1 nm in 

this case), τ is the time step, and d is lattice dimensionality(2 in this case).17  It has the 

relation that D is proportional to length squared divided by time.  The rate of diffusion for 

each acid is equal to one over τ.  The rate of deprotection is the deprotection rate 

constant, k, times the number of protecting groups at the lattice site where an acid resides. 

The total summation of rates for the system, RN, is the summation of the diffusion rate 

and deprotection rate of every acid in the lattice.  A uniform random number between 0 

and 1 was multiplied by RN to determine which event occurs and which acid carries out 

that event.  By this method, the event with the fastest rate is the statistically most likely to 

occur.  When k is much greater than D, then acids will completely deprotect a site when 

they land on it before diffusing to another site; this is the condition the PAG loading 

study was conducted under.  When D is greater than k, acids will diffuse to many 

different sites before removing any protecting groups.  Simulation time during each cycle 

was updated by the same method as Gillespie18 until it reaches 60 seconds, thus 

representing a normal 60 second post-exposure bake (PEB) time.  

 

 
τd

aD
2

2

=  (2.1) 

 

The main parameter used to describe the level of PAG aggregation in this work is 

referred to as the PAG aggregate size.  For each simulation, the PAG loading and PAG 

aggregate size was specified.  The PAG loading determines the total number of PAGs 

that are present in the system as a function of the total fraction of lattice sites (e.g. a PAG 

loading of 0.05 implies that 5% of the total lattice sites contain a PAG).  PAG aggregate 

size determines the average number of PAGs that make up an aggregate.  To maintain an 
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equivalent total number of PAGs for different aggregate sizes, the PAG loading was 

divided by the aggregate size to determine the number of “seed PAGs” for each 

simulation.  The aggregates were formed by selecting a seed PAG and randomly adding 

PAGs in sites directly adjacent to it until the correct number of PAGs formed each 

aggregate as determined by the aggregate size.  In the case of a PAG aggregate size of 1, 

the number of seed PAGs is equivalent to the total number of PAGs and no aggregates 

are intentionally formed, although some aggregates may still form due to the stochastic 

nature of the PAG placement into lattice.  This is the condition that was  used in the PAG 

loading study.  Likewise, for a PAG aggregate size of 25, the number of seed PAGs is 

1/25th the number of total PAGs.  Figure 2.4 graphically shows the effect of increasing 

PAG aggregate size on the initial distribution of PAGs in the lattice.  While this may not 

precisely replicate the physics of intermolecular interactions that induce PAG aggregation 

in real resists, it should qualitatively capture the kinds of clusters and distributions of 

PAGs that one might expect to find in a real resist and is consistent with some of the 

limited available data.7 

 

1 10 25 501 10 25 50

  
Figure 2.4 Top-down view of the effect of increasing PAG aggregate size on PAG 

distribution for a total PAG loading of 5%. PAG aggregate size is the 
number above the plots. 
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Since the model is a two dimensional representation of three dimensional physics, 

certain differences arise that must be accounted for properly.  Because diffusion into the 

third dimension is not possible in the two dimensional lattice, the average time for an acid 

jump during diffusion must be modified such that the mean squared displacement for an 

acid is the same as it would be in three dimensions.  In other words, the effective 

deprotection circle of the acid should be equivalent to the two dimensional projection of 

the deprotection sphere that would occur in a three dimensional lattice.  This was 

accounted for when describing the rate of diffusion in this model, and the mean squared 

displacement of individual acids scale correctly with D.  

Likewise, LER determined from the two dimensional model as reported in this 

paper is expected to be different from the LER observed in real three dimensional resist 

structures since LER is normally determined using a top-down SEM image.  Therefore, 

in real three dimensional resist structures, the LER that is commonly reported is actually 

the edge roughness of the projected line edge as viewed from above.  Thus, the LER 

values from the model reported in this paper are higher than those generally reported 

from experimental measurements.  This is because this model essentially looks only at 

one horizontal slide in a resist film.  There is no chance for different resist feature slices 

with various large roughness features at their line edge to overlap and appear as a 

smoother projected line edge when viewed from the top down.  Despite this, the two-

dimensional model accurately captures the physical response of the system to changes in 

variables, such as acid diffusion coefficient, and it is simply the case that the LER 

reported will be some multiple larger than for a thick resist film.  In essence, the 
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simulation represents an infinitely thin resist film which would be expected to show 

larger roughness than thicker resist films as confirmed by a number of recently reported 

studies on the effect of resist film thickness on LER.19  Although the LER values are 

large, changes in system parameters that change LER will have the same effect (i.e. if 

LER in the model gets larger, then LER in thick resist film structures should also get 

larger).  In general, the two-dimensional model accurately provides information about the 

system response in terms of changes in LER, only with larger LER values than would be 

experimentally determined.  

 

2.3  Results and Discussion  

2.3.1 Effect of PAG Loading on LER 

 
The mesoscale model must be validated to perform as expected before it can be 

used to in-depth analysis.  Figure 2.5 shows a typical critical dimension (CD) vs. dose 

curve for the model.  Several important parameters are extracted from each plot.  The 

dose-to-size (Esize) is the dose where the imaged CD matches the desired feature size.  

Dose latitude is defined as the width of the CD vs. dose curve that lies within ±5% of the 

desired CD.  
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Figure 2.5 Typical CD vs. Dose curve for model at a single diffusion coefficient and 

PAG loading. 

 

 

Figure 2.5 also demonstrates that the model produces the expected results. At 

doses below Esize, the pattern is undersized, while at doses above Esize, the pattern is 

oversized due to acid blur.  As dose gets very high, the CD versus dose response curve 

becomes flat as a consequence of the exponential term in the Dill C equation approaching 

an asymptotic value.  This indicates that little additional photoacid is generated at higher 

doses and thus CD does not vary significantly under the ideal aerial image used in these 

particular simulations.  At very low dose, no feature is resolved because there is not 

sufficient acid to clear out the feature at the given diffusion coefficient. 

Figure 2.6 shows the effect of dose and diffusion coefficient on LER for a PAG 

loading of 10%.  LER vs. Esize (Figure 2.6(a)) has been seen multiple times, both in 

experiment and simulation.  It indicates that LER decreases as dose-to-size increases, and 

points directly to one of the fundamental RLS trade-offs: sensitivity and LER are 
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inversely related in conventional CAR resists.  It can be replotted as LER versus 

dose1  to obtain a straight line, verifying the commonly observed scaling law for 

LER.20  This result, however, has been obtained in a different manner than usual.  

Typically, dose-to-size is modulated by addition of increasing amounts of base quencher. 

As the amount of base is increased, Esize increases, but LER decreases.21  Since this 

model uses no base quencher, Esize was modulated by changing photoacid diffusion 

coefficient.  As seen in Figure 2.6(b), diffusion coefficient must be decreased to maintain 

CD at increasing dose. This occurs because the amount of acid produced increases as 

dose increases.  If the diffusion coefficient was the same at the higher doses (as seen in 

Figure 2.5), the CD could not be maintained and it would be blurred out to larger sizes 

due to acid diffusion.  
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Figure 2.6 Dose-to-Size response curves for 10% PAG loading; (a) LER vs. Dose-to-

Size; (b) Diffusion Coefficient vs. Dose-to-Size to produce (a). 

 

 

Although this result would seem to indicate that lowering diffusion coefficient 

improves LER, it could similarly be explained by the fact that as dose-to-size increases, 

(a) (b)
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the amount of acid in the feature increases.  As the concentration of acid increases, the 

acid distribution and deprotection distribution should also become more homogeneous. 

Thus a different interpretation is that the increase in the amount of acid homogeneity at 

higher exposure doses that leads to the lower LER and the reduced diffusion coefficient is 

simply a consequence of the requirement that the CD be maintained at these higher acid 

contents.  This idea is further examined in the remainder of this section. 

Since dose-to-size has a dependence on both acid content, which scales with dose, 

and diffusion coefficient, the individual effect of acid content or diffusion coefficient on 

LER cannot be uniquely examined using dose-to-size.  By removing the restriction that 

the CD be maintained at an exact size, dose versus CD and dose versus LER data should 

allow comparison of the effect of different diffusion coefficients on both CD and LER at 

the same total acid concentration.  Figure 2.7(a) shows the dose versus CD and Figure 

2.7(b) shows dose versus LER for three different diffusion coefficients with a PAG 

loading of 50%.  As expected, Figure 2.7(a) indicates that, for a given dose, the larger 

diffusion coefficient shows larger CD because of the greater amount of acid blur and for 

constant CD, dose increases and diffusion coefficient decreases.  
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Figure 2.7 Dose response curves for 50% PAG loading; (a) CD vs. Dose for three 

acid diffusion coefficients; (b) LER vs. Dose for three acid diffusion 
coefficients. 

 

 

Figure 2.7(b) shows, perhaps, a less obvious result.  At low dose (less acid), 

increasing diffusion coefficient decreases LER, while at higher dose (more acid), 

increasing diffusion coefficient increases LER.  The low dose result is expected based on 

previous studies.20  For lower acid concentration, the acids are spaced farther apart 

physically and thus the larger diffusion coefficient acts to smooth out the inhomogeneity 

in the resist due to the larger distances between acids.  For higher acid loadings, the acids 

are closer together and more evenly distributed.  In this case, the larger diffusion 

coefficient results in increasing the inhomogeneity in the resist at the line edge because 

the higher number of acids increase the probability of random diffusion outside the line 

edge.  

Another way of describing this is to say that there is some optimal diffusion 

length for a given acid concentration or distribution. This can be seen in Figure 2.7(b); 

there exists a point where lines for different diffusion coefficients cross. At this point, the 

(a) (b)
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competing effects of edge smoothing and edge roughening due to the coupling of acid 

diffusion and acid concentration are in balance.  

Figure 2.8(a) shows LER versus Esize and Figure 2.8(b) shows acid diffusion 

coefficient versus Esize for a range of different fractional PAG loadings from 0.05 (i.e. 

similar to current blended polymeric or molecular glass resists) to 1 (i.e. representing a 

single component molecular resist).  The general shape of the curves is the same, as can 

be seen in Figure 2.6 for each PAG loading, but the curves are offset to lower values of 

LER and diffusion coefficient as PAG loading is increased.  At any individual PAG 

loading, there still exists a tradeoff between LER and sensitivity.  For constant dose-to-

size, which implies constant resolution and sensitivity, the LER is decreased for 

increasing PAG loading (Figure 2.8(a)).  This simple result implies that under the 

conditions assumed in this model, there is no RLS tradeoff for decreasing LER by 

increasing PAG loading.  Conversely, using constant resolution and LER, sensitivity is 

increased for higher PAG loadings.  The explanation for this result is that at higher PAG 

loadings, there is more acid generated at the same dose than in the lower PAG loadings.  

As shown in the previous section, increased acid concentration leads to lower LER.  This 

result implies that increased PAG loading can be used to overcome currently perceived 

RLS limitations on current blended CAR designs.  The RLS trade-off still exists 

essentially at higher PAG loadings, but the tradeoffs can be managed within acceptable 

limits by producing lower LER results at comparable sensitivities to current materials. 
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Figure 2.8 Dose-to-Size response curves for a range of PAG loadings; (a) LER vs. 

Dose-to-Size; (b) Diffusion Coefficient vs. Dose-to-Size to produce (a). 

 

 

Even though increased PAG loading allows improvements in RLS trade-offs, it 

places new requirements on material design. Ignoring the synthetic and material 

requirements for ultra-high PAG loadings, which are further discussed elsewhere,4  

Figure 2.8(b) shows the major new design requirement for high PAG loadings: reduced 

acid diffusion coefficient.  Although increased PAG loading provides improved LER and 

sensitivity, it requires reduced acid diffusion coefficients to maintain resolution.  Figure 

2.8(b) shows that increasing PAG loading from 5% to 100% requires a significant 

reduction in diffusion coefficient of almost two orders of magnitude reduction.  Previous 

results indicate that an order of magnitude reduction in D could be obtained by allowing a 

15°C drop in PEB temperature as might be achieved by using lower activation energy 

protecting groups.22  Perhaps even larger reductions in D could be obtained depending on 

where the PEB temperature can be set relative to the glass transition temperature of the 

resist.  Additionally, several orders of magnitude reduction in D could likely be obtained 

(a) (b)increasing 
PAG 

increasing 
PAG 
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by covalently binding the photoacid anion directly to the main resist molecule or 

polymer.23 

To compare the LER effect across multiple PAG loadings, the data in Figure 2.8 

is replotted in Figure 2.9 as LER vs. diffusion coefficient for all Esize.  From Figure 2.9, it 

appears that LER is a function of the photoacid diffusion coefficient.  However, the data 

can also be replotted as shown in Figure 2.10, which suggests a slightly different 

conclusion. Figure 2.10 shows data from Figure 2.8(a) plotted using the number of acids 

generated at Esize instead of dose.  In this case, all LER values collapse onto a single plot 

as a function of the number of acids with the relation 1 [ ]EsizeLER Acid∝ .  This relation 

is consistent in basic form with the more commonly observed doseLER 1∝  except 

that this new relation is a more universal basis for comparison and scaling since it 

normalizes for different PAG quantum yields, PAG loadings, etc.  The constant in front 

of the equation in Figure 2.10 is a function of the model assumptions, but the 

proportionality between LER and the square root of the photoacid concentration at Esize 

appears to be true for a wide range of model assumptions.  Figure 2.10 would indicate 

that the LER observed in a resist is primarily a function of the photoacid distribution and 

concentration at a given resolution.  As discussed for Figure 2.7, with no restriction on 

critical dimension, LER is a function of acid concentration and diffusion coefficient.  

However, in the case of constant resolution, as would be the case for production 

lithography, LER is a function of acid concentration and the allowable diffusion 

coefficient is controlled by the acid concentration used in the resist.  The acid diffusion 

coefficient is set by the requirement that all acid concentrations must maintain the resist 

feature CD.  Thus, LER is controlled effectively by photoacid concentration at the sizing 
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dose which, in turn determines the allowable acid diffusion coefficient. This is not 

necessarily the case for a resist with base quencher, but is the case when no base 

quencher is used as in the model described in this chapter. 
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Figure 2.9 LER at Dose-to-Size vs. Diffusion Coefficient for all PAG loadings from 

Figure 2.8. 
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Figure 2.10 The effect of acid concentration on LER at the Dose-to-Size. PAG 

loadings overlap because they generate the same amount of photoacid 
under different exposure conditions. 
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2.3.2 Effect of PAG Homogeneity of Resolution, LER, and Sensitivity 

 
While the PAG loading study provides important insight into the commonly 

observed scaling laws for CARs, it is also useful to use the model to quantitatively 

examine the effect of certain physics that are hard to measure.  PAG aggregation is 

commonly believed to occur and has been measured in some instances.  However, it is 

more difficult to quantify on a regular basis.  As a result, it is not clear what effect it has 

on patterning performance and what can be done to mitigate its effects.  This model 

allows the precise changing of the amount of PAG aggregation and shows the resulting 

effect on patterning.  Figure 2.11 shows the combined effects of aggregation on initial 

PAG distribution, final photoacid distribution after the PEB, and the final developed 

feature shape for several PAG aggregate sizes in the case of low photoacid diffusivity.  It 

shows how PAG aggregation leads to clustered areas of low and high acid concentration 

which then lead to several different types of commonly observed defects.  While each of 

these patterns is shown only for a single simulation run, they provide a representation of 

how the quantitative results that are described later arise.  When the level of aggregation 

is low, the pattern forms with good continuity and exhibits moderate-to-low LER.  As the 

amount of aggregation increases to 10, the pattern is still resolved, but small defects 

begin to appear and the LER increases.  As the aggregation increases even more, the 

patterns begin to show major defects.  For aggregate sizes of 25, the pattern mostly 

resolves, but has major defects such as the so-called “mouse bite” defect along the line 

edge.  Even higher levels of aggregation lead to patterning failure where significant 

portions of the pattern do not resolve and bridging defects begin to dominate the pattern.  
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Figure 2.11 Top-down graphical representation of how PAG aggregation can produce 

many commonly observed pattern defects. 

 

 

There are three main metrics that are used when comparing the patterning 

capability of resist materials: resolution, line edge roughness, and sensitivity (i.e. now 

commonly referred to as “RLS”).  The effect of PAG aggregation on each of these 

parameters was examined. Many of the results regarding RLS can be explained using the 

concept of deprotection spheres.  After an individual photoacid is created, it diffuses (i.e. 

random walks) and reacts with protecting groups in its vicinity during the PEB to 

effectively create a somewhat spherical region of deprotected resist.24  For a stochastic 

system such as the one reported here, each individual deprotected region will not be a 

true sphere due to the random nature of a stochastic simulation.  However, the concept of 
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a sphere is still useful in describing the results.  The size of this deprotection sphere is 

dependent on the time of the PEB, the diffusion coefficient D of the photoacid, and the 

deprotection rate constant k.  Increasing each of these parameters effectively increases the 

size of the deprotection sphere, as demonstrated in Figure 2.12.  A feature can typically 

only be patterned if the deprotection spheres of the acids in the exposed area overlap 

sufficiently to render that area soluble. 

 

 

  
Figure 2.12 Graphical representation of how the deprotection sphere of a photoacid 

increases with increasing D and k. 

 

 

While sensitivity generally describes the amount of energy required to pattern a 

resist, it may have many meanings depending on what specifically is patterned. The 

sensitivity derived in our simulation is essentially the dose-to-size: the dose required to 

pattern a feature to the nominally correct size.  Dose-to-size changes due to a 

combination of things including the aerial image log slope, the resist contrast, the 

diffusivity of the photoacid, the deprotection reaction rate constant, PAG aggregation and 

segregation.  For the purposes of our study, we examined PAG aggregation, photoacid 
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diffusivity, and deprotection rate constant k.  Given these three parameters, there are a 

large number of possible combinations of conditions that could be examined.   Figure 

2.13 provides representative examples for the major effects that are seen through changes 

in these variables.  Figure 2.13(a) shows the effect of PAG aggregate size in the case of 

low photoacid diffusivity (D = 0.18 nm2/s) with a number of different deprotection 

reaction rate constants.  Figure 2.13(b) shows the same results for the case of higher 

photoacid diffusivity (D = 1.8 nm2/s).  

 

  
Figure 2.13 Effect of PAG aggregate size on dose-to-size for: (a) low acid diffusivity, 

(b) high acid diffusivity. 

 

 

When photoacid diffusivity is low (Figure 2.13(a)), the dose-to-size increases as 

the amount of PAG aggregation increases.  This result can be explained easily using the 

deprotection sphere concept.  When the amount of PAG aggregation increases, the 

distribution of acids within the exposed area is less homogeneous.  Since the acids are 

initially clustered together instead of spread out, more acids must be generated in order 

for their individual deprotection spheres to overlap sufficiently to completely clear the 
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feature.  This also explains the effect of reaction rate constant.  For low k values, the 

deprotection spheres are smaller, so a higher dose is required to generate enough spheres 

to clear the patterned area.  For this same reason, the curve for low k stops at aggregate 

sizes of 3-5 because at larger aggregate sizes, there is insufficient overlap, even when all 

the acids are generated to clear the pattern.  As k increases, the dose-to-size decreases 

because the deprotection spheres, which are larger and fewer, are required to sufficiently 

overlap.  At high k, there is little change as k increases because the deprotection is 

diffusion controlled since the deprotection reaction is so much faster than the diffusion 

jumps. 

For the case of high photoacid diffusivity (Figure 2.13(b)), the dose-to-size stays 

relatively constant as aggregate size increases.  Since the diffusivity is high, the 

deprotection spheres are sufficiently large that they overlap even for large amounts of 

aggregation; the photoacid diffusion acts to smooth out the initially inhomogeneous 

distribution of acids.  This is similar to what was seen in previous studies that showed 

that diffusion could smooth out inhomogeneity caused by the standing wave phenomenon 

in resists.25  When k increases, the dose-to-size decreases because the deprotection 

spheres get larger until the deprotection again becomes diffusion controlled. 

LER is also an important parameter that characterizes the quality of the resist 

performance.  While LER can be evaluated for a number of conditions, it is most useful 

to characterize the LER of the resist at the dose-to-size (Esize).  LER is evaluated at Esize 

because even if a material has excellent LER when over-dosed or over-developed, if the 

desired feature can’t be printed, the low LER is of little use.  Figure 2.14(a) shows the 

effect of PAG aggregation on LER for low photoacid diffusivity (D = 0.18 nm2/s), while 
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Figure 2.14(b) shows the same result for high photoacid diffusivity (D = 1.8 nm2/s).  In 

the case of low acid diffusivity, LER increases linearly with increasing aggregate size, 

and changing k only has a small effect on LER.  While the deprotection spheres can 

overlap sufficiently to clear the nominal pattern size, they do not significantly smooth out 

the initial inhomogeneity in PAG loading.  Since the clusters of PAGs are not evenly 

distributed, there are areas of high acid density and areas of low acid density; this leads to 

areas of the resist that clear outside the nominal line edge and areas that do not clear all 

the way to the line edge.  The average line edge is correct, but the large variations in the 

local line edge lead to increased LER.  PAG aggregation is the dominant factor in 

controlling LER in this case.  
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Figure 2.14 Effect of PAG aggregate size on LER for: (a) low acid diffusivity, (b) high 

acid diffusivity. 

 

 

In the case of high photoacid diffusivity (Figure 2.14(b)), the LER remains nearly 

constant as PAG aggregation increases.  This result is similar to the result for dose-to-size 

at high diffusivity, and in this case the diffusion of the photoacid acts to smooth out the 

(a) (b)
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inhomogeneity of the initial acid distribution.  Since the inhomogeneity due to PAG 

aggregation is greatly reduced, it is no longer the controlling factor in LER formation in 

the resist, and now the diffusion of photoacids outside of the exposed area acts as the 

dominant factor in causing LER.  While the deprotection sphere concept is useful for 

describing many of the results, individual photoacids do not diffuse spherically, their 

walk is random and this result reinforces this fact.  The diffusion outside of the exposed 

region is due to the random walk nature of diffusion; since there is a distribution of 

diffusion lengths, some acids diffuse far outside of the exposed region.  This is also seen 

in the effect of k on LER.  At low values for k, the LER is much lower than at high values 

of k because even if isolated acids diffuse far outside the exposed regions, they cannot 

carry out enough deprotection reactions to make these outer regions soluble.  Although 

higher photoacid diffusivity allows for smoothing out the initial PAG aggregation, there 

is a trade-off between the smoothing effect on LER and diffusion to areas significantly 

outside of the nominally patterned region. 

The LER and sensitivity results can also be better understood by graphically 

comparing the behavior of low, moderate, and high photoacid diffusivity. Figure 2.15(a) 

shows initial PAG distribution and clustering; the exposed area is indicated by the dotted 

line.  Figure 2.15(b), Figure 2.15(c), and Figure 2.15(d) show the final photoacid 

distribution after PEB, respectively, for low acid diffusivity (D = 0.18 nm2/s), moderate 

acid diffusivity (D = 0.7 nm2/s), and high acid diffusivity (D = 1.8 nm2/s).  In the case of 

low acid diffusivity (Figure 2.15(b)), there is visibly little smoothing away from the PAG 

aggregates, but also minimal diffusion of photoacids outside of the exposed region.  The 

exposed region lies between x coordinates 50 and 100 nm in these simulations.  The most 
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obvious flaw in the line-edge in Figure 2.15(b) is in the location of the initially low PAG 

concentration region in the upper left and lower right portions of the exposed region.  

Comparing the left and right line edges in Figure 2.15(b), both edges have significant 

roughness due to the aggregation.  Although this is obviously an extreme case of 

inhomogeneity, it demonstrates the dominant mechanisms in the case of low diffusivity.  

For moderate diffusivity in Figure 2.15(c), the larger blur of the photoacids  helps to 

smooth out the many of the defects in the line edge while maintaining reasonable 

resolution, although a significant defect can still be observed in the upper left.  In the case 

of high acid diffusivity (Figure 2.15(d)), the inhomogeneity due to PAG aggregation is 

smoothed out to the point that it is harder to determine where the regions of low and high 

PAG concentration were when looking only at the final acid distribution in Figure 

2.15(d).  The roughness of the line edge is no longer due to the PAG distribution, but due 

to the acids which have visibly diffused outside of the exposed region indicated by the 

dotted lines.  
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Figure 2.15 Top-down graphical representation of the smoothing effect of photoacid 

diffusion; (a) PAG distribution for an aggregate size of 25; (b) the final 
photoacid distribution after PEB for low diffusivity photoacids; (c) the 
final photoacid distribution after PEB for moderate diffusivity photoacids; 
(d) the final photoacid distribution after PEB for high diffusivity. The 
dotted lines indicate the exposed area. 

 

 

The effect of PAG aggregate size on resolution is best examined by determining 

the minimum resolution that can be obtained for a given aggregate size, or alternatively, 

determining the maximum aggregate size that will print a specific resolution.  The latter 

was used to examine the effect on resolution because it basically sets the tolerable limit 

for aggregation at each desired resolution.  To determine the maximum aggregate size 

allowable, the simulation was run for a large number of reaction rate constants and 

photoacid diffusivities to cover the full range of potential processing conditions and 



 70

material properties; the maximum aggregate size that would still resolve a feature with 

the correct CD (based on the average CD of 50 simulation runs) was taken to be the 

maximum for that feature size.  Feature size was changed by shrinking the width of the 

exposure step function from 50 nm to 40, 30, 20, 15, and 10 nm.  An aggregate size was 

considered to have resolved if it could print the correct CD 95% of the total number of 

simulation runs for that aggregate condition. 

Figure 2.16 shows the results for a PAG loading of 5% as was used to generate 

the previous results.  As one might expect, for large feature sizes, the maximum 

allowable aggregate size is reasonably large.  This is because the acid diffusion lengths 

required to smooth out this level of inhomogeneity are still small relative to the feature 

size and so higher levels of photoacid diffusion allow for larger aggregate sizes.  As the 

feature sizes shrink, the allowable aggregate size also shrinks because diffusion lengths 

must also shrink to maintain CD.  Since the diffusion lengths must be smaller, the 

average spacing between PAG aggregates must shrink.  Although higher diffusivity 

allows for smoothing out the initial PAG aggregates, there is a trade-off between the 

smoothing effect and the blurring of the feature.  Ultimately, some aggregates require 

such a high diffusivity that the desired CD can never be patterned due to photoacid 

diffusion blur.  This becomes especially important for sub-30 nm feature sizes, as the 

allowable amount of PAG aggregation reduces to no more than a few PAGs for a 

standard PAG loading of 5%. 
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Figure 2.16 Maximum PAG aggregate size that can be tolerated to successfully print 

the desired feature size for a PAG loading of 5%. 

 

 

Given that the standard PAG loading puts such restrictions on the allowable 

aggregate size, alternative resist “formulations” were examined using the simulation by 

changing the PAG loading and determining the maximum aggregate size allowable for 

obtaining features of different sizes.   The results for this study are shown in Figure 2.17.  

As the PAG loading increases, the allowable PAG aggregate size tends to increase for all 

resolutions.  This is because there are more total PAGs in the film.  If the number of 

PAGs in each individual aggregate are the same, then the higher PAG loadings will have 

a larger number of aggregates.  This reduces the spacing between aggregates, meaning 

that shorter diffusion lengths are required to smooth out the inhomogeneity due to the 

PAG aggregates.  While there are only moderate gains for slightly increased PAG 

loading, increasing the PAG loading to 25% greatly improves the ability to print patterns 

down to sub-20 nm.  This PAG loading could likely be achieved with minimal 

modification to standard resists.  In the limit of ultra-high PAG loading, the density of 
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PAG molecules is so high that they cannot effectively aggregate because every resist 

molecule is a PAG, so the resist is molecularly homogeneous.  While this level of PAG 

loading may not seem to be experimentally feasible, it has been shown to be possible 

given the correct resist designs.4  This ultra-high PAG loading would potentially allow 

for patterning of any feature size regardless of PAG aggregation.     
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Figure 2.17 Maximum PAG aggregate size that can be tolerated and successfully print 

the desired feature size for different PAG loadings. 

 

 

2.4  Conclusions 

 
A mesoscale model of molecular resists has been created and implemented that 

allows for the investigation of the effect of resist compositional (e.g. PAG loading) and 

physiochemical (e.g. photoacid diffusion coefficient) properties on resist performance 

metrics such as resolution, LER, and sensitivity.  It exhibits good agreement with many 

of the conventional LER scaling arguments including doseLER 1∝ .  For a constant 

increasing 
PAG 
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critical dimension pattern, the amount of acid generated at Esize determines the allowable 

diffusion coefficient that will print that CD.  Increased PAG loading was found to 

provide comparatively lower LER at the same resolution and sensitivity as lower PAG 

loading, or to provide better sensitivity at the same resolution and LER as lower PAG 

loading.  Even at ultra-high PAG loadings, CARs were found to exhibit RLS limitations. 

By normalizing all PAG loadings to the total amount of acid produced, it was found that 

LER was controlled primarily by the acid concentration at dose-to-size for the case of 

maintaining constant critical dimension with no base quencher.  Thus, the functional 

scaling argument obtained in this work is 1 [ ]EsizeLER Acid∝ , which is similar to the 

conventional scaling of LER as a function of imaging dose arguments.  This new scaling 

law is more universal in that it essentially provides for normalization of any PAG loading 

and photoreaction rate constants differences between various resists. 

Additionally, the mesoscale model of molecular resists was used to probe the 

effects of PAG homogeneity, specifically PAG aggregation behavior, on the resolution, 

sensitivity, and line edge roughness performance of resists.  By increasing the amount of 

PAG aggregation, the model was able to reproduce many common experimentally 

encountered defects such as line bridging.  PAG aggregation has a controlling effect on 

dose-to-size and LER for a resist with low diffusivity photoacids, but not for higher 

diffusivity photoacids since the photoacids can diffuse sufficiently far to smooth out the 

initial inhomogeneities in acid distribution.  For most conventional PAG loadings, 

increasing PAG aggregation leads to loss of absolute resolution, and this becomes 

especially problematic for patterning sub-30 nm features.  The loss of resolution is due to 

the fact that the smaller features greatly restrict the allowable diffusion length of the 
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photoacids, and there is a trade-off between the smoothing effect that corrects for PAG 

inhomogeneity and blurring of the feature that reduces resolution.  Simulations also 

suggest that higher PAG loadings can potentially solve this problem and allow for 

photoresists with better ultimate resolution.  
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CHAPTER 3 

THREE DIMENSIONAL MESOSCALE MODEL FOR SIMULATION 

OF MOLECULAR RESISTS 

 

A three-dimensional kinetic Monte Carlo model has been developed to simulate 

design and processing effects on the line edge roughness and patterning of photoresists. 

The model is capable of simulating most all of the important parameters involved in resist 

processing from film formation and exposure to development. It can be used to examine 

the effect of photoacid generator loading, photoacid diffusion, deprotection reaction, 

quencher loading, base diffusion, and acid/base reactions, with the flexibility to add more 

physics as needed. The model is able to reproduce experimentally observed trends of the 

effect of base loading on LER through all levels of base loading and the effect of reduced 

aerial image contrast on the LER of resists. It also shows good agreement with 

experimental results on the effect of PAG loading through around 20% PAG loading.  

Using the model combined with a metrology simulator shows that in many cases 

][/1 AcidLER ∝  which is consistent with the experimentally shown doseLER 1∝ .  

It was also found that the gradient in polymer protection (dP/dx) provides a very good 

descriptor for LER in many cases, but is insufficient for other conditions when the 

dominant cause of LER is different such as non-uniformity along the line edge from 

things like PAG or polymer aggregation. 
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3.1 Introduction 

 
There is an increasing need to understand the fundamental causes of line edge 

roughness (LER) and ways to improve it.  While experimental studies continue to further 

our understanding, accurate simulation of resists will be required because it will allow a 

large increase in the rate of learning and testing quickly at minimal cost.  Likewise, an 

accurate simulator will allow for early screening of novel resist design concepts to reduce 

time spent on non-productive designs and point toward optimal conditions for other 

designs.  The length scales of interest for LER and resolution are now at the size of 

individual resist component molecules, and thus the resist behavior is strongly influenced 

by stochastic behavior of individual events like PAG decomposition and acid diffusion.  

A mesoscale model is the likely the best option for simulating these types of events 

because it is at the appropriate length scale, not too small as in atomistic simulations, or 

too large as in some continuum models.  

Mesoscale resist models were originally developed1-2 to study general processing 

effects, but now are rapidly appearing to become one of the primary tools for simulation 

of high resolution photoresist patterning.3-4  Mesoscale models have been developed 

based on both polymers5-6 and molecular glasses7-8 as the base resist.  Likewise, the fine 

details of the acid generation process under different forms of exposure such as ArF9, 

EUV9, and e-beam10 have been examined using mesoscale resist models.  Our approach 

is to use a fast version of a kinetic Monte Carlo framework similar to the Gillespie 

algorithm.11  It is a fully three-dimensional kinetic Monte Carlo mesoscale model that 

appears to accurately capture the physics of chemically amplified resists; it is based on a 

significantly improved version of an earlier model.12  An example of the output of this 
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model is seen in Figure 3.1.  The kinetic Monte Carlo framework is quite useful because 

it allows for near infinite numbers and types of different physics to be simulated.  In this 

way, multiple novel types of resist designs can be simulated in order to determine the 

most promising types in-silico before they are formulated experimentally.  Likewise, the 

processing conditions for these resists can be optimized before the first wafer is coated, 

and experimental results can be explained based on the fundamental physical parameters 

of the resist.  This chapter fully describes the model and validates its performance 

compared to several different experimental results. The model is then used to investigate 

a possible way to improve LER performance; the scaling factors that control LER across 

different resist designs are also studied.  

. 

  

Figure 3.1 Example of the output from the model. 
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3.2  Model Descriptions 

 
The model is based on a three-dimensional lattice with 1 nm x 1 nm x 1 nm cells. 

A molecular resist containing three protecting groups is placed uniformly inside each 

cell.  While the model was originally designed to specifically consider molecular resists, 

the results extend to polymers as well.  In the case of polymers, the model can be 

considered to have uniform number of protecting groups of polymer in each cell, but no 

cell-to-cell chain connectivity is considered.  The simulation set-up is graphically 

illustrated in Figure 3.2 from a top-down view of the three-dimensional lattice. 
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Figure 3.2  Schematic illustrating the lattice model setup used in this work. The lattice 

is a full three-dimensional lattice, but is represented as a top-down view in 
the figure for simplicity. 

 

The protecting groups are uniformly distributed throughout the lattice and then all 

additive components such as PAGs, base quencher, etc. are generated in the simulation 

domain.  Random numbers determine the location of the additives based on the 

probability of the additive being located on a lattice site; the probability is related to the 

loading of the additive such that, on average, the additive loading, e.g. 5 %, 10 %, etc., is 

maintained.  No bias is given to the location of additives one to another except in the case 

of PAG aggregation.  PAG aggregation is handled as previously described in full detail,13 
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only now extended into three-dimensions.  Briefly, initial PAGs are seeded and additional 

PAGs are randomly added to sites directly adjacent to it; PAGs are added until the 

desired aggregate size, e.g. 5 PAGs, 20 PAGs, is formed. This is done while maintaining 

constant PAG loading. 

In any optical exposure tool that uses a mask (EUV included), the aerial image 

projected onto the resist is not perfect digital image, but instead appears like a cosine 

wave due to diffraction of light through the mask gratings.  The quality of the aerial 

image, i.e. how well it reproduces the digital image on the mask, has a large impact on 

the final patterned feature.  The quality of the image is often quantified using the term 

image log slope (ILS) which can be defined by Equation (3.1), where I(x) is the aerial 

image intensity at a lateral position x.  ILS can be normalized by the width of the desired 

pattern (w) to produce a dimensionless number known as normalized image log slope 

(NILS) which can be defined as shown in Equation (3.2).  As the aerial image quality 

increases, NILS also gets larger.  After generating the locations of all the protecting 

groups, PAGs, quencher, etc., the aerial image is generated as function of x and the dose 

at each z position is determined by Beer’s law type absorption.  The generating function 

for the aerial image is a cosine function with a periodicity of two times the space width.   

The amplitude of the cosine modulation is changed to effectively change the aerial image 

slope and is reported as the normalized image log slope (NILS).  Figure 3.3 shows the 

change in aerial image intensity for a 50 nm space with changing NILS.  Aerial images 

with larger NILS approaches a digital image.  The actual dose applied to the film is the 

nominal dose time the aerial image intensity. 
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Figure 3.3 Change in the aerial image intensity for a 50 nm space with changing 

NILS. 

 

 

Once the dose-intensity profile throughout the film is determined, PAGs are 

converted to photoacids using uniform random numbers based on the probability of acid 

generation as determined from the Dill C equation14-15 and the dose at that (x,y,z) position 

as shown in Equation (3.3).  For all simulations in this chapter, a C parameter of 0.03 

cm2/mJ was used; this Dill C corresponds to 95% of all PAGs being converted to 

photoacids at a dose of 100 mJ/cm2.   
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 [ ])),,(exp(1),(),( zyxdoseCyxPyxP PAGAcid ⋅−−=  (3.3) 

 

 

After conversion of the PAGs to photoacids, the PEB process is simulated using a 

kinetic Monte Carlo process.  The rates of all individual events that can occur are 

calculated and tabulated and then placed into bins based on the type of event.  The rates 

of all events in a bin are the same, so the sum of all the rates in that bin is simply the rate 

of the bin times the number of events in the bin.  The sum of each of the bins gives the 

total rate of the system.  A uniform random number is generated that determines which 

bin is selected.  A second random number is then generated which determines the 

individual event/specie in that bin that is selected to fire.  Simulation time during each 

cycle is updated by the same method as Gillespie11 until it reaches 60 seconds, thus 

representing a normal 60 second post-exposure bake (PEB) time.  Since the rate for all 

the species in a bin are the same, only the number of species in each bin and rate of each 

bin need to be updated every turn.  This allows the simulation to run very fast since only 

a limited number of bins have to be cycled and updated to determine the event that occurs 

each turn; this is compared to conventional kinetic Monte Carlo where all events have to 

be cycled and updated each turn.  The average run time for 10 % PAG loading on a 100 x 

100 x 50 simulation domain is 30 seconds for an average desktop PC. 

An example of the process above is as follows considering only PAGs and no 

bases.  There is a rate that is associated with photoacid diffusion from one lattice site to 

the next that is based on the diffusion coefficient; if the diffusion coefficient is large, then 

the rate is fast.  There is also a reaction rate associated with the deprotection reaction of a 

protecting group, it is also proportional to the number of protecting groups in a lattice 
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site.  If there are no protecting groups in a site, then the reaction rate is zero for that site, 

likewise, the deprotection reaction can only occur if an acid is present on a site.  If the 

diffusion and reaction rates are similar, there is an equal probability of either event 

occurring.  If the diffusion rate is much higher than reaction rates, then photoacids will 

diffuse to a lattice site and then diffuse away before any reaction can occur.  Likewise, if 

deprotection is much faster than diffusion rates, then an acid will diffuse to a site and 

completely deprotect it before diffusing to another site.  In the case of base quencher, 

there is a rate associated with base diffusion and a different rate of neutralization reaction 

between acid and base that is only activated when an acid and base overlap on the same 

lattice site.  All rates are independently set at the beginning of each simulation. 

After the PEB cycle is complete, a dissolution routine based on a similar kinetic 

Monte Carlo framework is completed.  There is a rate associated with each number of 

protecting groups; thus each lattice site has a rate based on the local number of protecting 

groups.  The dissolution rate is only activated if developer is present at that lattice site. 

Initially, developer is introduced to the top surface of the film.  If a site is soluble, it is 

removed with at the specified rate and then developer advances into the empty space and 

the cells with faces adjacent to that empty space, activating the dissolution rates of those 

sites. 

An overview of the major steps in the simulation are shown in Figure 3.4.  The 

PAG is distributed throughout the simulation domain in Figure 3.4(a).  The photoacid is 

then lined to a narrow region of exposure down the line in Figure 3.4(b).  After the PEB, 

the photoacid has diffused out and is less uniformly distributed; the blur of the photoacid 
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during the PEB is obvious in Figure 3.4(c).  Finally, the rough developed feature remains 

after development in Figure 3.4(d). 

 

  
Figure 3.4 Distribution of different species through the various simulation step; (a) 

PAG distribution after film formation; (b) photoacid distribution 
immediately after exposure before PEB; (c) final photoacid distribution at 
the end of PEB before development; (d) final patterned resist material 
distribution after development. 

 

 

LER is conventionally determined using top-down SEM images of patterned 

lines.  This provides a two-dimensional representation of a three-dimensional resist 

feature.  To properly compare the model results to experimental SEM measurements of 

real lines, it would be most desirable to use an SEM simulator on the final resist feature, 
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but that is currently outside the scope of this paper.  Instead, the three-dimensional 

feature is converted to a two-dimensional line profile by taking the top-down projection 

of the feature edge onto a plane as the line edge.  This is demonstrated in Figure 3.5 

which shows the full three-dimensional feature along with the rotated top-down view of 

the feature; the defined line edge is outlined on the right part of the figure. 

 

  
Figure 3.5 Comparison of the true three-dimensional feature (left) and the apparent 

top-down line edge (right) from the projection of the three-dimensional 
feature. 

 

 

3.3  Results and Discussion  

3.3.1 Model Validation 

 
Before the model can be reliably used to simulate new and different processes, it 

must be verified to reproduce previously determined relationships.  One of the most 

examined relationships has been of the effect of base loading on LER.  The general result 

is that as the base loading increases, LER at the dose-to-size (Esize) tends to decrease and 
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reach a plateau as Esize increases due to the increase in base loading.  Figure 3.6 shows the 

model results for 10 % PAG loading with increasing base loading and all other 

parameters such as diffusion coefficient constant.  The model results match very well the 

expected results and appear to have good quantitative agreement with an experimental 

study that measured the roughness of 30 nm half-pitch patterns and showed a decrease in 

LER that reached a plateau just below 4 nm.16  
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Figure 3.6 Change in 3σ LER with change in Esize as modulated by increasing the 

base quencher loading. 

 

 

Conventional base loading studies conventionally only go to around 50% 

base:PAG loading.  One study17 pushed base loading to the extreme upper limits and 

found that LER decreases as base loading increases to a point and then begins to increase 

rapidly as the resist looses the ability to successfully print the feature.  The exact same 

result was obtained in the model as shown in Figure 3.7. 
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Figure 3.7 Change in 3σ LER with as modulated by increasing the base quencher 

loading through a wide range of quencher loadings. 

 

 

Another important experimental result that needs to be replicated is the LER 

response with changing aerial image log slope or normalized image log slope (NILS).  It 

has been shown18 that as the NILS of exposure increases, LER decreases until it reaches a 

plateau.  This is due to the fact that the interface between exposed and unexposed regions 

becomes sharper as NILS increases.  Like the other results described above, the model 

does and excellent job of capturing that trend as seen in Figure 3.8. 
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Figure 3.8 Change in 3σ LER with as modulated by changing the normalized image 

log slope (NILS). 

 

 

3.3.2 Comparison with 2D Model Results 

 
Since the 3D model has been validated to reproduce experimental results both 

qualitatively and quantitatively, it useful to compare it to the 2D mesoscale resist model 

to confirm its results.  Figure 3.9 shows the effect of changing dose-to-size on LER by 

altering diffusion coefficient in the 2D model (Figure 3.9(a)) and the 3D model (Figure 

3.9(b)).  Both models are for 10% PAG loading with no base quencher and Esize is 

changed by altering the photoacid diffusion coefficient.  Both models show the same 

qualitative trend; as Esize increases, LER decreases until it reaches an asymptotic value.  

The major differences between the two are how soon each approaches the asymptote and 

the value of the asymptote.  The biggest reason for these differences are due to the fact 

that the 3D model determines LER from a top-down projection that effectively integrates 
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over the rough resist side-wall; this is similar to how an SEM works and why the 3D 

model more closely replicates the experimental results quantitatively.   

 

  
Figure 3.9 Comparing dose response curves from changing diffusion coefficient for 

10% PAG loading in (a) 2D model and (b) 3D model.  

 

 

One major result from the 2D model was the effect of PAG aggregation on 

patterning performance.  To confirm this result in the 3D model, the PAG aggregation 

algorithm was extended to three-dimensions; these results are compared to the 2D results 

in Figure 3.10.  The 2D model (Figure 3.10(a) and Figure 3.10(b)) shows the results for a 

PAG loading of 10% with no base; the low diffusivity (D = 0.18 nm2/s) and high 

diffusivity (D = 1.8 nm2/s) cases are shown with varying deprotection rate constant k.  

The 3D model (Figure 3.10(c) and Figure 3.10(d)) shows the results for a PAG loading of 

10% with no base.  The low diffusivity plot (Figure 3.10(c)) is for diffusion coefficients 

ranging from 0.18-0.7 nm2/s with k = 100, and the high diffusivity plot (Figure 3.10(d)) is 

for diffusion coefficients ranging from 1.8-4.8 nm2/s with k = 100.  Similar to the 
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previous results, the 2D and 3D model both show qualitatively the same results, but 

different quantitative results.  At low diffusivity, PAG aggregation is the dominant 

scaling factor for LER because the diffusion length of the photoacids is not large enough 

to smooth out the inhomogeneity due to the aggregation.  At high diffusivity, the acids 

diffusive far enough to smooth out the aggregate inhomogeneity; LER is increased as the 

diffusivity increases because the acid diffuse further and further outside of the nominal 

patterned region.  The 3D model has much lower LER compared to the 2D for the same 

reasons outlined above.  The negative effect of PAG aggregation is somewhat reduced in 

the 3D model and real life due to the top-down projection used to determined LER; if any 

cave-like structures are formed in the resist side-wall, they likely won’t be seen by the 

SEM which is most sensitive to surface topology.  Despite the differences in the values of 

LER, it appears that the qualitative trends extracted from the 2D model can be trusted and 

hold true in the 3D model.    
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Figure 3.10 Effect of PAG aggregate size on LER for: (a) low acid diffusivity 2D 

model; (b) high acid diffusivity 2D model; (c) low acid diffusivity 3D 
model; (b) high acid diffusivity 3D model. 

 

 

3.3.3 Effect of PAG Loading and Scaling Factors for LER 

 
It has been suggested that increased PAG loading can lead to improved LER 

while maintaining or improving sensitivity.  To investigate this, the model was ran from 

standard PAG loadings up to the extreme limits of a PAG molecule on every lattice site 

(100% or a fraction of 1) to explore the effect of PAG loading on LER.  The PAG 

loading study was run with no base quencher, and Esize was modulated by changing the 

(a) (b)
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diffusion coefficient of the photoacid.  As shown in Figure 3.11, increasing the PAG 

loading tends to decrease LER at constant dose, maintain LER at a decreasing dose, or 

simultaneously improve both.  The results for low PAG loading (≤ 20%) are quite 

consistent with other experimental results for increased PAG loading.19  It has been 

observed experimentally that greatly increasing the PAG loading tends to increase the 

dark loss, decrease the dissolution contrast of the resist, and sometimes decrease the Dill 

C parameter; in the upper limit of PAG loading, this tends to actually decrease imaging 

performance.20  The model doesn’t consider this, but suggests that if the resist could be 

designed to behave identically (in terms of dissolution behavior, acid diffusivity, 

deprotection rates, etc.) regardless of the PAG loading, that greatly increasing the PAG 

loading provides an opportunity to greatly improve LER and sensitivity.  Despite the 

great potential, it is difficult to actually make resists that behave nearly the same 

throughout PAG loading.  A few resists have been synthesized that show PAG loading in 

the limit of 1 PAG per molecule, and they suggest that the improvements in LER are 

quite possible, but even in those cases the sensitivity appears to be negatively affected by 

the extremes in PAG loading.21-22 
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Figure 3.11 Effect of PAG loading on 3σ LER at Esize as modulated by changing the 

diffusion coefficient of the photoacid. 

 

 

One of the major trends determined from experimental investigation of the RLS 

trade-off is that doseLER 1∝ for a given resist formulation.23  This scaling was 

confirmed with the 2D model, but it was also found that the more direct and fundamental 

scaling argument is ][/1 AcidLER ∝ .  This study was repeated using the 3D model with 

the PAG loading data from above; the results are shown in Figure 3.12.  Using the 3D 

model, the scaling now appears to be 3 ][/1 AcidLER ∝ .  This change in the scaling 

factor still makes sense from purely a unit analysis standpoint in that in 2D, acid 

concentration has units of molecules/nm2, while in 3D, acid concentration is in 

molecules/nm3.  Both cases return LER in units of nm.  Regardless of this, the scaling 

from the 3D model is not consistent with experimental results.  The question is whether 

the model does not reproduce experimental scaling, or whether it is another issue such as 

differences in metrology that affect the scaling results. 
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Figure 3.12 The effect of acid concentration on LER at Esize. Acid concentration is 

taken as the total number of acids divided by the nominal exposure 
volume. 

 

 

The major difference between experimental LER numbers and those reported by 

this model is that experimental LER is determined using an SEM, while this model uses 

the projection of the resist sidewall onto a 2D plane to determine LER.  Likewise, all 

other 3D mesoscale resist models use some similar method to characterize the line edge.  

The solution to this problem is to use a detailed SEM simulator on the output of the 3D 

mesoscale resist model; unfortunately, there are no commercial SEM simulators that both 

are sufficiently detailed to provide accurate results and able to handle arbitrarily rough 

geometry.  Fortunately, a sufficient model was recently created and is fully described in 

the chapter “Scanning Electron Microscope (SEM) Simulator for Characterization of 
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Photoresists.”  Although the SEM model is sufficiently detailed to provide the desired 

results, it runs so slowly that it can take up to 4 days to generate the SEM profile for a 

single resist simulation run on a single processor.  Despite this limitation, several of the 

above conditions were repeated and the results were sent through the SEM simulator to 

determine differences between the LER determined by top-down projection and LER 

determined by SEM; these results are shown in Figure 3.13.  Similar to the previous data 

set, LER determined by the projection method scales approximately 

as 3 ][/1 AcidLER ∝ , but LER determined using the SEM scales as ][/1 AcidLER ∝ .  

This almost exactly reproduces the experimental scaling of DoseLER /1∝ , but 

reiterates that it is the acid concentration that controls the LER.  When the acid 

concentration is high, the average acid-to-acid distance is small which means that the 

deprotection inhomogeneity should also be small.   

While the top down projection method used to determine LER in this model is not 

quite as accurate as the SEM method, the projection method is significantly faster and 

can still be reliably used to investigate trends.  Both methods produce very similar results 

for LER (3σ) of 6 nm and above, and appear to be related for lower LER values.  For 

questions regarding improved formulations or resist designs, the projection method 

should be sufficient because improved performance should lead to lowers LER using 

either method.  However, when trying to quantitatively calibrate a resist model or exactly 

predict patterned resist line width and LER, the projection and other similar methods will 

likely not be sufficient, and SEM type methods should be used.  
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Figure 3.13 Comparison of the LER of the resist sidewalls generated by the 3D 

mesoscale model as determined by top-down projection used in this model 
and as determined by a detailed SEM simulation using the 3D model 
output. 

  

 

Although it has been shown that ][/1 AcidLER ∝ , other scaling predictors have 

been proposed and shown to scale well with LER across many different resist platforms 

and designs.  It has been proposed that the gradient in resist protection at the line edge is 

the ultimate scaling predictor for LER, and so the LER response of a resist can be 

modeled simply by taking the gradient in protection from a continuum model or 

otherwise simplified model.  To examine this scaling factor, the protection level was 

determined at each x position by averaging over the entire (y,z) plane at that coordinate x 

(x axis is perpendicular to resist line, y axis is parallel).  This collapses the four-

dimension data (x, y, z, protection) onto a two-dimensional dataset (x, average 
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protection).  The derivative (numerically evaluated using the center based derivative) of 

protection, dP/dx, is then calculated.  The maximum in the derivative (the point where the 

gradient is greatest) is typically at the line edge, and so, the maximum in the derivative is 

taken as dP/dx at the line edge, effectively collapsing the data down to one dimension 

(dP/dx at the line edge).   

The relation between LER and dP/dx is shown in Figure 3.14 for the data reported 

earlier in this paper for PAG loading and base loading effects determined using the 

projection method; the LER and dP/dx reported were obtained from the average of both 

line edges over 20 simulation runs.  It was found that plotting LER vs. 1/(dP/dx) provided 

very nice linear relations for these data sets.  This result suggests that the polymer 

protection gradient can provide the appropriate scaling for LER as has been suggested; 

however, these results were obtained for somewhat idealized simulation conditions.  

Although the distribution of additives is randomly distributed, it is still based on an 

unbiased uniform probability.  In the real world, it is well known that PAGs can tend to 

aggregate and segregate to and away from surfaces due to their highly polar nature in a 

relatively non-polar resist matrix.  Likewise, no consideration was taken about 

dissolution effects such as swelling, redeposition of partially soluble material, and chain 

connectivity.  All of these things could have an effect on the LER of a resist. 
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Figure 3.14 Scaling for 3σ LER with the inverse of the protection gradient at the line 

edge for changing PAG loading and base loading. 

 

 

To examine what affect these biased distributions can have on the apparent 

scaling with LER, PAG aggregation was turned on in the model and the results compared 

to those with no PAG aggregation.  As PAG aggregate size increases, there become 

fewer, larger aggregates of PAGs since total PAG loading is held constant.  If 1/(dP/dx) 

is the true global scaling for LER, then even as PAG aggregate size increases, it still 

should be able to well predict LER.  The relation between LER and 1/(dP/dx) for PAG 

aggregation with low photoacid diffusivity is shown in Figure 3.15.  It is clear that using 

the protection gradient alone fails to predict LER for the case of non-uniform PAG 

distribution.  The dominant cause of LER in this case is the PAG aggregation as shown in 

Figure 3.10.  This means that another fundamental parameter beyond simply dP/dx is 

required to adequately characterize the absolute scaling factor for LER.  The parameter 
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likely will require more dimensional information about the distribution along the line 

edge than the simple dP/dx.   
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Figure 3.15 Lack of scaling for 3σ LER with the inverse of the protection gradient at 

the line edge for changing the PAG aggregation size and acid diffusivity. 

 

 

3.4  Conclusions 

 
A three-dimensional kinetic Monte Carlo model has been developed to simulate 

design and processing effects on the line edge roughness and patterning of photoresists.  

The model is capable of simulating most all of the important parameters involved in resist 

processing from film formation and exposure to development and metrology.  It can be 

used to examine the effect of photoacid generator loading, acid yield, acid diffusion and 

reaction, quencher loading, base diffusion, and acid/base reactions, with the flexibility to 

add more physics as needed.  The model is able to reproduce experimentally observed 
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trends of the effect of base loading on LER through all levels of base loading and the 

effect of reduced aerial image contrast on the LER of resists.  The 3D mesoscale model 

gives similar qualitative results to the 2D model, but has better quantitative relation to 

experimental values.  It also shows good agreement with experimental results on the 

effect of PAG loading through around 20% PAG loading.  Auxiliary experimental issues 

such as dark loss reduce the effectiveness of even higher levels of PAG loading, but the 

model suggests that if these were corrected, greatly increased performance is possible 

though higher PAG loading.  The scaling factors for LER were also examined. Using the 

3D model and defining LER by a top down projection method suggests that 

3 ][/1 AcidLER ∝ ; however, using the same resist profile and an SEM simulator to 

determine LER,  the correct scaling is ][/1 AcidLER ∝  which is consistent with the 

experimentally shown doseLER 1∝ .  While the top down projection method used to 

determine LER in this model is not quite as accurate as the SEM method, the projection 

method is significantly faster and can still be reliably used to investigate trends.  It was 

found that the gradient in polymer protection (dP/dx) provides a very good descriptor for 

LER in many cases, but is insufficient for other conditions when the dominant cause of 

LER is different such as non-uniformity along the line edge from things like PAG or 

polymer aggregation. 
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CHAPTER 4 

SCANNING ELECTRON MICROSCOPE (SEM) SIMULATOR FOR 

CHARACTERIZATION OF PHOTORESISTS 

 

Top-down critical dimension scanning electron microscopy (CD-SEM) is still the 

workhorse metrology tool used for nanoscale structure analysis, such as measurement of 

photoresist features, during integrated circuit manufacturing.  However, the degree to 

which top down SEM imaging can accurately be used to quantitatively determine the 

size, shape, and roughness characteristics of three-dimensional structures has not been 

carefully characterized.  A rigorous Monte Carlo simulation of scanning electron 

microscopy has been developed to probe the relationship between the roughness of a 

three-dimensional feature and the line edge roughness as measured by SEM.  The model 

uses the differential Mott cross section to compute elastic scattering while inelastic 

scattering and secondary electron generation are handled using dielectric function theory.  

The model can calculate the electron scattering for any arbitrary three-dimensional 

geometry.  Experimental SEM measurements of photoresist nanostructures show good 

agreement with the simulation output.  The critical dimension of the resist determined 

from SEM best matches the true resist feature width when the line edge is defined using a 

high image threshold.  This occurs because the roughness on the outer edge of the resist 

tends to cause an increase in SEM signal that is non-proportional to the amount of 

material on the outer edge of the feature.  LER determined from the SEM was found to be 

significantly smaller than the true resist feature sidewall roughness.  The measured LER 

is typically greater than 50% smaller than the actual sidewall roughness. 
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4.1 Introduction 

 
There is an ever increasing need to be able to accurately measure the size and 

shape of nanoscale structures in the semiconductor industry.  While there are a number of 

different tools that can provide information at this length scale, critical dimension 

scanning electron microscope (CD-SEM) tools have been, and will likely continue to be, 

one of the most commonly used metrology tools in the semiconductor industry.  This is 

due to their high throughput, ability to quickly examine multiple different length scales, 

and the relatively non-destructive nature of the measurement.  This need for accurate 

nanometer scale measurement resolution is especially critical in semiconductor 

lithography applications given the importance of line edge roughness (LER) and line 

width roughness (LWR) as performance metrics in lithography.  LWR for future 

generations of devices is required to be < 1.5 nm (3σ).1  This means that the metrology 

used to determine LWR must be accurate to some fraction of this length scale if the 

performance metric and the measurements made are to be meaningful.   

Unfortunately, CD-SEM tools provide a two-dimensional representation of a 

three-dimensional (3-D) structure as can be seen in Figure 4.1.  There has been a 

significant amount of work in the photoresist community attempting to better quantify 

LER and to provide complete mathematical descriptors for LER, but most of this work 

has been based on two-dimensional line edge profiles extracted from CD-SEM data.  This 

despite the fact that the majority of users do not know how accurately the SEM represents 

the actual roughness of the true 3-D resist structure, how variations in other factors and 

properties (e.g. of the resist, substrate, etc.) affect these measurements, or even how the 
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SEM actually generates the image they are analyzing.  Likewise, there has been a great 

deal of effort in the metrology community to create better SEM simulators and to connect 

the experimental SEM results to three-dimensional resist feature properties such as 

height, width, sidewall tilt, etc.2  However, most of these studies consider only perfectly 

smooth sidewalls, despite the fact that the roughness of these sidewalls (i.e. LER) is one 

of the most important problems in the semiconductor industry.  To my knowledge, there 

has been only one other SEM simulation that explicitly considers the roughness of resist 

sidewalls to calculate LER, and it only considered silicon features and not organic resist 

patterns.3  To address this issue, a detailed SEM simulation tool has been developed to 

examine the relationship between CD and LER as determined from SEM and true three-

dimensional resist feature CD and roughness.  This new SEM simulation tool is used to 

provide guidance on the ways in which typical SEM data and their interpretation bias the 

measured linewidth and line edge roughness of photoresist features. 

 

  

Figure 4.1 A three-dimensional representation of a resist structure.  SEM converts 
these three-dimensional structures into a two-dimensional image.   
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4.2  Model Descriptions 

 
In this work, elastic scattering was described using the differential Mott cross 

section for each element in the simulation.  While a number of simulators use the 

Rutherford model and more recent empirical forms of the Mott cross section4, the full 

differential Mott cross section is more accurate, especially for low energy electrons.  This 

accuracy  was found to be particularly important for SEM metrology and imaging 

applications in this work.  Fortunately, the differential Mott cross sections of all elements 

on the periodic table have been previously computed by Czyzewski and coworkers5 and 

are available online.6  The total cross section and the polar angle of the collision were 

determined in a way similar to that described by Drouin and coworkers.7  The total elastic 

cross section (σE) was calculated by numerical integration of the differential Mott cross 

section as shown in Equation (4.1).  
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Likewise, the polar angle (θ) of the elastic collision was calculated by Equation 

(4.2) using a random number R.  
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The elastic inverse mean free path (λE
-1) was obtained from the cross section by 

Equation (4.3).  For composite materials such as polymers, the atomic concentrations in 

the solid were accounted for when calculating λE
-1 as described elsewhere.8  

 

 E
A

E A
N σρλ =−1 (4.3) 

 

Since secondary electron emission from a sample is the primary form of 

information in an SEM, it is important that a model have accurate secondary generation 

and inelastic scattering.  While the continuous slowing down approximation (CSDA) has 

been widely used, it does not directly provide information regarding the energy of the 

generated secondary electron or the characteristic energy loss due to a specific sample.  

Hybrid models combining the CSDA with the Moller and Vriens cross sections have also 

been used9, but it is preferable to have a unified treatment of inelastic scattering and 

secondary electron generation.10  The dielectric function ε(q,ω) of a material describes its 

response to a given energy transfer ω and momentum transfer q.11  The variable q has 

units of inverse length and describes the momentum transfer of one particle when it 

collides with another particle.  The dielectric function provides a unified treatment of 

inelastic scattering since it includes all forms of inelastic scattering from inner shell 

ionization to plasmon excitation.  The inelastic differential cross section using the 

dielectric function is given by Equation (4.4),10 where a0 is the Bohr radius, ℏω is the 

energy loss, ℏq is the momentum transfer, and E is the energy of the electron scattering 

through the sample of dielectric function ε(q,ω). It is important to note that the inelastic 

inverse mean free path (λI
-1) given by Equation (4.4) has the same units as compared to 

the elastic cross section (λE
-1) shown in Equation (4.3). 
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While Equation (4.4) would appear to provide a straightforward method to 

calculate inelastic cross section, ε(q,ω) is unknown for most materials.  Fortunately, 

optical data provides ε(0,ω), i.e. ε in the limit of q ≈ 0, and optical data is widely 

available for different materials and compounds over a wide range of energies.12  Penn 

proposed a method that has been widely used to extrapolate ε(0,ω) into the finite q 

domain ε(q,ω).13  This method was implemented in the model using the single-pole 

approximation as described by Ding and Shimizu10 to give Equation (4.5) where Θ is the 

Heaviside step function; given Θ(n), if n < 0, then Θ(n) = 0 and if n ≥ 0, then Θ(n) = 1.  
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Equation (4.5) was integrated as shown in Equation (4.6) to give the inverse 

inelastic mean-free path.  The upper limits on the integration in Equation (4.6) were 

chosen to be E for insulators such as poly(methyl methacrylate), or PMMA, but must be 

E – EF for semiconductors and metals, where EF is the Fermi energy of the material.  

 

 ∫ Δ
Δ

=
−

− E I
I Ed

Ed
d

0

1
1 )(

)(
λλ (4.6) 

 

The energy loss of the primary electron during an inelastic scattering event was 

determined by Equation (4.7) using a random number R.  
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The polar scattering angle for inelastic collisions is given by Equation (4.8).  

 

 
E
EΔ

=θsin (4.8) 

 

For both elastic and inelastic scattering, the azimuthal scattering angle was 

assumed to be isotropic and is given by Equation (4.9).  

 
 Rπφ 2=  (4.9) 

 

Once the elastic and inelastic mean free paths have been calculated, the total mean 

free path of the electron can be determined using Equation (4.10).  

 
 111 −−− += IET λλλ  (4.10)

 

A scattering event will occur when the electron has traveled a distance s given by 

Equation (4.11).  

 

 Rs T lnλ−=  (4.11)
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A random number, R, is generated and the event is considered an elastic 

scattering event if Equation (4.12) is true, otherwise, it is considered an inelastic 

scattering event.  
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Rather than re-calculating inverse mean free paths, elastic polar angle, and 

inelastic energy loss for each iteration of a scattering event, they are calculated and 

tabulated as a function of energy for inverse mean free paths and as a function of energy 

and random number for elastic polar angle and inelastic energy loss.  The program 

interpolates these tables to determine cross sections and scattering angles.  In this way, 

instead of having to integrate until the conditions in Equations (4.2) and (4.7) are met for 

a given random number, a random number is generated and a look-up function executed 

on the table determines what angle or energy loss will satisfy that condition.  

The energy of the generated secondary electron is determined as described in 

Ding and Shimizu.10  The binding energy of each atomic shell in a material is tabulated.14  

If the binding energy of a shell in the material is less than the energy loss of the electron, 

it is assumed to be an ionization scattering event and the energy of the generated 

secondary electron is Esec = ΔE - EB.  If the energy loss is less than all binding energies, 

then it is assumed to be a valence electron excitation and the energy of the secondary 

electron is Esec = ΔE + EF.  .  The polar (θ’) and azimuthal scattering angle (φ’) of the 

secondary electron were determined in Equations (4.13) and (4.14) by using the polar and 

azimuthal scattering angle of the primary electron.  
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 θθ cossin =′  (4.13)

 
 

 φπφ +=′  (4.14)

 

All information about secondary electron locations, trajectories, & energies were 

then stored. After the primary electron energy was dissipated, all secondary electrons 

were sequentially called and treated the same way. This cascade process continued until 

all electrons had either left the sample to the detector or come to rest in the sample by 

dropping below a specified cut-off energy.  In the case of PMMA which is the resist 

material simulated in this work, the cut-off energy was chosen as 10 eV since the 

inelastic mean free path approaches infinity at energies lower than this.  All electrons that 

scatter to a z position above the top of the resist feature with an energy of 50 eV or lower 

are considered secondary electrons that are counted by the detector to generate the SEM 

signal.  The material used in this model was an organic resist consisting of pure PMMA 

coated onto a substrate of pure silicon.  The optical constants used to calculate inelastic 

mean free path for PMMA from 1 – 33 eV were obtained from the work by Ritsko and 

coworkers.15  The optical constants for silicon from 1 to 2000 eV were obtained from 

Palik.12  Optical properties for all higher energies in both materials were obtained from 

work by Henke and coworkers.16-17 

While the scattering physics used in this model are well known in literature, the 

unique feature of this specific model is how it treats electron scatter on a rough resist 

edge.  Any arbitrary structure can be generated and the only requirement is that it be 

defined on a three-dimensional grid with one nanometer lattice spacing.  The resist 
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location, i.e. the lattice discretized resist feature, is fed into the model by a single file that 

lists the x, y, z coordinates of lattice sites that contain resist material.  In order to handle 

the unknown resist geometry, the electron cannot simply be advanced the full length of 

the scatter distance, s, because it could pass repeatedly in and out of resist material during 

this path length, especially in the case of rough resist sidewalls.  Likewise, if much of the 

travel distance is outside of the resist, then the next scatter event could be calculated to 

occur in vacuum.  Instead, the scatter distance is determined for all materials present in 

the system, and then the travel of the electron is advanced one angstrom at a time.  The 

scatter event occurs when total travel distance is greater than or equal to the calculated 

scatter distance, s.  The travel in and out of the resist and from substrate to resist and vice 

versa is handled by tracking the total travel through each medium relative to the 

calculated s.  When the sum of each of the fractional travel distances is equal to one, the 

electron scatters in the medium it is currently in.  For example, let sresist = 8 nm and 

ssubstrate = 4 nm.  If the electron travels through 6 nm of resist, it will scatter when it has 

traveled though 1 nm of substrate because the total travel is ¾ of sresist and ¼ of ssubstrate.  

The scatter length in a vacuum is considered infinity, so any travel through vacuum does 

not contribute to the travel distance of the electron.  In this way, any arbitrary geometry 

or compositional non-uniformity can be handled by the model.   
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4.3  Results and Discussion  

4.3.1 Comparison of Standard Model to Experimental SEM Results 

 
When discussing SEM images of resist lines (or lines of any other material), it is 

important to understand what the SEM image should look like and why.  SEMs work by 

raster scanning an electron beam over a sample and measuring the electrons that are 

ejected from the sample.  Multiple line scans are combined to form the SEM image. 

Higher energy electrons that are scattered from the sample due primarily to elastic 

scattering are considered backscattered electrons and will not be discussed in this work.  

Lower energy (<50 eV) electrons, or secondary electrons (SE), that are scattered from the 

sample are due primarily to inelastic scattering where an electron is ejected from the 

electron orbitals of the material being scanned.  These low energy electrons rapidly lose 

energy due to further interactions and can only escape the sample when they are 

generated a few nanometers from the surface.  Upon escaping the sample into the vacuum 

of the sample chamber, they are attracted toward an electrically biased detector known as 

an Everhart-Thornley detector.18  The more SEs that hit the detector, the higher the SE 

signal.  As the beam scans over the sample, areas with large topography changes display 

a higher SE signal since these areas have larger proportional surface area compared to 

locations with no topography.  Figure 4.2(a) shows the SEM scan of a resist line and 

Figure 4.2(b) shows a representative line scan from Figure 4.2(a).  As the beam scans 

from left-to-right, the SE signal is initially flat until the edge of the resist line is scanned.  

At the edge of the line, the SE signal greatly increases because SEs can escape from both 

the top surface and the resist sidewall.  The signal then decreases in the middle of the 

resist feature since SEs can only escape from the top surface.  
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Figure 4.2 Demonstration of how SEM image is composed of line scans; (a) 
experimental SEM image; (b) representative secondary electron signal 
(line scan) corresponding to the horizontal line in (a). 

 

  

This imaging mechanism is also demonstrated using simulated electron 

trajectories in the SEM model as shown in Figure 4.3.   Figure 4.3(a) shows the line scan 

produced from the model.  Figure 4.3(b) is a visual description of the model that consists 

of three resist lines on top of a silicon substrate.  Figure 4.3(c) shows the electron 

trajectories corresponding to point 1 in Figure 4.3(a).  Figure 4.3(d) shows the electron 

trajectories corresponding to point 2.  Figure 4.3(e) shows the electron trajectories 

corresponding to point 3.  Figure 4.3(f) shows the electron trajectories corresponding to 

point 4.  As described above, Figure 4.3(c) shows very few electrons escaping back to the 

surface (low SE signal) since most SE electrons are generated deep in the substrate.  

When the primary beam is just at the resist edge, as in Figure 4.3(d), the signal rapidly 

increases because many of the SEs are generated at the sidewall and can escape back to 

(a) (b)
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the surface.  The SE signal reaches a max in Figure 4.3(e) when the primary beam lines 

up fully with the top-left edge because large numbers of SEs are generated as the primary 

beam scatters into the resist.  Since this large number of electrons is near the sidewall, 

many of them can escape back to the surface.  The signal goes back down in Figure 4.3(f) 

because even though more SEs are being created, they cannot escape the resist except at 

the very top surface.   
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Figure 4.3 5 keV electron trajectories during a line scan of a Gaussian beam across a 
resist feature; primary electrons are blue and secondary electrons are red; 
(a) secondary electron signal; (b) description of side view of resist feature; 
(c) electron trajectories corresponding to point 1 in (a); (d) electron 
trajectories corresponding to point 2 in (a); (e) electron trajectories 
corresponding to point 3 in (a); (f) electron trajectories corresponding to 
point 4 in (a). 
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Due to the complexities of electron scatter from a patterned feature, it is very 

difficult to directly validate an SEM simulator with experimental SEM scans since the 

experimental line scans are a result of a combination of material and topographical 

contrast.19  Nanoscale roughness of photoresist features makes this an even more 

complicated, if not impossible, task.  However, the SEM simulator can be qualitatively 

compared with experimental SEM images to confirm that the simulator produces results 

that are consistent with experimental SEM scans.   

Output from the SEM simulator built in this work was compared to experimental 

SEM data in Figure 4.4 for a 100 nm long section of a 50 nm thick.  The experimental 

SEM (Figure 4.4(a)) was obtained from a negative tone molecular resist20 sample on 

silicon patterned using extreme ultraviolet (EUV) lithography at the Paul Scherrer 

Institute.  The SEM was acquired using a Carl Zeiss Ultra60 SEM with 3 keV 

acceleration voltage and a pixel size of 1.72 nm.  The simulated SEM (Figure 4.4(b)) is 

the simulation of a three-dimensional resist feature on silicon generated using a 

mesoscale resist model.21  Figure 4.1 shows the kind of three-dimensional resist structure 

that is typical output for the mesoscale model.  The mesoscale model resist profile was 

generated using exposure and processing conditions, e.g. aerial image, dose, diffusion 

coefficient of photoacids, etc., estimated to be very similar to the experimental patterning 

conditions.  PMMA was used as the material model for the SEM simulator because its 

dielectric properties are well known.  As can be seen in Figure 4.4, the SEM simulator 

produced results similar to the experimental scans.  They both show similar contrast 

between the silicon background, edge of the line and middle of the line.  The width of the 

edge bloom appears to be similar in both cases as well.  The simulated SEM appears to be 
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less noisy in the bulk resist feature and substrate, but this could likely be better matched 

by reducing the total number of incident electrons in the simulator.  The other difference 

between the two is that the simulation appears to have slightly more high frequency 

roughness along the line edge.  Overall though, the model SEM appears very similar to 

the experimental SEM. 

 

 

Figure 4.4 Comparison of (a) SEM image measured experimentally to (b) SEM 
image generated by the model.  The 3-D line that is the source of the 
model SEM was generated using a mesoscale resist model set to produce a 
feature that is nominally identical to the experimentally patterned resist. 

 
 

While comparing the SEM images provides an overall comparison of the model to 

the experiment, comparing SEM line scans provides a slightly more quantitative 

comparison.  One would not expect to be able to directly match the SEM line scans due 

to differences in the roughness of each individual slice through the model.  However, the 

model should be able to match most of the pertinent features.  Line scans from the 

simulation and the experimental SEM are shown in Figure 4.5.  To compare the 

experimental SEM with the model, a single line scan through four different resist lines 

was taken from the experimental SEM scan data described above.  Rather than simulating 
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an array of four lines in the SEM model, four different line scans were taken from 

different parts of the simulated resist line SEM image in Figure 4.4.  As expected, the line 

scans show similar results as in the SEM images.  The contrast between substrate, bulk, 

and line edge are similar, and the brightness and width of the edge bloom are very similar 

between the model and experiment.  The only obvious difference between the 

experimental and simulated line scans is that the substrate signal exhibited slightly more 

noise in the experimental SEM data.  

 

  

Figure 4.5 Comparison of experimentally measured line scans to typical line scans 
generated by the SEM simulation. 
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4.3.2 Relationship Between True and Measured Resist Feature CD and LER 

 
Since the SEM model reproduces experimental SEM features, it was applied to 

determine the difference between the SEM measured line width, i.e. the critical 

dimension (CD) of the line, and the true width of the three-dimensional resist feature 

used to generate the SEM data.  Likewise, the SEM measured line edge roughness of the 

line was compared to the three-dimensional sidewall roughness of the feature used to 

generate the SEM data.  Although there are multiple different methods to define a line 

edge from an SEM,22 we used a threshold method because it is among the most 

straightforward and commonly used methods in the resist literature.23  In the threshold 

method, the x position of the line edge is defined for each line scan in the SEM at the 

point where the signal intensity is greater than a specified threshold value.  As the 

threshold is changed, the line edge position moves for a given SEM image, and thus the 

measured CD and LER are influenced by this choice of threshold.  This is demonstrated 

in Figure 4.6 for three different thresholds applied to the same SEM image data.  The top 

part of the figure shows where the line edge is defined along the resist line for the 

different threshold values in the top-down image.  The bottom part of the figure shows 

the average line scan profile for the resist feature along with the average edge position of 

the line for each of the three different threshold values.  We used a normalized threshold 

that ranges from the minimum threshold (just larger than all substrate noise) to the 

maximum threshold (where the line is defined entirely along a single side).  As can be 

seen on the right side of the line scan, if a larger threshold were used, the edge definition 

would actually cross over to the other edge bloom before a value greater than the 

threshold would be encountered.  
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Figure 4.6 Example of how a threshold method is used to determine the line edge by 
displaying the line edge defined for a normalized threshold of 0, 0.5, and 
1.  The average line scan of the SEM is shown below to demonstrate how 
changing the threshold results in a shift in edge position. 

 

 

The “true” three-dimensional feature width for the resist line was determined 

using the rough sidewall as can be seen in Figure 4.1.  Consider a single resist sidewall 

that runs parallel to the y-z plane; y is down the line, while z is the vertical height of the 

line.  For each lattice location in the y-z plane, there is an x position that corresponds to 

the outermost resist material at that y, z coordinate.  By using all of these outermost 

positions, the average position of the entire sidewall can be determined, and this is used 

to calculate the true three-dimensional feature width.  Based on this definition,  the true 
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width of the resist feature analyzed  was 44.2 nm.  The resulting errors in the SEM 

determination of CD based on this resist feature are shown in Figure 4.7.  The calculated 

CD from the SEM data can also be determined from Figure 4.7 by using the right vertical 

axis.  In all cases, the CD as determined by SEM was larger than the actual width of the 

resist feature.  

 

  

Figure 4.7 Error in SEM-measured critical dimension (CD) relative to the three-
dimensional feature width as the threshold used to define the line edge is 
changed.  The value of CD is shown on the right vertical axis to 
demonstrate its sensitivity to the threshold definition. 

 

 

The reason that the SEM over-predicts CD is that the average position of each 

resist edge is inside the rough outer peaks of the sidewall but the SEM tends to be the 

most sensitive at places of highly varied topology, i.e. the rough outer peaks.  If the SEM 

signal were proportional to the amount of material at the beam spot, then the 50% 

threshold would approximately be the average edge position.  As the electron beam scans 
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from the substrate into the middle of the resist feature, the signal does not increase 

proportionally to the amount of material it is scanning, but instead increases much more 

rapidly even for a relatively small amount of material.  This is because it is more likely 

that any secondary electrons that are generated in this material will escape the resist and 

return to the detector than when there is a large amount of material to interact with.  In 

the middle of the feature, more secondary electrons are generated, but must travel a large 

distance to escape the resist.  The SEM signal reaches a maximum at a location where 

there is a larger amount of material to interact with, but the distance the secondary 

electrons have to travel to escape the resist is short.  This is consistent with  the position 

of the average edge location in a rough sidewall.  As a result, when the threshold is set 

near the maximum, the edge defined from that threshold is closer to the actual edge 

position.  

Figure 4.7 also shows that the actual calculated value of CD is strongly dependent 

on the choice of threshold.  Significant amount of time and money is spent optimizing 

resist formulations and processing conditions to obtain the best performance.  Many of 

the performance metrics are measuring using a CD-SEM.  This figure shows the 

importance in carefully matching threshold or line definition functions when comparing 

two different features to ensure that only resist changes are observed, not merely changes 

in SEM bias. 

To compare the SEM determined LER to the actual roughness of the resist 

feature, the root-mean-square (RMS) roughness of the sidewall was used.  This RMS 

roughness should be equivalent to the sidewall roughness that would be measured using a 

tilted feature with an atomic force microscope (AFM) with an ultra-sharp tip.  The resist 
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simulated in Figure 4.6 has a left sidewall RMS roughness (1σ) of 4.19 nm and a right 

sidewall roughness (1σ) of 3.95 nm; this is consistent with the experimentally measured 

resist sidewall roughness of 4.5 nm by Goldfarb and coworkers.24  The error in the SEM 

measured LER for each side relative to the sidewall roughness is shown in Figure 4.8.  

The error increases at middle thresholds relative to lower and higher thresholds simply 

because the SEM line scans at these thresholds tend to be less noisy (Figure 4.6) which 

tends to cause a lower calculated LER.   

 

  

Figure 4.8 Error in SEM measured 3σ LER and LWR relative to the three-
dimensional 3σ RMS sidewall roughness as the threshold used to define 
the line edge is changed. 

 

 

The SEM measured LER tends to significantly under-predict the true RMS 

roughness of the feature, regardless of the threshold used.  The right LER (3σ) goes from 

5.36 nm at a threshold of 0, to 3.96 nm at a threshold of 0.5, and back up to a value of 
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4.88 nm at a threshold of 1; this is compared to the RMS sidewall roughness (3σ) of 11.9 

nm.  The error in the LER measured by SEM is so large that the 3σ LER is almost the 

same as the 1σ RMS roughness.  This is a large under-prediction of true sidewall 

roughness, but is consistent with the results of Li and coworkers3 which show 

approximately a 50 % error in LER relative to sidewall roughness for silicon lines.   

Several other resist features were generated, and the LER for those features as 

determined from the simulator still tended to be lower than the true sidewall roughness.  

Three features with RMS sidewall roughness (1σ) = 4.0 nm, but different spatial 

frequencies are shown in Figure 4.9.  The corresponding SEM line scans give an LER 

(1σ) of 2.1 nm for Figure 4.9(a), 2.6 nm for Figure 4.9(b), and 2.4 nm for Figure 4.9(c).  

The roughness on smoother features still tends to be under-predicted by SEM. 

 

 

  

Figure 4.9 Three different features with RMS sidewall roughness (1σ) = 4.0 nm, but 
different spatial frequencies. 

 

 

(a) (b) (c)
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It is currently unknown what effect the amplitude of the resist sidewall roughness 

has on device performance.  Nearly all studies examining the effect of roughness on 

device performance use LER and LWR determined from SEM as the primary metric for 

roughness.  Using LWR as a metric, it has been determined that LWR needs to remain 

below 8% of the CD to maintain device reliability and performance.1  Since these studies 

used LER as the metric, it is conceivable that this 8 % implicitly includes the fact that the 

sidewall roughness is actually greater than 8% of CD and the devices still perform well.  

However, as 3σ LWR must shrink below 2 nm for future generations of devices, the 8% 

rule may no longer be sufficient since the sidewall roughness is much greater than is 

expected. 

 

4.4  Conclusions 

 
A rigorous Monte Carlo simulation of scanning electron microscopy has been 

developed to probe the relationship between the roughness of a three-dimensional resist 

feature and the line edge roughness as measured by SEM.  The model appears to 

accurately reproduce both the full image and individual line scans of resist features from 

an experimental SEM.  The critical dimension of the resist determined from SEM best 

matches the true resist feature width when the line edge is defined using a high threshold 

because the roughness on the outer edge of the resist tends to cause an increase in SEM 

signal that is non-proportional to the amount of material on the outer edge of the feature.  

It was found that LER determined from the SEM is significantly smaller than the true 

resist feature sidewall roughness.  The measured LER is typically more than 50% smaller 

than the actual sidewall roughness. 
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CHAPTER 5 

STRUCTURE-PROPERTY RELATIONS FOR THE PREDICTION 

OF GLASS TRANSITION TEMPERATURE IN ORGANIC 

MOLECULAR GLASS MATERIALS 

 

Molecular glass resists have shown potential as replacements for polymeric resists 

in next generation lithography, especially extreme ultraviolet (EUV) lithography.  One of 

the main concerns about molecular resists is the glass transition temperatures (Tg) which 

have been shown to have a wide range of measured Tg’s from near room temperature to 

greater than 160 °C.  This potential for low Tg values and the current lack of ability to 

easily predict the Tg is a concern when designing new compounds because a molecular 

resist may be synthesized with a Tg value that is too low for the required processing 

conditions.  To enable rational molecular resist design and overcome these problems, 

three different structure-property relation models have been developed that allow for the 

prediction of the Tg of molecular resists based on their full chemical structure.  As the 

complexity of the model increases, its quantitative predictive ability tends to increase; 

however, simplifications of these models still yield good approximations of Tg.  The 

models also provide insight into which structural moieties tend to increase or decrease Tg.  

The model based on molecular descriptors was also developed to predict Tg for both 

molecular resists and molecular glasses for photo- and electro-active applications. 
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5.1 Introduction 

Molecular glasses are low molecular weight organic compounds that readily form 

stable amorphous glasses and show many properties associated with polymers including 

exhibition of a glass transition temperature.1  Molecular glass photoresists, which are also 

referred to as molecular resists, have received much attention as potential replacements 

for polymers in photoresists due to several potential advantages.  They were originally 

introduced because it was thought that the effective reduction in resist molecule pixel size 

would improve line edge roughness (LER).2-4  Their small molecule nature also provides 

additional advantages such as the fact that their synthesis and purification can be 

precisely controlled to create mono-disperse resists with well-defined structure and 

properties.  This precise molecular synthesis control is in contrast with polymeric resists 

which generally have polydispersity in molecular weight, chain composition, and 

monomer order along the chain.  This variation in polymer structure leads to 

physiochemical inhomogeneities in the polymeric resist which translate into variations in 

the dissolution behavior and imaging performance in the resist.  The working hypothesis 

that motivates much of this work is that reducing such compositional inhomogeneities 

will lead to optimal lithographic performance in resist materials.  This concept has been 

validated to some degree since reduction in the inhomogeneity and polydispersity in 

molecular resists has already been shown to improve LER.5-7  A yet untapped, but 

potentially very important, property of molecular resists is that the well defined 

molecular structure of molecular resists offers the potential ability to develop accurate 

predictive structure-property models for a variety of important lithographic properties, 

such as glass transition temperature (Tg) and development rate.  Many such predictive 
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models for organic compounds have already been developed for non-lithographic 

properties such as boiling point8,9, vapor pressure10,11, critical temperature and pressure12, 

flash point13, and a number of other parameters.14  The primary goal of the work 

presented here was to develop such a predictive model for the glass transition 

temperature of molecular resists that could be used to guide their rational design with Tg 

values in desired ranges.  This approach was also extended to predict Tg values for 

molecular glasses with applications in electronic and optoelectronic devices.1 

Despite the advantages of molecular resists, the concept of using molecular resists 

for high volume manufacturing as replacements for polymeric resists has met some 

resistance.  One commonly cited issue that has led to this resistance is the concern about 

their Tg’s being lower than that of the polymers conventionally used as photoresists.  It is 

desired that the post apply bake (PAB) temperature of a photoresist be slightly above its 

Tg in order to allow the removal of a large amount of the residual casting solvent and to 

thus minimize the free volume in the film15.  It is also desirable for the post exposure 

bake (PEB) temperature be below or only slightly above its Tg to reduce photoacid 

diffusion during the PEB.16  For most of the polymer resists used in manufacturing,  Tg is 

in the range of 110-150°C.  This relatively high Tg was particularly important in early 

chemically amplified resists that required PEB temperatures above approximately 110 °C 

to catalyze the deprotection reaction responsible for the solubility switch in the materials.  

Many early reported molecular resists exhibited Tg values below 100°C.17  This could be 

an important issue if the Tg in the molecular resist is so low that the temperatures required 

for efficient deprotection reactions (i.e. in positive tone systems) or cross-linking 

reactions (i.e. negative tone systems) would require that the PEB be significantly above 



 132

the film Tg.  Baking too far above the resist Tg has a strong and generally negative effect 

on many lithographic properties including resolution and line edge roughness due to the 

fact that diffusion in the film (e.g. photoacid diffusion) is greatly enhanced as the film 

temperature increases above the film Tg.18,19  Higher diffusion of photoacid in the resist 

leads to pattern blur and ultimately limits the absolute resolution of the resist.  It is 

therefore important to be able to tailor the Tg of a resist material into a range sufficiently 

high to allow for effective deprotection or cross-linking while preventing diffusion-

induced performance degradation.   

As mentioned earlier, since molecular resists generally have a well defined 

structure, they are well suited for the development of structure-property relation models. 

In an effort to better understand the glass transition behavior in these materials and to 

provide a predictive model to improve future resist design, several different quantitative 

structure-property relation models that allow for Tg  prediction based on chemical 

structure have been developed in this work.  These models work well across different 

levels of protection, structure moieties, molecular sizes, and types of protecting groups.  

One of the models has also been extended to work well in molecular glasses with 

applications in electronic and optoelectronic devices.  

Since there is such a wide variety of molecular resist and molecular glass 

structures in literature, they have been classified into several different classes/families.  

Compounds are separated into families based on common structural characteristics and 

synthetic methods.  Some of the families are polyphenols, arylbenzenes, calixarenes, 

steroids and cholates, spiro compounds, dendrimers, and triarylamines.  Figure 5.1 

contains typical structures of some of the families of compounds.  Polyphenols are 
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generally synthesized by acid catalyzed condensation of phenols with ketones, aldehydes, 

and tertiary alcohols and usually have a tri-aryl carbon on which two of the aryl groups 

are phenols.  In these cases, the tri-aryl carbon is generally formed by the condensation of 

two phenols on an aryl ketone.20-22 Arylbenzenes are made primarily through Suzuki 

coupling reactions and have biphenyl type bonds linking all the aryl rings.23 Calixarenes 

are cyclic compounds that are synthesized primarily through acid or base catalyzed 

condensation of phenols, resorcinol, pyrogallol, etc. with aldehydes and result in a cyclic 

compound.24,25 Steroids and cholates are usually derived from natural products and 

contain a four ring carbon skeleton fashion.26,27 Spiro compounds are characterized 

primarily based on the spiroatom that connects the molecule together.28 The dendrimer 

class includes all dendrimers that are used as resists.29  Triarylamines are used primarily 

for photo- and electro-active applications and are characterized by three aromatic rings 

attached to the same nitrogen.1  While these are not the only classes of compounds that 

have been used as resists, they constitute the vast majority of the designs and structures 

reported to date.  Most of the work in this chapter has been applied only for molecular 

resists of the polyphenol family of compounds with tert-butoxycarbonyloxy (tBoc) 

protecting groups and acetal type protecting groups.  This family constitutes a large 

portion of the molecular glass resists reported in literature by itself.  The molecular resists 

studied are shown in Figure 5.2 and listed in Table 5.1.  The last model discussed is also 

applied for triarylamines that are used in photo- and electro-active applications.  These 

compounds are shown in Figure 5.3 and listed in Table 5.2.   
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Figure 5.3 Literature organic molecular glasses used in this study. 
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Table 5.1  Literature molecular resists used in this study.  Compounds 1-43 are 
unprotected and tBoc protected.  Compounds 44-57 are unprotected and 
acetal protected.   
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Table 5.2 Literature organic molecular glasses used in this study. 
 

No. Name MW
Expt. Tg 

(°C)

1 TDATA 711.75 89
2 m-MTDATA 789.02 75
3 TCB 573.68 126
4 o-MTDATz 624.78 55
5 p-MTDAB 621.81 55
6 p-FTDAB 633.7 54
7 p-ClTDAB 683.07 64
8 p-BrTDAB 816.42 72
9 p-DPA-TDAB 1081.35 107

10 MTBDAB 1667.13 134
11 a-TPTAB 597.81 38
12 b-TPTAB 597.81 46
13 TCTA 740.89 150
14 TDAPB 808.02 121
15 p-MTDAPB 850.1 110
16 TCPB 801.97 172  

 
 

 

5.2  Model Descriptions 

5.2.1 Henry’s Law Model  Description 

 
The Henry’s Law constant was calculated for compounds using the United States 

Environmental Protection Agency (US EPA) Estimation Programs Interface Suite (EPI 

Suite).30  The compound is converted to a SMILES string and inserted into the program 

which uses the HenryWin subprogram to calculate the Henry’s Law constant in the form 

of LWAPC (Log Water-to-Air Partition Coefficient), i.e. the logarithm of the reciprocal 

of the ratio of the concentration of a compound in the gas-phase to the concentration of 

the compound in a dilute aqueous solution at equilibrium.  HenryWin uses a bond 

contribution model to estimate the Henry's Law Constant of organic compounds at 25 °C 
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using the methodology originally described by Hine and Mookerjee31 and later updated 

and expanded by Meylan and Howard.32   

 

5.2.2 Bond Contribution Model Description 

 
This model is based on chemical bond additivity.  Only the molecular resists 

shown in Figure 5.2 and Table 5.1 were studied in this model.  Full molecular structures 

were drawn and then the compound was reduced to each of its constituent bonds.  

Toluene (C6H5CH3) can be used as an example to demonstrate this method.  It contains 

three H-C bonds (hydrogen - aliphatic carbon), one C-Car bond (aliphatic carbon – 

aromatic carbon), six Car-Car bond (aromatic carbon – aromatic carbon), and five H-Car 

bonds (hydrogen - aromatic carbon).  This was done for all the compounds studied, and 

the bond parameters were tabulated along with the experimental glass transition 

temperatures of these materials.  The glass transition temperatures of the compounds 

were then regressed using Equation (5.1) with a least squares method; where a, b, c, etc. 

are fitted coefficients that are the same for all compounds and NH-C, NH-Car, NH-O, etc. are 

the number of each respective bond type for each specific molecule. Once the regression 

was completed on a training set of compounds, the resulting model could then be used to 

estimate the glass transition temperature for any new molecular glass.  

 

 +++++= −−−−− CarCCCOHCarHCH eNdNcNbNaNTg  (5.1) 
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Based on the molecular resists used for generating the model, all the compounds 

could essentially be broken down into eleven bond types with one correction factor 

needed for acetal type protecting groups.  The correction factor was added because it 

provided a much better fit for compounds with acetal type protecting groups.  This 

correction will be discussed more fully later.  This correction factor simply accounts for 

the total number of acetal groups on a molecule.  The full list of bonds used in the model 

is shown in Table 5.3.  

 

Table 5.3  Listing and description of bond types used in full Tg structure-property 
model for molecular resists. 

 

 

 

The full set of bonds shown in Table 5.3 was created to completely describe the 

compounds.  Since all the compounds modeled were of a similar type, certain bonds 

types were redundant.  In the compounds studied, the H-O bonds were in fact all Car-OH 

because all the OH groups in these molecules were phenols.  As a result, only the Car-OH 

parameter was used and the coefficient for the H-O parameter was set to zero for all 

model fits.   
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While many different types of molecular representation strategies, e.g. fragment 

or group representations, could be used to develop the desired structure-property models, 

a bond model approach was chosen because a bond description can provide full 

characterization of a wide variety of different compounds with a relatively small number 

of parameters as compared to other methods such as group additivity.  Bonds are also one 

of the simplest components of a molecule and can be more easily determined and 

tabulated than some fragment or group based methods.  Additionally, bond additivity has 

been shown to be effective in predicting many other important molecular properties such 

as heat capacity.33  

 

5.2.3 Molecular Descriptor Model Description 

 
Rather than using a model based on the specific bonds that a molecule has, the 

molecular descriptor model is based on more generic groups/descriptors such as number 

of single bonds, van der Waals volume, molecular weight, etc.  The descriptors were 

determined for each molecule using the QuaSAR-Descriptor in MOE (Molecular 

Operating Environment).34  The molecule was built or imported into MOE, the three-

dimensional structure was energy minimized using the MMRR94x forcefield, and several 

molecular descriptors were calculated.  The different descriptors used were molecular 

weight, van der Waals volume, van der Waals surface area, molecular refractivity, 

number of rotatable bonds, fraction of rotatable bonds, number of bonds between heavy 

(non-hydrogen) atoms, number of single bonds, number of double bonds, number of 

triple bonds, number of bonds including hydrogen atoms, number of aromatic bonds, 

number of rotatable single bonds, number of rings, number of OH and NH bonds, Kier 
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molecular flexibility index,35 van der Waals component of the potential energy, van der 

Waals volume (calculated by a different method), and radius of gyration (of the three-

dimensional minimal energy configuration).  Principal components analysis was also 

done using the built-in functions in MOE. 

 

5.3  Results and Discussion  

5.3.1 Henry’s Law Model  Results and Discussion 

 
In an initial attempt to find any properties with which the Tg of molecular resists 

scaled, multiple molecular structures were entered into ChemBioDraw Ultra 11.0 

(Cambridgesoft) and the ChemProp plug-in was used to estimate multiple properties of a 

compound such as boiling point, melting point, critical temperature, etc.  All of the 

properties were tabulated for several compounds and plotted versus Tg to determine if 

any easily calculated properties scale with Tg.  The only property with any quantitative 

relation to Tg was the Henry’s Law constant in the form of LWAPC (Log Water-to-Air 

Partition Coefficient).  This was surprising because Henry’s Law has no physical relation 

to the glass transition; regardless, it appeared to give a reasonable fit.  Once it was 

determined that LWAPC provided a reasonable predictor for Tg, the full set of 

compounds was fit.  Figure 5.4 shows the relationship between experimental Tg values 

and LWAPC; Figure 5.4(a) shows the results for unprotected and tBoc protected 

molecular resists (Compounds 1-43 in Table 5.1); and  Figure 5.4(b) shows the 

comparison for all molecular resists in Table 5.1 including the acetal protected 

compounds.  Although the predictive power of the Henry’s Law constant is not perfect as 
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judged by the R2 value, it does a reasonable job giving an initial guess for Tg when 

designing a molecular resist.  Comparing Figure 5.4(a) and Figure 5.4(b), the correlation 

is even less when using acetal protected molecular resists; this is likely due to the 

increased flexibility of the acetal groups compared to tBoc groups. 
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Figure 5.4 Comparison between the experimental Tg values and the Henry’s Law 
constant (LWAPC); (a) Unprotected and tBoc protected molecular resists 
(Compounds 1-43 in Table 5.1); (b) All molecular resists in Table 5.1.  

 
 

 

To validate the applicability of the Henry’s Law Model, the Tg of a different 

molecular resist was predicted and compared to the experimental value.  Figure 5.5 

shows the structure of NBB, a single component molecular resist which is referred to in 

the chapter titled “Single Component Molecular Resists.”  The LWAPC value for NBB is 

15.032.  Using the correlation in Figure 5.4(a) for tBoc protected molecular resists, the 

predicted Tg for NBB is 84.1 °C which is very close to the experimental value of 82 °C.  

The convenience of using the Henry’s Law correlation is that LWAPC can easily be 
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calculated for any arbitrary molecule since the Henry’s Law descriptors have already 

been calculated.  

 

  

Figure 5.5 Chemical structure of NBB, a single component molecular resist. 
 

 

5.3.2 Bond Contribution Model Results and Discussion 

 
Although the Henry’s Law correlation worked reasonably well, it was desired to 

have a model that provided a better prediction of the glass transition temperature of a 

wide variety of these molecular resists.  Additionally, a structure/property model that fits 

a wide variety of compounds could shed insight onto the fundamental properties that 

increase or decrease glass transition temperature in these molecular glass materials.  

Examining the method by which Henry’s Law constants (LWAPC) were estimated 

revealed that they were calculated using a bond contribution model; as a result, a bond 

contribution model was developed that would directly predict Tg rather than LWAPC.  

Since the coefficients for such a model would be optimized to predict Tg rather than 

LWAPC, it would likely provide better predictive capability. 
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Before modeling the compounds, they were broken down into different classes of 

compounds based on their type and number of protecting groups.  Unprotected 

compounds are the molecular resists with no protecting groups, partially protected 

compounds are those with only some of their phenol units protected with protecting 

groups.  This level of protection is expected to play an important role in determining the 

Tg of the compound since it affects the ability of the compound to form hydrogen bonds 

(e.g. fully protected compounds have all their phenol groups protected and thus are 

expected to lack significant hydrogen bonding effects). While most of the molecular 

resists in literature have tBoc protecting groups, there are also some reported with acetal 

type protecting groups with the most common form being 1-ethyl-1-ethoxy ethers made 

from ethyl vinyl ether. 

Table 5.4 lists the best fit coefficients for the full bond contribution model for all 

unprotected, partially, and fully tBoc protected compounds, along with the coefficients 

for all the acetal type protecting groups.  The coefficient of determination (R2) and the 

average error (σ) between the experimental and predicted Tg values are also listed in 

Table 5.4.  Since there are significantly fewer compounds in literature with acetal type 

protecting groups, they were not broken down into partially and fully protected 

compounds.  No acetal correction term was included in the acetal class because all the 

contributions of the Car-O and C-O bonds came from acetal groups and so the acetal 

correction factor is redundant in this class.  Comparing the R2 values for the four different 

classes of compounds, the model does a good job of correlating the Tg of the various 

compounds in all cases.  The partial tBoc protected and acetal protected compounds are 

especially well-predicted by the model with R2 values of 0.93 or greater and an average 
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error of 7.05 °C or less.  However, these compounds have more parameters than the 

unprotected and fully tBoc protected compounds and so these extra degrees of freedom 

could also be partially responsible for the better quality of the model fits.  Visual 

comparison of the predicted and experimental results are shown in Figure 5.6 for each 

individual set of coefficients. 

 

Table 5.4 Best fit coefficients for the full bond contribution model for unprotected, 
partially and fully tBoc protected polyphenol compounds and compounds 
with acetal protecting groups. 
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Figure 5.6 Comparison between the predicted and experimental Tg values for each 
individual group using different coefficient fits for each group shown in 
Table 5.4. 

 
 
 

Comparing the values for the various parameters across different classes in Table 

5.4, some interesting trends appear.  For all compounds, the Car-OH parameter shows a 

strong influence on increasing Tg in all compounds.  This is expected due to the strength 

of hydrogen bonding and the influence such hydrogen bonding can have on molecular 

motion.  In the unprotected compounds, Car-OH bonds show the strongest effect on 

increasing Tg, while the C-C bond has the strongest effect on decreasing Tg due to the 

flexibility of this type of bond.  In unprotected and partially tBoc protected compounds, 

the Car-Car biphenyl bond has a negative effect on Tg, while in the fully protected 

compounds, it acts to increase Tg.  This is unexpected given the relative stiffness of a 

biphenyl bond, but this stiffness may act to hinder molecular movement enough to reduce 

the effect of hydrogen bonding in unprotected and partially compounds.  This hindrance 
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of molecular movement may acts to increase the Tg in fully protected compounds because 

it reduces molecular movement and can no longer have a negative effect since there are 

no longer OH groups to form hydrogen bonds.  Across all compounds, protecting the 

phenols acts to decrease Tg by reducing the hydrogen bonding.  This is indicated by the 

positive value for Car-OH bonds and increased flexibility at the point where the 

protecting group attaches to the molecule as indicated by the Car-O bond parameter. 

While the model may work well for each individual class of compounds, it is 

more useful if it can predict Tg across all of the classes of polyphenols.  Table 5.5 shows 

the full bond contribution model fit for all the molecular resist compounds in this study, 

along with a simplified model that will be discussed later.  A comparison between the 

predicted and experimental Tg values is seen in Figure 5.7.  The model works well across 

all compounds with an R2 value of 0.84 and an average error of 12.0 °C.  The coefficients 

produced from the fit of the model across all compounds provide insight into the major 

factors that affect Tg behavior in these materials.  The two dominant factors in increasing 

Tg are Car-OH bonds and Car-Car bonds.  Increasing the number of Car-OH bonds 

increases Tg due to increased hydrogen bonding. Car-Car bonds are present in the 

aromatic rings which are stiff relative to many other bonds and thus increase Tg.  The 

same argument applies to Car-Car biphenyl bonds which show a relatively large positive 

coefficient.  The major factors in decreasing Tg are all associated with addition of 

protecting groups to the molecules, with the important C=O-O, Car-O, and C-O bonds 

being found in the tBoc groups.  Introducing the more flexible esters and ether linkages 

into the molecules acts to decrease the Tg.  The acetal correction factor has a large 

negative value indicating that there is a large penalty to Tg associated with the 
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introduction of acetal protecting groups.  This is likely due to the highly flexible nature of 

the acetal bond.  

 

Table 5.5 Best fit coefficients for the full bond contribution model and simplified 
model for all compounds. 
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Figure 5.7 Comparison between the predicted and experimental Tg values the full 
bond contribution model. 

 
 
 

Despite the fact that reasonably good fits could be obtained for all the compounds 

using the full bond model, the fundamental factors affecting Tg are better found by 

carrying out a principal component analysis of the parameters in the model.  While a 

principal component analysis can be carried out through many different methods,36 the 

principal component analysis in this case was done by setting one coefficient at a time to 

zero, performing a non-linear least squares regression on the model without this 

parameter, and comparing the R2 value for the model with and without this parameter.  In 

this manner, one parameter at a time was removed from the model until the minimum 

number of parameters required to obtain a good fit was obtained.  It was found that all the 

polyphenol molecular resist compounds studied in this work could be fit well using only 

three parameters: Car-OH, Car-Car, and the Acetal correction factor.  The full and 
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simplified model parameters along with the R2 values and standard deviations between 

predicted and experimental Tg are listed in Table 5.5.  The reduced model still gives a 

very good fit for all compounds with only a slightly smaller R2 value of 0.81 and a 

slightly larger standard deviation of 13.1 °C than the full bond model.  

Since all the Car-Car bonds in these compounds are found only in the aromatic 

rings (ArRings), the best fit simplified model can be succinctly written, as in Equation 

(5.2).  Since there are six Car-Car bonds in a ring, the ArRings coefficient is the Car-Car 

coefficient from the simplified model multiplied by six.  Equation (5.2) provides insight 

into the Tg behavior of these systems.  This simplified model works well for the 

molecular resist compounds because they all are polyphenols and have very similar 

structural elements.  The aromatic ring parameter implies that when the number of 

aromatic rings in a molecule is increased, more concerted motion is required to cross the 

glass transition.  Since the rings are relatively stiff compared to other bonds, increasing 

the number of aromatic rings increases the Tg.  While increasing the number of aromatic 

rings acts to increase the molecular weight, the ring factor is more than just a molecular 

weight effect.  If a different model based on molecular weight, Car-OH bonds, and acetal 

groups is used instead of the current model, a significantly worse fit to the experimental 

data is obtained .  As described before, the effect of Car-OH groups is to increase the Tg 

of the material by increased hydrogen bonding between molecules, and acetal groups act 

to decrease the Tg by increasing the flexibility of the molecule.  

 

 AcetalArRingsg NNNT 55.1150.1214.7 OH-Car −+=  (5.2) 
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While the addition of tBoc protecting groups acts to decrease the Tg by reducing 

the number of Car-OH groups, no additional factor for tBoc groups is required in the 

simplified model.  The larger coefficient for the Car-OH parameter compared to the full 

bond model accounts for the Tg penalty of tBoc protection.  This is not the case for acetal 

protecting groups.  An additional penalty beyond loss of Car-OH bonds must be added to 

the model through the acetal correction factor to properly reflect the influence of acetal 

group addition on Tg.  If no acetal factor is included in the simplified model, the R2 value 

is reduced to 0.62 and the average error increases to 18.6 °C.   

 

5.3.3 Molecular Descriptor Model Results and Discussion 

 
While the bond contribution model provided good fits for the polyphenol 

molecular resists shown in Figure 5.2, extension of the model to new molecular resists 

with different structural moieties or organic molecular glasses designed for electronic and 

optoelectronic applications would require re-characterization of the model and 

introduction of new bond parameters.  For every new bond parameter put into the model, 

the Tg for a set of molecular glasses with that bond must be measured and the coefficient 

for that bond in the model must be fit.  This limits the application of this model to 

compounds for which the bond parameters have been characterized.   

An alternative to specific bond descriptors would be more general descriptors 

such as number of single bonds, number of aromatic bonds, etc.  A number of different 

software packages can provide these types of descriptors, and MOE was used to provide 

these parameters for this study.  A full list of the descriptors that were used is listed in the 

model description above. 
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Although the original intention was to use these descriptors to directly calculate 

Tg similarly to the method shown in Equation (5.1), initial studies indicated that a better 

fit could be obtained by adding a slope and intercept to the summation of the descriptors 

multiplied by their coefficients.  This is shown in Equation (5.3).  Z1 is the slope; Z2 is 

the intercept; a, b, c, etc. are the fitted coefficients; and ndouble, frotate, rgyr, etc. are the 

descriptors.  If Z1 equals one and Z2 equals zero, this model is identical to the bond 

contribution model except that it uses more general descriptors instead of specific bonds 

as the independent variables.  By including and fitting Z1 and Z2 along with the 

coefficients for each descriptor, the overall accuracy of the model is improved. 

 

 ( ) 21 ZndrcfbnaZT OHgyrrotatedoubleg ++⋅+⋅+⋅+⋅=  (5.3) 

 

As an initial test to validate the molecular descriptor method, the full collection of 

molecular resists shown in Table 5.1 was used and a model built to predict Tg.  When all 

nineteen descriptors were used to fit the molecular resists including the unprotected, tBoc 

protected, and acetal protected compounds, the fit was better than the fit obtained by the 

bond contribution model, with an R2 value of 0.86 and an average error of 9.5 °C 

compared to the R2 of 0.84 and average error of 12.0 °C for the bond contribution model.  

While this result might be expected since the molecular descriptor model uses 21 

adjustable parameters (coefficients on 19 descriptors as well as Z1 and Z2), it confirms 

that this approach can provide good quantitative predictions of Tg.  

Although using all 19 descriptors provides a model with good predictions of Tg, it 

is more desirable to use the simplest model possible; fortunately, MOE has a built-in 
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method for doing principal component analysis.  While the principal component analysis 

from MOE does not directly indicate which parameters can be ignored, the output 

provides an indication of which parameters are the most important.  Using this data, the 

molecular descriptor model was reduced to four main descriptors: number of double 

bonds, fraction of rotatable bonds (out of the total non-hydrogen bonds), radius of 

gyration, and number of OH groups.  The model obtained from fitting the coefficients on 

these four descriptor plus Z1 and Z2 shows an R2 value of 0.82 and an average error of 

10.7 °C; eliminating any one of these descriptors reduces the best fit R2 to, at most, 0.70 

and increases the average error to 13 °C and above.  Figure 5.8 shows the comparison of 

the predicted Tg of this model compared to the experimental Tg. 
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Figure 5.8 Comparison between the experimental values and molecular descriptor 
model predicted values of Tg for molecular resists listed in Table 5.1. 
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 The best fit coefficients for the four descriptor model of molecular resists are 

shown in Table 5.6 in the column titled Molecular Resists; the other two columns will be 

discussed later.  As in the bond contribution model, the coefficients provide insight into 

the most important factors controlling Tg.  Since the number of double bonds does not 

include aromatic bonds, this term considers only standard double bonds but also includes 

the carbonyl on tBoc groups.  A double bond has higher reduced rotation relative to a 

single bond and likely acts to hinder molecular movement, increasing Tg and resulting in 

a positive coefficient.  When comparing descriptors, the use of the fraction of rotatable 

bonds (as shown in Table 5.6), rather than the absolute number of rotatable bonds 

improved the fit.  The fraction of rotatable bonds provides a general descriptor of the 

overall flexibility of the molecule.  As expected, the Tg goes down when the flexibility 

increases as indicated by the negative coefficient for the parameter; the coefficient has a 

value that is an order of magnitude larger than the other three parameters because the 

value of this parameter ranges from 0-1, while the values of the other three parameters 

range from 0-10.  The radius of gyration (conventionally Rg, but referred to as rgyr in 

MOE) scales as expected: when rgyr increases, Tg increases.  The power of this parameter 

is seen when comparing CR-5 and CR-10 as shown in Figure 5.9.  For the unprotected 

compounds, CR-5 has a larger Tg (125 °C) and rgyr (6.3 Å), while CR-10 has a smaller Tg 

(117 °C) and rgyr (5.8 Å) but all other descriptors are approximately equal.  For the 

partially protected (2 protecting groups), the Tg of CR-5 is within one degree of CR-10 

(80 °C vs. 81 °C), and they have approximately the same rgyr (6.69 Å vs. 6.66 Å).  Just as 

in the bond contribution model, the increasing the number of OH groups increases Tg 

because of the increase in hydrogen bonding.  In the bond contribution model, there was 



 156

a loss in Tg due to loss of OH groups from tBoc protection but there was also an 

additional penalty to Tg due to acetal protection because acetal groups are more flexible 

than tBoc groups.  In the molecular descriptor model, there are no unique descriptors for 

acetal groups, but the double bond descriptor tends to be dominated by the carbonyl in 

the tBoc group.  As a result, the OH penalty is greater in the molecular descriptor model 

(as judged by the coefficient) to account for loss due to acetal protection, but the double 

bond descriptor can positively correct for tBoc vs. acetal protection.  

 

Table 5.6 Best fit coefficients for the molecular descriptor model as described in 
Equation (5.3).  The column Molecular Resists refers to the compounds 
Table 5.1, Molecular Glasses refers to compounds in Table 5.2, and the 
column labeled All refers to all compounds in both Table 5.1 and Table 
5.2. 

 

Group of Molecules

Descriptor All
Molecular 

Resists
Molecular 

Glasses
n double bonds 20.2 32.8
f rotatable bonds -804.3 -767.4 -617.0

rgyr 21.1 17.9 26.8
n OH groups 13.2 29.5

Z1 0.60 0.45 1.00
Z2 76.7 58.8 25.4

Statistics
R2 0.76 0.82 0.95
σ 11.9 10.7 6.9
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Figure 5.9 Chemical structures of CR-5 and CR-10.  For the unprotected compounds, 
CR-5 has a larger Tg

 and rgyr, while CR-10 has a smaller Tg and rgyr but all 
other descriptors are approximately equal.  For the partially protected (2 
protecting groups), the Tg of CR-5 is within one degree of CR-10, and 
they have approximately the same rgyr. 

 

 

Once the molecular descriptor model was confirmed to work for molecular resists, 

it was used to fit to the organic electronic molecular glasses listed in Table 5.2.  The 

results of the best fit model are shown in Figure 5.10.Descriptor coefficients are shown in 

Table 5.6 in the column labeled Molecular Glasses.  The model obtained from fitting the 

coefficients on these descriptors and Z2 shows an R2 value of 0.94 and an average error of 

6.9 °C.  These compounds have no double bonds or OH groups, so the only descriptors 

used were the fraction of rotatable bonds and the radius of gyration; additionally, the Z1 

parameter was one because its inclusion did not improve the fit.  Although all of these 

compounds share similar structural characteristics, these two parameters describe the 

differences between compounds well, even when the differences are small.  TDATA and 

TCTA, shown in Figure 5.11, are structurally similar, differing by only three bonds, but 

have vastly different Tg values.  However, the fraction of rotatable bonds is sufficiently 

different (0.18 vs. 0.09) that the Tg of each compound is predicted within 1.5 °C.  

Likewise, p-MTDAB, p-FTDAB, p-ClTDAB, and p-BrTDAB, (also shown in Figure 

5.11) are very similar and only differ by three atoms per molecule.  As heavier atoms are 

substituted, the radius of gyration increases as does the Tg.  
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Figure 5.10 Comparison between the experimental values and molecular descriptor 
model predicted values of Tg for organic molecular glasses listed in Table 
5.2.  

 

 

  

Figure 5.11 Chemical structures of organic electronic molecular glasses.  The fraction 
of rotatable bonds describes the differences in Tg for TDATA and TCTA.  
The differences in rgyr of p-MTDAB, p-FTDAB, p-ClTDAB, and p-
BrTDAB correlates with their differences in Tg. 

 

 

Although the molecular descriptor model does a good job at predicting Tg for 

molecular resists and organic molecular glasses as individual groups, it would be 

preferable to have a single model that can predict Tg for any arbitrary molecular glass, 
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whether for photoresists or organic electronic applications.  Therefore, the model 

coefficients were fit for all compounds in both Table 5.1 and Table 5.2.  Results are 

shown in Figure 5.12, and the descriptor coefficients are shown in Table 5.6 in the 

column labeled All.  As expected, the model coefficients are very similar to the other two 

models, both in sign and magnitude; however, the R2 is lower (0.76) and the average 

error is higher (11.9 °C) when all compounds are combined in one model.   
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Figure 5.12 Comparison between the experimental values and molecular descriptor 
model predicted values of Tg for both molecular resists and organic 
molecular glasses listed in Table 5.1 and Table 5.2, respectively.  

 

 

When all nineteen descriptors were used to fit both molecular resists and organic 

molecular glasses, the fit was improved to an R2 value of 0.88 with an average error of 

8.8 °C (Table 5.7).  When using all 19 descriptors, it is hard to precisely ascribe a 

physical meaning to the coefficients because of how they are interrelated; e.g. the number 
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of rotatable bond (b_rotN) is positive, but the fraction of rotatable bond (b_rotR) is 

negative.  Improvement to the four descriptor model can be made simply by adding a 

fifth descriptor, the number of aromatic bonds.  The five descriptor model, also shown in 

Table 5.7, improves the R2 to 0.81 with an average error of 10.9 °C compared to the four 

descriptor model described previously.  Adding any one additional descriptor, i.e. a six 

descriptor model, only marginally increased the R2 by 0.01.  The five descriptor model 

still provides reasonably good estimations of Tg; using this model, NBB (Figure 5.5) is 

predicted to have a Tg of 81.7 °C which is very close to the experimental value of 82 °C. 
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Table 5.7 Best fit coefficients for the molecular descriptor model using different 
numbers of parameters for all molecular glass compound listed in both 
Table 5.1 and Table 5.2. 

 

Descriptor 19 5 4
Weight -0.04
b_1rotN -20.32

b_ar 27.57 1.46
b_count -21.55

b_double -12.54 26.22 20.20
b_heavy -18.19
b_rotN 38.56
b_rotR -755.13 -767.90 -804.30

b_single 17.78
b_triple -41.15
KierFlex 46.29

mr -147.89
rgyr 20.90 10.87 21.10
rings 77.07

vdw_area 0.19
vdw_vol 4.42

vol -2.09
E_vdw -0.17
lip_don 36.49 19.10 13.20

Z1 0.48 0.51 0.60
Z2 64.93 69.10 76.70

Statistics
R2 0.88 0.81 0.76
σ 8.8 10.9 11.9

Number of Desciptors in Model

 

 

 

The main reason that incorporating the number of aromatic bonds tends to 

improve the fit for the five descriptor model compared to the four descriptor model is that 

the organic molecular glasses in Table 5.2 tend to have more aromatic bonds than the 

molecular resists in Table 5.1, and the molecular resists tend to have a slightly larger 
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radius of gyration.  Modulating these two parameters can correct for the errors associated 

with fitting two very different classes of compounds with a single model.  Although it 

would be preferable to use only a single model to predict Tg for all molecular glasses, it is 

likely different models should be used for each different class/type of molecular glass.  

While the actual mechanism of the glass transition in these molecular glasses is not as 

well understood as in polymers, it is likely that each different class has a slightly different 

change in molecular motion as it crosses the glass transition. This means that changing 

structural moieties in one class might have a smaller or larger effect than it would in 

another class. 

   Figure 5.13 shows the comparison between the predicted and experimental Tg 

for polyphenols from Table 5.1 and the triarylamines in Table 5.2 using the four 

descriptor model (Figure 5.13(a)) and five descriptor model (Figure 5.13(b)) with 

different linear fits to each group.  In both cases, there are two groups; the five descriptor 

model has a better overall correlation because the additional parameters tend to shift the 

triarylamine molecular glasses down to a similar line as the molecular resists.  There are 

still two different groups of compounds. 
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Figure 5.13 Comparison between the predicted and experimental Tg values using the 
molecular descriptor model.  Blue diamonds are molecular resists listed in 
Table 5.1 and red squares with the dotted line are organic molecular 
glasses from Table 5.2.  (a) Four descriptor model. (b) Five descriptor 
model.  

 
 
 
 

5.4  Conclusions 

 
Three different models have been developed for the prediction of glass transition 

temperature (Tg) in molecular glasses.  A model based on a correlation with the estimated 

Henry’s Law constant provided a reasonable estimation for a variety of tBoc protected 

molecular resists, but was less effective for molecules with flexible groups such as acetal 

protecting groups.  A bond contribution model was developed that does a good job of 

predicting Tg of molecular resists with an R2 of 0.84 compared to experimental Tg values 

and an average error of 12°C.  The model was also simplified to a three parameter model 

that predicted the Tg of molecular glass resists nearly as well as the full bond model.  This 

was because increasing the number of OH groups and aromatic rings tends to increase Tg 

and increasing the number of flexible acetal protecting groups decreases Tg.  A more 
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general model based on molecular descriptors was also developed to predict Tg for both 

molecular resists and molecular glasses for photo- and electro-active applications.  A 

model based on four descriptors, number of double bonds, fraction of rotatable bonds 

(out of the total non-hydrogen bonds), radius of gyration, and number of OH groups, does 

a good job of predicting Tg for molecular resists and organic molecular glasses 

individually.  However it is less effective when both groups of compounds are included 

in the same model.  Although changing certain structural characteristics such as radius of 

gyration or number of OH groups tends to produce similar results from one class of 

molecular glasses to the other, the magnitude of the change appears to be different 

depending on the family. 
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CHAPTER 6 

DISSOLUTION BEHAVIOR OF MOLECULAR RESISTS – LOG D 

AS AN A PRIORI PREDICTOR FOR SOLUBILITY 

 

Molecular resists offer an attractive option for potentially producing superior 

photoresists for high resolution patterning, but a more fundamental understanding of their 

properties is needed to accelerate the design and formulation of such materials so that 

they can compete with and potentially exceed the capabilities of the more mature resist 

platforms currently in use that are based on polymers.  One way of rapidly increasing the 

understanding of these compounds is to develop structure-property relations that can 

accurately predict important resist properties.  In this work, a model has been developed 

that can predict molecular resist solubility in developer using well-established algorithms 

for the calculation of log D and log P.  The log D values were calculated for eighty-one 

compounds, including a large sampling of compounds from the literature and an 

additional set of compounds synthesized and characterized by the author.  Comparing the 

solubility of all compounds, there is a threshold for log D values between two and three 

where molecular resists transition from soluble to insoluble in 0.26 N developer.  

Compounds with log D below the threshold are soluble, and compounds with log D 

above the threshold are insoluble.  The log D model provides important insight and 

prediction of the effect of a number of different structural changes, including predicting 

the number of protecting groups required to render a molecular resist insoluble, design 

requirements to allow a resist to pattern with the removal of a single protecting group, 

and advanced multi-functional resist designs that maintain the desired solubility 
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properties.  This model can greatly increase the rate of successful molecular resist design 

and decrease the number of synthesized compounds that fail to pattern properly.  

 

6.1 Introduction 

 
In recent years, there has been a growing interest in the use of small molecules as 

photoresist materials, often referred to as molecular glass resists or simply molecular 

resists.1  There are several potential advantages of molecular resists compared to resists 

based on polymers.  One of these advantages is the smaller size of the individual 

molecules which could potentially improve resolution and line edge roughness (LER).2  

Another advantage is that molecular resists can be made truly monodisperse.  This tighter 

control over polydispersity allows for higher uniformity and homogeneity in the resist 

film than can be obtained in polymers, and it has been shown that such increased 

homogeneity can result in improved LER.3  Molecular resists have also shown superior 

performance relative to polymers due to their unique dissolution properties that are just 

beginning to be explored.4  Despite the potential advantages of molecular resists, there 

are also disadvantages relative to polymers.  Multi-functional polymers can be made 

simply by adding different monomers while multi-functional molecular resists require 

sequential synthesis, often needing careful separation to purify the product.5  There are 

also concerns about the lower glass transition temperature (Tg) of some molecular resist 

designs6 and the pattern collapse behavior of positive tone molecular resists relative to 

polymers.7  One of the biggest problems with chemically amplified resists (CARs) based 

on molecular resists is the general lack of fundamental understanding of their many 

lithographically relevant properties and the extreme diversity in the range of possible 
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designs to be explored as compared to more mature and well characterized polymeric 

CARs that have been studied since the early 1980s.  A way to overcome this challenge 

and the head-start in experience with designing and manufacturing polymeric CARs is to 

develop predictive structure-property relations that can accurately estimate molecular 

resist properties.  Such predictive models, which are lacking in many cases for polymeric 

resists, would allow potentially for in-silico design and screening of potential molecular 

resists such that only the most promising candidate compounds are subjected to the 

expensive process of synthesis, purification, characterization, and lithographic testing.  

Such in-silico design and screening could dramatically increase the rate at which high 

performance molecular resist platforms are produced for further widespread testing.  The 

well-defined, small molecule, monodisperse nature of molecular resists make them 

particularly well suited for this approach relative to the complex polydisperse ter- and 

tetra-polymers which are often used in high resolutions CARs.  Some success has been 

previously demonstrated at achieving such predictive structure-property models for 

molecular resists by producing a model that is capable of predicting the Tg in molecular 

resists based purely on the chemical structure for a wide variety of potentially attractive 

polyaromatic molecular resist cores.6  This Tg prediction is important such that 

compounds which would be too soft or even liquid at common resist processing 

temperatures can be avoided in the material synthesis and screening stages of the resist 

discovery process.  The goal in this work was to develop another such structure-property 

model that could be used to tackle one of the next important resist design questions, 

namely that of identifying what molecular resist cores are soluble in common aqueous 
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alkaline developers and to what degree they must be functionalized to modulate their 

solubility to achieve patterning. 

While there have been multiple different types of polymers investigated for use as 

chemically amplified resists (CARs), some of the most successful materials have 

generally been based on hydroxystyrene (APEX type),8 hydroxystyrene/methacrylate 

(ESCAP type),9 or purely acrylate (for ArF lithography)10 platforms.  It was determined 

in the early work on these materials that general coating and patterning performance was 

optimized by using partially protected polymers, meaning that part of the base 

solubilizing groups on the polymer were not protected.  Using partially protected 

hydroxystyrene containing polymers provides several benefits because the un-blocked 

base soluble groups provide improved adhesion to substrates and improved dissolution 

behavior with minimal swelling.  By using near the minimal amount of required 

protection, the sensitivity of the resist is also improved because fewer deprotection 

reactions are required to render the resist highly base soluble from its initially insoluble 

state.  It was also determined specifically in the early development of hydroxystyrene 

polymer resists that protection of only 20 to 30% of the hydroxystyrene units on the 

polymer was required to render the polymer insoluble.  This simple design rule helped 

rapidly increase the rate of new successful resist designs because it reduced the number 

of new resists that were too fully or insufficiently protected to function properly.  

While the simple 20-30% design rule works well for many polymer resists, it does 

not apply as well to molecular resists because of their much smaller molecular weight, 

the wider diversity in their molecular structures, and the relatively high number of base 

solubilizing groups.  In particular, the much larger number of variations in structure and 



 171

functionality in molecular resist designs as compared to the few types of backbones used 

for polymeric resists means that such a simple protection level heuristic is of little 

practical use in molecular resist design.  There are examples in literature of molecular 

resists that require upward of 75% protection to be rendered insoluble,11 and other 

examples of materials that have poor developer solubility even if fully deprotected.12  

This becomes a larger concern as more complex types of molecular resist designs are 

investigated that may be insoluble in developer even if fully deprotected.  If the solubility 

of a molecular resist could be predicted in the design phase, it would greatly improve the 

rate of successful designs because compounds with a high probability of being insoluble 

would never be made or would be placed as low priority and only compounds with 

precisely the correct number of base solubilizing and protecting groups would made.  

Should such a predictive ability be created, it might also be applied at a higher level to 

determine specific molecular resist designs that have very sharp transitions between their 

soluble and insoluble states, allowing potentially for screening of high development 

contrast resist targets.  Such resists with sharp transitions would likely exhibit both good 

contrast and possible improved LER due to the sharp transitions between the exposed and 

unexposed regions.13 

In this work, it was hypothesized that a structure-property relationship based on 

the concept of correlating an aqueous phase to organic phase partition coefficient with 

compound solubility in aqueous alkaline solutions could provide the desired solubility 

screening tool for resist design purposes.  A partition coefficient is the ratio of the 

concentrations of a solute between two immiscible phases.14  The partition coefficient, P, 

is defined as the ratio of the concentrations of a neutral solute in organic and aqueous 
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phases of a two-compartment system (typically octanol-water) under equilibrium 

conditions, and is mostly used in its logarithmic form, log P, shown in Equation (6.1).  

While this is the precise definition of log P, it is most commonly used as a general 

measure of the hydrophobicity or hydrophilicity of a compound.  A compound with 

positive log P is more hydrophobic, a compound with negative log P is more hydrophilic, 

and a compounds with a log P around zero (P = 1) are evenly split between an organic 

and water layer.  While log P can be measured experimentally, the goal in this work is to 

produce a predictive model that can be used without the need for compound synthesis and 

experimental measurement.  Fortunately, log P is most commonly determined using 

quantitative structure-property relations, often fragment-based or property-based 

methods.  Since log P and hydrophobicity are critically important parameters in the 

prediction of absorption, distribution, metabolism, and excretion (ADME) properties for 

pharmaceuticals, a great deal of effort has gone into developing models that accurately 

predict the log P of a wide variety of small molecules.15  Since molecular resists are well-

defined small molecules, the same models developed to predict log P for other 

compounds can be used to predict log P for a variety of molecular resists.  
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While log P is a useful parameter for neutral compounds, it doesn’t adequately 

describe the situation that occurs during resist dissolution because the base solubilizing 

groups, typically phenols or carboxylic acids in molecular resists, are ionized.  Ionization 

occurs due to deprotonation of the groups by the hydroxide ion present in aqueous 
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alkaline developers commonly used in lithographic processing.  Under conditions where 

a compound can be ionized, a different parameter than a simple partition coefficient 

should be used to characterize the compound; instead, distribution coefficient is a more 

accurate term.  Distribution coefficient (D), used in its logarithmic form as log D, is the 

ratio of the concentrations of a solute in the organic phase to the sum of the 

concentrations of the ionized and un-ionized solute in the aqueous phase, as shown in 

Equation (6.2).  Although log D describes how a compound distributes between an 

organic phase and an aqueous phase, it can potentially provide important insight into how 

much affinity a molecule has for itself (remaining undissolved in the organic thin film) 

relative to its affinity for developer (dissolved into the aqueous developer environment).  
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(6.2) 

 

While log D provides a good way to describe the hydrophilicity of a resist 

molecule, Equation (6.2) does not make it immediately clear how log D can be predicted 

purely from structure. Using the definition of pKa and pH, one can solve for the 

concentration of ionized solute in the aqueous phase as a function of unionized solute in 

the aqueous phase.  Putting this relation back into Equation (6.2), log D can be described 

using log P, pKa, and pH.  Full derivations of this relation can be found in Section 6.5, 

and is shown in Equation (6.3) for a compound with a single group that can be ionized 

and the general form is shown in Equation (6.4) for n ionizable groups.  All the 

parameters in Equation (6.4) can be predicted a priori purely from the chemical structure 

of the molecular resists; log P and pKa can be calculated with good accuracy by a large 
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number of different programs (discussed in more detail in Methods and Materials) and 

pH is set by the developer concentration.  

 
 ( )apKpHPD −+−= 101logloglog  

(6.3) 
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Given that Equation (6.4) has three major parameters (log P, pH, and pKa), log D 

can potentially act as a master parameter characterizing the solubility of a resist as a 

function of these material and process parameters. The term master parameter implies 

that log D alone could provide a single metric for equivalent comparison of the solubility 

of compounds with a large number of different structures, numbers and types of 

solubilizing/protecting groups, and developer concentrations. Figure 6.1 graphically 

demonstrates this by showing different specific examples of how each of these properties 

is included in the log D equation.  This provides a unified way to compare nearly all 

different types of molecular resist platforms under multiple different conditions in a 

simple fashion.  This is in dramatic comparison to the case of polymer resist resins whose 

solubility parameters must be characterized for each different type of platform and are in 

general poorly predicted by any model.  
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Figure 6.1 Demonstration of how log D acts like a master parameter providing a 

equivalent comparison for compounds with a large number of different 
structures, number and types of solubilizing/protecting groups, and 
developer concentrations. 

 

 

While log D provides a universal descriptor for molecular resists, it is only useful 

if a compound’s value of log D can be correlated to a specific solubility state; either 

soluble or insoluble.  Although real resists have been shown to exhibit a wide range of 

dissolution rates which make it difficult to define a resist state as soluble or insoluble, one 

could define soluble or insoluble in terms of lithographically important parameters.  For 

the purposes of this paper, a molecular resist will be defined as soluble if a film of the 

thickness range that would likely be used for these materials, typically in the range of 25-

125 nm in thickness, completely dissolves in 30 seconds of development time.  Likewise, 

a molecular resist will be defined as insoluble if it loses less than 3 nm of its film 

thickness in 60 seconds of development time.  With these two conditions used as the 
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definition of soluble or insoluble, it will be shown that log D can indeed be used to 

accurately predict a priori the resist solubility purely from chemical structure.  

 
 

6.2  Materials and Methods 

 
A thorough survey of literature has lead to the identification of 62 compounds 

whose solubility characteristics are either directly given or can be easily inferred from 

information given in the papers in which they are discussed.11,12,16-26 This includes the 

assumption that any compound that is capable of high resolution patterning satisfies the 

requirements for being insoluble in its protected state and soluble in its fully deprotected 

state.  The solubility of 19 additional compounds was experimentally measured to come 

to a total of 81 compounds.  The additional compounds were measured experimentally by 

spin-coating them onto silicon wafers and measuring the film thickness before and after 

development in aqueous alkaline developers (i.e. tetramethyl ammonium hydroxide 

(TMAH) solutions) using a M-2000 spectroscopic ellipsometer (J.A. Woolam, Inc.) to 

collect ellipsometric spectra over the wavelength range from 350 to 1000 nm and by 

fitting this data using a Cauchy layer to determine the resist film thickness.  Full details 

regarding the sources, solubility, and log D values for these compounds are given in 

Section 6.5.  

While there are a large number of different individual methods to calculate log P, 

an average of multiple different methods was used in this work as the log P value for all 

reported calculations.  One of the main sources for log P data was the Virtual 

Computational Chemistry Laboratory (VCCLAB) program27 which produces log P 
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results using several different of methods (AC_logP, ALOG,28-29 KOWWIN,30 

XLOGP3,31 and others) that are described elsewhere.32   

The ClogP method33-34 as implemented in ChemBioDraw Ultra 11.0 

(Cambridgesoft) was also used to calculate log P.  The VG35, KLOP36, and PHYS37 

methods as implemented in MarvinSketch (ChemAxon)38 were also used for log P 

calculations.  These different methods were averaged to calculate the log P values used in 

all the analysis below and tended to give the best predictive performance for solubility.  

The choice of these methods as opposed to the many other methods available for 

calculating log P are discussed in the Section 6.5.  Comparing the average of all the 

different methods to any single method, ALOGP is an individual method that most 

closely matches the average of all the other log P values for the 81 compounds tested in 

this work; it has a correlation coefficient of 1.00 as shown in Figure 6.2 below.  For fast 

calculations, it would likely be suitable to use only ALOGP instead of compiling data 

from the full set of log P methods, but use of the whole set including ALOGP is more 

preferable for completeness in this work.  The pKa for each ionizable group was 

calculated using the MarvinSketch pKa plug-in.  The pKa values along with the average 

log P value for each compound were used to calculate log D for each compound at 0.26N 

TMAH.   
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Figure 6.2 Log P as calculated by the ALOGP method compared to the average of all 

log P values, not including ALOGP.   

 
 

6.3  Results and Discussion  

 
To examine the relationship between the solubility and log D of all the 

compounds, the soluble and insoluble compounds were plotted as two different series 

over all log D values using the compound number from Table 6.1 as a convenient 

ordinate as shown in Figure 6.3.  It is clear that there is a significant amount of variation 

in the log D value for these compounds despite the perhaps seemingly small amount of 

variation in structure.  The range of the molecular weight of these compounds is only 

from 300-1800 g/mol, and they all have similar structural components such as aryl rings, 

phenols, and triarylmethane type linkages.  It is also clear that there is separation between 

the soluble and insoluble compounds in Figure 6.3.  Negative values of log D are all 

soluble, while insoluble compounds all have positive values of log D.  However, it is 
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clear that the transition between soluble and insoluble is not simply at a log D of zero as 

these statements might imply.  It might also be expected that a log D of zero, one might 

represent the soluble to insoluble transition (i.e. the point at which the compound is 

expected to partition equally between and aqueous phase and an organic phase).  Again 

however this is not in fact the case for the compounds reported here. 
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Figure 6.3 The log D values for all soluble and insoluble compounds.  Compound # 

refers to the entry number in Table 6.1. 

 

 

Figure 6.4 shows a close-up of the log D values near the solubility transition.  All 

soluble compounds have a log D around two and below, while all insoluble compounds 

have a log D of around three or greater.  From the sparseness of the experimental data in 

this region between log D of two to three, it is difficult to say whether the 

soluble/insoluble transition is sharp or broad.  The farther below a log D value of two a 
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compound is calculated to have, the more confidence one can have regarding its 

solubility.  Similarly, the greater a calculated log D is above three, the more likely it is 

that it will be insoluble.  This is because the further away from the solubility transition, 

the more compounds there are that satisfy the predicted properties and there is less 

chance that errors in the estimation of log D will be significant.  If log D value computed 

for a compound near the solubility transition were to be incorrect by one unit, then the 

solubility prediction could easily be wrong based on the heuristic established in this 

chapter, but for a compound with a calculated log D of ten, the log D can be incorrectly 

predicted by five or six units without changing the solubility prediction for the 

compound.  When using this method to direct or inform future experimental resist design, 

judgments will likely need to be made regarding how close to get to this transition based 

on the relative cost of making the compound and the uncertainty of the predicted 

solubility and the chance of overlooking a promising resist candidate.  For example, a 

single step synthesis might justify making a compound expected to be insoluble with a 

log D of three.  In contrast, a complex multi-step synthesis to make a compound that is 

predicted to be soluble with a log D of two might be deemed too risky, while that same 

compound might more confidently be made if it were predicted to have a log D of zero.  

The authors have used this design rule to great effect to synthesize compounds very close 

to the predicted solubility transition with good success.  To better understand this region, 

it would be preferable to discuss solubility in terms of absolute dissolution rate, but there 

is currently even less data in the literature regarding this kinetic parameter as compared to 

the essentially thermodynamic concept of solubility. 
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Figure 6.4 The log D values for soluble and insoluble compounds near the solubility 

transition.  Compound # refers to the entry number in Table 6.1. 

 

 

The apparent transition region from soluble to insoluble makes sense from a 

physical point of view.  Log D is defined for a two phase liquid/liquid equilibrium, while 

the situation in the photoresist film is of a solid organic phase and a liquid aqueous phase.  

This means that the calculated log D does not directly describe the thermodynamics for 

the film case, but it does give some idea about the affinity of the compound for the two 

different phases, organic film or aqueous solution.  The equilibrium concentration in the 

organic phase should be equal to the concentration in the aqueous phase at a log D value 

of zero, meaning that the affinity for the two phases is equal.  This means that the 

compound would just as likely dissolve as stay in the film, thus the film is soluble.  At a 

log D of two, the affinity is two orders of magnitude greater for the organic, but there is 

still a reasonable probability of a compound going into the aqueous phase.  When the log 



 182

D is three or four, then the affinity is much greater for the organic than the aqueous.  

While a log D of 3 or 4 would still indicate some quantitative partition into the aqueous 

phase, it is now at low enough levels to be considered lithographically insoluble as 

defined earlier.  

While the ability to “define” a compound as soluble or insoluble using log D is 

interesting, the power in this method can be most directly seen by discussing its 

application to resist design. Several examples are given below. 

One of the most useful examples of the application of this method is in 

determining the number of protecting groups required to render a molecular resist core 

compound insoluble.  Many of the reported molecular glass resists are based on 

compounds that contain multiple phenolic hydroxyl groups.  Two of the most commonly 

made classes of these compounds can be considered to be: (1) polyphenols, which often 

look star shaped and are typically made by acid-catalyzed condensation of phenols with 

ketones, aldehydes, or tertiary alcohols; and (2) calixarenes, which are cyclic compounds 

that are synthesized primarily through acid or base catalyzed condensation of phenols, 

resorcinol, pyrogallol, etc., with aldehydes.6  These types of compounds often have a very 

high amount of phenolic group content relative to most photoresist polymers, and 

consequently require high levels of protection to be rendered insoluble.  

In a study by De Silva and coworkers,11 two molecular resists were synthesized 

with different numbers of protecting groups to determine what amount of tert-

butoxycarbonyloxy (Boc) protection was required to render the core molecules insoluble; 

these compounds can be seen in Figure 6.5.  CR-15 can be considered a polyphenol, 

while C-M-4-R is a calixarene type compound.  CR-15 with two protecting groups (33% 
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protected) was found to be soluble and has a log D of -0.06, while CR-15 with three 

protecting groups (50% protected) was found to be insoluble and has a log D of 4.42. 

This is exactly as predicted based on the log D solubility transition described earlier. C-

M-4-R, on the other hand, has more hydroxyl groups relative to aryl groups than CR-15, 

so it requires more protecting groups than CR-15.  C-M-4-R with four protecting groups 

(50% protected) was completely soluble with a log D of -4.04, and C-M-4-R with six 

protecting groups (75% protected) was soluble with a log D of 7.85.  The C-M-4-R 

derivative with five protecting groups (62.5% protected) was not reported, but it has a log 

D of 1.71, suggesting that it would potentially be soluble as well.  

 

  
Figure 6.5 Two different core molecular resists synthesized with different numbers of 

protecting groups by De Silva et al.  CR15 requires 50% Boc protection to 
be insoluble, while C-M-4-R requires 75% protection for insolubility. 

 

 

These two compounds show the power of log D as a priori determine the number 

of protecting groups required to render a compound insoluble.  This model allows for 

increased throughput in synthesizing new resists; instead of synthesizing and isolating 

CR-15 with one, two, three, four, five, or six protecting groups, the log D structure-
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property rule derived here immediately tells one to make CR-15 with three or more 

protecting groups.  When modifying or changing base molecular glass platforms, it also 

informs about the changes required. For example, having synthesized CR-15 and 

determined that it requires 50% protection, one might assume that C-M-4-R would 

require only 50% protection, only to go to the effort of synthesizing and isolating the 

50% protected compound and finding it soluble.  Using log D, it is clear that one 

molecular resist core requires different levels of protection than the other, even in cases 

where they may look structurally very similar. 

This method also allows for the accurate design of specialized or multi-functional 

compounds in-silico before any synthetic work is required. In work by Shiono and 

coworkers21 a polyphenol molecular resist was synthesized (Prot-1) that required only 

one protecting group to be removed to be rendered soluble (Deprot-1) as seen in Figure 

6.6.  While earlier work on the same core39 likely informed their design approach, log D 

could have also directly provided the desired information. Prot-1 has a log D of 4.28 

while Deprot-1 has a log D of -8.46 which suggests identical solubility characteristics to 

that observed by their experiments.  While the log D model is confirmed by the 

experimental results, it can also inform on the finer points of this design.  Prot-1-Me is 

not a compound that was experimentally reported, but it is easy to imagine such a 

compound being proposed during the design phase of Prot-1.  The log D value of Prot-1-

Me is 1.80, which would be predicted to be soluble; replacing the methyl-adamantyl ester 

with a simple methyl ester would be expected to decrease the hydrophobicity of the 

compound, but log D allows the quantification of the effect on resist performance.  The 
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log D model could have potentially prevented the multi-step synthesis of a compound 

that would not have functioned correctly. 

 

  

Figure 6.6 Prot-1 is a molecular resist that only requires the removal of a single 
protecting group (Deprot-1) to be rendered soluble.  Prot-1-Me is an 
example of a similar looking compound that the log D model would 
predict is soluble even before deprotection.  

 

 

Earlier work from the authors used this model to design a highly multi-functional 

molecular resist that contained both standard protection/deprotection groups and also 

photoacid generator functionality directly bound to the molecular glass core, i.e. the so-

called “single component molecular resist.”5  Due to the design requirements (phenolic 

hydroxyl group, sulfonic acid, aryl rings etc.) the choice of core molecules was limited.  

This required a multi-step synthesis with sequential steps to give the final protected 

compound, NBB, as shown in Figure 6.7.  Since the compound was so highly 

functionalized, it was possible that the deprotected compound, NBB-OH, might not be 

soluble in base with its single phenol.  The log D for NBB was calculated to be 3.74 

which makes it insoluble as expected, and the log D for NBB-OH is -4.34 which is 

expected to be soluble.  This provided confidence that the final compound should 
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function properly before its complex synthesis even began, and again the log D prediction 

was correct. 

 

  
Figure 6.7 A single component molecular resist (NBB) and its deprotected derivative 

(NBB-OH).  

 

 

Although the log D model as discussed here was developed primarily for use in 

standard resist developer (0.26 N TMAH), it can likely be extended to other 

concentrations or even the simplest case of use in pure water, although the log D value of 

the solubility transition might shift slightly.  Likewise, the model should extend to use in 

predicting solubility of compounds without ionizable sites such as phenols or carboxylic 

acids; an example of this is in the selection of base and water soluble additives for a 

multi-component blended resist system.   

Recent work from the authors has also shown the potential for high resolution 

negative tone resists using epoxide functionalized molecular resists.40  These early 

compounds showed excellent results, but they were developed in organic solvents, while 

aqueous base developed systems are industrially preferred.  Although there are nearly 

hundreds of commercially available epoxide compounds, only a few are aqueous soluble 

and contain multiple functional groups.  Using the log D model, we were able to screen 
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the numerous available compounds to determine which compounds were most promising 

to be aqueous soluble, some of which are seen in Figure 6.8.  These compounds contain 

no phenolic moieties, and yet we have measured films of each of these completely 

dissolve in 0.26N TMAH.41  The log D values for these compounds (0.25, 1.43, and -0.68 

for TMP-3Ep, DCHEpE, and TGIC respectively) are equal to their log P value because 

they contain no easily ionizable groups in 0.26N TMAH.  This also implies that they 

could be patterned and developed in pure water, and we have confirmed this 

experimentally.  This example again shows the flexibility of this method to be used even 

for compounds that don’t have acidic reactive groups such as phenols or carboxylic acids. 

 

  
Figure 6.8 Water and aqueous base soluble epoxide compounds without ionizable 

sites used in negative tone molecular resists.  

 

 

 

6.4  Conclusions 

 

A model has been developed that predicts the solubility of molecular resists using 

log D that can be calculated using a number of well-established algorithms.  All 

compounds studied that have a log D below the solubility threshold value of 2 are 
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soluble, and all compounds with log D values above the threshold value of 3 are insoluble 

in 0.26N TMAH.  The model can successfully predict the number of protecting groups 

required to render a molecular resist insoluble.  It also can inform on structural designs 

that will allow for patterning by the removal of a single protecting group.  When 

designing complex, multi-functional compounds, this model can be used to prevent the 

synthesis of compounds with the incorrect solubility.  The model also appears to be 

extendable to the design of water developable molecular resist systems.  Using this model 

during the early planning stages of molecular resist design can improve the number of 

successful designs and reduce the number of failed compounds.   

 

 

6.5  Derivations, Choice of log D Models, and Compound Information 

6.5.1 Derivation of log D Equation Using log P, pKa and pH. 

6.5.1.1 Background 

 
log P and pKa can readily be estimated using a number of different software 

packages.  pH is easily calculated based on the concentration of base in developer 

solution. 

In the most fundamental sense, log P and log D can be defined by Equation (6.5) 

and Equation (6.6), respectively. 
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(6.6) 

 
 

Since log P readily gives [ ]organicsolute  and [ ] ionizedun
aqueoussolute −

, [ ]ionized
aqueoussolute must be 

solved for using pKa and pH.   

 

6.5.1.2 Monoprotic Acids 

 
For a single ionizable acid, the aqueous equilibrium equation is: 

 HA A-
Ka

H+ (6.7) 

 
 

The equilibrium coefficient (Ka) and pKa can be defined: 

 
[ ][ ]

[ ]HA
AHKa

−+

= (6.8) 

 
 

 aa KpK log−= (6.9) 

 
 

Combining Equations (6.8) and (6.9), one obtains Equation (6.10) using the 

properties of logarithm functions.  
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The definition of  pH (Equation (6.11)) can be inserted into Equation (6.10) to 

give Equation (6.12).  This is rearranged to give Equation (6.13).  

 [ ]+−= HpH log (6.11)
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Using the properties of the logarithm function, Equation (6.13) is rearranged by 

Equation (6.14) to Equation (6.15) that gives [ ]ionized
aqueoussolute  as a function of 

[ ] ionizedun
aqueoussolute −

, pH, and pKa.  
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 [ ] [ ]( ) apKpHionizedun
aqueous

ionized
aqueous solutesolute −−= 10

 
(6.15)

 

Putting Equation (6.15) into Equation (6.6) gives Equation (6.16).  Collecting 

terms gives Equation (6.17), and applying the rules of logarithms yield Equation (6.18).  
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Since log P is already defined in Equation (6.5), it can be used to give Equation 

(6.19) which gives the expression for log D as a function of log P, pKa, and pH for a 

single ionizable acid. 

 ( )apKpHPD −+−= 101logloglog (6.19)

 

6.5.1.3 Polyprotic Acids 

 
For multiple ionizable acids, the multiple aqueous equilibrium equations must be 

considered.  As an example for three ionizable acids, the aqueous equilibrium equations 

are: 

 (6.20)
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This allows one to more precisely define log D as shown in Equation (6.21).  
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The concentrations of all the different ionized species must be solved for as a 

function of [ ]aqueousAH3  using the definitions of Ka for each ionizable species given in 

Equation (6.22).  
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Similar to the previous example, the concentration of any equilibrium species can 

be found based on the concentration of its next least ionized phase as given by Equations 

(6.23), (6.24), and (6.25).    

 [ ] [ ] 11032
apKpHAHAH −− = (6.23)

 
 

 [ ] [ ] 2102
2 apKpHAHHA −−− = (6.24)

 
 

 [ ] [ ] 31023 apKpHHAA −−− = (6.25)

 

The concentration of H2A- is found directly from as Equation (6.23). To find the 

concentration of HA2-, Equations (6.23) and (6.24) are combined.  

 [ ] [ ]( ) [ ] 2121 2
33

2 101010 aaaa pKpKpHpKpHpKpH AHAHHA −−−−− =⋅= (6.26)
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Likewise, combining Equations (6.25) and (6.26) gives the expression for the 

concentration of A3-.   

 [ ] [ ]( ) [ ] 321321 3
3

2
3

3 101010 aaaaaa pKpKpKpHpKpHpKpKpH AHAHA −−−−−−− =⋅= (6.27)

 
 

These three expressions can be substituted into Equation (6.21) to give:  
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Rearranging Equation (6.28) gives the expression for log D for a compound with 

three ionizable acid groups.    

 ( )321211 32 1010101logloglog aaaaaa pKpKpKpHpKpKpHpKpHPD −−−−−− +++−= (6.29)

 
 

This expression can easily be condensed to give the generalized expression for a 

compound with any number n of ionizable acids.  
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6.5.2 Determination of Optimal Models to Calculate log P. 

 
In the work, the log P methods that are chosen and averaged to calculate log P to 

calculated log D which is used to predict the molecular resist solubility are AC_logP, 
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ALOG, KOWWIN, XLOGP3, ClogP, VG, KLOP, and PHYS methods.  The Virtual 

Computational Chemistry Laboratory (VCCLAB) program was used to calculate 

AC_logP, ALOG, KOWWIN, and XLOGP3.  The ClogP method was calculated using 

ChemBioDraw Ultra 11.0 (Cambridgesoft).  The VG, KLOP, and PHYS methods were 

calculated using MarvinSketch (ChemAxon).  While these eight methods gave very good 

results across all compounds studied, they are by no means the only methods available to 

calculate log P.  Some methods were never examined such as the ACD/LogP method as 

implemented in ACD/ChemSketch (Advanced Chemistry Development) and so no 

comment will be made based on whether or not they provide reasonable results for these 

types of compounds.  However, some methods were initially used that did not give good 

or consistent results, and upon further examination were specifically excluded from use 

in the calculation of log P.  VCCLAB gives the results from nine different methods; the 

four of these are used as listed above, one of them is not used (XLOGP2) because it is an 

earlier version of XLOGP3, and four of the methods are not used (ALOGPs42, AB/LogP, 

miLogP, and MLOGP).  While these four methods have been shown to be accurate for 

the typical drug-like compounds that log P models were developed to predict, they do not 

appear to work as well for the molecular resist compounds studied in this work, 

especially compounds with higher levels of functionality and a molecular weight above 

1000 g/mol.  To demonstrate this consider two sets of log P methods, the “Good” log P 

methods (AC_logP, ALOG, KOWWIN, XLOGP3, ClogP, VG, KLOP, and PHYS) and 

the “Poor” log P methods (ALOGPs, AB/LogP, miLogP, and MLOGP). 

The Good and Poor sets of methods were originally separated because when the 

calculated log P value for individual methods are compared to the average of all the 
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methods, two different groups of methods naturally appears, as shown in Figure 6.9.  The 

Good methods all appear to give similar results, while the Poor methods also give similar 

results, with an apparent plateau around log P values of 10-11.  Since there is a larger 

number of Good methods, it is expected that they show more correlation with the 

average.  
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Figure 6.9 The log P values for individual methods compared to the average of all 

different log P methods.  

 

 

To reduce the effect that the larger number of Good methods has on the average 

of all the methods, the results of the individual methods are compared to molecular 

weight of the compounds in Figure 6.10.  As before, the two different sets naturally 

appear.  While molecular weight shouldn’t directly correlate with log P or 

hydrophobicity, the hydrophobicity should generally increase with increasing molecular 

weight in these molecular resists since molecular weight is commonly increased by 

putting more protecting groups on an initially unprotected core.  This can lead to nearly 
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doubling the molecular weight of many of these compounds.  The Good set of methods 

shows this overall increase of log P with molecular weight, while the Poor methods still 

show an apparent plateau. 
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Figure 6.10 The log P values for individual methods compared to the molecular weight 

of the compound.   

 

 

Although there are naturally two different sets of methods, it cannot be directly 

determined from the molecular weight effect which set, Good or Poor, is the most 

accurate for predicting log P, although the plateau behavior of the Poor methods suggests 

that they may not be the optimal methods.  The quality of a log P model in estimating the 

log P of a compound is typically done by comparing the predicted value to the 

experimentally determined log P value.  In the case of molecular resists, no experimental 

log P values are known, so the predictive ability of the models must be compared to the 

known experimental property, developer solubility.  The two different sets of methods are 
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compared in Figure 6.11 for the whole range of log D values; log D is calculated using 

the same pH and pKa values, but using either the average of the Good log P methods or 

the Poor log P methods.  The Poor methods tend to show a much smaller range of log D 

values, especially for Insoluble compounds.  The Poor methods also show a much less 

clear threshold between soluble and insoluble. 
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Figure 6.11 The log D values for all soluble and insoluble compounds using the two 
different sets of methods.  Compound # refers to the entry number in 
Table 6.1.  

 

 

A close-up near the solubility transition region is shown in Figure 6.12.  As 

discussed above, the average of the Good methods shows a very clear solubility transition 

between two and three.  The average of the Poor methods do not appear to have any clear 

solubility transition.  The Poor methods provide a bad descriptor for molecular resist 

solubility.  
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Figure 6.12 The log D values for soluble and insoluble compounds near the solubility 
transition using the two different sets of methods.  Compound # refers to 
the entry number in Table 6.1.  

 

 

With the given data, it cannot be definitively shown that the Good methods 

provide a more accurate prediction of log P than the Poor methods.  However, it has been 

shown that the Good methods provide a very accurate prediction for molecular resist 

solubility which is the parameter of interest.  It is most likely that the Poor methods do 

not provide as good a prediction for log P based on the plateau behavior at higher 

molecular weight.  Since the methods were trained using primarily smaller, drug-like 

molecules, it is likely they were not designed to be applied to such relatively high 

molecular weight compounds.  This is also seen in how similar the results for the Poor 

methods are to the Good methods at lower molecular weight.  It is possible that a specific 
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method of log P calculation, i.e. atom-based compared to group- or fragment-based, 

provides a better prediction for molecular resists.  

 

 

6.5.3 Compound Information 

 
Data from the compounds used to determine the solubility threshold are shown in 

Table 6.1.  The structures of the literature compounds can be found in their respective 

reference.  The structures of the compounds used to experimentally determine solubility 

are shown in Figure 6.13. 

 

Table 6.1 Compounds used in this study.  Compounds with Exp. listed for Ref. # are 
experimentally determined for this study. 

 
Compound 

# Compound Name MW log D log P 
Soluble 

= 0 Ref. # 
1 CR15-100 1315.54 19.83 19.83 1 11 
2 CR15-50 1014.46 4.42 15.27 1 11 
3 CR15-33 915.08 -0.06 13.75 0 11 
4 CR15-16.7 815.03 -5.03 12.23 0 11 
5 CM4R-100 1345.52 19.16 19.16 1 11 
6 CM4R-75 1145.29 7.85 15.93 1 11 
7 CM4R-62.5 1045.17 1.71 14.31 0 11 
8 CM4R-50 957.07 -4.04 12.69 0 11 
9 CM4R-37.5 844.94 -8.24 11.18 0 11 
10 CR8 502.6 -6.07 7.73 0 11 
11 CR10 578.7 -4.40 9.41 0 11 
12 CR11 590.71 -6.48 9.56 0 11 
13 CR12 592.72 -4.39 9.41 0 11 
14 CR15 714.84 -10.11 10.60 0 11 
15 CR16 895.09 -6.40 14.29 0 11 
16 CR17 943.13 -5.04 15.65 0 11 
17 C-M-4-R 544.59 -18.90 6.48 0 11 
18 C-HPB-4-R 856.87 -35.37 9.44 0 11 
19 C-TBB-4-R 1017.29 -10.35 17.12 0 11 
20 THPIB 424.53 -3.24 6.99 0 16 
21 THPIB-1Boc 524.65 1.64 8.54 0 16 



 200

Table 6.1 continued 
 

22 THPIB-2Boc 624.76 6.67 10.12 1 16 
23 THPIB-3Boc 724.88 11.66 11.66 1 16 
24 SBI 340.41 -4.53 4.66 0 16 
25 SBI-1Boc 440.53 -2.46 6.11 0 16 
26 SBI-2Boc 540.64 -0.41 7.55 0 16 
27 SBI-3Boc 640.76 5.09 9.08 1 16 
28 SBI-4Boc 740.88 10.94 10.94 1 16 
29 MeCHPP-EE-0 981.35 1.71 19.50 0 17 
30 MeCHPP-EE-1  16.67% 1053.45 5.41 20.34 1 17 
31 MeCHPP-EE-2  33% 1125.56 9.11 21.17 1 17 
32 MeCHPP-EE-3  50% 1197.67 12.42 22.01 1 17 
33 MeMePP-EE-0 708.88 -5.87 12.32 0 18 
34 MeMePP-EE-1 780.99 -2.07 13.16 0 18 
35 MeMePP-EE-2 853.09 1.74 14.00 0 18 
36 PTBC4-2  25% 1217.53 -3.61 20.16 0 19 
37 PTBC4-3   37.5% 1317.64 0.88 21.74 0 19 
38 PTBC4-5  62.5% 1517.87 11.51 24.84 1 19 
39 PTBC4-6  75% 1617.99 17.08 25.99 1 19 
40 PTBC4-7  87.5% 1718.11 23.64 27.95 1 19 
41 PTBC4-8  100% 1818.22 29.51 29.51 1 19 
42 MeMePP-2MeAdE 1121.44 5.29 17.37 1 20 
43 MeMePP-2MCOOH 824.95 -20.79 11.61 0 20 
44 Prot-1 1179.61 4.28 16.95 1 21 
45 Deprot-1 1031.34 -8.46 14.24 0 21 
46 MeCHPP-1GBL 1065.55 4.60 19.35 1 22 
47 MeCHPP-1GBHA 1083.57 -7.01 18.80 0 22 
48 CR2-25 602.72 -1.18 9.19 0 23 
49 CR2-50 702.83 3.73 10.64 1 23 
50 CR5-25 720.89 1.52 11.87 0 23 
51 CR5-50 821.01 8.90 15.81 1 23 
52 CR6-1 995.2 -3.86 13.39 0 23 
53 CR6-3 1195.44 8.00 18.85 1 23 
54 HHPBmp-0 630.68 -12.26 9.58 0 24 
55 HHPBmp-1 730.8 -7.14 11.04 0 24 
56 HHPBmp-2 830.92 -1.65 12.89 0 24 
57 HHPBmp-3 931.03 3.03 14.41 1 24 
58 C-HPB-4-R-0 856.87 -35.37 9.44 0 25 
59 C-HPB-4-R 7 1557.83 -1.62 19.91 0 25 
60 C-HPB-4-R 9 1758.09 9.80 23.03 1 25 
61 TONpM-THPIB 893.07 11.92 11.92 1 12 
62 NBB 569.63 3.74 3.74 1 Exp. 
63 NBB-OH 469.5 -4.34 2.79 0 Exp. 
64 NBnHPF 485.56 4.01 7.55 1 Exp. 
65 4-Ep 622.7 5.68 5.68 1 Exp. 
66 TMP-3Ep 302.41 0.25 0.25 0 Exp. 
67 TGIC 297.3 -0.68 -0.68 0 Exp. 
68 DCHEpE 252.34 1.43 1.43 0 Exp. 
69 BHPF 350.41 -1.34 5.76 0 Exp. 
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Table 6.1 continued 
 

70 THPIB 424.53 -3.24 6.99 0 Exp. 
71 BPP 346.46 -0.32 6.35 0 Exp. 
72 BPM 346.46 -0.32 6.35 0 Exp. 
73 BPP-DM 402.57 2.03 8.28 0 Exp. 
74 BPHCH 268.35 -1.79 4.91 0 Exp. 
75 BHPDPM 352.43 -1.21 5.83 0 Exp. 
76 BPMP 330.46 3.88 6.79 1 Exp. 
77 LChA 376.57 -3.58 5.05 0 Exp. 
78 DChA 392.57 -4.81 3.96 0 Exp. 
79 TPB 306.4 7.01 7.01 1 Exp. 
80 VEctomer 4210 482.57 4.52 5.45 1 Exp. 
81 Dend2 1069.33 -3.48 17.88 0 26 

 

 

 

Figure 6.13 Chemical structures of the compounds whose solubility was 
experimentally determined.  
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CHAPTER 7 

NON-IONIC PHOTOACID GENERATOR BEHAVIOR UNDER 

HIGH ENERGY EXPOSURE SOURCES 

 

A series of non-ionic PAGs were synthesized and their acid generation efficiency 

measured under deep ultraviolet and electron beam exposures. The acid generation 

efficiency was determined with an on-wafer method that uses spectroscopic ellipsometry 

to measure the absorbance of an acid sensitive dye (Coumarin 6). Under DUV exposures, 

common ionic onium salt PAGs showed excellent photoacid generation efficiency, 

superior to most non-ionic PAGS tested in this work.  In contrast, under 100 keV high 

energy e-beam exposures, almost all of the non-ionic PAGs showed significantly better 

acid generation performance than the ionic onium salt PAGs tested.  In particular, one 

non-ionic PAG showed almost an order of magnitude improvement in the Dill C acid 

generation rate constant as compared to a triarylsulfonium PAG.  The high energy acid 

generation efficiency was found to correlate well with the electron affinity of the PAGs, 

suggesting that improvements in PAG design can be predicted.  Non-ionic PAGs merit 

further investigation as a means for producing higher sensitivity resists under high energy 

exposure sources.   

7.1 Introduction 

The International Technology Roadmap for Semiconductors (ITRS) 2007 edition 

lists the following requirements for extreme ultraviolet (EUV) resists: < 40 nm half-pitch 

resolution, < 10 mJ/cm2 sensitivity, and < 3 nm 3σ line width roughness (LWR). In order 

to simultaneously meet these requirements, improved resist materials must be made. An 
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approach to improve resist performance that has gained much recent attention is using 

resists with greatly increased photoacid generator (PAG) loading.1-3  While this should 

improve sensitivity and reduce LER due to improvements in terms of so-called shot noise 

effects4, it can also lead to new problems due to PAG segregation from the polymer5-6 

and increased dark loss due to the water soluble nature of the ionic compounds 

commonly used currently as PAGs.7 An approach that may allow for greatly increased 

PAG loading while mitigating some of the PAG segregation and dark loss problems is the 

use of non-ionic PAGs, also known as neutral PAGs. 

Many non-ionic PAGs have been investigated for use in deep ultraviolet (DUV) 

lithography but are not as widely used or studied as ionic onium salt PAGs due to the 

generally higher photoacid generation efficiencies of onium salt PAGs under DUV 

exposure.8 While such better performance of ionic PAGs over neutral PAGs was 

generally observed for DUV exposure, such a rule of thumb may certainly no longer hold 

true under high energy exposure sources such as EUV and e-beam due to the different 

mechanisms of photoacid generation in these cases relative to DUV exposure.  Since the 

primary acid generation mechanism under these higher energy sources is no longer direct 

excitation of the PAG by absorbance of photons, but instead is thought to be primarily 

through electron transfer sensitization from the resist polymer to the PAG, non-ionic 

PAGs may have competitive or even superior performance when using these higher 

energy exposure sources. 

When comparing the performance of non-ionic PAGs under e-beam and EUV 

exposures, it is important to understand the mechanism of photoacid generation under 

high energy exposure.9   The first step in the radiation chemistry of these types of systems 
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is typically the reaction of a high energy electron or photon with the primary resist matrix 

which is typically a polymer or molecular resist to form a radical cation and ejects a 

secondary electron as shown in Equation (7.1). 

 −•+ +→ eRHRH  (7.1) 

 
Once the radical cation is created, it can react with another molecule as shown in 

Equation (7.2) to form a radical and a proton-adduct product.  The radical then will either 

rearrange or react with another compound to form a cross-link; this is the basis for the 

imaging of many negative tone non-chemically amplified resists for e-beam such as the 

calixarenes.10-11  

 )( +••+ +→+ HRHRRHRH  (7.2) 

 
The secondary electron can carry out further reactions like Equation (7.1) until it loses 

enough energy that is can no longer participate in inelastic type collisions.  At this stage, 

the electron can be modeled as a diffusion/reaction system.  When the electron is at this 

lower energy level, several reactions can still occur.  It can recombine with a radical 

cation to generate an excited state neutral species as in Equation (7.3).  It can react with a 

PAG which acts like an electron scavenger to generate the photoacid anion as in Equation 

(7.4). 

 ∗−•+ →+ RHeRH  (7.3) 

 

 −•− +→+ XPPAe  (7.4) 
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The photoacid is typically made by combination of an acid anion with a proton or the 

proton adduct from Equation (7.2) as shown in Equation (7.5). 

 HXRHXHRH +→+ −+ )(  (7.5) 

 
The photoacid generating efficiency in these high energy exposure systems should be 

closely related to how efficiently the PAG can capture electrons as in Equation (7.4). 

To investigate the photoacid generation efficiencies (quantified here in terms of 

the Dill C parameter) of non-ionic PAGs under high energy exposure sources, we 

synthesized a number of different non-ionic PAGs from most of the major different 

families of non-ionic PAGs reported thus far and measured their Dill C parameters in a 

polystyrene matrix under 100 keV e-beam exposure using an on-wafer acid sensitive dye 

technique.  The non-ionic PAGs used in this study are shown in Figure 7.1.  To compare 

the efficiencies of non-ionic PAGs to ionic PAGs, we also included an onium salt PAG, 

shown in Figure 7.2, in our study that our group had synthesized and whose synthesis and 

properties are reported elsewhere.12-13 

 

 

Figure 7.1 Non-Ionic PAGs used in this study. 



 209

 

 

 
 

 

Figure 7.2  Ionic PAG included in this study for comparison. 

 

 

7.2  Experimental 

7.2.1 Materials and Methods   

 
All reagents and solvents used were purchased from either Sigma-Aldrich, TCI 

America, or Alfa-Aesar. Polystyrene solutions were made using cyclohexanone as a 

casting solvent and filtered through 0.2 μm PTFE filters. PAGs were blended into 

polystyrene at 5 wt% relative to polymer and an equimolar amount of Coumarin 6 

relative to PAG was added. Film thicknesses and refractive index data (n & k) were 

measured using a M-2000 spectroscopic ellipsometer (J.A. Woolam, Inc.) over the 

wavelength range from 350 nm to 1000 nm. DUV exposures were done using an Oriel 

Instruments 500W Hg-Xe arc lamp with a 248 nm band-pass filter. E-beam lithography 

was carried out using a JEOL JBX-9300FS electron-beam lithography system with 

100keV acceleration voltage. 
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7.2.2 Synthesis 

 
All the PAGs used in this study were synthesized by similar methods. The 

synthesis of NDI-Ts is given here as a typical example for this synthetic procedure. 

Equimolar amounts of N-hydroxy-5-norbornene-2,3-dicarboximide and triethylamine 

were dissolved in THF and cooled on an ice bath. A solution of one molar equivalent 

tosyl chloride dissolved in THF was slowly dripped into the reaction mixture. The 

temperature of the reaction mixture was allowed to slowly rise to room temperature and 

stirred overnight. A precipitate (triethylammonium chloride) appeared in the flask 

overnight.  Chloroform and water were added to the mixture, and the organic layer 

separated. The aqueous layer was washed with chloroform. The combined organic layers 

were washed twice with deionized water. The solvent was removed using a rotary 

evaporator and the product was precipitated into cold acetone. The product was then 

filtered and washed with cold methanol to yield the pure neutral PAG product. The 

synthesis of the benzoin derivative required the use of a stronger base (30 wt% NaOH) 

and was recrystallized in ether.  

  

7.2.3 Methodology to Quantify Photoacid Generation  

 
Multiple different methods have been developed in order to quantify the amount 

of photogenerated acid, but they all have drawbacks. Some methods use PAG solutions,14 

but this is different from the way that PAGs are typically used in lithography in a solid 

state film. The standard addition technique that consists of the addition of known 
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amounts of base to effectively titrate the photogenerated acid in a film has been used for 

many different CAR acid generation studies, but is limited to use in materials that can be 

patterned and requires multiple resist formulations with different base loadings.15-16 A 

technique has also been developed that uses interdigitated electrodes to detect 

capacitance changes as the acid concentration changes, but this requires specialized 

interdigitated electrode substrates.17 Other techniques have been developed that use acid 

sensitive dyes to quantify acid generation in the solid state, either using transmission 

UV/vis spectroscopy through a film on a transparent substrate such as glass or quartz18-19 

or by examining the fluorescence change in a dye on wafer.20-21 

Our group has recently developed a technique that uses an acid sensitive dye to 

quantify acid generation, but extracts that UV/vis absorbance shift of the dye on-wafer 

using spectroscopic ellipsometry.22  This allows the measurement of multiple different 

exposure doses directly on a single wafer.  Spectroscopic ellipsometry gives information 

on the thickness and the complex refractive index of the film. Using the wavelengths 

from 700 nm to 1000 nm, resist film thickness and the real part of film refractive index 

(n) can be determined by fitting a Cauchy equation because there is no absorbance of the 

film at these wavelengths. Using ellipsometry data from the wavelength range from 350 

nm to 700 nm, the complex refractive index of the resist (n and k) can be determined by 

fitting the Ψ and Δ ellipsometry spectral data point-by-point using the film thickness 

determined at longer wavelengths.  The absorbance of the film as a function of 

wavelength can be determined from k using Equation (7.6).  

 ( ) ( )
λ

λπλα k
C

4
6 =+

 
(7.6) 
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The acid quantification method is based on observing the shift in the absorbance 

spectra of an acid sensitive dye, Coumarin 6 (C6). C6 has an absorbance peak around 456 

nm, but upon reaction with an acid the C6 is converted to C6+ which has an absorbance 

peak around 520 nm. The protonation mechanism of C6 is shown in Figure 7.3. Since the 

absorbance of the C6+ peak is proportional to its concentration, the absorbance of the C6+ 

peak can be used to quantify the conversion of C6 to C6+, and thereby quantify the 

amount of acid that was generated. These relations are demonstrated in Equation (7.7).  
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Figure 7.3  Protonation mechanism of C6. 
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To quantify the absorbance of C6+ as a function of the amount of acid, a 

calibration is typically run for each polymer matrix used. The calibration consists of 

adding a known amount of acid, in this case tosic acid since the neutral PAGs studied 

here generally produce tosic acid, to a known amount of C6/polymer solution and then 

spin coating a film and measuring the corresponding absorbance of the C6+ peak. This is 
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demonstrated in Figure 7.4 which shows the change in the absorbance spectrum of a film 

of poly(4-hydroxystyrene) as the C6 is converted to C6+. 
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Figure 7.4  Change in absorption spectrum of C6/C6+ with conversion of C6 to C6+ in 
poly(4-hydroxystyrene). 

 

 

This calibration procedure must be repeated for every different polymer matrix 

studied because the matrix has a large effect on the absorbance of the protonated dye. 

Figure 7.5 shows a comparison of the C6+ absorbance change in poly(styrene) compared 

to poly(4-hydroxystyrene) as the acid concentration increases. It is clear that the matrix 

has a large effect and must be accounted for in any dye based acid generation 

experiments. The matrix used for all the acid generation experiments in this study was 

polystyrene to determine acid generation rates in a non-polar matrix. It has also been 

reported that the deprotonation efficiency of the polymer can have a large effect on the 
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acid yield23, and so poly(styrene) was used instead of poly(4-hydroxystyrene) to reduce 

this effect when comparing PAGs because poly(styrene) has no easily removable 

hydrogens.  
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Figure 7.5  Change in C6+ absorption spectrum for two different polymer matrices of 
poly(styrene) (PS) and poly(4-hydroxystyrene) (PHOST). 

 

 

Once the ratio of concentrations of acid to initial PAG are determined for 

different exposure doses, the Dill C equation shown in Equation (7.8) can be fit to the 

experimental data to determine the Dill C parameter which is basically the acid 

generation rate constant for the particular type of exposure energy used.    
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7.3  Results and Discussion 

7.3.1 DUV (248 nm) Acid Generation 

 
DUV exposures were carried out using a 248 nm bandpass filter. As expected, 

they all showed Dill C type photoacid generation behavior except for MOP-Ts, for which 

no photo-generated acid could be detected with C6 even for DUV doses as high as 400 

mJ/cm2. The Dill C curve for all the PAGs under DUV in poly(styrene) is shown in 

Figure 7.6 below.  
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Figure 7.6  Dill C curves for PAGs under DUV. 

 

 

The Dill C for each of the PAGs was measured and is shown in Figure 7.7 below. 

As expected, TAS-SbF6, the ionic onium salt PAG, outperforms nearly all the other non-

ionic PAGs.  This experimental Dill C parameter for TAS-SbF6 is consistent with 

previous literature results for triarylsulfonium PAGs in the range of 0.025-0.05 cm2/mJ.24  

This result reaffirms why ionic PAGs are the primary type of PAG used in DUV resist 

formulations.  Such onium salt PAGs are generally the most efficient PAG family at 

generating acid using DUV exposures.  Only one non-ionic PAG (BCO-Ts) is 

comparable to the onium salt, and it shows slightly higher photoacid generating 

efficiency. While this specific result may not be expected, this class of non-ionic PAGs 

(oximes) has shown excellent photoacid generating efficiency in past studies25-28 and is 
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the basis for a line of commercially available PAGs by Ciba Specialty Chemicals. As 

mentioned earlier, MOP-Ts showed no detectible acid generation even for doses as high 

as 400 mJ/cm2. While this does not necessarily imply that the Dill C value for MOP-Ts is 

zero, its value is likely far outside the range of the other PAGs tested. It is also possible, 

based on studies of other arylsulfonate PAGs29, that MOP-Ts generates p-toluene sulfinic 

acid rather than p-toluene sulfonic acid like the other PAGs; p-toluene sulfinic is 

reported30 to have a pKa of 1.99, much higher than the pKa of p-toluene sulfonic acid 

which is around -2.8. It is currently unknown whether or not the weaker sulfinic acid can 

efficiently protonate C6, but this could also explain the result for MOP-Ts. The other four 

non-ionic PAGs tested all show similar values in the range of 0.009-0.017 cm2/mJ, 

around one-half to one-third the values of common onium salts. 
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Figure 7.7  Dill C parameter for each of the PAGs under DUV exposures. 
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While Dill C provides a convenient way to model the photoacid generating 

efficiency of PAGs, to truly explain which PAG is the most efficient at generating acid, 

the quantum yield of each PAG should be compared. The quantum yield for acid is the 

ratio of moles of acid generated per mole of photons absorbed by the PAG. While this 

parameter could be obtained for these PAGs, it would require measuring the absorbance 

of each of the films with the different PAGs and the absorbance of the films without 

PAGs to determine what amount of incident light is absorbed by the PAGs compared to 

the amount absorbed by the polymer. Since the focus of this paper was the photoacid 

generation behavior of these PAGs under high energy exposure sources, this experiment 

was not completed, but is currently under-way and the results will be discussed in a 

future publication.    

 

 

7.3.2 100 keV Electron Beam Acid Generation 

 
While the primary means of acid generation under DUV is by direct excitation of 

the PAG by absorption of photons, under e-beam and EUV, the primary source of acid 

generation is electron transfer from the excited polymer. The high energy incident 

electrons (or photons in the case of EUV) ionize the film which releases secondary 

electrons of lower energy which can ionize further sites or thermalize to even lower 

energies. When the secondary electrons have low enough energy, PAGs can capture the 

electrons to enter the excited state that leads to acid generation. Since the polymer makes 

up the majority of the film and electron and EUV photon absorption are atomic 
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processes, the deposited energy profile should be nearly the same for each of the different 

PAG formulations since they are all in the same matrix at the same low loading. 

Dill C curves for all the PAGs under 100 keV e-beam exposure is shown in 

Figure 7.8 below. The Dill C measurement results for the PAGs under 100 keV e-beam 

are shown in Figure 7.9.  The PAG performance trends in this case are significantly 

different those observed in the DUV exposures.  The Dill C values are compared in Table 

7.1.  The ionic PAG (TAS-SbF6) shows the worst performance of any PAG in the study 

except for the MOP-Ts, which again shows no detectible acid generation.  TAS-SbF6 is 

less than one-half as efficient as the next lowest non-ionic PAG (NDI-Ts). The value 

obtained for TAS-SbF6 are in good agreement for previous studies by our group for 

similar triarylsulfonium PAGs such as TPS-Tf (triphenylsulfonium triflate)  and TPS-Nf 

(triphenylsulfonium nonoflate) in polystyrene under high energy exposure31, indicating 

that this is a common performance characteristic for triarylsulfonium PAGs under these 

conditions.  Another possible explanation for the poor performance of the ionic PAG 

compared to the non-ionic PAGs is that the ionic PAG could potentially show more 

segregation and aggregation in the non-polar poly(styrene) matrix. This has been shown 

to cause an effective decrease in acid yield of ionic PAGs under high energy exposures19. 

While this is a potential cause of the reduced acid generation in the TAS-SbF6, even if 

this caused a 50% decrease in the observed acid yield compared to the actual acid 

generation (which would be at the upper limit of this effect as determined previously19), it 

would still be inferior to three of the six non-ionic PAGs. 
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Figure 7.8  Dill C curves for PAGs under 100 keV e-beam exposure. 
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Figure 7.9  Dill C parameter for each of the PAGs under 100 keV e-beam exposures. 
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Table 7.1 Dill C parameters for each of the PAGs under both 100 keV e-beam and 
DUV exposures. 

DillC E-beam DillC DUV
(cm2/μC) (cm2/mJ)

BCO-Ts 0.0147 0.034
BnZ-Ts 0.0090 0.017
NDI-Ts 0.0042 0.012
NBn-Ts 0.0050 0.009
PIm-Ts 0.0165 0.014
MOP-Ts 0.0000 0.000
TAS-SbF6 0.0018 0.026  

 

 

The best performing PAG under e-beam is PIm-Ts which was in the lower half of 

DUV photoacid generation rate constant. BCO-Ts still shows excellent performance, 

almost as good as PIm-Ts, indicating that this oxime type of PAG is very flexible in 

terms of its use for both DUV and high energy exposure resist formulations.  BnZ-Ts is 

the next best performing PAG with a Dill C value around half that of PIm-Ts. It is 

followed by NDI-Ts and NBn-Ts which are both around one-quarter the acid generation 

rate constant of PIm-Ts, but still over twice the rate constant of the onium salt.  

 

 

7.3.3 Electron Affinity as Predictor for High Energy Photoacid Generation 

Efficiency 

 
While the data presented above provide insight into which specific PAG (e.g. 

PIM-Ts instead of NDI-Ts) to choose for high energy exposures, it by itself does not 
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provide information about PAGs outside of the ones studied above. If the trends in 

photoacid generating efficiency can be correlated (i.e. the order of Dill C for each 

compound) as a function of structural moieties in the PAG, energy levels, etc., then such 

correlations can provide information about the fundamental acid generation mechanism 

and aid in the direct design of new PAGs with even better photoacid generating 

efficiencies. One parameter that has been used to correlate higher levels of acid 

generation in one PAG compared to another under high energy exposures is electron 

affinity (EA) or reduction potential.32  This parameter should have good correlation with 

acid generation efficiency in e-beam and EUV because the primary acid generation 

pathways are through electron transfer to the PAG.  Electron affinity basically is a 

measure of the energy change when an electron is added to a neutral atom to form a 

negative ion,33 and the more negative the electron affinity corresponds to a more 

favorable reaction.  Since the photoacid generation efficiency in these types of systems is 

strongly dependent on the ability of the PAG to capture an electron to form a radical 

anion as shown in Equation (7.4), the electron affinity should give a good estimate for 

which PAGs are the most efficient; the more favorable the electron capture reaction, the 

more efficient the PAG should be.  Fortunately, electron affinity can be calculated using a 

number of molecular modeling software packages such as HyperChem.  Electron affinity 

was calculated in this study with HyperChem using the AM1 method. The geometry was 

optimized for the ground state and the HOMO energy of the anion used to approximate 

EA.34 

The correlation of e-beam Dill C parameter with electron affinity is shown in 

Figure 7.10. Electron affinity has excellent correlation with the e-beam Dill C. It 
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correctly predicts that PIm-Ts and BCO-Ts, which both have electron affinity values 

below -3 eV, are by far the best PAGs in terms of photoacid generating efficiency. It also 

predicts that NDI-Ts, TAS-SbF6, and MOP-Ts have very poor acid generating efficiency. 

Since electron affinity has such good correlation with the e-beam Dill C, it suggests that 

electron affinity can provide a potential method for predicting acid generation efficiency 

of PAGs under high energy exposure.  This result could be used to intelligently direct 

investigations of new PAG compounds for use as highly efficient, high energy PAGs. 

While each of the different PAGs has a different specific acid generation mechanism that 

can affect the acid generation efficiency, this electron affinity result suggests that the 

various different mechanisms of acid generation have less of an effect under high 

energies in poly(styrene). The dominant factor that determines the acid generation 

efficiency of a PAG is not the specific mechanism, but how efficiently it can capture a 

secondary electron, which is measured by the electron affinity. 
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Figure 7.10  Correlation of e-beam Dill C parameter with electron affinity for the 

PAGs studied. 

 

 

All PAGs except NBn-Ts are included in Figure 7.10; NBn-Ts is not included 

because it was an obvious outlier with an electron affinity of -1.2 eV, well outside the 

range of the other PAGs.  This EA value however is questionable since there were 

significant difficulties in using the AM1 method to calculate the energies of the ground 

state and anion since the nitro group has a charged resonance structure.  Current studies 

are underway to calculate electron affinity with more rigorous methods instead of the 

semi-empirical AM1 which should be able to correct this problem and shed further light 

on the question of using EA to predict PAG acid generation rate constants. 
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7.4  Conclusions 

 
A series of non-ionic PAGs were synthesized and their acid generation efficiency 

measured under deep ultraviolet and electron beam exposures. Using an on-wafer method 

that measures the absorbance of an acid sensitive dye, the acid generation efficiency was 

determined for these compounds. As expected, ionic PAGs showed superior Dill C 

parameters under DUV exposures. In stark contrast, the non-ionic PAGs showed superior 

performance under high energy e-beam exposures. By calculating the electron affinity of 

each of the PAGs, the order of the high energy acid generation rate constants was 

explained.  The electron affinity correlates well with the Dill C parameter for these PAGs 

when using high energy exposures. This suggests that improvements in PAG design can 

be predicted to some degree before the compounds are synthesized and experiments are 

performed.  Such rational design and screening of compounds can increase the 

throughput of experimental investigations directed at producing better resist material 

designs and formulations for high energy exposure.  While these results were obtained in 

only one polymer matrix (polystyrene), studies are underway to examine the matrix effect 

on acid generation efficiency for these PAGs to determine how universal electron affinity 

is as a metric for predicting Dill C. The results of this study suggest that non-ionic PAGs 

merit further investigation as a means for producing higher sensitivity resists under high 

energy exposure sources. 
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CHAPTER 8 

INFLUENCE OF SOLUBILITY SWITCHING MECHANISM ON 

RESIST PERFORMANCE IN MOLECULAR RESISTS 

 

Five different molecular glass chemically amplified photoresists which utilized 

different solubility switching mechanisms and chemistries, based on a tris(4-

hydroxyphenyl)ethane (THPE) core, were synthesized and their performance compared. 

Three different positive tone systems were designed based on acid catalyzed deprotection 

of a phenolic hydroxy group protected with one of the following groups: tert-

butoxycarbonyl (tBoc), tetrahydropyranyl (THP), or ethoxyethyl (EE). Two negative tone 

systems were designed; one using cationic epoxide polymerization of pendant epoxides 

and one using condensation of the unprotected THPE with a multi-functional cross-

linking additive. The tBoc system and negative tone systems showed good performance 

under deep UV (DUV) and large field e-beam patterning, but the epoxide system showed 

far superior performance for high-resolution electron beam patterning. It was able to 

produce 50 nm 1:1 line/space patterns and 30 nm lines on 1:3 line/space patterns with 

high sensitivity, good contrast, and a very low LER (3σ) of 2.3 nm using 100 keV 

electron beam patterning.  Several important lessons are learned regarding molecular 

resist design.  Use of bulky, non-volatile protecting groups such as THP can act like 

strong dissolution inhibitors that can inhibit proper patterning in molecular resists, 

especially when used at high loadings.  Small molecules with multiple flexible moieties 

such as the EE protecting groups can severely lower the glass transition temperature (Tg) 

of molecular resists, rendering them unusable.  Fully protecting positive tone systems 
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such as in the tBoc compound in undesirable because it requires higher doses and higher 

PEB temperatures to fully deprotect which leads to high levels of photoacid diffusion in 

low Tg systems.  When designing cross-linking systems based on molecular resists, it is 

difficult to reach complete network formation in systems with blended cross-linkers such 

as THPE-CL because such a high level of cross-linking is required for the small 

molecules.  Attaching the cross-linking groups directly to the molecular resist core, such 

as in THPM-Ep, improves this problem and can lead to high performance systems with 

good levels of cross-linking. 

 

8.1 Introduction 

 
In recent years, molecular glass photoresists have received significant attention as 

potential replacements for polymer based photoresists in sub-65nm advanced 

lithography.1,2,3 Among the perceived advantages of molecular resists over polymers are: 

(1) they can be repeatedly synthesized with precise molecular weight, compositional, and 

stereochemical control and (2) their much smaller molecular size and consistent 

molecular composition should improve dissolution inhomogeneity which can reduce line-

edge-roughness (LER). Molecular resists have been shown, both in simulation and 

experiment, to provide improvements in LER compared to polymer resists.4,5,6 Although 

molecular glass materials may offer many potential advantages over polymeric CARs, 

there are still many things that are unknown about this class of materials that could 

potentially cause problems. Removal and subsequent volatilization of protecting groups 

in positive tone molecular resists can cause a loss of up to approximately 50% of the 

mass of the resist, possibly leading to a loss of pattern quality.  The small sizes of 
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molecular resist compounds, and often correspondingly low glass transition temperatures 

(Tg), can also lead to problems such as more significant photoacid diffusion and reduced 

mechanical strength and integrity.  Characterizing and overcoming these problems may 

be the key to the widespread acceptance of molecular glass resists.   

A variety of solubility switching mechanisms have been proposed and used for 

molecular resists.7,8 These include positive tone chemically amplified compositions with 

several different types of protecting groups based on phenol deprotections9 and 

carboxylic acid deprotections.10 A few different negative tone materials have also been 

used, based on either epoxide ring opening cross-linking11 or hydroxyl cross-linking via 

an additional additive.12 Although many solubility switching mechanisms have been 

used, they have been investigated on many different molecular cores in such a way that 

no direct comparison of the advantages and disadvantages of each solubility switching 

scheme could be directly made on a common molecular core platform.  In addition, it 

would appear that the majority of previous publications report only the positive aspects of 

their results, while not discussing in any detail the negative features and results from the 

materials investigated.  This study compares different solubility switching mechanisms in 

molecular resists, all based on a common core molecule, revealing both the advantages 

and disadvantages of each mechanism. 

The common core molecule used in this study is one of the smallest cores that 

will form amorphous glasses, 1,1,1-tris(4-hydroxyphenyl)ethane (THPE).  In total, five 

different chemically amplified resists were formulated based on this common core. Three 

positive tone resists were made, one a high activation energy resist, 1,1,1-tris(4-tert-

butoxycarbonyloxyphenyl)ethane (THPE-tBoc), and two lower activation energy resists, 
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1,1,1-tris(4-tetrahydropyranyloxyphenyl)ethane (THPE-THP) and 1,1,1-tris(4-

ethoxyethoxyphenyl)ethane (THPE-EE). One negative tone resist, tris(4-(oxiran-2-

ylmethoxy)phenyl)methane (THPM-Ep), is based on epoxide ring opening cationic 

polymerization where the multi-functional core crosslinks.  The other negative tone resist 

(THPE-CL) was made by blending the THPE core with both a photoacid generator and 

an additional cross-linking agent, 1,3,4,6-tetrakis(methoxymethyl)glycoluril (Powderlink 

1174).  This cross-linking agent reacts with the phenolic hydroxy functionality of THPE 

in the presence of acid to produce a crosslinked material.13  Figure 8.1 shows the structure 

of each of the cores in these resist. 
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8.2  Experimental 

8.2.1 Materials and Equipment  

 
THPE, 1,3,4,6-tetrakis(methoxymethyl)glycoluril, and 2,3-dihydropyran were 

purchased from TCI America. THPM-Ep, ethyl vinyl ether, and triphenylsulfonium 

nonaflate (TPS-Nf) were purchased from Sigma-Aldrich. TPS-SbF6 was purchased from 

Midori Kagaku Co., Ltd. AZ300 tetramethylammonium hydroxide (TMAH) developer 

was donated by AZ Electronic Materials. THPE-tBoc was synthesized as previously 

reported.14 DUV contrast curves were made using Oriel Instruments 500W Hg-Xe arc 

lamp with a 248 nm band-pass filter with film thicknesses measured using a M-2000 

spectroscopic ellipsometer (J.A. Woolam, Inc.) over the wavelengths of 350 to 1000 nm 

using a Cauchy layer to model the resist film. E-beam lithography was done using a 

JEOL JBX-9300FS electron-beam lithography system with 100keV acceleration voltage, 

2 nA current, and 10 nm single-pixel shot pitch. Resolution tests were done on 75 nm 

thick films coated onto a 46 nm thick silicon nitride membrane windows.15 Further details 

about DUV and e-beam lithography procedures can be found elsewhere.14  

 

8.2.2 Synthesis of Compounds 

8.2.2.1 THPE-tBoc, 1,1,1-tris(4-tert-butoxycarbonyloxyphenyl)ethane 

 
1.00 g of 1,1,1-tris(4-hydroxyphenyl)ethane (3.27 mmol) and 0.24 g (1.96 mmol) 

of 4-(dimethylamino)pyridine were dissolved in 20 mL of dry acetonitrile. After addition 

of 2.57 g (11.76 mmol) of di-tert-butyl dicarbonate, CO2 evolved and the mixture was 
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stirred for 15 minutes. The solvent was removed by rotary evaporation to give THPE-

tBoc as a white powder, which after drying yielded 1.86 g. Yield: 94 %. 1H-NMR (300 

MHz, DMSO) δ (ppm) 1.46 (s, 27H, tert-butyl CH3), 2.12 (s, 3H, alkyl CH3), 7.06 (d, 

6H, aromatic H, J=8.8Hz), 7.12 (d, 6H, aromatic H, J=8.8Hz). 

 

8.2.2.2 THPE-THP, 1,1,1-tris(4-tetrahydropyranyloxyphenyl)ethane 

 
2.53 g (8.26 mmol) of 1,1,1-tris(4-hydroxyphenyl)ethane was dissolved in 20 mL 

of ethyl acetate in a round bottom flask. 8 mL of 2,3-dihydropyran and 8 drops of 

trifluoroacetic acid were added to the mixture. After stirring overnight, a white precipitate 

had formed in the flask. This precipitate was collected by filtration and dissolved in 20 

mL of dichloromethane to which was added 8 mL of 2,3-dihydropyran and 6 drops of 

trifluoroacetic acid. After stirring for two days, 20 mL of 0.261 N TMAH was added; the 

organic phase was extracted, washed with water (20 mL) twice, and dried with MgSO4. 

The solvent was removed in vacuo to yield 2.82 g of THPE-THP as a white powder. 

Yield: 77%. 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.5-2.0 (18H), 2.09 (3H), 3.60 (3H), 

3.92 (3H), 5.37 (3H), 6.91 (6H), 6.98 (6H). 

 

8.2.2.3 THPE-EE, 1,1,1-tris(4-ethoxyethoxyphenyl)ethane 

 
THPE-EE was synthesized analogously using to THPE-THP using ethyl vinyl 

ether instead of dihydropyran. 1H-NMR (300 MHz, CDCl3) δ (ppm) 1.21 (t, 9H), 1.48 (d, 

9H), 3.55 (m, 3H), 3.80 (m, 3H), 5.35 (3H), 6.87 (6H), 6.98 (6H).   
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8.2.3 Resist Processing 

 
Due to the unique nature of each resist, they each received slightly different 

processing conditions as described below. THPE-tBoc and THPE-THP were dissolved in 

cyclohexanone along with 5 mole% TPS-Nf (with respect to the functionalized THPE 

solids), spin cast into films, and post apply baked at 90 °C for 2 minutes to form 100 nm 

thick films. After exposure, these films received a post-exposure bake (PEB) at 90 °C for 

60 seconds and were developed in 0.065 N TMAH (1/4 dilution of AZ300 MIF) for 30 

seconds.  THPE-EE was an oil at room temperature, and so no further lithographic testing 

was performed on that material.  THPM-Ep was dissolved in PGMEA along with 5 mol% 

TPS-SbF6 (with respect to the THPM-Ep solids), spin cast into films, and soft-baked at 60 

°C for 4 minutes to form 120 nm thick films.  The THPM-Ep films received a PEB at 

either 60 °C or 90 °C for 60 seconds and were developed in MIBK for 30 seconds 

followed by an isopropanol rinse.  The THPE-CL resist was formulated by dissolving 

THPE into PGMEA along with 15 wt% (relative to THPE solids) of 1,3,4,6-

tetrakis(methoxymethyl)glycoluril and 5 mol% (relative to THPE solids) TPS-Nf  as a 

PAG.  THPE-CL films were soft-baked at 90 °C for 2 minutes to form 100 nm thick 

films.  The PEB for the THPE-CL films was 90 °C or 110 °C for 60 seconds, followed by 

development in 0.013 N TMAH (1/20 dilution of AZ300 MIF) for 30 seconds.  All 

solutions were filtered through 0.2 μm PTFE filters before use. No base quencher was 

used in these resist formulations so as to prevent any effect on LER and to eliminate any 

interaction or segregation effects of base with the various different resists. 
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8.3  Results and Discussion 

 

8.3.1 THPE-tBoc 

 
THPE-tBoc behaves much like its polymeric analogue, tBoc protected 

poly(hydroxystyrene) (tBoc-PHOST). It was thermally stable to approximately 130-

140°C, when the tBoc groups began to thermally deprotect, and it could be developed in 

0.261N TMAH with no appreciable dark loss. It could be processed without addition of 

primer, but performed better in developer when HMDS was used to prime the silicon 

substrate before coating.  It exhibited film shrinkage in the exposed areas during PEB to 

upwards of 50% of the original total thickness due to volatilization of the tBoc 

deprotection products (carbon dioxide and isobutylene).  

The imaging performance of THPE-tBoc under DUV exposure was rather good.  

Its sensitivity was approximately 8 mJ/cm2, depending on development conditions.  The 

contrast was also good in 0.261 N TMAH, at approximately 8.5, but could be improved 

even further to 11 by using a more dilute developer of 0.065 N TMAH as seen in the 

contrast curves in Figure 8.2. Under electron beam exposure, THPE-tBoc showed much 

poorer behavior. The contrast was reduced to 1.4 and the dose-to-clear was 153 μC/cm2. 

For high resolution imaging under e-beam, no features of 100 nm or smaller could be 

imaged due to high levels of photoacid diffusion which blurred out smaller features as 

can be seen in Figure 8.3. Although a PEB of 90°C is not extremely high, photoacid 

diffusion is a major issue in this resist because of the high concentration of acid required 

to image (as judged by the dose). It is also likely that the high level of protection of the 

resist contributes to the reduced sensitivity under e-beam.  
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Figure 8.2  Contrast curves of THPE-tBoc (a) under DUV exposure developed in 

0.261N TMAH and 0.065N TMAH and (b) e-beam (100 keV) exposures 
developed in 0.065N TMAH. 

 

 

 
Figure 8.3  SEM of e-beam exposures of THPE-tBoc for nominally 100 nm 1:1 line-

space patterns.  The photoacid diffusion length is so large that the features 
have completely blurred out. 
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8.3.2 THPE-THP and THPE-EE 

 
THPE-THP had several problems. It did not consistently form good films, even 

when HMDS was used to prime the silicon substrate surface.  Since adhesion was poor, 

when the developed film was rinsed in water after exposure, large sections of the 

unexposed resist would lift off of the substrate due to delamination. The most significant 

problem however with the use of THP as a protecting group for a resist molecule as small 

as THPE is that the number of protecting groups per core molecule is large, i.e. a 3:1 

molar ratio in this case. The high level of THP protection is a serious problem because 

the dihydropyran and other deprotection products are insoluble in developer and even 

more significantly, the dihydropyran tends to polymerize in the presence of photoacid to 

form insoluble polymer films. 16,17  Under certain conditions, both positive tone behavior 

due to removal of protecting groups from THPE and negative tone behavior due to the 

generation of multiple inhibitor molecules from the dihydropyran and its reaction 

products can be observed.  

In an attempt to circumvent some of the problems with the dihydropyran 

deprotection product of THPE-THP, THPE-EE was synthesized in the hope that the 

deprotection product could more easily be volatilized and would not be as reactive 

toward polymerization as the dihydropyran produced from the THPE-THP.  

Unfortunately, synthesis of the THPE-EE showed that it was an oil at room temperature.  

This is likely due to the presence of the flexible ether linkages in the protecting group; 

they act to increase the mobility of the molecule and reduce the Tg of the compound.  

THPE-THP is a solid because the cyclic structure of the protecting group reduces the 
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flexibility in the molecule relative to THPE-EE.  Therefore, no further processing of the 

THPE-EE was attempted.  

 

8.3.3 THPE-CL  

 
THPE-CL had several problems even before high resolution imaging was 

attempted. One problem is that for a PEB of 90°C or less, very dilute developer (< 

0.026N) must be used.  This is because the THPE-CL still forms a phenolic, hydroxy 

terminated, low molecular weight polymer that can dissolve in sufficiently strong 

aqueous alkaline developers even though some crosslinking occurs. Another problem was 

that for a PEB of 90°C, the developed film at maximum dose and thickness was only 

approximately 50% as thick as the original film. This puts the lower temperature limit for 

PEB processing of the THPE-CL material at 90°C or above, which prevents the use of 

low temperature PEB processing that could be used to help overcome photoacid diffusion 

blurring.  

Under DUV exposures, THPE-CL did exhibit a very high sensitivity. The E50 

(dose to obtain 50% of maximum film thickness) for THPE-CL was on the order of 1 

mJ/cm2 as seen in Figure 8.4. However, the contrast ratio was a disappointingly low 

value of approximately 2 for a 90°C PEB. Under e-beam exposure, the high sensitivity 

was maintained, with an E50 of 28 μC/cm2 at an acceleration voltage of 100 keV. 

However, high resolution testing of THPE-CL using e-beam exposures revealed even 

more problems.  For PEB temperatures less than 110°C, all small patterns produced using 

e-beam patterning washed off of the substrate. Furthermore, even at the lowest PEB 

temperature to successfully produce viable patterns of 110°C and at the low exposure 
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doses (approximately at the E50 dose), photoacid diffusion induced pattern blur was a 

significant problem.  No sub-100 nm patterns could be resolved, even for relaxed 1:3 

pattern spacings as seen in Figure 8.5.  Any future use of THPE-CL would require 

significant base quencher loading and photoacid diffusion control to obtain reasonable 

imaging control, and the use of extremely dilute developers can be problematic due to 

problems in controlling and maintaining a constant developer strength.  
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Figure 8.4  Contrast curves of THPE-CL under DUV exposure developed in 0.013 N 

TMAH and 0.0078 N TMAH. 
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Figure 8.5  SEM of e-beam exposures of THPE-CL with a 110 °C PEB developed in 

0.0078 N TMAH.  The patterns are nominally 100 nm 1:1 line-space, 1:2 
line-space, and 1:3 line space.  The photoacid diffusion length is so large 
that the features have completely blurred out. 

 

 

8.3.4 THPE-Ep 

 
THPM-Ep had to be post-apply baked at 60 °C or less, because at higher 

temperatures the film dewets from the silicon substrate forming defects in the film. This 

occurs because the terminating glycidyl ethers on THPM-Ep are so flexible that they 

significantly lower the melting point and Tg as compared to the unprotected compound. 

After exposure, the film could be post-exposure baked at temperatures higher than 60°C 

because the cross-linked film was much more robust.  Since some small levels of cross-

linking occur even at room temperature, by the time the wafer is place on the hot plate 

after exposure, sufficient cross-linking has occurred to raise the Tg and allow the higher 

PEB temperatures. One disadvantage of using the cationic ring opening of glycidyl 

1 μm 

100 nm 
1:1 100 nm 

1:2  100 nm 
1:3 
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epoxides as a solubility changing mechanism is that this greatly limits the choice of 

PAGs that can be used in formulating the chemically amplified resist. Only non-

nucleophilic acid counter-ions can be used; sulfonic acids, including perfluorinated 

sulfonic acids, will not effectively cause polymerization.18 Unfortunately, most non-

nucleophilic acids such as hexafluoroantimonate are unfavorable for use in 

semiconductors applications for a variety of reasons; however, there are other classes of 

all-organic, non-nucleophilic super acids that can be used to cross link these types of 

systems.19  

Despite these drawbacks, THPM-Ep has many good properties. Unlike positive 

tone resists, it exhibited no change in film thickness or shrinkage upon PEB. Multiple 

different solvents can be used for development including MIBK, THF, and PGMEA. 

Choice of developer could have an effect on LER due to differences in swelling and 

pattern collapse, but was not investigated in this study; MIBK was used as developer for 

all results shown for THPM-Ep. However, use of a solvent for development is generally 

considered less favorable for semiconductor processing as compared to aqueous based 

developers due to environmental disposal concerns. THPM-Ep imaged under DUV with 

good sensitivity, reaching around 75% of its maximum thickness at an exposure dose of 

only 3 mJ/cm2. It also had reasonable contrast, with a contrast ratio of approximately 5. 

Figure 8.6 shows DUV and e-beam contrast curves for THPM-Ep for different PEB 

conditions. In e-beam, THPM-Ep still shows excellent sensitivity with an E50 of 16 

μC/cm2.  Interestingly, there appears to be a potentially more favorable imaging dose of 

approximately 6-8 μC/cm2 which gives only 33% of the maximum film thickness but at 

the highest contrast of approximately 2.5. It can be seen that PEB temperatures from 60-
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90°C can be used with little loss in performance, the only major differences being that at 

90 °C the final film thickness is the same as before development, while at 60 °C, there is 

still around 20% dark loss even at high doses.  The reason for this difference in final film 

thickness is because the cross-linking becomes diffusion limited as the active cationic 

propagation center is on the end of an ever larger chain/network.  At 60 °C, the mobility 

of the active species is not sufficient to fully cross-link the film; at the higher 90 °C PEB, 

the mobility of the active species is high enough to fully cross-link. 
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Figure 8.6  Contrast curves for THPM-Ep under (a) DUV and (b) E-beam (100 keV) 

 

 

THPM-Ep showed excellent high resolution imaging. Figure 8.7 shows 80 nm 1:1 

line/space patterns for THPM-Ep with a PEB of 60°C (THPM-Ep-60), and 50 nm 1:1 

line/space and 30 nm 1:3 line/space patterns for THPM-Ep with a PEB of 90°C (THPM-

Ep-90). THPM-Ep-90 resolved 1:1 patterns down to 50 nm and 1:3 patterns down to 30 

nm, while THPM-Ep-60 gave excellent 1:1 patterns down to 55 nm and 1:3 patterns 



 244

down to 40 nm. Failure at smaller pitch sizes was not due to image blurring, but was 

instead due simply to pattern collapse as the aspect ratio of features increased due to the 

pattern size decreasing at constant film thickness of around 110 nm. It is believed that 

THPM-Ep-90 gave smaller features than THPM-Ep-60 because of the more complete 

cross-linking which occurs at the higher PEB temperature, thus generating more robust 

features. No major difference between the two PEB conditions due to photoacid diffusion 

could be easily observed, but was likely due to lack of any identical comparable lines 

smaller than 40 nm.  

 

200 nm 
   

60 nm 
  

60 nm 
 

Figure 8.7  SEM of e-beam patterning of (a) THPM-Ep-60 80 nm 1:1 line/space, (b) 
THPM-Ep-90 50 nm 1:1 line/space, and (c) THPM-Ep-90 30 nm 1:3 
line/space 

 

 

Using the 80 nm 1:1 line/space patterns, the LER and line-width-roughness 

(LWR) were calculated. For THPM-Ep-60, LER (3σ) was 2.7 nm and LWR (3σ) was 3.8 

nm, while for THPM-Ep-90, an even smaller LER (3σ) of 2.3 nm and LWR (3σ) of 3.4 

nm were obtained. These are very low values for LER, much lower than the 5 nm 

minimum that is commonly reported for conventional CARs.20 This 5 nm limit appears to 

hold true for both polymeric and molecular glass resists. The excellent LER performance 

(a) (b) (c) 
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of this resist can likely be attributed to several things. The film should be very uniform in 

that each individual resist molecule in the initial film is virtually identical, and so 

development should be very uniform. The high sensitivity implies that there is very little 

photoacid actually generated at the imaging doses for this material, and thus the driving 

force for photoacid diffusion at the line edge is lower. It is also likely that minimal 

photoacid diffusion blur should occur in this system because the active species is not a 

small molecule photoacid, but a macromolecular cationic active center.  

 

8.4  Conclusions 

 
Five different molecular glass CARs were investigated based on a common 

molecular resist core. THPE-THP was found to form insoluble residues after exposure 

due the bulky, dissolution inhibiting deprotection products, and so was not tested in e-

beam for high resolution imaging. THPE-EE was an oil at room temperature because the 

highly flexible bonds in the EE group greatly reduce the Tg of the compound, but the EE 

protecting group could possibly work as a low activation energy protecting group on 

larger molecular resist cores. THPE-tBoc imaged with reasonable contrast and could be 

processed under similar conditions as tBoc-PHOST, but the fully protected glass required 

high levels of photoacid to cause deprotection which resulted in photoacid diffusion 

induced pattern blur. Although this specific resist could not resolve sub-100 nm images 

due to photoacid diffusion induced blur, it appeared that it could be optimized and 

redesigned for somewhat improved imaging. THPE-CL had good sensitivity, but suffered 

because of the high temperatures required for imaging which led to blurred images. Even 

though the use of base quencher and diffusion control could likely improve resolution, 
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the high temperatures required for imaging likely would severely limit the ultimate 

resolution of this material. THPM-Ep had good sensitivity with reasonable contrast and 

produced excellent high resolution patterns with a low LER (3σ) of 2.3 nm. Its basic 

imaging shows that it is a good candidate for further study; indeed, it has already shown 

the capability to resolve 30 nm lines at 1:3 line/spacing.  Its industrial application in 

semiconductor processing may be limited though due to both the limited choice of PAGs 

that work with this material (i.e. sulfonic acid PAGs cannot be used and instead this 

material required non-nucleophilic PAGs such as triphenyl sulphonium 

hexafluoroantimonate) and the requirement that organic solvents be used for 

development.   
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CHAPTER 9 

SINGLE COMPONENT MOLECULAR RESISTS 

 

Several single component molecular resists were designed, synthesized, 

characterized, and patterned using deep UV (DUV) and 100 keV e-beam lithography.  

One series was made using an onium salt cation core of tris(4-(tert-butoxycarbonyloxy)-

3,5-dimethylphenyl)sulfonium (TAS-tBoc) with five different acid anions: chloride (Cl), 

hexafluoroantimonate (SbF6), triflate (Tf), nonaflate (Nf), and tosylate (Ts). The counter-

ion had a large effect on both the performance and physical characteristics of the resists. 

TAS-tBoc-SbF6 and TAS-tBoc-Tf imaged as positive tone resists with good line edge 

roughness (LER), but suffered from acid diffusion problems which limited resolution.  

TAS-tBoc-Ts and TAS-tBoc-Cl had high water solubility that prevented their use as 

positive tone resists.  TAS-tBoc-Nf had poor wetting and adhesion that prevented it from 

being spin-coated into films.  TAS-tBoc-SbF6, the best performing derivative, 

demonstrates a low LER (3σ) of 3.9 nm under 100 keV e-beam exposures with a 

resolution of 55 nm.  Under EUV exposures, it exhibits a LER of 5.2 nm with a 

sensitivity of 60 mJ/cm2 and 50 nm half-pitch resolution.  Another ionic based single 

component molecular resist based on a diphenyliodonium PAG (DPI-BocNpS) likewise 

had severe water solubility problems that prevented its use a positive tone resist.  Using 

onium salts as single component resists places great restriction on the choice of structure 

used because of the large effect it has on the solubility of the resist.  A different single 

component molecular resist (referred to here as NBB) with a covalently bound non-ionic 

photoacid generator, i.e. one in which the photoacid anion is bound to the resist core, was 
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also synthesized.  NBB was found to exhibit an improved resolution of 40 nm due to 

reduced photoacid diffusion while maintaining a good LER (3σ) of 3.9 nm.  Despite the 

small size of NBB, it was found to exhibit a glass transition temperature of 82°C.  Using 

a non-ionic PAG in a single component molecular resist corrected the solubility problems 

found in the onium salt based systems.  These systems show the feasibility of using single 

component molecular resists to obtain high resolution with very low LER; however, they 

also show unexpectedly poor sensitivity under high energy (e-beam and EUV) exposures.  

This poor sensitivity appears to be the result of using ultra-high PAG loading under 

ionizing radiation, although the exact mechanism is currently unknown, and it currently 

limits the application of these systems in high volume manufacturing.  

 

9.1 Introduction 

 
As feature sizes shrink, there is an ever increasing concern about line edge 

roughness (LER) and line width roughness (LWR) in photoresists.  Since LWR does not 

appear to scale down as pattern sizes shrink, it is rapidly becoming a significant portion 

of the total feature size.  In order to minimize the negative impact of LWR on final 

transistor device performance, the LWR should be < 8-10% of the final critical dimension 

of the resist.1  In attempts to reduce LWR, it was discovered that there is an intrinsic 

property of chemically amplified resists (CARs) that has come to be known as the “RLS 

tradeoff”.2  The RLS tradeoff basically states that there is a tradeoff between resolution, 

LER, and sensitivity, such that any two of these performance parameters can be reduced 

but at the expense of the third parameter.3  In fact, various general equations relating this 
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tradeoff have been reported.  One popular expression of the tradeoff is given in Equation 

(9.1).4  

 
 

 Constant Z MaterialResist ySensitivitLERResolution 23 ≈⋅⋅  (9.1) 

  

The resist material constant is an intrinsic property of a particular CAR resist 

design and formulation and can be reduced by changing aspects of the resist formulation 

such as type of photoacid generator and amount of base quencher.  Unfortunately, it 

appears that modern blended polymeric CAR designs have minimized this product near 

its lower limits for such resist designs, but the performance of these resists still does not 

meet the future requirements of the ITRS roadmap5 and LER appears to reach a limiting 

value of approximately 5 nm after development.6   

In an attempt to overcome these current limitations, new classes of CARs have 

been developed. The most notable new classes of materials have been molecular glass 

photoresists7-12 and polymer-bound photoacid generator (PAG) photoresists.13-18  

Molecular glass photoresists were originally introduced because it was thought that the 

reduction in resist molecule pixel size would improve LER.  However, it appears that 

when based on traditional blended CAR designs, these molecular resists generally do not 

have a significant advantage in LER as compared to polymeric CAR resists and most are 

still limited to a minimum LER of 5 nm.19  Polymer-bound PAG resists were introduced 

to improve resolution by reducing the acid diffusion length of photoacids, but have also 

been shown to provide LER improvements with little impact on resist sensitivity.13 
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The topic of this chapter is a new class of CARs known as single component 

molecular glass resists or single molecule resists.20-21 Single molecule resists are resists 

based on a single molecular species which consists of a molecular glass core compound 

that contains all of the functional groups required to act as a CAR including PAG 

functional groups, base solubilizing groups blocked by acid labile protecting groups, and 

typically, but not always, a sulfonic acid anion that is directly attached to the molecular 

glass core.  Figure 9.1 is a diagram that demonstrates this design concept.  Our view is 

that this single molecule design approach combines the benefits of molecular glass resists 

with those of polymer-bound PAGs to offer a number of significant advantages over 

current CAR materials that can potentially lead to improved resolution and lower LER 

performance, all while maintaining good resist sensitivity. 

 

 

Figure 9.1 Schematic of the single molecule CAR design concept demonstrating the 
combination of all required CAR functionalities into a single small 
molecule. 

 

 

The major advantages of single component molecular resists can be summarized 

using the three main benefits that they provide over other CAR systems.  They provide 
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the opportunity to ensure homogeneity of the resist film since they have no physically 

blended additives such as PAGs or base quenchers which, combined with their small 

molecule nature, can provide for truly monodisperse resists. They also provide the ability 

to utilize very high PAG loadings which is beneficial because it can improve sensitivity 

and also appears to improve LER.22  The third advantage of this design approach is that it 

provides the ability to tightly control the photoacid diffusion behavior. Since the acid 

anion is bound to the molecular glass core, the acid diffusion coefficient can theoretically  

be tuned by changing the size of the core. It should also have a very uniform diffusion 

coefficient throughout the film, as opposed to polymer-bound PAGs which can have a 

distribution of diffusion coefficients due to the polydispersity of the polymer resist 

molecules.  

To demonstrate the viability of this resist design approach, single component 

molecular resists utilizing the two main forms of photoacid generators, namely ionic and 

non-ionic PAGs, were synthesized and tested experimentally. Figure 9.2 shows the 

structure of the compounds synthesized and investigated in this work.  TAS-tBoc-X 

(shown in the generic form with X for the anion) is an ionic single molecule resist that is 

based on a triarylsulfonium PAG that has been functionalized with protected base-soluble 

groups.  It has been made with a variety of anions that impart different properties to the 

molecular resist; the family as a whole will be referred to as the TAS based single 

component resists.  The TAS family of compounds produce a free photoacid that does not 

remain bound to the original large molecular resist core.  DPI-BocNpS is a second ionic 

single component molecular resist and is based on a diphenyliodonium PAG attached to a 

naphthalene-sulfonate core protected by tBoc.  In the case of DPI-BocNpS, the sulfonic 
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acid produced remains attached to the original main molecular resist core upon 

irradiation.  NBB is an example of a chemically amplified non-ionic single component 

molecular resist.  NBB consists of a norbornene dicarboximide PAG attached to a 

sulisobenzone core.  Upon photolysis or radiolysis, the N-O bond breaks which leads to 

the formation of a sulfonic acid which remains attached to the molecular resist core. 

 

  
Figure 9.2 Chemical structures of the single component molecular resists. 

 

 

9.2  Experimental 

9.2.1 Materials and Methods   

 
All reagents and solvents used were purchased from either Sigma-Aldrich, TCI 

America, or Alfa-Aesar. A Varian Mercury Vx 300 was used to collect NMR. FTIR were 

collected on a Bruker IFs66vS FTIR/Raman system from KBr pellets. 

Thermogravimetric analyses (TGA) were made using a TA Instruments TGA Q500. 

Resist solutions were made using cyclohexanone as a casting solvent and filtered 

through 0.2 μm PTFE filters. Spin coating was done using CEE 100 CB spin coat and 

bake system from Brewer Science (Rolla, MO). All post-application bakes (PABs) were 
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done at 90°C for 2 minutes unless otherwise noted.  All post-exposure bakes (PEBs) were 

done for 1 minute at the temperature indicated in the text.  Development of films was 

carried out by puddle development in 0.26 N TMAH (AZ300 MIF, AZ Electronic 

Materials) unless otherwise noted in the text. Film thicknesses were measured using a M-

2000 spectroscopic ellipsometer (J.A. Woolam, Inc.) over the wavelengths of 350 to 1000 

nm using a Cauchy layer to model the resist film. DUV exposures were done using an 

Oriel Instruments 500W Hg-Xe arc lamp with a 248 nm band-pass filter. Outgassing 

measurements were made at the University of Wisconsin using methods previously 

outlined.23 

For e-beam lithography, the resist solution was spin-coated on to a 46 nm thick 

silicon nitride membrane window contained in a silicon wafer support structure,24 

resulting in a 130 nm thick resist film.  The resist film was exposed using JEOL JBX-

9300FS electron-beam lithography system with 100keV acceleration voltage, 2 nA 

current, and 10 nm single-pixel shot pitch. EUV lithography was done using the Paul 

Scherrer Institute (PSI) EUV interference tool. The patterns produced by e-beam and 

EUV lithography were imaged using a LEO 1530 thermally assisted field emission SEM 

with 2 keV acceleration voltage. The original image was off-line processed with 

background intensity subtraction and adaptive Gaussian-noise filtering. Critical 

dimension (CD) measurements, and the whole spatial-frequency 3σLER and 3σLWR 

spectra of the resist pattern were averaged from 10 different line-space patterns with a 1 

μm measurement length. 

Etch rate measurements were made using reactive ion etching (RIE) with a 

standard silicon dioxide etch recipe using a Plasma-Therm RIE system. The gas flow 
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rates of CHF3 and O2 were set at 22.5 sccm and 2.5 sccm respectively. The power was set 

at 150 W. The temperature and pressure of the etch chamber were set at 35 °C and 80 

mTorr respectively. 

 

 

9.2.2 Synthesis of TAS Based Single Component Molecular Resists 

9.2.2.1 Synthesis Scheme 

The synthesis scheme of the triarylsulfonium (TAS) based molecular resists is 

shown in Figure 9.3.  TAS-OH-Cl, the unprotected, base-soluble version, of TAS, was 

synthesized using a method modified from Crivello and Lam25 and Oae.26 This procedure 

easily gave functionalized triarylsulfonium salts using less expensive reagents than the 

conventional triphenylsulfonium synthesis from the corresponding diphenyliodonium 

salts.27  Care must be taken to separate the intermediate bisarylsulfoxide (BASO) from 

the desired TAS in the first synthesis step as discussed below.  The photoacid sulfonium 

is then protected, and the acid anion exchanged by simple metathesis. 

 

 

Figure 9.3  Synthetic scheme for TAS family of compounds. 
 
 

TAS-OH-Cl TAS-tBoc-Cl TAS-X
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9.2.2.2 TAS-OH-Cl, Tris(4-hydroxy-3,5-dimethylphenyl)sulfonium chloride 

 
In a three neck flask with mechanical stirrer, 2,6-dimethylphenol (15.00 g , 122.8 

mmol, 3 equiv.) was dissolved in 35 mL of cold carbon disulfide.  Aluminum chloride 

(10.98 g , 81.9 mmol, 2 equiv.) was added to the reaction mixture and the mixture turned 

a dark green.  Thionyl chloride (4.86 g, 40.9 mmol, 1 equiv.) was added slowly to the 

mixture over 40 minutes.  The reaction mixture was then stirred with a mechanical stirrer 

for 2 hours over an ice bath, eventually giving a purple precipitate. The mixture was 

poured onto 120 g of water with 8 mL of HCl to terminate the reaction. The mixture was 

filtered to give a yellow solid.  Recrystallization from ethanol-ether gave a white powder, 

TAS-OH-Cl.  MP = 244-245°C. Yield: 46%.  1H-NMR (300 MHz, DMSO) δ (ppm) 2.19 

(18H, Ar-CH3), 7.35 (6H, Ar-H), 9.77 (3H, OH). 

 

9.2.2.3 TAS-tBoc-Cl, Tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium 

chloride 

 
TAS-OH-Cl (4.836 g, 11.22 mmol, 1 equiv.) and 4-(dimethylamino)pyridine 

(0.685 g, 5.61 mmol, 0.5 equiv.) were dissolved in 50 mL of dry acetonitrile.  Di-tert-

butyl dicarbonate (12.917 g, 59.47 mmol, 5.3 equiv) was added, and the mixture was 

stirred overnight at room temperature.  More di-tert-butyl dicarbonate (6.00 g, 27.5 

mmol, 2.5 equiv) was added after 12 hours to ensure complete protection, and the 

solution continued to stir for 3 hours.    The solvent was removed with rotary evaporation 

to give a yellow powder which was further recrystallized in ethyl acetate to give pure, 

fully protected tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium chloride 
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(TAS-tBoc-Cl).  Yield: 51%.  1H-NMR (300 MHz, DMSO) δ (ppm) 1.48 (27H, 

C(CH3)3), 2.19 (18H, Ar-CH3), 7.75 (6H, Ar-H). 

 

9.2.2.4 TAS-SbF6, Tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium 

hexafluoroantimonate 

 
TAS-tBoc-Cl and sodium hexafluoroantimonate were separately dissolved in 80% 

methanol/water solutions. When the solutions were combined, a white precipitate formed 

which was filtered and dried to give TAS-tBoc-SbF6.  The product was tested using 

AgNO3 to confirm that no chloride ion was present,28 indicating that complete 

replacement of the Cl ion with SbF6 had occurred.  1H-NMR of the product was identical 

to that of TAS-tBoc-Cl. 

 

9.2.2.5 TAS-Tf, Tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium triflate 

 
TAS-tBoc-Cl and ammonium triflate were separately dissolved in 80% 

methanol/water solutions, combined, and a white precipitate was formed, filtered, and 

dried to give TAS-tBoc-Tf. The product was tested using AgNO3 to confirm that no 

chloride ion was present.  1H-NMR of the product was identical to that of TAS-tBoc-Cl. 
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9.2.2.6 TAS-Nf, Tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium 

nonaflate 

 
TAS-tBoc-Cl dissolved in dichloromethane and a potassium nonaflate/water 

solution were mixed together vigorously for 3 hours. The organic layer was washed twice 

with water, dried using MgSO4, and evaporated to dryness to give TAS-tBoc-Nf. The 

product was tested using AgNO3 to confirm that no chloride ion was present.   1H-NMR 

of the product was identical to that of TAS-tBoc-Cl. 

 

9.2.3 Synthesis of NBB 

9.2.3.1 Synthesis Scheme of NBB 

 
The synthetic scheme used to synthesize NBB is shown in Figure 9.4 below.  Due 

to the steric hindrance of the hydroxyl group of I, no protection was required before 

conversion to the sulfonyl chloride.  However, formation of the pyridinium salt (II) 

before conversion to the sulfonyl chloride (III) improved overall yield of the sulfonyl 

chloride.  Coupling of III to the PAG moiety (NDI-OH) to form IV could be carried out 

without protection of the hydroxyl group on III because pyridine was used as the base.  It 

was previously found that for a similar 4-hydroxybenzenesulfonyl chloride, self-

condensation would not occur using pyridine but would occur when using stronger bases 

such as triethylamine.29  Protection of the OH group on IV with Boc anhydride gave NBB 

(V). 
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Figure 9.4  Synthetic strategy of NBB: (a) pyridine, THF; (b) SOCl2, DMF; (c) NDI-
OH, pyridine, THF; (d) Boc2O, DMAP, THF. 

 

 

9.2.3.2 II, Pyridinium 5-benzoyl-4-hydroxy-2-methoxybenzenesulfonate 

 
II and III were synthesized analogously to the procedure in reference30. 

Sulisobenzone, i.e. 5-benzoyl-4-hydroxy-2-methoxybenzenesulfonic acid, (8.00 g, 25.94 

mmol) was dissolved in 80 mL of warm tetrahydrofuran (THF). As pyridine (3.078 g, 

38.92 mmol) was slowly dripped into the solution, a fine white precipitate formed.  After 

stirring the mixture for 30 minutes, it was poured onto 125 mL pentane, stirred for 

another 15 minutes, filtered, and dried in vacuo to give II. Yield = 94% 1H-NMR (300 

MHz, DMSO) δ (ppm) 8.91 (d, 2H), 8.57 (t, 1H), 8.05 (t, 2H), 7.91 (s, 1H), 7.7-7.5 (m, 

5H), 6.57 (s, 1H), 3.78 (s, 3H). 
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9.2.3.3 III, 5-Benzoyl-4-hydroxy-2-methoxybenzenesulfonyl chloride 

 
II (6.00 g, 15.49 mmol) was slowly added over 15 minutes to a solution of thionyl 

chloride (7.368 g, 61.93 mmol) and 3 drops of dimethyl formamide.  After addition, the 

mixture was stirred for 2-3 hours at 65°C.  The mixture was cooled and added drop-wise 

to 60 mL of ice water.  A pale orange solid was filtered and dissolved in 80 mL of 

chloroform.  The chloroform solution was washed twice with 50 mL of dilute HCl 

solution, and 50 mL of deionized water. The organic layer was dried over MgSO4, and 

the solvent was removed by rotary evaporator to give III as a solid. Yield = 72% 1H-

NMR (300 MHz, CDCl3) δ (ppm) 8.32 (s, 1H), 7.66-7.55 (m, 5H), 6.68 (s, 1H), 4.12 (s, 

3H). 

 

9.2.3.4 IV, 5-Norbornene-2,3-dicarboximidyl 5-benzoyl-4-hydroxy-2-

methoxybenzenesulfonate 

 
III (3.00 g, 9.18 mmol) and NDI-OH (1.809 g, 10.10 mmol) were dissolved in 40 

mL of tetrahydrofuran and cooled on an ice bath.  Pyridine (1.089 g, 13.77 mmol) in 5 

mL of THF was slowly dripped into the cooled THF solution. After complete addition of 

pyridine, the solution was allowed to warm to room temperature and a white precipitate 

began to form.  After stirring overnight, 20 mL of dichloromethane and 20 mL of 

deionized water were added to the reaction flask and stirred until all solids had dissolved. 

The organic layer was separated and washed twice with 20 mL of saturated NaHCO3 

solution, 20 mL of saturated NaCl solution, 20 mL of deionized water, dried over 

MgSO4, and concentrated by rotary evaporator.  The residue was dissolved in a minimal 
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amount of THF and dripped into deionized water to give IV as a solid. Yield = 45% 1H-

NMR (300 MHz, CDCl3) δ (ppm) 8.14 (s, 1H), 7.65-7.5 (m, 5H), 6.64 (s, 1H), 5.97 (s, 

2H, CH=CH), 4.06 (s, 3H, OCH3), 3.37 (s, 2H), 3.19 (s, 2H), 1.70 (d, 1H), 1.46 (d, 1H). 

 

9.2.3.5 NBB (V), 5-Norbornene-2,3-dicarboximidyl-5-benzoyl-4-tert-

butoxycarbonyloxy-2-methoxybenzenesulfonate 

 
IV (1.00 g, 2.13 mmol) and 4-dimethylaminopyridine (0.0129 g, 0.106 mmol) 

were dissolved in 20 mL of tetrahydrofuran (THF). Di-tert-butyl dicarbonate (0.697 g, 

3.19 mmol) dissolved in 5 mL of THF was added to the reaction mixture and stirred 

overnight at room temperature.  Dichloromethane (10 mL) and 10 mL of deionized water 

were added to the reaction mixture.  The organic layer was separated and washed with 15 

mL of saturated NaCl solution, twice with 15 mL of deionized water, dried over MgSO4, 

and concentrated by rotary evaporator.  Hexane was added to the residue and the white 

precipitate filtered to give V. Yield = 54% 1H-NMR (300 MHz, CDCl3) δ (ppm) 8.02 (s, 

1H), 7.73-7.46 (m, 5H), 6.98 (s, 1H), 6.10 (s, 2H, CH=CH), 4.09 (s, 3H, OCH3), 3.39 (s, 

2H), 3.20 (s, 2H), 1.72 (d, 1H), 1.43 (d, 1H), 1.39 (s, 9H, tBu). 

 

9.2.4 Synthesis of DPI-BocNpS 

9.2.4.1 Synthesis Scheme of DPI-BocNpS 

The overall scheme used to synthesize DPI-BocNpS is shown in Figure 9.5 

below.  DPI-HNpS was made by simple metathesis of diphenyliodonium chloride and  
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sodium 6-hydroxynaphthalenesulfonate; protection of that compound with Boc anhydride 

provided the desired DPI-BocNpS. 

 

 

Figure 9.5 Synthetic strategy of DPI-BocNpS 

 

 

9.2.4.2 DPI-HNpS, Diphenyliodonium 6-hydroxynaphthalene-2-sulfonate 

 
Diphenyliodonium chloride (0.5 g, 1.58 mmol) was dissolved in 30-40 mL of 

deionized water.  An equimolar amount of sodium 6-hydroxynaphthalenesulfonate (0.389 

mg, 1.58 mmol) was dissolved in 3-5 mL of water. The naphthalene solution was slowly 

dripped onto the diphenyliodonium solution and a white precipitate formed.  The 

precipitate was filtered to yield pure diphenyliodonium 6-hydroxynaphthalene-2-

sulfonate. Yield = 81% 1H-NMR (300 MHz, DMSO) δ (ppm) 9.79 (s, 1H), 8.25 (d, 4H), 

7.97 (s, 1H), 7.77 (d, 1H), 7.64 (t, 4H), 7.57 (m, 2H), 7.50 (t, 2H), 7.07 (s, 1H), 7.00 (d, 

1H). 

9.2.4.3 DPI-BocNpS, Diphenyliodonium 6-tert-butoxycarbonyloxynaphthalene-2-

sulfonate 

 
Diphenyliodonium 6-hydroxynaphthalene-2-sulfonate (0.4 g, 0.793 mmol) was 

slurried in 20-30 mL of acetonitrile along with 4-dimethylaminopyridine (0.010 g, 0.0793 
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mmol).  Boc anhydride (0.260 g, 1.19 mmol) was dissolved in 3-5 mL of acetonitrile and 

dripped into the reaction mixture.  Upon addition of Boc anhydride, the 

diphenyliodonium sulfonate dissolved into the acetonitrile as it was protected, giving a 

clear solution.  After stirring overnight, a fine white precipitate appeared in the reaction 

flask.  This precipitate was filtered to give pure diphenyliodonium 6-tert-

butoxycarbonyloxynaphthalene-2-sulfonate. Yield = 85.7% 1H-NMR (300 MHz, DMSO) 

δ (ppm) 8.23 (d, 4H), 8.15 (s, 1H), 8.02 (d, 1H), 7.85 (d, 1H), 7.72 (m, 1H), 7.70 (d, 1H), 

7.64 (t, 2H), 7.50 (t, 4H), 7.36 (d, 1H), 1.52 (s, 9H). 

 

 

 



 264

9.3  Results and Discussion of TAS Single Component Molecular Resists 

9.3.1 Synthesis of Triarylsulfonium and Bisarylsulfoxide 

 
Special care must be taken during the first synthesis step of the TAS compounds.  

The synthesis of TAS-OH-Cl proceeds in one step, but through an intermediately formed 

bisarylsulfoxide (BASO) as shown in Figure 9.6; the acid shown over the second arrow 

in Figure 9.6 is formed in-situ from the reactions of the thionyl chloride and/or aluminum 

chloride.  The procedure in the more widely read paper by Crivello and Lam25 calls for 

pouring the reaction mixture onto ice and HCl as done in our procedure, but then calls for 

heating to vaporize the carbon disulfide, followed by recrystallization in methanol-water 

to obtain the pure TAS-OH-Cl.  Unfortunately, this procedure leads to purification of the 

intermediate BASO instead of the TAS-OH-Cl because the sulfoxide in less soluble in 

water than the TAS compound.  In the initial synthesis of this compound, the literature 

procedure was followed as listed which led to the isolation of BASO instead of TAS-OH-

Cl.  Unfortunately, since no NMR data was given in the paper, it was impossible to 

determine if the correct compound was made since both BASO and TAS-OH-Cl have the 

same types of peaks in the 1H-NMR (Ar-H, CH3-Ar, etc.) and the same ratios of one peak 

to the next.  Likewise, the FTIR of BASO does not show any major peaks in the range 

1030-1060 cm-1 as is expected for the sulfoxide S=O peak.  This led us to initially 

incorrectly characterize the compound synthesized as TAS-OH-Cl instead of the BASO 

that was actually made. 
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Figure 9.6 Synthesis of TAS-OH-Cl from 2,6-dimethylphenol including the 
intermediate BASO. 

 

 

One of the first indications that the wrong compound had been synthesized was 

that the DUV (248 nm) dose required to pattern the tBoc protected version of this initial 

material was greater than 300 mJ/cm2.  For a normal triarylsulfonium PAG, 

approximately 95% of the PAG would have been converted to the acid at even 100 

mJ/cm2 and only 5-10% conversion can be sufficient to pattern many CARs.  Further 

examination in the literature found the paper by Oae26 that purified a triarylsulfonium by 

recrystallization using ethanol/ether and showed FTIR that suggests that the sulfoxide 

peak is shifted to lower wavenumber due to strong hydrogen bonding with the OH 

groups.  Examining the FTIR of the initially synthesized compound as shown in Figure 

9.7, a very strong peak was observed at 966 cm-1 which is consistent with the shifted 

location of the S=O as suggested in the paper.  Likewise, elemental analysis (Atlantic 

Microlab) of the synthesized compound had a C/S ratio of 6.0 which is identical to the 

theoretical ratio for BASO.  The melting point of the sulfoxide in literature was 167-169 

°C and the measured value for the compound was 173-176 °C which also suggests that 

the sulfoxide BASO was synthesized instead of the desired TAS. 
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Figure 9.7 FTIR of initially synthesized BASO. Red dots correspond to the peak 
locations of 2,6-dimethylphenol. 

 

 

Examining the NMR of the crude product before recrystallization as shown in 

Figure 9.8, it appears that both TAS-OH-Cl and BASO were being synthesized, but the 

recrystallization was purifying the wrong compound; modification of the recrystallization 

procedure to ethanol/ether led to purification of the desired TAS compound.  The purified 

TAS-OH-Cl had a melting point of 249-251 °C which is well matched to the literature 

value of 250-252 °C.  The FTIR of the purified TAS-OH-Cl is compared with the BASO 

in Figure 9.9; the FTIR of the two compounds are very similar except for the lack of the 

S=O bond in the spectra of the TAS compound.  This suggests that the TAS compound 

was successfully synthesized.  By modifying the synthetic procedure, either TAS-OH-Cl 

or BASO can be purified as shown in Figure 9.10 which shows a comparison of the 

NMRs of each purified compound. 
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Figure 9.8 NMR of the crude reaction product showing a mixture of TAS-OH-Cl and 
BASO. 
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Figure 9.9 FTIR comparing TAS-OH-Cl (blue line) and BASO (red line). 
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Figure 9.10 NMR of the purified TAS-OH-Cl (top) compared to the NMR of the 
previously purified BASO (bottom). 

 
 
 

9.3.2 General Characterization of TAS Based Single Component Molecular Resists 

 
As described earlier, single component molecular resists require the combination 

of several difference functionalities.  Figure 9.11 below shows how TAS compounds (in 

this case TAS-tBoc-SbF6) contains the four major functionalities required to make a 

single component molecular resist.  It has PAG functionality in the triarylsulfonium 

group; the triarylsulfonium group also imparts etch resistance due to the aromatic rings 

which are known to have high etch resistance.31  The tBoc groups on the OH 

functionality of the aromatic rings provides acid labile protecting groups.  The anion on 

the sulfonium turns into the corresponding acid after photolysis or radiolysis.  



 269

 

 
Figure 9.11  Diagram of TAS-tBoc-SbF6 illustrating how it contains the four major 

functionalities of a single component molecular resist.  
 

 

As fully described in the experimental synthesis section above, the tBoc protected 

TAS compound was synthesized with five different counter-ions as show in Figure 9.12.  

The acronym for each compound is given by TAS-tBoc-X, where X is the counter-ion. 

The different counter-ions used are: chloride (Cl), hexafluoroantimonate (SbF6), triflate 

(Tf), nonaflate (Nf), and tosylate (Ts).  All compounds were fully protected with tBoc 

groups, except some derivatives of TAS-tBoc-SbF6 as described later.  TAS-tBoc-Cl and 

TAS-tBoc-Ts both had significant water solubility problems that prevented their use as 

positive tone CARs.  Both materials had unexposed dissolution rates greater than 3 nm/s 

in both alkaline developers and pure water. TAS-Ts did show non-amplified negative 

tone behavior upon both DUV and e-beam exposure and is discussed in the chapter titled 

“Water Developable Negative Tone Single Component Molecular Resists” and has been 

published as well.32  TAS-tBoc-Nf had excellent solubility in casting solvents, but it 

exhibited serious wetting and adhesion problems during spin casting.  TAS-tBoc-Nf 
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could not be cast into films on silicon substrates under any condition attempted, including 

the use of a variety of priming agents such as HMDS.  The high level of fluorine content 

in the nonaflate tail produces a material of such high fluorine content that the ability of 

the material to wet the substrate and adhere is impeded.  Since TAS-tBoc-Nf could not 

form satisfactory films, no further lithographic processing of the material was completed.  

TAS-tBoc-Tf and TAS-tBoc-SbF6 could form good quality films and had sufficient 

insolubility in aqueous base that they could be imaged like conventional positive tone 

resists and will be discussed in greater detail below. 
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Figure 9.12 Chemical structures of the five different derivatives of TAS-tBoc with 
different anions.  

 

 

The first anion series that was synthesized was TAS-tBoc-SbF6.  The protection 

reaction was carried out with different ratios of Boc anhydride to TAS-OH-Cl to generate 

protected compounds with different numbers of protecting groups; the anion was then 

exchanged to give TAS-tBoc-SbF6 with different levels of protection.  Since there are 

three different OH sites per molecule, this approach led to statistical mixtures of 

compounds with zero, one, two, and three protecting groups per molecule.  Rather than 
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separating the different isomers via chromatography, the mixtures were characterized as-

is; each individual mixture was named by the total number of tBoc groups per total 

number of OH sites.  For example, a mixture of 1 mole of molecules with one protecting 

group with 1 mole of molecules with two protecting groups would be referred to as TAS-

tBoc-SbF6 [50] since 50% of all OH sites in the mixture were protected with tBoc groups.  

TAS-tBoc-SbF6 [100] will also be called TAS-tBoc-SbF6 later for simplicity sake.  

Although statistical mixtures were used for some experiments, NMR analysis allowed for 

the determination of the distribution of the individual compounds due to the unique peaks 

associated with the aromatic hydrogens of each compound as demonstrated in Figure 

9.13.  The unsubstituted compound had a single aromatic C-H peak at 7.35 ppm.  The 

mono-substituted compound has two peaks, one at 7.47 ppm due to the two OH 

functionalized aromatic groups and one at 7.52 ppm that is half the size of the other peak 

due to the aromatic group with a tBoc group.  The di-substituted compound also has two 

peaks, one at 7.56 ppm due to the aromatic group with an OH group and one at 7.63 ppm 

that is twice the size of the other peak and is due to the two tBoc protected rings.  The tri-

substituted compound has a single peak at 7.74 ppm due to the three tBoc protected 

groups; TAS-tBoc-SbF6 [100] shows only this peak.  These NMR estimations of the 

overall protecting group percentage are confirmed within 1% by TGA analysis of these 

mixtures as shown in Figure 9.14. 
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Figure 9.13 NMRs of the aromatic hydrogens for four different mixtures of TAS-tBoc-
SbF6 demonstrating the unique peaks associated with each individual 
compound. 
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Figure 9.14 TGA showing the different mass loss for different protection levels.  The 
straight horizontal lines are the predicted values of fully deprotected TAS-
tBoc-SbF6[0] as estimated from NMR analysis.  

 

 

The photoacid generating efficiency of TAS-tBoc-SbF6 [84] was qualitatively 

investigated by comparing its performance purely as a PAG to commercially available 

triphenylsulfonium triflate (TPS-Tf). TAS-tBoc-SbF6 [84] and TPS-Tf were loaded at 5.5 



 273

mol% into a molecular glass resist consisting of THPE-tBoc,33 one solution with just 

TPS-Tf in THPE-tBoc and another solution with just TAS-tBoc-SbF6 [84].  The chemical 

structures of TPS-Tf and THPE-tBoc are shown in Figure 9.15.  Solutions of THPE-tBoc 

and corresponding PAG were spin-coated onto Si wafers and individual squares were 

exposed to different DUV (248 nm) doses on the same wafer.  The wafers were then 

developed for 30 seconds in 0.26N TMAH solution, rinsed with deionized water, and 

dried.  The remaining thickness in each exposure square was measured with the 

ellipsometer to generate the contrast curve in Figure 9.16.  The contrast and sensitivity of 

the TAS-tBoc-SbF6 [84] system was 2.1 and 25 mJ/cm2, respectively, while for the TPS-

Tf system they were respectively 2.0 and 25 mJ/cm2.  The similarity in these values 

indicates that the efficiency of the synthesized TAS-tBoc-SbF6 [84] is comparable to 

commercially available TPS PAGs. 

 

 

Figure 9.15 Chemical structures of TPS-Tf and THPE-tBoc. 
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Figure 9.16 DUV contrast curve for THPE-tBoc blended with 5.5 mol% of TPS-Tf 
and THPE-tBoc blended with 5.5 mol% of TAS-tBoc-SbF6 [84] as PAGs.  
The similarity of the curves indicates the photoacid generating efficiency 
of the two PAGs is comparable.  

 

 

The etch resistance of TAS-tBoc-SbF6 [67] and THPE-tBoc were measured and 

compared to standard polymer resists.  These two resists, along with PMMA and 20% 

tBoc protected poly(hydroxystyrene) (tBoc-PHOST), were etched in a Plasma-Therm 

RIE etch tool using a mixed gas etch of 22.5 sccm CHF3 and 2.5 sccm O2 at a pressure of 

80 mTorr with a power level of 150 W.  Table 5.3 summarizes the results of these 

measurements, along with the Ohnishi parameter34 calculated for each resist.  Although 

the Ohnishi parameter is commonly used to compare the etch resistance of polymers, 

little work has appeared about its use for molecular glass resists.  In this case, it does not 

appear to qualitatively predict the etch resistance of THPE-tBoc or TAS-tBoc[67] relative 

to tBoc-PHOST; it may be that the Ohnishi parameter needs to be re-evaluated for 

molecular glass materials.  It is interesting to note that the Ohnishi parameters for the 

completely deprotected versions of PHOST and THPE are 2.5 and 2.41, respectively. 

Using these two values, the Ohnishi model accurately predicts the comparative etch 
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resistance.  The inaccuracies in the model for TAS-tBoc[67] can likely be attributed to 

the fact that the Ohnishi model does not consider the effect of sulfur, fluorine, and 

antimony; the high levels of SbF6
- likely improve the etch resistance because of its low 

volatility.  This good etch resistance is a benefit that can arise when using a PAG core for 

a single component molecular glass.  

 

Table 9.1  RIE etch rates of molecular glasses and polymers.  The conditions 
consisted of a mixed gas etch of 22.5 sccm CHF3 and 2.5 sccm O2 at a 
pressure of 80 mTorr with a power of 150W. 

 

Resist Etch Rate 
(nm/s) 

Etch Rate Relative to tBoc-
PHOST Ohnishi Parameter

tBoc-PHOST 2.28 1.00 2.73 

PMMA 3.87 1.70 5.33 

TAS-tBoc-SbF6 
[67] 1.98 0.87 3.41 

THPE-tBoc 2.20 0.97 3.31 

 

 

Outgassing of resists is an important issue, particularly for EUV exposure. Films 

of pure TAS-tBoc-SbF6 [84] under EUV exposure were measured to have a total 

outgassing level of 1.08 x 1013 molecules/cm2, below the limit for EUV exposure set by 

Intel of 6.5 x 1013 molecules/cm2, and much lower than expected. The highest outgassing 

component was 2,6-dimethylphenol (4.06 x 1012 molecules/cm2), consistent with a 

photoproduct for TAS. The total outgassing level is comparable to the outgassing level of 

some conventional resists with an ionic PAG at standard PAG loadings.23  It appears that 

addition of the tBoc group to the PAG decreased the volatility of the small photoproducts 
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(tBoc protected dimethylphenol) enough to significantly reduce the outgassing levels 

relative to unsubstituted triphenylsulfonium. This result suggests that adding bulky 

groups to the phenyl rings of triphenylsulfonium is a possible way to reduce total 

outgassing for any resist system that uses onium salt PAGs. 

 

9.3.3 TAS-tBoc-Tf Single Component Molecular Resists 

 
TAS-tBoc-Tf exhibited good solubility in a variety of casting solvent and 

produced excellent amorphous films.  Although it could be imaged as a positive tone 

material, it suffered from dark erosion similar to TAS-tBoc-Ts, albeit not as significant, 

losing only 25 nm of film thickness in 60 seconds of development instead of the entire 

film as in the case of TAS-tBoc-Ts.  Despite the problems with dark loss, the resist shows 

very high contrast. Figure 9.17 shows the e-beam contrast curve for TAS-tBoc-Tf at two 

different PEB temperatures, 60°C and 90°C, with the thickness normalized to the 

unexposed film after development. The contrast ratio and dose-to-clear (E0) for a PEB of 

90°C was 26 and 85 μC/cm2, respectively.  When the PEB was done at 60°C, the contrast 

ratio was improved to 33, but E0 significantly increased to 131 μC/cm2. These contrast 

values are significantly higher than most standard CARs which typically have contrast 

values around 8-15.  Despite the high contrast of this material, its high resolution imaging 

performance was quite poor due to photoacid diffusion induced image blur, as would be 

expected with the small triflic acid.  Figure 9.18 shows 100 nm lines at nominally 1:3, 

1:2, and 1:1 line-spacing imaged at 1000 μC/cm2 with a 60 second PEB at 70°C.  The 1:1 

patterns are completely blurred out. The acid diffusion problems, combined with the poor 
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dark erosion of this resist, means that it is an unlikely candidate for future study even if 

the processing conditions were optimized. 
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Figure 9.17 Contrast curves for TAS-tBoc-Tf under e-beam (100 keV) for two 
different PEB temperatures. 

 
 
 

  

Figure 9.18 SEM picture of nominal 100 nm 1:3, 1:2, and 1:1 line-space patterns in 
TAS-tBoc-Tf using 100 keV e-beam patterning.  
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9.3.4 TAS-tBoc-SbF6 Single Component Molecular Resists 

 
TAS-tBoc-SbF6 formed excellent, uniform films, but had relatively poor 

solubility in most standard casting solvents (i.e. solubility limited to ~ 3 wt%).  TAS-

tBoc-SbF6 had much improved dark erosion compared to other TAS derivatives; there 

was less than 2 nm thickness loss in 0.261 N TMAH after one minute of development. It 

possessed excellent thermal stability up to 145 °C, where the tBoc groups began to 

thermally decompose.  For TAS-tBoc-SbF6 [100], both TGA and NMR confirmed 

complete tBoc protection, validating that every individual molecule in the resist film is 

identical and that this compound represents a true single molecule chemically amplified 

molecular glass resist.  

Figure 9.19 summarizes the DUV (248 nm) imaging of TAS-tBoc-SbF6 [100] 

with a PEB at 4 different temperatures spanning the range of 40-90°C.  Although it 

would never be used as a DUV resist at 248 nm or 193 nm due to its higher absorbance, 

DUV results provide important information about the nature of the material.  TAS-tBoc-

SbF6 possessed excellent sensitivity, especially for a fully protected resist with a high 

activation energy protecting group such as tBoc.   For a PEB above 60°C, the dose-to-

clear, E0, was constant at 1.5 mJ/cm2 regardless of bake temperature.  E0 increased as 

PEB temperature decreased below 60°C, but even at 40°C E0 was still a very low 4 

mJ/cm2.  Contrast in this material was also quite good, with the contrast reaching a 

maximum at 50°C PEB of 7.9.  This result shows a couple of important things.  One, it 

shows that this resist is operating in a chemically amplified mode, since temperature 

affects the sensitivity combined with the fact that the film shrinks due to volatilization of 

deprotection products from the tBoc group.  If the solubility switching occurred purely 
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due to photolysis of the PAG, PEB temperature should have no effect on dissolution 

behavior.  The second important result is that it implies is that the PEB can possibly be 

carried out as low as 60-65°C with little effect on sensitivity; this is important for higher 

resolution exposures such as e-beam and EUV because the lower the PEB temperature, 

the smaller the photoacid diffusion blur should be. 

 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5
Dose (mJ/cm2)

N
or

m
al

iz
ed

 F
ilm

 T
hi

ck
ne

ss

40oC
50oC
65oC
90oC

PEB 

Increasing 
PEB Temperature 

  

Figure 9.19 DUV (248 nm) contrast curves for TAS-tBoc-SbF6 at four different PEB 
temperatures. 

 
 

 

Figure 9.20 shows e-beam contrast curves for TAS-tBoc-SbF6 [67], developed in 

0.065N TMAH for 10 seconds, one with a PEB at 95°C for 60 seconds, and the other at 

75°C for 60 seconds. The contrast curves were made on silicon nitride.  The most unusual 

result of this experiment is the large dose-to-clear for all samples (170-180 μC/cm2), 

especially considering the good sensitivity of these materials under DUV exposure.  The 

dose-to-clear for a typical blended polymeric chemically amplified resist under these 

conditions would be in the range of 30-50 μC/cm2.35  The dose-to-clear for TAS-tBoc-

SbF6 is around 150 μC/cm2 regardless of the protection level. Although reduced electron 
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back-scatter from the silicon nitride compared to silicon could possibly explain some 

reduction in sensitivity, it alone cannot completely explain the large increase in the dose-

to-clear for this sample, especially considering the high PAG loading.  This result is 

possibly due to a problem in the energy transfer mechanism, specifically electron transfer 

that is responsible for sensitization and ultimate decomposition of the PAG into the 

acid.36 In PAG blend resist systems, the resist, whether polymer or molecular glass, 

receives most of the incident energy from the e-beam and acts as a sensitizer. Under e-

beam exposure, it appears that this system does not sensitize itself effectively.  

 

  

Figure 9.20 E-beam contrast curve for TAS-tBoc-SbF6 [67] on silicon nitride, using a 
100 keV beam.   

 

 

 

For resolution tests under e-beam exposure, TAS-tBoc-SbF6 [67] films 135 nm 

thick were patterned on silicon nitride windows designed to minimize electron 

backscatter.24  When the films had a PEB of 95°C, acid diffusion was so great that pattern 

collapse occurred due to extreme thinning of the resist and no patterns of 100 nm or 

below could be resolved.  For a PEB of 75°C, acid diffusion was still a problem, but 
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reduced enough to allow patterns below 100 nm to be resolved.  Figure 9.21 shows 

examples of these patterns, with the nominal line/space patterns shown.  Acid diffusion 

caused a reduction in the actual line widths and increase in space widths so that the actual 

patterns are not 1:1.  For example, the nominal 80 nm 1:1 line/space patterns have an 

actual line width of approximately 50 nm and a space width of around 110 nm.  This is a 

serious problem in that there was effectively 15 nm of acid diffusion on each side of the 

printed line.  The poor patterns in the 70 nm 1:1 patterns and on the edges of the 80 nm 

patterns are likely caused by pattern collapse due to the high aspect ratio of these lines. 

The 80 nm nominal patterns have an actual width of 50 nm, so the aspect ratio of these 

features is around 2.5:1.  This is a higher aspect ratio than one might first expect to be 

stable for a molecular glass system.  Acid diffusion induced line shrinkage showed line 

resolutions below 50 nm with low LER, but this pattern collapse restricted any ability to 

get metrology data on these smaller line widths.  Use of a thinner resist film should allow 

further exploration of the ultimate resolution of this material. 
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Figure 9.21 SEM images of different 1:1 line/space patterns in TAS-tBoc-SbF6 [67] 
(75°C PEB). The listed line spacing is the nominal printed pattern, but 
acid diffusion caused a reduction in line width and an increase in spacing.  
For example, the nominal 80 nm line spacing has line widths of 55 nm and 
space widths of 105 nm. 

 
 

 

The 50 nm lines produced from the 80 nm nominal exposures were used to obtain 

the LER for this resist.  Figure 9.22 shows the SEM image used to calculate LER and the 

Fourier amplitude spectrum of the LER.  The calculated LER (3σ) was 3.9 nm.  This is an 

excellent value for LER and is on the order of the smallest reported LERs for any CAR 

system.  This results support the idea that single component molecular glass resists can 

potentially provide very low LER materials.  If line edge fluctuations due to pattern 

collapse are eliminated by using a thinner resist film, a potentially lower LER could be 

possible.  
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200 nm200 nm200 nm
  

Figure 9.22 E-beam (100 keV) imaging results for TAS-tBoc-SbF6 [67] (75°C PEB) 
demonstrating a LER of 3.9 nm for 55 nm lines and 105 nm spaces.  

 
 

 

To further investigate the imaging ability of TAS-tBoc-SbF6 systems, TAS-tBoc-

SbF6 [100] was patterned using interferometric EUV lithography at the Paul Scherrer 

Institute (PSI).  Since a PEB of 75°C showed diffusion blur that limited resolution in the 

e-beam study, EUV imaging was done with a PEB at 60°C instead. The reduced PEB 

allowed an improvement in resolution to 50 nm 1:1 lines/spaces with some minor 

diffusion blur shrinking the lines slightly, as seen in Figure 9.23.  Lines smaller than 50 

nm did not resolve, not because of pattern collapse or excessive acid blur, but because the 

lines did not appear to fully open, even at higher doses.  The LER (3σ) for these lines was 

determined to be 5.2 nm; the larger LER relative to the e-beam imaging could be due to 

the reduced PEB temperature which affects diffusion and kinetics or due to differences in 

the exposure tools in terms of aerial image quality, shot noise, etc or some combination 

of the two.  A major effect in comparing the two results is the lower aerial image contrast 

in the EUV interferometric exposures as compared to the e-beam patterning; reduced 

aerial image contrast is well-known to show an increase in LER.37  The important result 
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is that the LER did not dramatically change from one exposure system to the other, the 

difference in LER was a little over 1 nm, but both still gave relatively small LER values.  

The LER was larger under EUV compared to e-beam but is still good compared to other 

CAR materials evaluated at PSI.  The sensitivity of this material is unexpectedly poor 

considering the high PAG content.  

 

200 nm200 nm

50 nm 1:1

  

Figure 9.23 Imaging results in interferometric EUV tool of TAS-tBoc-SbF6 [100] 
(60°C PEB) with Esize of 60 mJ/cm2 demonstrating 50 nm 1:1 line/spacing. 

 
 

 

For these processing conditions, the EUV dose-to-size was a relatively high 60 

mJ/cm2, based on the PSI dose reporting. This exact cause for this high dose is unknown, 

but number of factors could be at work. The reduced PEB temperature could have some 

effect on the dose-to-size due to reduced kinetics and diffusion efficiency.  The other 

major cause is could be that the photoacid generating efficiency does not scale directly 

with PAG loading at such high PAG loading.  This could be caused if the quantum yield 

saturates above some PAG loading, meaning that additional PAGs cannot contribute to 
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acid generation at a given dose.  There is also the possibility that high PAG loading could 

reduce the total quantum yield by some unknown energy transfer mechanism.  Currently, 

too little is known about the actual mechanism of acid generation under EUV to 

determine the true cause.  It is likely that optimization in resist design in terms of choice 

of PAGs, cores, protecting groups, etc. will provide more answers and solve the 

sensitivity issue.  Recent studies on ultra-high PAG loading indicate that the photoacid 

generation efficiency (the Dill C parameter) of films containing sulfonium PAGs 

continues to decrease as the PAG content increases.38  Although the precise mechanism 

underlying this is currently unknown, our result is consistent with this observation when 

using TPS photoacid generators. 
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9.4  Results and Discussion of DPI-BocNpS Single Component Molecular Resist 

 
While TAS based compounds showed improvements in LER compared to 

conventional CARs, it was still resolution limited due to acid diffusion.  To improve upon 

the resolution limitations of TAS, an iodonium based single component molecular resist 

was synthesized with a much larger photoacid.  An iodonium PAG was chosen instead of 

a triarylsulfonium type PAG to compare the differences in sensitivity of the two PAGs at 

this high loading.  DPI-BocNpS was synthesized with good purity in a simple two-step 

procedure and is shown in Figure 9.24.  After it was synthesized, DPI-BocNpS had poor 

solubility in most common casting solvents such as cyclohexanone and PGMEA, but 

good films could be cast out of dimethylformamide (DMF).  While the film quality was 

good, the entire film very rapidly dissolved in aqueous base and pure water.  This was 

similar to what was observed in most of the TAS derivatives, and is likely a significant 

hurdle to the implementation of any onium salt PAG based single component molecular 

resists.  When the film is exposed to DUV light and given a PEB of 90°C but not 

developed, it showed thickness loss indicative of tBoc group deprotection.  This indicates 

that the material is making photoacid and deprotection of the tBoc groups can be 

achieved, but the dissolution rate difference between the unexposed and exposed areas 

(the dissolution rate contrast) is not significant enough to enable the patterning of this 

material in standard aqueous base developer. 

 



 287

  

Figure 9.24 Chemical structure of DPI-BocNpS showing it contains the four major 
components of a single component molecular resist. 

 
 

 
 

9.5 Results and Discussion of NBB Based Single Component Molecular Resists 

 
Due to the significant solubility problems encountered with the ionic PAG based 

single component systems, a non-ionic PAG based design was desired to improve 

solubility in organic casting solvent and eliminate aqueous base solubility in the protected 

compound; this lead to the design and synthesis of the molecular resist referred to as 

NBB.  Figure 9.25 shows a diagram of NBB demonstrating how it contains the four 

major functional groups of a single component molecular resist.  NBB is much closer to 

the ideal single molecule design than TAS based resists, although it looks a little less like 

a molecular glass resist than one would expect.  NBB features a sulfonic acid that is 

directly part of the molecular glass core rather than covalently bound to a molecular glass 

core; this limits possible designs to some extent compared to the combinations possible 

by attaching two separate components, but still allows for a simple compound to test the 

proof-of-concept.  The core, sulisobenzone, was chosen because it contained both a 
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sulfonic acid and a phenolic hydroxyl group, was reasonably larger than just a single 

benzene ring, and was commercially available for reasonably low cost (sulisobenzone is 

commonly used in sunscreen).  Norbornene dicarboximide was chosen as the PAG 

because it is among the most common of non-ionic PAGs, generates aqueous base-

soluble photoproducts, and adds reasonable bulk and possible etch resistance to a small 

molecule.  The protecting group was chosen to be the tBoc group because of the ease of 

introduction onto the core and the fact that it is one of the most studied and common 

protecting groups used in chemically amplified resists.  NBB additionally benefits from 

its chemical compatibility for manufacturing, i.e. no heavy metal ions that could act as 

dopants and no fluorine which could cause environmental concerns.  

 

Photoacid 
Generator

Sulfonic Acid
Molecular Glass Core

Protecting Group

  

Figure 9.25 Diagram of NBB illustrating how it contains the four major functional 
groups of a single component molecular resist.  

 
 

 

NBB formed excellent films by spin-casting from cyclohexanone solution and 

showed no signs of crystallization, even after several weeks had elapsed after casting 

films of the material.  The adhesion to silicon was good, both with and without 

hexamethyldisilizane (HMDS) priming of the substrate, although HMDS was used for 

high resolution patterning.  No measurable dark erosion of NBB occurred over 30-60 
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seconds of immersion in 0.261 N TMAH; this is expected due to the fully protected, non-

ionic nature of the compound.  Photoacid generation in NBB was confirmed by loading it 

into another molecular glass resist (THPE-THP)33 at 10 weight percent and exposing 

films of the mixture to 248 nm ultraviolet light.  It was designed to improve upon several 

problems with the TAS onium salt family of resists. The first major improvement was to 

covalently bind the photoacid anion to a larger core to prevent diffusion blur; this should 

allow for better resolution than was obtained by the TAS family which generates a much 

smaller acid. The second improvement which motivated the non-ionic PAG instead of the 

onium salts is that many onium salts have reasonable solubility in water due to their ionic 

nature. Other derivatives of TAS-tBoc than TAS-tBoc-SbF6 were made with different 

anions that had high water solubility;32 they exhibited such bad dark loss that they could 

not be reasonably imaged as positive tone resists. Rather than risk making an onium salt 

with a larger anion which would potentially be useless due to water solubility, a non-

ionic PAG was used that should eliminate the dark loss problem. Despite this, onium salts 

could still be used for PAG bound molecular resists, but a better understanding of exactly 

what the counter-ion effect has on solubility is required to direct future designs; TAS-

tBoc-SbF6 is an example of a counter-ion that is not water soluble, but TAS-tBoc-Ts is 

highly water soluble.32  NBB also offers advantages over TAS based compounds because 

it has much higher solubility in common casting solvents such as cyclohexanone and 

PGMEA; TAS-tBoc-SbF6 was virtually insoluble in PGMEA and soluble to only around 

2.5 weight percent in cyclohexanone.  

Since most patterning requirements for this material will require sub-150 nm film 

thicknesses, it is more useful to determine the glass transition temperature of the ultrathin 
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film rather than that of the bulk sample.39  The glass transition temperature (Tg) of NBB 

was determined by spin-coating a film onto a native oxide covered silicon wafer and 

measuring the film thickness as a function of temperature.  The discontinuity in the 

thickness versus temperature curve corresponds to the material’s glass transition 

temperature and is indicative of the change in coefficient of thermal expansion in the 

materials as it transitions from its glass to melt states.  Figure 9.26 shows the first and 

second heating curves for a thin NBB film.  Using this method, the Tg of NBB was 

determined to be 82 °C.  While this may not be considered an extremely high Tg for a 

resist, it is quite high for such a small molecular glass with a modest molecular weight of 

only 569.58 g/mol.  For comparison, this Tg is nearly the same as another reported fully 

tBoc protected molecular glass resist whose molecular weight was 1315.5, and is higher 

than another fully tBoc protected molecular resist reported in the same paper whose 

molecular weight was 903.1.40  As expected, structural effects have a large effect on Tg in 

these small molecule materials. 
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Figure 9.26 Thickness vs. temperature heating curve for NBB using an ellipsometer 

with hot stage.  
 
 

 

Initial lithographic analysis of pure NBB was attempted using DUV (248 nm) 

filtered light, but no apparent photoacid generation occurred at even 100 mJ/cm2.  The 

DUV filter was then removed and the entire spectral output of the lamp (500W Hg-Xe) 

used to allow for higher power and a broader range of wavelengths; Figure 9.27 shows 

the contrast curves obtained under these conditions for a PEB of 75° C and 90° C.  The 

most important information obtained by this result is that the resist is operating in a 

chemically amplified mode due to the temperature dependence of the PEB which is due 

to the temperature dependence of the deprotection reaction.  The other obvious 

information gained from this data is that this resist is quite insensitive under UV, likely 

due to a number of possible problems.  The sulfonic acid generated upon photolysis is 

weaker compared to fluorinated superacids commonly used in CARs, and at 90°C, is 

barely strong enough to effectively deprotect the tBoc.  At 75°C, it isn’t strong enough to 
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cleave sufficient protecting groups to clear the film under the doses studied.  Another 

problem is that the primary absorbance of the PAG moiety is likely at wavelengths below 

the output of the lamp.  This would normally be less of an issue because electron transfer 

sensitization from absorbing functional groups can activate this PAG, as when it is used 

at normal PAG loadings (~5 wt%), but the benzophenone does not appear to efficiently 

sensitize the PAG.  The benzophenone moiety is also likely a problem both because of its 

absorbance/sensitization problems and because benzophenone is a well-known 

bimolecular photoinitiator; this means it could be undergoing activation and 

recombination to form larger molecular weight products in the film which would lead to 

reduced sensitivity.  Despite these problems, since NBB is not intended as a DUV resist, 

the poor sensitivity under DUV is not a show-stopper. 
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Figure 9.27 DUV Contrast curves of NBB obtained using an unfiltered 500W Hg-Xe 

arc lamp for a PEB of 75°C and 90°C.  
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Although NBB shows poor sensitivity under DUV (approximately two orders 

magnitude higher than TAS), under e-beam exposures, sensitivity is not as bad.  Figure 

9.28 shows the 100 keV e-beam contrast curve for NBB with a 90 °C PEB for 1 minute; 

the sensitivity was 670 μC/cm2 with a contrast of 5.8.  This is a reasonable contrast value, 

but the dose-to-clear is quite high, nearly 3 times that of TAS.  One reason is that 

photolysis of this PAG liberates an aryl sulfonic acid, which is a strong acid, but not as 

strong as the superacids commonly used in photoresists such as perfluorobutanesulfonate 

or hexafluoroantimonate. The sulfonic acid made by NBB does not efficiently carry out 

deprotection below 90°C, and it is likely that even 90°C is not the optimal PEB 

temperature for this system.  Unfortunately, higher temperatures lead to higher levels of 

acid diffusion and pattern blur.  Another possible problem with this compound’s 

sensitivity is that the PAG used is 5-norbornene-2,3-dicarboximide, and dicarboximide 

PAGs have consistently shown lower photoreaction rate constants than the commonly 

used onium salt PAGs.41  Some studies also indicate that this type of PAG requires a 

stoichiometric amount of water for every acid generated.  Since these very thin films are 

exposed in the high vacuum of the e-beam chamber, there is likely very little adventitious 

water in the resist which could lead to inefficient acid production.  While the sensitivity 

of NBB is not as high as one would like, the sensitivity is as one might expect comparing 

NBB to TAS and is sufficient for imaging of the material.  
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Figure 9.28 Contrast curve for NBB under e-beam (100 keV) for 90°C PEB. 

 
 

 

High resolution imaging of NBB under 100 keV e-beam showed some 

improvements compared to TAS.  Figure 9.29 shows 80 nm 1:1 line/spaces, 70 nm 1:1 

line/spaces, 60 nm 1:2 line/spaces, and 40 nm 1:3 lines/spaces for NBB with a PEB of 

90°C and development in 0.26N TMAH.  The resist showed excellent 1:1 line/space 

patterns down to 70 nm, with smaller half-pitch patterns limited by pattern collapse due 

to the aspect ratio of greater than 2:1.  Excellent 40 nm 1:3 line/space patterns were 

resolved, suggesting that the resist should be capable of at least 40 nm half-pitch at 

reduced film thicknesses.   
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Figure 9.29 High resolution SEM pictures of line-space patterns achieved in NBB 

using 100 keV e-beam patterning.  
 
 

 

NBB was able to resolve 40 nm lines with no base quencher added, even though 

its PEB was above its Tg.  The improved resolution of this system relative to TAS is 

likely due to the fact that the photoacid was integrated into the molecular glass core, 

reducing the effective acid diffusion length.  Although the molecular glass core was 

rather small, it still provided enough of a decrease in diffusion coefficient to improve 

performance.  By moving to larger cores in the future, the resolution could likely be 

improved even more.  

The line edge roughness of resists has become an increasingly important issue as 

feature sizes decrease. The LER and LWR for NBB was determined using the 80 nm 1:1 

line/space patterns as seen in Figure 9.29. The LER (3σ) was 3.9 nm and LWR (3σ) was 

5.6 nm for an inspection length of 1000 nm.  Although these values are still not small 

enough to meet ITRS patterning targets for upcoming IC nodes, they are a significant 

improvement compared to most current resists which show LER values of 5 nm and 

larger.  The single component molecular resist approach appears to have provided a 
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potential improvement in LER as compared to traditional low-PAG loading blended 

resists.  Improvement of the dicarboximide PAG and use of a larger molecular glass cores 

would likely allow for even lower LER in future single component molecular resists.  

 

 

9.6  Photoacid Generation Behavior in Resists with Ultra-High PAG Loading  

 
Although both TAS-tBoc-SbF6 and NBB show reasonable resolution and good 

LER under e-beam patterning, they both show significantly worse sensitivity than 

expected for a resist with such ultra-high PAG loading.  Comparing the DUV and e-beam 

dose-to-clear for TAS-tBoc-SbF6, it behaves exactly as expected under DUV with very 

good sensitivity, but significantly worse performance than expected under e-beam.  The 

major cause of this change in the expected performance is likely the change in the 

imaging mechanism going from lower energy DUV exposure source, where the 

patterning is primarily by direct photon absorption, to a high energy exposure source such 

as e-beam or EUV, where the patterning occurs by a more complicated series of excited 

state electron transfers.42   

Studies on the effect of PAG loading on acid generation efficiency at EUV have 

shown that the dose-to-clear does not decrease proportionally with the increase in PAG 

loading.38  In fact, the photoacid generation efficiency (the Dill C parameter) of films 

containing sulfonium PAGs continues to decrease as the PAG content increases.  

Increasing the PAG loading from 7.5 wt% to 30 wt% showed a reduction to 58% in 

photoacid yield per mole of PAG; higher PAG loadings were not studied, but it is likely 

that this reduction in yield will continue up to the 100% PAG loading of single 
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component molecular resists.  The exact mechanism that causes this loss in yield is 

unknown, but its effects could be devastating for very high PAG loading.  It is very likely 

that additional radiochemistry is taking place such as cross-linking or other non-

productive reactions that do not lead to acid generation.  Further understanding of this 

mechanism is likely required before single component molecular resists can be designed 

that have sufficient sensitivity to be considered for use in high volume manufacturing. 

 

 

9.7  Conclusions 

 
A series of ionic and non-ionic single component molecular resists was designed, 

synthesized, characterized, and patterned.  The first synthesized ionic single molecule 

resist is based on a tBoc protected triarylsulfonium (TAS) core that generates a free 

superacid upon exposure.  Five derivatives with different anion groups were synthesized, 

but only TAS-tBoc-SbF6 had the correct properties to be used as a high resolution 

positive tone resist.  For high resolution 100 keV e-beam imaging, TAS-tBoc-SbF6 

demonstrates a low LER (3σ) of 3.9 nm with a resolution of 55 nm limited by photoacid 

diffusion blur.  For interferometric EUV exposures, it exhibits a LER of 5.2 nm with a 

sensitivity of 60 mJ/cm2 and 50 nm half-pitch resolution.  Additionally, it has been shown 

to have acceptable limits of outgassing for EUV exposures and improved etch resistance 

compared to poly-hydroxystyrene.  DPI-BocNpS was designed with a more bulky 

sulfonic acid moiety, but suffered from severe water solubility that prevented it from 

being patterned.  NBB, a single component molecular resist with a covalently bound non-
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ionic photoacid generator, was found to exhibit 40 nm resolution with low LER and 

LWR (3.9 nm and 5.6 nm) along with a glass transition temperature of 82 °C.  It also 

showed good adhesion, formed high quality films, and showed no dark erosion during 

development.  The non-ionic resist (NBB) shows multiple improvements over the ionic 

systems including improved resolution, reduced dark loss, and improved solubility.  Both 

TAS-tBoc-SbF6 and NBB successfully demonstrate the feasibility of using a single 

component molecular resist system with high PAG loading.  However, all the single 

component resists studied show unexpectedly poor sensitivity that currently limits their 

use in high volume manufacturing.  
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CHAPTER 10 

WATER DEVELOPABLE NEGATIVE TONE SINGLE 

COMPONENT MOLECULAR RESISTS 

 

A water developable, non-chemically amplified, negative tone single molecule 

resist (tris(4-hydroxy-3,5-dimethylphenyl)sulfonium tosylate, otherwise referred to as 

TAS-tBoc-Ts) was synthesized, characterized, and imaged using high resolution electron 

beam lithography. The solubility switching in the negative tone imaging mode in this 

material, which occurs for no or low temperature post-exposure bakes, occurs through 

photolytic conversion of some fraction of the ionic PAG molecules into non-ionic 

photoproducts which act as strong dissolution inhibitors to the remaining unreacted 

molecules in the film. It was also shown that this resist system can demonstrate positive 

tone chemically amplified imaging behavior under different processing conditions, i.e. 

when using higher temperature post-exposure bakes above 100 °C.  Pure water was found 

to be the preferential developer as compared to conventional aqueous alkaline TMAH 

developers in this particular system for negative tone imaging. Under 100 keV e-beam 

imaging and water development, a sensitivity of 66 μC/cm2 and contrast of 7.9 was 

obtained. TAS-tBoc-Ts obtained 40 nm 1:2 line-space resolutions with a low LER (3σ) of 

5.3 nm using electron beam imaging with no apparent swelling or residue problems. This 

new material and its negative tone imaging process provide a possible path forward for 

designing non-chemically amplified resists that may obtain higher resolutions than 

current chemically amplified resists at competitive sensitivities.   



 302

10.1 Introduction 

Chemically amplified resists (CARs) have become one of the dominant resist 

material platforms for high volume micro- and nanofabrication because they have a 

combination of favorable properties as compared to older generation dissolution 

inhibitor-based, cross-linking based, or chain scission based resists.  In particular their 

extremely high radiation sensitivity and typically high contrast make them well suited for 

high volume nanostructure fabrication. Despite these advantages, CARs still have 

resolution limits due to photoacid diffusion. A variety of methods have been used to 

reduce acid diffusion and improve resolution, but these usually have the effect of 

reducing sensitivity as well due to the so called tri-lateral challenge1 or RLS trade-off 

(resolution, line edge roughness (LER), and sensitivity). Non-CA resists, such as 

PMMA,2 ZEP, 3 and HSQ4 have found use in electron beam lithography due to their high 

resolution, but have significantly lower sensitivity (often orders of magnitude lower than 

CARs) and require organic solvents for development. Because the sensitivity is directly 

linked to throughput, these non-CA resists would not be employed for high volume 

manufacturing with e-beam or other high energy sources such as extreme ultraviolet 

(EUV) lithography. This has led to efforts to improve the sensitivity of non-amplified 

resists through improved design of chain cleavage polymers5, photo-labile protecting 

groups,6 or other innovative photo-active non-CA designs.7 Although some photo-active 

non-CA resists have been developed, they still require higher doses than CARs. 

In the course of screening sulfonium salt based single molecule CARs for EUV 

imaging, it was discovered that many variations had reasonably high solubility in pure 

water depending on the composition of the anion.8 Although this rendered some of them 
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generally unusable as positive tone CARs, when these resists are imaged without a post-

expose bake (PEB) under DUV or e-beam exposure and developed in pure water, it was 

discovered that they exhibit highly sensitive negative tone behavior with no residue or 

apparent swelling. This behavior is well exemplified by the tris(4-hydroxy-3,5-

dimethylphenyl)sulfonium tosylate (TAS-tBoc-Ts) compound shown in Figure 10.1. 

 

S+

O

O O

O

OO

O

O

O

O
S OO

 
Figure 10.1 Chemical structure of TAS-tBoc-Ts. 

 
 

From Figure 10.1, it is apparent that TAS-tBoc-Ts appears similar to many 

positive tone molecular resists. Indeed, it was originally designed with that purpose in 

mind in that it contains all the functionality desired in a CAR including PAG functional 

groups, acid labile protecting groups on base solubilizing groups, and etch resistant 

moieties in a design principle our group refers to as single molecule photoresists or single 

component molecular resists.8-9  Since the entire resist is composed of only one type of 

molecule with no additives, the resist is in principal homogeneous at a molecular level. 

Certain derivatives of this tBoc protected triarylsulfonium salt show little to no water 

solubility and image well as positive tone CARs, especially the derivative with 

hexafluoroantimonate as the anion (TAS-tBoc-SbF6). Other derivatives, such as TAS-
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tBoc-Ts, show reasonably high water solubility and more complex behavior discussed 

below. 

 

10.2  Experimental 

10.2.1 Materials and Methods   

 
All reagents and solvents used were purchased from either Sigma-Aldrich, TCI 

America, or Alfa-Aesar. A Varian Mercury Vx 300 was used to collect NMR. FTIR were 

collected on a Bruker IFs66vS FTIR/Raman system from KBr pellets. 

Thermogravimetric analyses (TGA) were made using a TA Instruments TGA Q500.  

Resist solutions were made using cyclohexanone as a casting solvent and filtered 

through 0.2 μm PTFE filters. Spin coating was done using CEE 100 CB spin coat and 

bake system from Brewer Science (Rolla, MO). Development of films was carried out by 

puddle development in different concentration dilutions of 0.26 N TMAH (AZ300 MIF, 

AZ Electronic Materials) or in pure deionized water. Film thicknesses were measured 

using a M-2000 spectroscopic ellipsometer (J.A. Woolam, Inc.) over the wavelengths of 

350 to 1000 nm using a Cauchy layer to model the resist film. DUV exposures were done 

using an Oriel Instruments 500W Hg-Xe arc lamp with a 248 nm band-pass filter.  

For e-beam lithography, the resist solution was spin-coated on to a 46 nm thick 

silicon nitride membrane window contained in a silicon wafer support structure. The 

resist film was exposed using JEOL JBX-9300FS electron-beam lithography system with 

100keV acceleration voltage, 2 nA current, and 10 nm single-pixel shot pitch. The 

patterns produced by e-beam lithography were imaged using a LEO 1530 thermally 

assisted field emission SEM with 2keV acceleration. The original image was off-line 



 305

processed with background intensity subtraction and adaptive Gaussian-noise filtering. 

Critical dimension (CD) measurements, and the whole spatial-frequency 3σ LER and 3σ 

LWR spectra of the resist pattern were averaged from 10 different line-space patterns 

with a 1 μm measurement length. 

 

10.2.2 Synthesis 

The synthesis scheme for TAS-tBoc-Ts is shown in Figure 10.2. 

S+

O

O O

O

OO

O

O

O

O
SO O

S+

O

O O

O

OO

O

O

O

Cl

S+

OH

HO OH
Cl

OH3

SOCl2
AlCl3

CS2

Boc2O

DMAP
MeCN

Na+ -OTs

CH2Cl2
H2O

 
Figure 10.2 Synthesis scheme for TAS-tBoc-Ts. 

 

10.2.2.1 TAS-OH-Cl, Tris(4-hydroxy-3,5-dimethylphenyl)sulfonium chloride 

 
In a three neck flask with mechanical stirrer, 2,6-dimethylphenol (15.00 g , 122.8 

mmol, 3 equiv.) was dissolved in 35 mL of cold carbon disulfide.  Aluminum chloride 

(10.98 g , 81.9 mmol, 2 equiv.) was added to the reaction mixture and the mixture turned 

a dark green.  Thionyl chloride (4.86 g, 40.9 mmol, 1 equiv.) was added slowly to the 

mixture over 40 minutes.  The reaction mixture was then stirred with a mechanical stirrer 

for 2 hours over an ice bath, eventually giving a purple precipitate. The mixture was 

poured onto 120 g of water with 8 mL of HCl to terminate the reaction. The mixture was 

filtered to give a yellow solid.  Recrystallization from ethanol-ether gave a white powder, 
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TAS-OH-Cl.  MP = 244-245°C. Yield: 46%.  1H-NMR (300 MHz, DMSO) δ (ppm) 2.19 

(18H, Ar-CH3), 7.35 (6H, Ar-H), 9.77 (3H, OH). 

 

10.2.2.2 TAS-tBoc-Cl, Tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium 

chloride 

 
TAS-OH-Cl (4.836 g, 11.22 mmol, 1 equiv.) and 4-(dimethylamino)pyridine 

(0.685 g, 5.61 mmol, 0.5 equiv.) were dissolved in 50 mL of dry acetonitrile.  Di-tert-

butyl dicarbonate (12.917 g, 59.47 mmol, 5.3 equiv) was added, and the mixture was 

stirred overnight at room temperature.  More di-tert-butyl dicarbonate (6.00 g, 27.5 

mmol, 2.5 equiv) was added after 12 hours to ensure complete protection, and the 

solution continued to stir for 3 hours.    The solvent was removed with rotary evaporation 

to give a yellow powder which was further recrystallized in ethyl acetate to give pure, 

fully protected tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium chloride 

(TAS-tBoc-Cl).  Yield: 51%.  1H-NMR (300 MHz, DMSO) δ (ppm) 1.48 (27H, 

C(CH3)3), 2.19 (18H, Ar-CH3), 7.75 (6H, Ar-H). 

 

10.2.2.3 TAS-tBoc-Ts, Tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium 

tosylate 

 
TAS-tBoc-Cl (300 mg) of were dissolved in 2 mL of dichloromethane, and 88 mg 

of sodium tosylate were dissolved in 2 mL of deionized water. The liquid solutions were 

mixed vigorously together for 3 hours, and the organic phase separated. The organic layer 

was washed twice with 2 mL of water, dried using MgSO4, and evaporated to dryness to 
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give 174 mg of tris(4-tert-butoxycarbonyloxy-3,5-dimethylphenyl)sulfonium tosylate 

(TAS-tBoc-Ts) as a white powder. A portion of the organic layer was tested using 

AgNO3 to confirm that no chloride ion was present, and NMR confirmed the correct 

metathesis product. Yield: 49%. 1H-NMR (300 MHz, DMSO) δ (ppm) 1.48 (27H, 

C(CH3)3), 2.19 (18H, Ar-CH3), 2.26 (3H, Ts-CH3), 7.08 (2H, Ts-H), 7.52 (2H, Ts-H), 

7.75 (6H, Ar-H). 

 

10.3  Results and Discussion 

10.3.1 Aqueous Base Development – Positive and Negative Tone Behavior  

 
TAS-tBoc-Ts displays some rather unusual behavior. It formed excellent films 

when cast out of cyclohexanone, but the entire film slowly dissolves in water or aqueous 

base. During initial DUV imaging, TAS-tBoc-Ts was exposed and post-exposure baked 

at 90°C for 60 seconds. When the wafer was put into 0.065N TMAH developer for 30 

seconds, the unexposed areas rapidly dissolved, but the exposed areas did not appear to 

dissolve at all, similar to a negative tone resist. This behavior was somewhat surprising 

given that the resist was designed to be a positive tone system. The resist was then 

exposed and developed under the same conditions, but with no PEB, and the results were 

almost exactly the same as for the 90°C PEB condition. Figure 10.3 shows the contrast 

curves for these two PEB condition cases. 
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Figure 10.3 DUV contrast curve for TAS-tBoc-Ts developed for 30 seconds in 0.065N 

TMAH with a PEB of 90°C for 60 seconds and no PEB with a post-
exposure delay of 60 seconds. 

 

 

These initial results seemed to indicate that no photoacid was being generated, 

which was unusual given that the basic materials characterization indicated that the 

correct product was synthesized and the fact that other similar TAS-tBoc derivatives had 

shown the expected positive tone behavior. Acid generation in this compound was tested 

by mixing the molecule into a separate protected resin, conducting exposure and post-

exposure baking, and probing for deprotection of the matrix using FTIR.  These 

experiments indicated that photoacid was indeed being generated from the TAS-tBoc-Ts 

compound.  To further investigate whether or not acid was being generated in the pure 

TAS-tBoc-Ts film, the experiment was repeated again with a PEB of 120°C for 60 

seconds to check to see if the weaker photoacid produced from the TAS-tBoc-Ts required 

higher PEB temperatures to effectively catalyze the tBoc deprotection reaction.  The 

development time for these experiments was reduced to only 5 seconds instead of the 
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previous 30 seconds in order to hopefully produce a contrast curve even at low doses in 

the event that the deprotection was extremely rapid at such a higher bake condition. 

Figure 10.4 shows the contrast curves for these experiments normalized to the film 

thickness before development. In this case, the resist showed positive tone behavior at 

high doses as was originally expected.  However, as can be seen from Figure 10.4, 

significant dark loss is observed even under this very short development time under the 

zero dose condition.  As dose is increased over the range from 0 to approximately 15 

mJ/cm2, the dark loss is gradually diminished to almost no dark loss at the 15 mJ/cm2 

condition, followed by the rapid development of the resist at even higher exposure doses.  

 

 

 
Figure 10.4  DUV contrast curve for TAS-tBoc-Ts developed for 5 seconds in 0.065N 

TMAH with a PEB of 120°C for 60 seconds. 

 

 

These three experiments are enough to generate a simple explanation for these 

somewhat unusual results. For the experiment with no PEB, the post-exposure processing 

temperature is low enough (~22°C) and the produced acid is weak enough that no 
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significant deprotection takes place under these conditions. The photolysis products, 

whether in-cage or cage escape products are non-ionic organic compounds with the 

phenolic hydroxy groups completely protected, and thus they are insoluble in base. The 

only change that takes place in the film for no PEB is that the charged, ionic, aqueous 

soluble PAG undergoes photolysis to form uncharged, non-ionic, aqueous insoluble 

organic compounds. The photolysis reaction alone drives the solubility change that 

causes this negative tone behavior. Although some p-toluenesulfonic acid is being created 

at the low exposure doses, it composes only a small fraction of the total compound 

(approximately 20 percent) and appears to remain trapped inside the largely insoluble 

resist film. Although this behavior is quite novel, at least one other similar instance exists 

in literature for polymers that have PAGs covalently attached, and similar explanations 

for the dissolution behavior have been used in this case as well.10 

For a PEB at 90°C, the weaker p-toluenesulfonic acid (relative to other 

fluorinated super acids such trifluoromethanesulfonic acid more commonly used in CAR 

formulations) does not cause sufficient deprotection of the tBoc group and the resist 

behaves as it did with no PEB. Finally, for a PEB of 120°C, the kinetics of the 

deprotection reaction with p-toluenesulfonic acid are efficient enough to cause significant 

deprotection. The development time was greatly reduced experimentally in this case in 

order to maintain some unexposed film thickness even in the face of dark loss and 

demonstrate the deprotection reaction by completely dissolving the high dose areas. 

Under these conditions, the resist shows aspects of both negative and positive tone 

materials.  Below a threshold acid concentration, the material behaves like the negative 

tone examples earlier in that as dose increases at low exposure doses (dose less than 15 
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mJ/cm2) the thickness of the remaining film after development increases.  At doses higher 

than 15 mJ/cm2, the resist film thickness after development decreases with increasing 

exposure dose as expected in a positive tone resist. The fact that five seconds is far too 

short of a development time to obtain consistent results, combined with the significant 

dark loss in the unexposed areas, indicates that TAS-tBoc-Ts is not a good candidate for 

positive tone imaging using aqueous development.  However, due to this intriguing 

negative tone behavior, high resolution imaging of TAS-tBoc-Ts was explored further 

under negative tone conditions with no PEB. 

To more adequately describe the unusual behavior of this TAS-tBoc-Ts system, 

the dissolution rates of this system in TMAH developer must be compared. Using the 

contrast data, one can assign crude dissolution rates to the different materials present in 

this film, in a manner analogous to the “poor man’s DRM” method. Figure 10.5 shows 

the approximate dissolution rates of the three different states in which TAS-tBoc-Ts can 

exist. State 1 refers to the original compound which is ionic, unexposed, and slightly 

soluble in water and aqueous base; it has a dissolution rate of approximately 3.5 nm/s.  

State 2 represents the non-ionic, exposed photoproducts which are insoluble in water and 

aqueous base; its dissolution rate is negligible at significantly less than 1 nm/s. State 3 

represents the deprotected resist products after exposure and high temperature PEB which 

are ionic and non-ionic, deprotected, and highly soluble in aqueous base; the dissolution 

rate of State 3 reported here is 22 nm/s using the contrast data (though this dissolution 

rate could be much larger since the positive-tone resist versions of TAS-tBoc show 

complete dissolution of the exposed areas in one second or less for 100 nm films under 

higher exposure doses).  
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Figure 10.5  Approximate dissolution rates of the three major states of the TAS-tBoc-

Ts system. 

 

 
Typically, two of the three states are the majority of the states present in a film of 

TAS-tBoc-Ts depending on the exposure dose and the PEB temperature. When the PEB 

temperature is low, or no PEB takes place, State 1 and State 2 are the majority states in 

the film. It operates as a negative tone, non-chemically amplified, water or base 

developed resist due to the fact that the dissolution rate of the unexposed areas (State 1) is 

faster than the dissolution rate of the exposed area (State 2). When the PEB is carried out 

at higher temperatures, it operates as a positive tone, chemically amplified, base 

developed resist. State 1 and State 3 are the majority states with a small amount of State 

2. This leads to positive tone behavior because the dissolution rate of exposed State 3 is 

greater than the dissolution rate of State 1; but since State 1 still has a reasonable 

dissolution rate most of the resist will eventually dissolve due to dark loss.  Although this 

behavior is somewhat remarkable, the imaging performance under these various 

conditions using TMAH developers is not very good. For the low temperature PEB 

negative tone behavior, the contrast ratio is a poor 0.5 and the dose to 50% thickness 
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(E50) is 8.5 mJ/cm2. The positive tone conditions give a contrast of approximately 5, but 

with a much higher Eo of 22 mJ/cm2. 

While there is little information regarding DUV-sensitive non-chemically 

amplified (non-CA) molecular resists, comparison with the few known compounds 

provides interesting results.  In another study, two compounds were made as positive tone 

non-CA molecular resists by the use of photosensitive protecting groups.  In that study, it 

was found that dissolution of compounds with phenolic base solubilizing groups 

(NBnHPF) compared to carboxylic acids as the base solubilizing group (NBnDCh) gave 

very different conversion thresholds at which the resist goes from soluble to insoluble or 

vice-versa.  Using the Dill C parameter measured11 for a similar TAS-tBoc compound, 

the dose delivered to TAS-tBoc-Ts can converted to photo-conversion and mass fraction 

of insoluble components (the photo-products other than tosic acid).  The NRT versus the 

mass fraction of insoluble components for all of the non-CA molecular resists is shown in 

Figure 10.6.  The threshold for solubility transition changes in the resists based on the 

dissolution mechanism and base solubilizing groups.  TAS-tBoc-Ts does not undergo a 

reactive dissolution in aqueous base when processed with no PEB since the soluble 

species are already ionic compounds, while the other two dissolve only after base 

deprotonation of either a phenol (NBnHPF) or carboxylic acid (NBnDCh) to generate an 

ammonium salt.  NBnHPF, the phenol containing compound shows a solubility transition 

at around 85% insoluble which makes it favorable for positive tone resists since little 

conversion is required to go from insoluble to soluble (right-to-left in Figure 10.6).  TAS-

tBoc-Ts is well-suited for a negative tone resist because the soluble transition occurs at a 

low 20-30% insoluble fraction which means little conversion is required to go from 



 314

soluble to insoluble (left-to-right in Figure 10.6).  The contrast is obviously better for the 

other two compounds, but it may be because TAS-tBoc-Ts had an original film thickness 

of around 110-120 nm, while the other two compounds had original film thicknesses of 

50-70 nm.   
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Figure 10.6  Mass fraction of insoluble components at the point of solubility transition 

for TAS-tBoc-Ts, NBnHPF and NBnDCh. 

  
 

 

 

10.3.2 Water Development 

 
Although the negative tone behavior of TAS-tBoc-Ts in aqueous alkaline TMAH 

developer did not show the most promising performance based on its contrast , it was 

decided to try development in pure water instead.  Since the onium salt already exists in 
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an ionic form that is soluble in aqueous media, aqueous alkaline solution such as TMAH 

should serve no purpose except to provide a water source.  As a benefit, water as 

development solvent is more favorable than aqueous base because of its reduced cost and 

environmental issues. 

The DUV contrast curve for TAS-tBoc-Ts was repeated again with no PEB, only 

development in this case was carried out using pure deionized water as the developer 

instead of aqueous TMAH base. Figure 10.7 shows this contrast curve plotted along with 

the curve for aqueous base development. Surprisingly, TAS-tBoc-Ts actually shows 

improved performance in water as a developer as compared to TMAH developer. In 

water, the contrast ratio is 2 and D50 is 6.5 mJ/cm2, much improved compared to the same 

resist developed in TMAH.  At a remarkably low dose of 10 mJ/cm2, the entire film is 

rendered insoluble. 

 

 

 
Figure 10.7  DUV contrast curve for TAS-tBoc-Ts developed in either 0.065N TMAH 

base or pure deionized water with no PEB. 
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The improved performance in water opens the possibility of using TAS-tBoc-Ts 

as a non-chemically amplified, water developed, high resolution, negative tone resist. To 

further investigate this possibility, a contrast curve was obtained using 100 keV e-beam 

with no PEB and development in pure water, as seen in Figure 10.8. Under e-beam 

imaging and water development, TAS-tBoc-Ts performed excellently. The contrast was 

7.9 and E50 was 66 μC/cm2, with 85% of the film remaining at 80 μC/cm2. For 

comparison, the positive tone chemically amplified derivative TAS-tBoc-SbF6, with a 

PEB of 90°C, shows a dose-to-clear around 160 μC/cm2, over twice that of the non-

amplified TAS-tBoc-Ts. Although it obviously is not a fair direct comparison between 

positive tone CARs and negative tone non-CARs, this demonstrates the good sensitivity 

of the TAS-tBoc-Ts system. The low imaging dose likely indicates that complete 

conversion of the PAGs to non-ionic photoproducts does not take place. Since the 

reaction driving the solubility switch is non-amplified, the required dose for good 

negative tone behavior might be expected to be much higher than it is observed to be, 

from 10 times to upwards of 100 times higher due to the lack of chemical amplification. 

Thus, it appears that only a very few of the PAG molecules must be converted to their 

non-ionic products in order to cause insolubilization.  This would imply that the 

converted products act as strong dissolution inhibitors to the remaining bulk TAS-tBoc-

Ts film. 
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Figure 10.8 E-beam (100 keV) contrast curve for TAS-tBoc-Ts developed in pure 

deionized water with no PEB. 

 

 

 

The final test of performance for TAS-tBoc-Ts came through high resolution e-

beam imaging of fine features. Figure 10.9 shows the results of this test using water 

development for 90 seconds, showing 80 nm 1:1 lines/spaces and 40 nm 1:2 line/spaces. 

These results prove the feasibility of this design scheme as a way to make high resolution 

resists. Since the resist was non-chemically amplified, there was no photoacid diffusion 

blur, and it obtained excellent 40 nm lines. The 40 nm lines were obtained only at a 

line/spacing of 1:2 due to pattern collapse of the 1:1 structures at the film thicknesses 

used for the imaging experiments (i.e. the 1:1 40 nm patterns collapsed due to aspect 

ratios of greater than 2:1).  Pattern collapse also prevented resolving features smaller than 

40 nm at the film thicknesses used in the imaging experiments. The LER (3σ) value was 

determined to be 5.3 nm using the 40 nm lines. Although this LER value is not as low as 
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some chemically amplified resists, it is well within the standard CAR range, and actually 

lower than many CARs.12 Optimized exposures, development times, and film 

thicknesses, combined with improved SEM metrology will likely yield even lower LER 

values for this simple water developable, high sensitivity resist. 

 

(a) (b) 

 
Figure 10.9  High resolution 100 keV e-beam imaging for TAS-tBoc-Ts developed in 

water (a) 80 nm 1:1 line/space patterns and (b) 40 nm 1:2 line/space 
patterns. 

 

 

10.4  Conclusions 

 
A water developable, non-chemically amplified, negative tone single molecule 

resist (tris(4-hydroxy-3,5-dimethylphenyl)sulfonium tosylate, otherwise referred to as 

TAS-tBoc-Ts) was synthesized, characterized, and imaged using high resolution electron 

beam lithography. The solubility switching occurs through photolytic conversion of some 

of the ionic PAG molecules into non-ionic photoproducts which act as strong dissolution 

inhibitors for the remaining non-photolyzed PAG molecules in the film. Although the 

negative tone non-CA imaging mode is the most favorable for high resolution patterning, 

it has also been shown that this resist system can exhibit positive tone chemically 
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amplified imaging under slightly different processing conditions. It was shown that pure 

water is in fact the more favorable developer compared to conventional aqueous base 

developer for this resist imaged in negative tone mode. Under 100 keV e-beam imaging 

and water development, a sensitivity of 66 μC/cm2 and contrast of 7.9 was obtained. This 

sensitivity is in the range of chemically amplified resists and is superior to some CARs 

used in electron beam lithography.  TAS-tBoc-Ts obtained 40 nm feature resolutions with 

a low LER of 5.3 nm using e-beam imaging with no apparent swelling or residue 

problems.  Pattern size limitations in the current work were also the result of pattern 

collapse due to the relatively thick resist films used in the imaging experiments, and thus 

the intrinsic resolution limits for this material may be substantially lower.  Since 

solubility switching in the negative tone imaging mode of this material is not controlled 

by photoacid diffusion, higher resolution should in principle be possible.  This material 

provides the basis for a possible path forward for non-chemically amplified resists that 

may be able to obtain higher resolution than chemically amplified resists at competitive 

sensitivities. Future designs will focus on improving sensitivity, resolution, and LER in 

such materials even further. 
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CHAPTER 11 

NEGATIVE TONE MOLECULAR RESISTS BASED ON CATIONIC 

POLYMERIZATION AND CROSS-LINKING 

 

There is increasing demand for higher performance resists with superior 

resolution, sensitivity, and line edge roughness for both electron beam and extreme 

ultraviolet lithography applications.  A new class of negative tone chemically amplified 

molecular resists has been developed based on cationic polymerization and cross-linking 

that combines high sensitivity with low line edge roughness and excellent resolution.  

Under e-beam lithography, resolution has been obtained down to 35 nm with sensitivities 

of around 50 μC/cm2 and LER (3σ) of 2.3-4 nm.  EUV lithography shows similar 

resolution and good sensitivity, but LER is slightly increased due to the lower aerial 

image quality.  FTIR studies show that the fraction of insoluble film determined with a 

contrast curve scales with the epoxide conversion.  A variety of processing parameters 

have also been studied such as PEB time and temperature, development time and solvent, 

and PAG loading and type.  Using these resists with 5 mol% TPS-SbF6 and developing in 

MIBK appears to give the optimal LER performance.  Using a PEB at lower temperatures 

that still maintains sufficient remaining thickness after development appears to give the 

best resolution and LER performance.  This class of negative tone resist compounds is 

able to obtain an excellent combination of resolution, LER, and sensitivity.  These 

compounds show promise as high performance resists for next generation lithography. 
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11.1 Introduction 

 
For both extreme ultraviolet (EUV) and e-beam lithography, it is desired that 

resists combine good resolution, sensitivity, and line-edge roughness.  While many non-

chemically amplified resists (non-CARs), such as PMMA1, ZEP2, and HSQ3 have been 

used for very high resolution patterning in e-beam, their very poor sensitivity makes them 

much less favorable for high volume production resists because poor sensitivity leads to 

high exposure doses and low exposure tool throughputs.  The poor sensitivity especially 

makes them unsuitable for EUV lithography and also has limited their usefulness in many 

e-beam applications.  Chemically amplified resists (CARs) replaced non-CARs as the 

workhorse material for high resolution optical patterning because they have much higher 

throughputs due to their high sensitivities and excellent pattern profiles due to their high 

contrast under the degraded optical aerial images produced by projection lithography 

tools.  In particular, positive tone chemically amplified photoresists based on acid 

catalyzed deprotection of protected polymeric resins have been the most widely 

investigated materials for high sensitivity, high resolution patterning.  Unfortunately, for 

sub-50 nm patterning, such CARs have had more limited success due to their typically 

higher LER and poorer ultimate resolution as compared to the non-CARs mentioned 

earlier.  The ultimate resolution of such positive tone CAR materials is limited, primarily 

due to photoacid diffusion, where the acid generated during exposure diffuses outside of 

the patterned area during the post-exposure bake (PEB) process required to image the 

resist, thus blurring the final resist image.4  In order to successfully implement a 

chemically amplified resist for EUV or e-beam lithography, it must be designed such that 

it has improved resolution and reduced LER as compared to current materials.  
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A number of methods have been developed to control photoacid diffusion.  The 

most common approach has been to blend base quencher into the resist which helps 

reduce diffusion by neutralizing photoacids escaping from the exposed regions into 

unexposed regions.5  Of course this success in controlling photoacid diffusion comes at 

the expense of sensitivity of the resist due to the neutralization of some photoacid in the 

exposed regions as well.  More recently, the covalent binding of the photoacid anion onto 

the resist polymer resin has also been shown to be effective at reducing the diffusion 

coefficient of the photoacid and providing improved LER and resolution in CAR 

systems.6-11  Even in the case of these polymer-bound PAG resists, some loss in 

sensitivity is generally observed and the resist polymers become an even more 

complicated copolymer to produce with any degree of accurate compositional control.  

An approach that has seen little investigation as a method to obtain high resolution 

chemically amplified resists is the use of cationic polymerization, such as epoxide 

polymerization, to achieve solubility switching in the resist rather than the common acid-

catalyzed deprotection of blocking groups used in virtually all positive tone resists. 

Cationic polymerization as an imaging mechanism provides several potential 

advantages over acid catalyzed deprotection based mechanisms.  The negative tone 

resists should have superior mechanical strength compared to conventional resists 

because their imaging mechanism creates high MW highly cross-linked structures by 

design as shown in Figure 11.1.  This is especially important since pattern collapse is 

becoming a more significant issue as feature sizes shrink below 50 nm.12  Such negative 

tone, polymerization-based resists may also offer an additional benefit towards high 

resolution patterning due to a form of diffusion control that is intrinsic to the resist 
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design.  The active species or active site in most deprotection based CARs is a photoacid 

which is typically a small molecule that can diffuse outside the exposed region, blurring 

the image, and leading to a loss of resolution.  In cationic polymerization resists, the 

photoacid is only active for a single event, the protonation of an epoxide.  After the 

epoxide is protonated and polymerization initiates, the active site is the cationic 

polymerization center which is always attached to the end of the growing chain.  This 

mechanism is demonstrated in Figure 11.2.  Since the active site is attached to the end of 

a rapidly growing chain or network, its diffusion length is automatically controlled and 

decreases rapidly as the polymerization proceeds.  Finally, another potential advantage of 

these types of resists is that the cationic polymerization is a zero mass loss process.  This 

should lead to very low or negligible levels of outgassing.  Since outgassing is a growing 

concern for next generation lithography approaches that will likely require high vacuum 

exposure systems, negative tone materials should have superior outgassing as compared 

to conventional resists which produce smaller, more volatile products from the 

deprotection reaction. 
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Figure 11.1 Generalized concept of epoxide functionalized molecular glass resists 

showing how highly cross-linked networks can be formed. 
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Figure 11.2 Reaction mechanisms of cationic polymerization of epoxides. 

 

 

As a short aside, notice that in Figure 11.2, new epoxides are added to the cationic 

chain end at the more hindered site.  Under basic conditions, epoxides open via a SN2 

type mechanism and substitute on the less hindered carbon atom of the ring.  Under 

acidic conditions, epoxides open via a SN1 type mechanism and substitute on the more 

hindered carbon. The explanation for this is that the protonated epoxide is more 

accurately drawn as a resonance structure as shown in Figure 11.3 with the positive 

charge moving between the three atoms in the epoxide ring.13  While the secondary 

carbocation is not conventionally considered a favorable intermediate due to the high 

activation energy necessary for it to form, the additional energy from the ring strain 

lowers this activation energy leading to attack on the more substituted carbon.   
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Figure 11.3 Resonance structure of a protonated epoxide. 

 

 

Molecular glass photoresists were originally introduced because it was thought 

that the effective reduction in resist molecule pixel size would improve LER.14-17  Many 

of the results so far suggest that other factors are currently controlling these parameters 

rather than effective molecule pixel size.  However, molecular resists are still attractive 

because they possess other advantages, such as the fact that their synthesis and 

purification can be precisely controlled to create a monodisperse resist with well-defined 

structure and properties.  The other significant advantage that molecular resists could 

provide for use in negative tone resists is that they should have higher cross-link density 

in the molecular resists and faster dissolution rate in the unexposed regions.  This should 

help reduce swelling which many consider to be the limiting factor for dense high 

resolution features in polymeric negative tone resists.  

One of the major thrusts of the work contained in this thesis is the development of 

high resolution, low LER negative tone molecular resists based on cationic 

polymerization and cross-linking.  This area is the topic of several chapters; this chapter 

provides a general overview of the area and shows results that can typically be 

generalized across all members of this family of resists.  Figure 11.4 shows the structures 

of some of the epoxide functionalized molecular resists used in this study.  Although all 

three of these resist have been studied, 4-Ep is the primary resist molecule that was used 

in most studies throughout this work and can be assumed to be the resist used if another 
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resist is not specified.  It should be noted that, although some of these small epoxide glass 

molecules have been used previously as cross-linking additives and epoxy resin 

monomers18-19 , there are no reports until this research of their use as pure negative tone 

resist resins. 

 

  
Figure 11.4 Chemical structures of some of the epoxide functionalized molecular 

resists used in this study.   

 

 

11.2  Experimental Methods 

 
3-Ep (Tris(4-hydroxyphenyl)methane triglycidyl ether) and 4-Ep 

(Tetraphenylolethane glycidyl ether) were purchased from Sigma-Aldrich.  Synthesis of 

2-Ep is given in the next chapter.20  TPS-SbF6 was purchased from Midori-Kagura, TPS-

CTf3 was a gift of 3M, and TPS-FABA was obtained from Rhodorsil.  All other solvents 

and chemicals were obtained from TCI America, Alfa-Aesar, or Sigma-Aldrich and used 

as received.  Molecular resist solutions were made by dissolving the resist in PGMEA 

along with 5 mol% triphenylsulfonium hexafluoroantimonate unless otherwise noted.  

Development was done at room temperature using MIBK for 30 seconds, followed by 
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rinsing with isopropanol for 30 seconds unless otherwise noted.  All post-apply bakes 

(PABs) were done at 90°C for 2 minutes unless otherwise noted and all post-exposure 

bakes (PEBs) were done for 1 minute unless otherwise noted.  

A Varian Mercury Vx 300 was used to collect NMR.  Deep ultraviolet (DUV) 

exposures were done using an Oriel Instruments 500W Hg-Xe arc lamp with a 248 nm 

band-pass filter.  Fourier transform infrared (FTIR) spectroscopy was done using a 

Bruker Vertex 80v with a Hyperion microscope attachment using a grazing angle 

objective for sub 100 nm thick films spin-coated onto gold coated silicon wafers.  Film 

thicknesses were measured using an M-2000 spectroscopic ellipsometer (J.A. Woolam, 

Inc.) over the wavelength range from 350 to 1000 nm.  For e-beam lithography, the resist 

solution was spin-coated onto a 46 nm thick silicon nitride membrane window contained 

in a silicon wafer support structure.21  The resist film was exposed using a JEOL JBX-

9300FS electron-beam lithography system with a 100keV acceleration voltage, 2 nA 

current, and 10 nm single-pixel shot pitch.  The patterns produced by e-beam lithography 

were imaged using either a LEO 1530 thermally assisted field emission SEM with 3 keV 

acceleration voltage or a Carl Zeiss Ultra60 SEM with 3keV acceleration voltage.  The 

original image was off-line processed with background intensity subtraction and adaptive 

Gaussian-noise filtering.  Critical dimension (CD) measurements and the whole spatial-

frequency 3σ LER and 3σ LWR spectra of the resist pattern were averaged from 10 

different line-space patterns with a 1 μm measurement length.  
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11.3  Results and Discussion 

11.3.1 General Overview of Negative Tone Molecular Resist Performance 

 
Before discussing specifics regarding the performance of this family of resists, a 

general overview of their performance will be discussed.  Figure 11.5 shows the DUV 

contrast curve for 4-Ep at a PEB temperature of 90 °C.  The shape of the resulting curve 

is representative of most of this family of resists, although the specific numbers are 

sometimes different.  A general characteristic of all the solvent developed epoxides 

studied is that they show reasonably significant cross-linking at very low dose; the 

thickness increases almost immediately away from zero dose.  The thickness then linearly 

increases until it curves into an asymptotic value.  The linear increase in thickness at 

lower dose is typically controlled by the kinetics of the cross-linking reaction; the extent 

of reaction increases with an increase in number of photoacid initiators which results 

from an increase in dose.  The curve into the asymptote is produced because the cross-

linking reaction becomes more diffusion controlled as the size of the produced polymer 

network gets large and the mobility of the active cationic sites is reduced.22  The 

asymptote in film thickness is also due to the loss in mobility of the active sites as the 

film.  Although this specific example shows an asymptote in film thickness that is equal 

to the original film thickness, i. e. NRT = 1, reducing the temperature of the PEB leads to 

a decrease in the value of NRT at the asymptote; e. g. when the PEB for 4-Ep is 60 °C, 

the maximum film thickness approaches 0.6 NRT instead of 1.  Many conventional 

negative tone polymer resists not based on epoxides show complete dissolution of the 

film, i. e. no remaining film thickness, until some threshold dose E0, after which they 

show somewhat similar behavior to these systems.  Most of these negative tone molecular 
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resists based on cationic polymerization have an E0 of virtually zero because even very 

small amounts of initiator (photoacid) can produce polymers or networks that are 

effectively insoluble, at least in the solvents that were commonly used to develop these 

resists; MIBK was the most common solvent used for development.  The contrast curves 

also show that these resists have very good sensitivity since they can be patterned at sub 5 

mJ/cm2; this good sensitivity was also found to hold true in EUV and e-beam patterning 

of these resists where dose-to-size was typically 50-100 μC/cm2 for a 100 keV e-beam. 
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Figure 11.5 DUV (248 nm) contrast curve for 4-Ep at with a 90 °C PEB. NRT is 

remaining film thickness normalized to film thickness before exposure and 
development.  

 
 

Representative patterns of these resists made using e-beam lithography are shown 

in Figure 11.6.  Although it was expected that these types of resists should be capable of 

high resolution, they also showed unexpectedly good LER.  The left image in Figure 11.6 

shows 80 nm 1:1 line/space patterns for 3-Ep with a PEB of 60°C at a dose-to-size of 50 
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μC/cm2 showing LER (3σ) of 2.3 nm.  These are very low values for LER, much lower 

than the 5 nm minimum commonly reported for conventional CARs,23 and are some of 

the lowest LER values ever reported.  Gathering SEM images for resist lines at this 

resolution is difficult, so over-integrating during image collection of this pattern in the 

SEM might have resulted in measured LER values that are slightly lower than their actual 

value; however, multiple measurements in multiple SEMs by different operators on 

several different resists have shown that this class of materials routinely can produce 

lines with a LER of 2-4 nm under e-beam lithography.  The resists also showed the 

expected good resolution; the right image in Figure 11.6 shows 35 nm 1:1 line/space 

patterns for 4-Ep with a PEB of 90°C; it likewise has LER of less than 3 nm.  Although 

pure 4-Ep appears to have a limit of 30-35 nm dense resolution, changing the resist 

structure or use of polymerization control mechanisms (both discussed in later chapters) 

have shown the ability to resolve even smaller dense structures. 

 

          
Figure 11.6 SEM image of 3-Ep (left) and 4-Ep (right) patterned using 100 keV e-

beam lithography. 
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Similar to the resolution seen under e-beam exposure, these resists also show 

excellent resolution and sensitivity under EUV exposures.  EUV imaging of 4-Ep was 

carried out at the PSI interference tool, and Figure 11.7 shows the results for four 

different half-pitches, 50 nm, 45 nm, 40 nm, and 32 nm, all patterned at a dose-to-mask 

of 24.9 mJ/cm2 with a 60 °C PEB.  For comparison to conventional dose reporting, later 

studies on this material at this tool show that the dose-to-resist is about 6 mJ/cm2 for this 

feature size.  The 32 nm lines nearly all resolved, with some pattern collapse of a few 

lines.  The LER (3σ) was 4.9 nm for the 50 nm lines.   

 
 

  
Figure 11.7 SEM image of 4-Ep under EUV exposure at PSI illustrating 1:1 half-pitch 

performance at dose-to-mask of 24.9 mJ/cm2 with a 60°C PEB.  

  

 

Although the LER values under EUV exposure are comparable to other 

conventional CARs (4-5 nm), nearly all of these negative tone molecular resists show 

higher LER for EUV exposures compared to e-beam exposures.  The main reason for this 

is the reduced aerial image quality and increased flare in EUV tools.  As described in the 

Introduction of this thesis, the aerial image is a description of the spatial distribution of 

energy produced by the lithography exposure tool.  Since EUV is a form of optical 
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lithography, the light used to expose the resist is diffracted by the mask to produce a 

sinusoidal-like intensity function.  An example of this type of aerial image intensity 

profile is shown in Figure 11.8.  Since an e-beam exposure tool has no mask and a beam 

blanker, it generates substantially better aerial images that are much closer to the desired 

digital aerial image; this is also shown in Figure 11.8 for comparison to EUV aerial 

image quality.  It has been shown that making the aerial image sharper, i. e. increasing 

the slope of the aerial image intensity, will improve the LER of resists.24  Although a 

great deal of the increase in the LER of these resists is exposure tool related, resists with 

better contrast are less sensitive to loss of aerial image quality.   
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Figure 11.8 Examples of aerial image intensity profile from an EUV exposure (solid 

line) compared to an e-beam exposure (dotted line).  
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11.3.2 FTIR Characterization of Epoxides 

 
Contrast curves are used to a large degree to determine changes in the cross-

linking efficiency and mechanism in these types of resists.  This is because they are 

relatively easy to obtain, provide important resist parameters such as contrast and 

sensitivity, and are quite sensitive to changes in resist formulation and chemistry.  

Despite the ease by which a contrast curve may be obtained, it is not the standard method 

by which to monitor cross-linking and extent of conversion; FTIR spectroscopy is much 

more often used because it can track changes in individual functional groups.  This 

section describes the FTIR analysis of epoxide functionalized molecular resists and 

shows that the contrast curve can provide comparable information for discussing the 

extent of cross-linking in these systems.  

Although multiple conditions can be monitored via FTIR, such as extent of 

epoxide conversion over the time of a PEB, one of the most important conditions is  dose.  

As the dose increases, more photoacid is generated which leads to more chain initiation 

and conversion.  Figure 11.9 shows the decrease in the epoxide peak with increasing dose 

for 4-Ep baked at 90 °C for the PEB.  The most important epoxide peak for these types of 

resists is centered at 916 cm-1 and is the one which is monitored for conversion.  There is 

an additional epoxide peak visible in Figure 11.9 at 862 cm-1; however, it is obscured by 

out-of-plane aromatic carbon-hydrogen bending at 835 cm-1 so it is not used for 

quantitative analysis.  To quantify epoxide content, the whole peak centered at 916 cm-1 

is integrated to obtain the area under the peak.  This area is normalized for each 

individual spectra by the area of the aromatic carbon-carbon stretching peak from 1600-

1650 cm-1 since this peak does not appear to change significantly with cross-linking.  The 
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area of the normalized epoxide peak can then be compared at each dose to the unexposed 

sample to determine extent of conversion. 
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Figure 11.9 FTIR demonstrating loss of epoxide peak intensity as epoxides react with 

increasing amount of photoacid due to the increasing dose. 

 

 

Although this type of experiment was repeated for a variety of different 

conditions, conversion of epoxide for 4-Ep at two different PEB temperatures and several 

doses is shown in Figure 11.10(a);  the contrast curve obtained under identical conditions 

is shown in Figure 11.10(b).  As expected, the two different experiments show related 

results.  For the PEB at 90 °C, the FTIR shows rapid initial conversion followed by a 

region with smaller increases in conversion.  Likewise, the contrast curve shows a rapid 

initial increase in NRT followed by a region of slowly increasing NRT.  Although the 

contrast curve only shows a few percent increase in NRT from 5 to 10 mJ/cm2, the FTIR 

shows a larger change in conversion over this range.  NRT shows only a small change 
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because it is already at 99% of the original film thickness at 5 mJ/cm2.Regardless of the 

increase in conversion, thickness can only increase to a maximum of the original film 

thickness.  It is likely that contrast can only be directly related to conversion for NRT 

from 0 up to 0.95-0.99.  For the PEB at 60 °C, both the FTIR and contrast curve show 

very similar results.  The conversion is lower (higher remaining concentration) at each 

dose compared to the higher PEB temperature; likewise, the NRT is lower at each dose 

relative to the PEB at 90 °C.  Since the NRT for the PEB at 60 °C never reaches 0.95 or 

above, the changes in NRT at higher dose are more proportional to the changes in 

conversion from the FTIR.  
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Figure 11.10 The effect of increasing dose for two different PEB temperatures in 4-Ep; 

(a) Epoxide conversion determined by FTIR; (b) normalized remaining 
film thickness from the contrast curve. 

 

 

Although the FTIR measurement and the contrast curve appear to have very 

similar information regarding the extent of conversion, they can only be considered 
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directly relatable if there is a mathematical relation between information obtained in each 

measurement.  Using Dose as the common axis, Figure 11.10(a) and Figure 11.10(b) can 

be combined to show the relationship between conversion from FTIR and NRT from the 

contrast curve as shown in Figure 11.11.  Only values for NRT up to 97% were used for 

the reasons described above.  There is a clear relation between NRT and conversion 

implying that the contrast curve can be used to discuss the effect  changes in resist design 

and processing have on conversion.  This should be true for all compounds of this family, 

although the slope will change based on the total number of epoxide groups per molecule 

and the relative solubility of the molecule in base.  Regardless of differences in the 

quantitative relation from molecule to molecule, the qualitative comparison from lower to 

higher dose or PEB should be consistent for each resist; e. g. if the NRT increases due to 

increasing dose, the epoxide conversion has increased as well. 
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Figure 11.11 Relation between epoxide conversion determined by FTIR and NRT 

determined by contrast curve for 4-Ep. 
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11.3.3 PEB Effects 

11.3.3.1 Effect of PEB Time 

 
Although there are multiple variations on the conditions used in a post exposure 

bake (PEB), the two most important are PEB time and PEB temperature.  The e-beam 

contrast curve for 4-Ep with a PEB of 90 °C for 1 minute and 10 minutes is shown in 

Figure 11.12.  Increasing the PEB time has little effect on the sensitivity and contrast in 

the resist.  The dose to 50% normalized film thickness (E50) is 22 μC/cm2 for the 1 

minute PEB and 21 μC/cm2 for a PEB of 10 minutes.  The PEB of 1 minute shows a 

contrast ratio (γ) of 1.5 and 1.6 for the 10 minute PEB.  This relative insensitivity to bake 

time is somewhat expected since the resist begins to crosslink as soon as it is exposed.  It 

is also likely that for the lower doses, extending the PEB time has little effect on 

increasing the molecular weight because the few active cationic polymerization centers 

that were initiated have already carried out extensive cross-linking.  At higher doses there 

is some bake time effect because there are more active sites, so there is an increased 

probability that a few of these active sites have enough mobility to further cross-link 

during longer bakes.   
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Figure 11.12 Electron beam (100 keV) contrast curves for 4-Ep at two different 90°C 

PEB times.  

 

 

Three different PEB times at 90 °C were used to compare the effect of bake time 

on resolution and imaging performance of 4-Ep: 1 minute, 5 minutes, and 10 minutes. 

Figure 11.13 shows SEM images of 35 nm 1:1 line-space features for each bake time. 

Similar to the contrast curves, patterning performance was very similar for each bake 

time.  35 nm half-pitch resolution was obtained at a dose-to-size of 50 μC/cm2 for all 

three bake conditions.  Overall, the effect of bake time on the resist performance both 

from pattern-to-pattern on a sample and from sample-to-sample was minimal.  The 

maximum standard deviation in critical dimension (CD) from line-to-line on each sample 

was 0.9 nm, and the maximum difference in average line width from sample-to-sample 

was 0.5 nm.  This indicates that the CD variation of this family of compounds is minimal 

with minor variations in PEB time, at least for e-beam exposures. 
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Figure 11.13 SEM images of 4-Ep demonstrating near identical 35 nm half-pitch 

resolution at 50 μC/cm2 for three different PEB times at 90°C. 

 

 

11.3.3.2 Effect of PEB Temperature 

 
The PEB temperature appears to have a much larger effect on performance than 

PEB time.  Figure 11.14 shows contrast curves for 4-Ep at two different PEB 

temperatures, 60 °C and 90 °C.  At lower temperatures, the NRT very slowly, if ever, 

approaches one as dose increases because the polymer network loses mobility as the 

extent of cross-linking increases.  The mobility of even moderately cross-linked material 

is low enough at 60 °C that the network has difficulty adding the additional monomers or 

linear polymers that are required to maintain 100% of the original film thickness after 

development.  Increasing the PEB temperature to 90 °C increases the mobility of the 

monomers, the initial polymers, and the moderately cross-linked material enough that 

almost 100% of the film can be incorporated into the network, or at least polymerized to 

an extent large enough to have low developer solubility.  
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Figure 11.14 DUV contrast curves for 4-Ep showing the effect of PEB temperature. 

Conditions are 5 mol % TPS-SbF6, 1 min PEB, development in MIBK 
30s. 

 

 

Although the general trends described above hold true for almost all negative tone 

molecular resists based on cationic polymerization, the specific values are different 

depending on the resist.  Figure 11.15 shows contrast curves for 2-Ep at 60 °C and 90 °C, 

and 110 °C for PEB temperatures.  The contrast curves all have a similar shape, with the 

thickness increasing linearly with dose at lose doses followed by a transition to a plateau 

region at higher doses.  Higher PEB temperatures appear to hit the plateau at lower doses.  

For 4-Ep, a dose of 20 mJ/cm2 at 60 °C shows an NRT of about 0.75, while 2-Ep only 

manages an NRT of about 0.25.  Likewise, a PEB of 90 °C plateaus at 0.90 in 2-Ep while 

4-Ep can maintain 100% of the original film thickness.  Even a PEB of 110 °C can only 

achieve about 95% in 2-Ep, even though the plateau is reached by 5 mJ/cm2.  The trend 

of increasing maximum NRT with increasing PEB temperature is the same, but the actual 
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values are different.  The mobility of the initial molecular resist and the cross-linked 

material as a function of temperature have a strong effect on determining whether the 

resist can hit the desired 100% remaining film thickness.  This can often be a stronger 

effect than even the number of functional groups; as discussed in a later chapter, a di-

functional molecular resist can maintain nearly 100% NRT at a PEB of 60 °C while 

another tri-functional resist cannot achieve 100%, even with a PEB of 160 °C. 
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Figure 11.15 DUV contrast curves for 2-Ep showing the effect of PEB temperature. 

Conditions are 5 mol % TPS-SbF6, 1 min PEB, development in MIBK 
30s. 

 

 

The effect of PEB temperature on high resolution patterning performance does 

not exactly follow the expected trends based on the contrast curve data.  Conventionally, 

materials with higher contrast perform better; since the higher PEB temperatures 

typically lead to higher contrast, it would be expected that increasing the PEB should lead 
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to better performance in these materials.  For e-beam patterning, the effect of PEB 

temperature appears to be minimal in some cases.  Figure 11.16 shows 80 nm 1:1 

line/space patterns for 3-Ep with a PEB of 60 °C (Figure 11.16(a)) and for a PEB of 90 

°C (Figure 11.16(b)) at a dose-to-size of 50 μC/cm2.  The patterns appear nearly identical.  

Patterning of smaller features was limited by pattern collapse issues due to the high 

aspect ratio of this material since a 110 nm thick film was used in this early study.  High 

aspect ratio features are more prone to pattern collapse failure due to the large capillary 

forces in the small patterned regions.  Under these conditions, the PEB of 90 °C could 

pattern slightly smaller features since the higher bake temperature produced a more 

robust, heavily cross-linked resist line that was better able to avoid pattern collapse.  

Other than the pattern collapse behavior, no discernable difference in the blurring and 

LER performance could be found between the two PEB temperatures. 

 

 

  

Figure 11.16 SEM of e-beam (100 keV) patterning of 3-Ep 80 nm 1:1 line/space; (a) 
PEB of 60 °C; (b) PEB of 90 °C. 
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In other studies where the resolution was limited due to propagation of the 

polymerization front beyond the printed line edge (i. e. the negative tone equivalent to 

acid diffusion blur), the lower PEB temperatures actually show better resolution due to 

reduced propagation blur.  Another result that suggests a lower PEB temperature is the 

preferred procedure is shown in Figure 11.17 for 2-Ep baked at 90 °C and 110 °C.  The 

lower PEB temperature clearly shows superior resolution and LER.  It is unknown why 

the lines from a 110 °C PEB show oscillations, but could be due to differences in the 

network morphology that arise when very rapid initial polymerization occurs and causes 

swelling during development.    

 
 

 
Figure 11.17 SEM images of line-space patterns achieved in 2-Ep using 100 keV e-

beam; (a) 30 nm 1:1 line-space for PEB 90 °C; (b) 25 nm 1:1 line-space 
for PEB 90 °C; (c) 20 nm 1:2 line-space for PEB 90 °C (d) 35 nm 1:1 line-
space for PEB 110 °C. 
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The apparent superiority of lower PEB temperatures is also seen in EUV 

exposures of 4-Ep as shown in Figure 11.18.  Figure 11.18(a) and Figure 11.18(b) show 

4-Ep patterned with a PEB of 90 °C at a nominal 50 nm 1:1 line:space for a dose of 16.1 

mJ/cm2 and 19.5 mJ/cm2, respectively.  Figure 11.18(c) and Figure 11.18(d) show 4-Ep 

patterned with a PEB of 60 °C for a dose of 24.2 mJ/cm2 at 50 nm 1:1 line:space and 32 

nm 1:1 line:space, respectively.  The 90 °C PEB at a dose of 16.1 mJ/cm2 is slightly 

undersized and the dose of 19.5 mJ/cm2 is just marginally oversized, but both show poor 

LER; the LER (3σ) for Figure 11.18(b) is 10.2 nm.  Using the lower PEB of 60 °C, the 

LER was significantly improved; the LER (3σ) is 4.9 nm for Figure 11.18(c).  The 

resolution was improved as well, pushing down to 32 nm.  The other major improvement 

obtained by lowering the PEB was an increase in the dose latitude of the resist; dose 

latitude is defined as the width of the patterned critical dimension (or linewidth) versus 

dose curve that lies within ± 5% of the desired critical dimension.  At 90 °C, the dose 

latitude is clearly less than the 3.4 mJ/cm2 between the two figures; no patterns were 

actually made at an intermediate dose.  While not shown here, the dose latitude at 60 °C 

is about 6 mJ/cm2. 

Overall, it appears that lower PEB temperatures are often preferred for high 

resolution patterning of these materials.  In cases of large, high aspect ratio patterns and 

in cases where resist mechanical strength is critical to maintain the line shape, higher 

PEB temperatures might be preferred; however, for patterning at the limits of the resist’s 

intrinsic resolution and under most EUV exposures, lower PEB temperatures will 

produce better results.  Although the exact causes of the improvements in patterning 

performance when using a lower PEB temperature are unknown, there are several 
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possible reasons.  In terms of EUV patterning, the reduced sensitivity of the resist at 

lower PEB temperatures improves its ability to withstand flare.  Flare (also called stray 

light) is caused by scattering of light by roughness on the optical surfaces and is often 

expressed as a percentage of the light in the clear field that appears in the dark areas;25  

on many EUV tools, the flare can range from 5 – 16%.26  These resists are so sensitive, 

especially at higher temperatures, that almost any flare can induce significant cross-

linking in the unexposed areas; this leads to increased LER as seen in Figure 11.18(a) and 

Figure 11.18(b).  Resolution is improved at lower PEB temperatures because of further 

reductions in the propagation of the polymer network outside of the nominally exposed 

region.  Another potential cause of improvement is the different final network 

morphology at the lower PEB compared to the higher PEB.  As discussed more fully in 

the chapter examining the effect of the type of polymerization group on performance in 

these systems, resists with higher initial rates of polymerization from fewer initiators tend 

to show worse performance (like at higher PEB) than resists with lower initial rates of 

polymerization using more initiators, similar to lower PEB at its higher dose.  This is 

because high initial rates of polymerization lead to more linear chains with fewer cross-

links than lower initial rates.  Networks with fewer cross-links and larger numbers of 

monomers, in this case molecular resists, appear more likely to swell during 

development.  This might explain the differences for 2-Ep shown in Figure 11.17. 
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Figure 11.18 SEM of EUV patterning of 4-Ep; (a) PEB of 90 °C for 50 nm 1:1 

line/space patterns at 16.1 mJ/cm2; (b) PEB of 90 °C for 50 nm 1:1 
line/space patterns at 19.5 mJ/cm2; (c) PEB of 60 °C for 50 nm 1:1 
line/space patterns at 24.2 mJ/cm2; (d) PEB of 60 °C for 32 nm 1:1 
line/space patterns at 24.2 mJ/cm2. 
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11.3.4 Development Effects 

11.3.4.1 Effect of Development Time 

 
In general, it is desirable that development time be as short as possible, but still 

repeatable with high precision.  As a result, in most experiments on these types of resists, 

a development time of 30 seconds was used.  Shorter times can still be used due to the 

very rapid dissolution rate of the uncrosslinked molecular resist, but even small absolute 

errors in development such as holding one second longer can cause a large error in 

development time on a percentage basis.  The effect of longer development times on 4-Ep 

was investigated and is shown in Figure 11.19.  As development time is increased, there 

is little effect on the low dose linear region that is primarily kinetically controlled, but for 

the higher dose diffusion controlled region, there is a rapid initial decrease in remaining 

film thickness that slows as the development time is increased.  The lower dose region 

shows little effect because the cross-linking that occurs in this region leads primarily to 

more linear polymers with lower levels of chain-to-chain cross-linking.  These polymers 

can be considered virtually insoluble from a thermodynamic perspective, at least on the 

time scale of the experiment, and so will not dissolve regardless of development time.  At 

higher doses, these large polymers/networks cause a drop in the mobility of the film, and 

much of the remaining monomers and small chains are unattached.  The thickness loss 

with development time at higher doses is likely due to leaching of these unattached small 

molecules and oligomers from the network.  Longer development time allows more time 

for the solvent to penetrate the network and potentially swell, allowing more small 

molecules to be leached.  This process slows down as development time increases 
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because eventually most of the small soluble molecules have been leached from the 

system. 
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Figure 11.19 DUV contrast curves for 4-Ep showing the effect of development time.  

Conditions are 5 mol % TPS-SbF6, 60°C PEB for 1 min., MIBK 
developer. 

 

 

11.3.4.2 Effect of Development Solvent 

 
For resists with aqueous base development, virtually the only solvent used is the 

industry standard, 0.26 N tetramethylammonium hydroxide (TMAH).  Development 

using organic solvents opens up the possibility of using a wide variety of potential 

developers.  For the e-beam resist PMMA, methyl isobutyl ketone (MIBK) was found to 

produce good results and is widely available in cleanrooms.  Initial studies using MIBK 

were found to produce good results and so it was used for virtually all studies of this 

family of resists.  Although MIBK was the preferred development solvent, additional 
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developers were studied as well.  Figure 11.20 shows 4-Ep DUV contrast curves 

development in MIBK, cyclohexanone (CHN), and propylene glycol monomethyl ether 

acetate (PGMEA).  All of the different solvents produce a similar curve, although the 

dose required to reach NRT of 0.50 (E50 or gel dose) changes.   
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Figure 11.20 DUV contrast curves for 4-Ep showing the effect of development solvent.  

Conditions are 5 mol % TPS-SbF6, 90°C PEB for 2 min, 30 s 
development time. 

 

 

The results can be reasonably well explained using Flory-Huggins solution 

theory.  Simply, the Flory-Huggins interaction parameter χ provides a measure of the 

mixing interaction and is related to the change in free energy upon mixing.  Low 

interaction typically has a large χ because more energy is required to cause the two 

materials to mix, while materials that have high interaction and a low χ will readily mix 

due to the small change in the free energy upon mixing.  The interaction parameter can be 
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calculated using Equation (11.1) where V1 is the molar volume of the solvent, δ1 is the 

solubility parameter of the solvent, δ2 is the solubility parameter of the polymer, and β is 

the lattice parameter.27   

 ( ) βδδχ +−= 2
21

1

RT
V  (11.1)

 
  

The first term in Equation (11.1) is due to the enthalpic energy change upon 

mixing and the second term, β, can be considered to be from the entropic energy change.  

Values of β vary only slightly and were considered to be 0.35 for the calculation of χ.  

Solubility parameters were found in the Polymer Handbook28 and are listed in Table 5.1 

along with the calculated values of χ for each polymer with an epoxy resin.  The epoxy 

resin is based on the diglycidyl ether of Bisphenol A, so it should have very similar 

solubility characteristics to the cross-linked resin of the molecular resist used in this 

study.  Decreasing values of χ show increasing values of gel dose; this is consistent with 

previous studies on calixarene e-beam resists. 29  The smaller the value of χ, the more 

similar the solvent is to the polymer.  The dose shifts because better solvents can dissolve 

larger molecular weight polymers than solvents with large values of χ.  At 1.5 mJ/cm2, 

CHN can completely dissolve any polymers that have been formed by the cross-linking 

of the resist, but MIBK can only dissolve molecules of lower molecular weight so larger 

polymers remain and lead to an NRT of 0.25 at this dose.  Although high resolution 

patterning was not carried out using multiple solvents, it has been suggested that solvents 

with lower value of χ are more likely to swell and may swell the resist worse than 

solvents with higher values of χ.  For this reason and the fact that MIBK produces the 

best sensitivity of the solvents tested, MIBK was the solvent of choice for these resists. 
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Table 11.1  Solubility parameters and interaction parameters for various solvents 

mixing with an epoxy resin.   
Name δ (MPa1/2) (δ1-δ2)2 χ

Epoxy Resin 22.5
MIBK 17.2 28.09 1.77

PGMEA 18.4 16.81 1.27
CHN 20.3 4.84 0.55  

 

 

 

11.3.5 Photoacid Generator Effects 

11.3.5.1 Effect of PAG Type 

 
Since the PAG anion is actively involved with the polymerization as a counter-ion 

to the cationic polymerization center, the effect of the PAG anion was studied by using 

different triphenylsulfonium salts as shown in Figure 11.21 using a constant 5 mol% 

loading.  Two different experiments were done, one using 4-Ep, and the other using 3-Ep, 

so PAGs that are different from compound to compound can’t be fairly compared, but 

comparison to common PAGs in each group, e. g. TPS-SbF6, allows an overall 

comparison of the results. 
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Figure 11.21 Different PAGs used to study the effect of anion on resist performance. 

 

 

 Figure 11.22(a) shows the results for 4-Ep using TPS-SbF6, TPS-FABA, and 

TPS-OTf.  TPS-OTf leads to no remaining film thickness because it forms a reasonably 

nucleophilic photoacid; nucleophilic acids are not efficient at catalyzing cationic 

polymerization of epoxides because they tend to attack epoxides, terminating the chain 

propagation.  TPS-SbF6 and TPS-FABA are considered non-nucleophilic and can be used 

to carry out polymerization.  TPS-FABA requires much higher doses than TPS-SbF6 

because of its much larger size; the FABA group is actually larger than 4-Ep itself.  The 

larger size of the FABA group reduces the mobility of its cationic counter-ion which 

leads to reduced numbers of cross-links per initiator.  The loss in sensitivity and contrast 

was so large that no further studies of FABA were done.  Figure 11.22(b) shows the 

results for 3-Ep using TPS-SbF6, TPS-CTf3, and TPS-OTf.  Similar to the 4-Ep result, 

TPS-OTf cannot be used to carry out cationic polymerization.  TPS-CTf3 produces a 

photoacid that is larger than TPS-SbF6, so it shifts the contrast curve to slightly higher 

doses, although the effect is small compared to the shift from TPS-FABA in 4-Ep. 
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Figure 11.22 DUV contrast curves showing the effect of PAG type for 5 mol% PAG; 

(a) 4-Ep, 90°C PEB for 2 min; (b) 3-Ep, 90°C PEB for 1 min. 

 

 

High resolution patterning of TPS-CTf3 was also carried out under EUV 

patterning and is compared to TPS-SbF6 in Figure 11.23.  Both PAGs had the same dose-

to-size as listed earlier for TPS-SbF6 and produced very similar results.  The resolution 

capability and LER is almost the same for both PAGs.  TPS-SbF6 and TPS-CTf3 are 

similar enough that these two PAGS could be considered interchangeable for most 

patterning applications.  This is useful because in semiconductor fabrication, it is 

desirable to not use heavy metal atoms like Sb in the photoresist because they can 

potentially act like a dopant in the semiconductor for future processing steps if any 

residue is left on the device after patterning; all of the atoms in TPS-CTf3 are considered 

suitable for semiconductor fabrication, although there is a trend to move away from 

Fluorine where possible.  Due to the higher availability of TPS-SbF6 and the fact that it is 

one of the classical PAGs used for photo polymerization of epoxides, it was used for all 

subsequent studies. 
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Figure 11.23 SEM of EUV patterning of 4-Ep with different PAGs with PEB of 60 °C; 

(a) TPS-CTf3 for 50 nm 1:1 L/S; (b) TPS-CTf3 for 32 nm 1:1 L/S; (c) 
TPS-SbF6 for 32 nm 1:1 L/S; (d) TPS-SbF6 for 32 nm 1:1 L/S. 
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11.3.5.2 Effect of PAG Loading 

 
Recent studies have suggested that one way to improve LER in positive tone 

resists while maintaining sensitivity and resolution is to increase PAG loading.30  The 

effect of this parameter on performance of negative tone molecular resists was also 

studied.  Figure 11.24 shows the DUV contrast curves for 4-Ep with different PAG 

loadings.  Below some threshold minimum of PAG loading (3-5 mol%), the resist shows 

very poor contrast behavior.  For 3 mol%, low doses show a slow linear increase up to 

around 5-6 mJ/cm2 where the thickness jumps up before resuming a slow linear increase 

at higher dose.  The sharp increase in thickness is likely due to chain-chain networking 

that rapidly combines several soluble smaller chains into a much larger insoluble 

network.  It is likely that the dose for this jump shifts with longer or shorter PEB times.  

All PAG loadings above the threshold show similar behavior as discussed before.  As the 

PAG loading increases, the curves shift to lower dose.  This is because as the PAG 

loading increases, the resist can generate an equivalent number of initiators as it would at 

lower PAG loading, only at a lower dose, assuming conversion per mole remains 

constant.   
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Figure 11.24 DUV contrast curves for 4-Ep showing the effect of PAG loading. 

Conditions are for TPS-SbF6, 90°C PEB for 1 min, development in MIBK 
30s. 

 

 

Since the most important application of increased PAG loading is for high 

resolution patterning, EUV exposures were done on 4-Ep with different levels of PAG 

loading using TPS-SbF6 as shown in Figure 11.25 for 50 nm lines.  For 5 mol% (Figure 

11.25(a)), the sensitivity was 8.3 mJ/cm2 and the LER (3σ) was 4.9 nm.  At 10 mol% 

(Figure 11.25(b)), the sensitivity was 4.9 mJ/cm2 and the LER (3σ) was 5.2 nm.  When 

the PAG loading was 15 mol% (Figure 11.25(c)), the sensitivity was 3.3 mJ/cm2 and the 

LER (3σ) was 6.5 nm.  Generally, increasing the PAG loading decreased the dose-to-size 

while increasing LER at constant resolution.  As discussed earlier, this is a manifestation 

of the RLS tradeoff.  It is interesting to note that going from 5 mol% to 10 mol%, the 

dose-to-size decreases by 40%, while the LER only increases by 6%, implying that 

overall patterning performance increases.  This improvement appears to level off because 
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increasing to 15 mol% leads to a 32% decrease in dose, but a 25% increase in LER.  This 

increase in LER for 15 mol% is somewhat expected considering the low dose-to-size for 

this pattern.  At 3 mJ/cm2 in EUV, there are 2 photon incidents/nm2 based on a 92 eV 

photon.  Given the average resist thickness and absorption coefficient at this wavelength, 

only 15-20% of the incident photons are absorbed by the resist.  This leads to a very 

sparse distribution of initial photoacids after exposure which can lead to increases in 

LER.  Increasing the dose at higher PAG loadings leads to incorrectly sized lines.  

Increasing the PAG loading shows an improvement in sensitivity while maintaining 

resolution with a minor increase in LER.  However, LER is the performance metric that 

is most lacking in this resist system because even at 5 mol%, the sensitivity is within the 

acceptable range.  Since the 5 mol% PAG loading showed the lowest overall LER with 

acceptable sensitivity, this PAG loading was used for most subsequent studies. 
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Figure 11.25 EUV patterning of 4-Ep PEB of 60 °C for 50 nm 1:1 line/space patterns 

with different PAG loadings; (a) 5 mol% PAG loading, 8.3 mJ/cm2; (b) 10 
mol% PAG loading, 4.9 mJ/cm2; (c) 15 mol% PAG loading, 3.3 mJ/cm2.   

 

 

 

11.4 Conclusions 

 
Negative tone molecular resists based on cationic polymerization and cross-

linking show promise as a new material class capable of obtaining the desired 

combination of resolution, line edge roughness, and sensitivity that will be required of 

resists for advanced lithography.  Under e-beam lithography, resolution has been 

obtained down to 35 nm with sensitivities of around 50 μC/cm2 and LER (3σ) of 2.3-4 

nm LER (3σ).  EUV lithography shows similar resolution and good sensitivity, but LER 

is slightly increased due to the lower aerial image quality.  FTIR studies show that the 

fraction of insoluble film determined with a contrast curve scales with the epoxide 

conversion.  PEB time appears to have little effect on performance since the cross-linked 

system becomes diffusion controlled.  PEB temperature has a much larger effect as it 
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determines the maximum obtainable remaining film thickness after development.  

Although some patterning studies in e-beam show little effect of PEB temperature, 

several other studies in e-beam and EUV suggest that lower PEB temperatures tend to 

give better ultimate resolution and LER.  Several important conclusions can also be 

drawn by examining the effect of changing development conditions and photoacid 

generator.  Development time has little effect on the contrast curve at lower doses and a 

larger effect at higher doses.  The effect of development solvent can be well described 

using the Flory-Huggins interaction parameter.  Nucleophilic PAGs will not provide 

sufficient cross-linking to pattern these resists.  PAGs based on all-organic TPS 

tris(trifluoromethylsulfonyl)methanide show equivalent patterning performance to TPS 

hexafluoroantimonate PAGs.  Below a certain threshold of 3-5 mol% PAG loading, 

patterning performance is severely diminished.  Increasing the PAG loading from 5 

mol% to 10 mol% and 15 mol% shows an improvement in sensitivity with an increase in 

LER.   
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CHAPTER 12 

NEGATIVE TONE MOLECULAR RESISTS – EFFECT OF THE 

NUMBER OF POLYMERIZABLE GROUPS 

 

A new class of negative tone chemically amplified molecular resists has been 

developed based on epoxide cross-linking that combines high sensitivity with low line 

edge roughness and excellent resolution.  To investigate the effect of the number of 

polymerizable groups on the performance of these systems, five different epoxide 

functionalized resists with different numbers of functional groups were compared.  The 

functionality and size of the resist molecules were systematically changed to investigate 

thee effects on imaging performance under e-beam lithography.  The di-functional epoxy 

resist, 2-Ep, had < 25 nm half-pitch resolution in dense 1:1 line-space patterns, sensitivity 

of 38 μC/cm2, and low 3σ LER of 2.9 nm for 30 nm half-pitch.  The tri-functional epoxy 

resist, 3-Ep, showed 30 nm resolution in dense features, 3σ LER of 2.3 nm, and a 

sensitivity of 20 μC/cm2. The tetra-functional epoxy resist, 4-Ep, likewise showed good 

resolution of 35 nm half-pitch in dense features, sensitivity of 22 μC/cm2, and a low 3σ 

LER of 2.3 nm.  Although it is difficult to directly compare the individual resists, di-

functional compounds appear to have superior resolution capability, while sensitivity 

improves by increasing the number of functional groups.  Larger compounds with more 

functional groups, i.e. polymers and oligomers, have inferior patterning capability for 

dense features compared to molecular glass based resists due to swelling. 
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12.1 Introduction 

 
As described previously, there are many potential advantages of using negative 

tone molecular resists based on cationic polymerization.  The negative tone resists should 

have superior mechanical strength compared to conventional resists because the imaging 

mechanism, by design, creates high MW, highly cross-linked structures.  This is 

especially important since pattern collapse is becoming a more significant issue as feature 

sizes shrink below 50 nm.1  Such negative tone, polymerization-based resists also 

potentially offer an additional benefit toward high resolution patterning due to a form of 

diffusion control that is intrinsic to the resist design.  This diffusion control occurs 

because the active site is the cationic polymerization center which is always attached to 

the end of the growing chain.  Another potential advantage of these types of resists is that 

the cationic polymerization is a zero mass loss process.  This should lead to very low or 

negligible levels of outgassing.   

Although initial patterning results for these types of resists showed great 

performance, more control and understanding of these systems is required to optimize 

performance even further.2,3,4  One important question is: What is the effect of the number 

of polymerizable groups (epoxides in this case) on resist performance?  To investigate 

this question, five different epoxide functionalized resists with different numbers of 

functional groups were compared.  A series of four negative tone epoxide functionalized 

molecular resists have been designed, synthesized, and characterized.  The resist 

structures made and studied in this work are shown in Figure 12.1 along with SU-8, a 

popular commercially available epoxide functionalized oligomeric resist that was studied 

for comparison.  It should be noted that although some of these small epoxide glass 
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molecules have been used previously as cross-linking additives and epoxy resin 

monomers,5-6 the authors are unaware of any previous reported exploration of their use as 

negative tone resist resins. 

 

  
Figure 12.1 Chemical structures of the epoxide functionalized resists used in this 

study. 

 
 

12.2  Experimental 

 

12.2.1 Materials and Methods 

 
SU-8 2000 was obtained from MicroChem Corp. and diluted using PGMEA to 

obtain thin films of 60-70 nm in thickness.  3-Ep (Tris(4-hydroxyphenyl)methane 

triglycidyl ether) and 4-Ep (Tetraphenylolethane glycidyl ether) were purchased from 

Sigma-Aldrich.  Synthesis of 1-Ep and 2-Ep is given below.  All other solvents and 
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chemicals were obtained from TCI America, Alfa-Aesar, or Sigma-Aldrich and used as 

received.  Molecular resist solutions were made by dissolving the resist in PGMEA along 

with 5 mol% triphenylsulfonium hexafluoroantimonate (Midori-Kagura). Development 

was done at room temperature using MIBK for 30 seconds, followed by rinsing with 

isopropanol for 30 seconds.  All post-apply bakes (PABs) were done at 90°C for 2 

minutes unless otherwise noted and all post-exposure bakes (PEBs) were done for 1 

minute unless otherwise noted.  

A Varian Mercury Vx 300 was used to collect NMR. Deep ultraviolet (DUV) 

exposures were done using an Oriel Instruments 500W Hg-Xe arc lamp with a 248 nm 

band-pass filter.  Film thicknesses were measured using an M-2000 spectroscopic 

ellipsometer (J.A. Woolam, Inc.) over the wavelength range from 350 to 1000 nm.  For e-

beam lithography, the resist solution was spin-coated onto a 46 nm thick silicon nitride 

membrane window contained in a silicon wafer support structure.7  The resist film was 

exposed using a JEOL JBX-9300FS electron-beam lithography system with a 100keV 

acceleration voltage, 2 nA current, and 10 nm single-pixel shot pitch.  The patterns 

produced by e-beam lithography were imaged using either a LEO 1530 thermally assisted 

field emission SEM with 3 keV acceleration voltage or a Carl Zeiss Ultra60 SEM with 

3keV acceleration voltage.  The original image was off-line processed with background 

intensity subtraction and adaptive Gaussian-noise filtering.  Critical dimension (CD) 

measurements and the whole spatial-frequency 3σ LER and 3σ LWR spectra of the resist 

pattern were averaged from 10 different line-space patterns with a 1 μm measurement 

length.  
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12.2.2 Synthesis of 1-Ep ((4-glycidyloxyphenyl)triphenylmethane) 

 
In a round bottom flask, p-tritylphenol (3.00 g, 8.92 mmol) was dissolved in 100 

mL of acetone and 20 mL of acetonitrile with heating to form a clear orange solution.  To 

the flask was added K2CO3 (1.848 g, 13.37 mmol, 1.5 equivalent), 18-crown-6 (0.118 g, 

0.446 mmol, 0.05 equivalent), and potassium iodide (0.074 g, 0.446 mmol, 0.05 

equivalent).   Epichlorohydrin (4.125 g, 44.58 mmol, 5 equivalent) was dripped into the 

reaction flask, and the mixture was heated to 65 °C with stirring overnight.  The mixture 

was concentrated via rotary evaporation.  Then, 25 mL of dichloromethane and 25 mL of 

de-ionized water was added to the flask and stirred until all the solids dissolved to form 

two clear phases, although the organic layer was orange. The organic layer was separated, 

washed three times with 25 mL of de-ionized water, and dried with MgSO4. The liquid 

was rotovapped to dryness to produce an orange/white powder.  The powder was 

dissolved in THF and dripped into water to form a white to pale orange solid that was 

filtered and dried in vacuo. The solid was dissolved in a minimal amount of 

dichloromethane and purified by flash chromatography eluting with 1:1 

dichloromethane:hexanes to yield a white powder. 1H-NMR (300 MHz, CDCl3) δ (ppm) 

7.25 (m, 15H), 7.13 (d, 2H), 6.80 (d, 2H), 4.20 (m, 1H), 3.95 (m, 1H), 3.35 (m, 1H), 2.87 

(m, 1H), 2.72 (m, 1H). 

 

12.2.3 Synthesis of 2-Ep (9,9-bis(4-hydroxyphenyl)fluorene diglycidyl ether) 

 
 In a 100 mL round bottom flask, 9,9-bis(4-hydroxyphenyl)fluorene (5.00 g, 14.27 

mmol) was dissolved in 50 mL of acetone. After adding K2CO3 (5.92 g, 42.80 mmol) and 
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18-crown-6 (0.189 g, 0.7135 mmol), epichlorohydrin (13.20 g, 142.69 mmol) was 

dripped into the reaction flask and the mixture was heated to reflux with stirring for 48 

hours. The mixture was cooled and 25 mL of dichloromethane and 25 mL of de-ionized 

water was added to the flask and stirred until all the solids dissolved. The organic layer 

was separated, washed twice with 25 mL of de-ionized water, and dried with MgSO4. 

The liquid was rotovapped to dryness to remove remaining solvent and excess 

epichlorohydrin. The residue was dissolved in a minimal amount of dichloromethane and 

purified by flash chromatography eluting with dichloromethane to yield a white powder. 

1H-NMR (300 MHz, CDCl3) δ (ppm) 7.73 (m, 2H), 7.30 (m, 6H), 7.09 (d, 6H), 6.78 (d, 

4H), 4.12 (m, 2H), 3.90 (m, 2H), 3.31 (m, 2H), 2.87 (m, 2H), 2.72 (m, 2H). 

 

 

12.3  Results and Discussion 

12.3.1 4-Ep  

 
The e-beam contrast curve for 4-Ep with a PEB of 90 °C for 1 minute and 10 

minutes is shown in Figure 12.2.  The resist has good sensitivity, and shows little 

dependence on the PEB time, with the dose to 50% normalized film thickness (E50) of 22 

μC/cm2 for a PEB of 1 minute and 21 μC/cm2 for a PEB of 10 minutes.  Contrast ratio (γ) 

was also only weakly affected by increasing the PEB time; γ was 1.5 for the 1 minute 

PEB and was 1.6 for the 10 minute PEB.  This relative insensitivity to bake time is 

somewhat expected since the resist begins to crosslink as soon as it is exposed.  It is also 

likely that for the lower doses, extending the PEB time has little effect on increasing the 
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molecular weight because the few active cationic polymerization centers that were 

initiated have already carried out extensive cross-linking.  At higher doses there is some 

bake time effect because there are more active sites that can provide further cross-linking 

during longer bakes.   
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Figure 12.2 Electron beam (100 keV) contrast curves for 4-Ep at two different 90°C 

PEB times. Film thickness is normalized to the film thickness before 
exposure and development.  

 

 

The effect of bake time on resolution and imaging performance was investigated 

by comparing three different PEB times of 1, 5 and 10 minutes at 90° C.  Figure 12.3 

shows SEM images of 35 nm 1:1 line-space features for each bake time. As Figure 12.3 

shows, performance was virtually identical for each bake time. The resist was able to 

resolve 1:1 line-space patterns down to 35 nm half-pitch at a dose-to-size of 50 μC/cm2 

for all three bake conditions.  It may yet be possible to resolve smaller features in this 

material using different imaging doses and further formulation and process optimization. 

Overall, bake time had little effect on the resist performance both from pattern-to-pattern 
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on a sample and from sample-to-sample.  This is indicates that the CD variation of this 

family of compounds is minimal with minor variations in PEB time. 

 

 
Figure 12.3 SEM images of 4-Ep demonstrating near identical 35 nm half-pitch 

resolution at 50 μC/cm2 for three different PEB times at 90 °C. 

 

 

Some features smaller than 35 nm were resolved, but they began to suffer from 

line widening, with the developed lines becoming wider than the nominally patterned 

feature.  The line widening could possibly be due to acid diffusion, but is more likely due 

to lateral propagation of the polymerization front beyond the line-edge.  This is because 

the active acid exists for a very short time before protonating an epoxide, after which 

time it exists as an active cationic polymerization center on the end of a growing chain.  

The problem can be improved by using different formulation strategies or processing 

conditions such as a PEB at a lower temperature.  Such material and process permutation 

experiments have shown sub-30 nm resolution in this material.  If spatial propagation of 

the polymerization serves to blur the image, it must be at very small length scales (i.e. < 

~10nm blur based on the beam spot size in these tests and the ~30 nm feature size where 

line widening is observed as feature size is reduced).  
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The pattern collapse behavior of this material is also excellent.  There appeared to 

be no major occurrence of pattern collapse for an 80 nm thick film. This means that the 

resist could obtain an aspect ratio of at least 2.5:1 for 1:1 line/space patterns down to 

feature sizes of roughly 30 nm.  This is not unexpected, and it is well known that similar 

types of resist materials (e.g. phenolic epoxide resists such as SU-8) are able to resolve 

very high aspect features.8   

The line edge roughness of the resist was determined using 70 nm half-pitch lines 

with an inspection length of 1 μm. The LER (3σ) was 2.3 nm and line width roughness 

(LWR) (3σ) was 3.2 nm for each of the different PEB bake times.  These are as small as 

any LER values reported for a photoresist and are the same values obtained for 3-Ep, 

indicating that good LER performance in these systems can be obtained for a variety of 

molecular structures.  

 

12.3.2 3-Ep  

 
Unlike 4-Ep, 3-Ep had to be soft baked or post apply baked (PAB) at 60 °C or 

lower because the film dewets from the silicon substrate when processed at higher 

temperatures.  This is due to the low melting point of the small 3-Ep molecule which 

contains flexible glycidyl ethers.  While this limited the temperatures that could be used 

for the PAB, the post exposure bake could be carried out above 60 °C because even the 

low level of cross-linking that occurs after exposure at room temperature is enough to 

raise the glass transition temperature and prevent dewetting in the exposed area.  After 

exposure, 3-Ep and the other similar molecular resists showed no change in film 

thickness or shrinkage during the PEB.  This is unlike most positive tone CARs which 
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have some thickness loss during the PEB due to volatilization of removed protecting 

groups. This also implies that these negative tone molecular resists should show little, if 

any, outgassing during exposure under high vacuum e-beam or EUV exposure, 

eliminating a growing concern in resists for next generation lithography.9 

Figure 12.4 shows e-beam contrast curves for 3-Ep for different PEB 

temperatures. In e-beam, 3-Ep shows similar good sensitivity to 4-Ep with an E50 of 20 

μC/cm2.  It has a similar contrast ratio of 1.5.  A wide range of PEB temperatures from at 

least 60-90 °C can be used in these materials with minimal effect on contrast 

performance.  The only major difference between the two PEB temperatures is that at 

90°C, the final film thickness is the same as before development, while at 60°C, there is 

still around 20% dark loss even at high doses.  This is likely due to the fact that at the 

higher PEB temperature, there is more mobility in the film which leads to a higher extent 

of cross-linking. 
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Figure 12.4 Electron beam (100 keV) contrast curves for 3-Ep at two different PEB 

temperatures of 60 °C and 90 °C.  
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Just like 4-Ep, 3-Ep showed excellent high resolution imaging.  Figure 12.5 

shows 80 nm 1:1 line/space patterns for 3-Ep with a PEB of 60 °C, and 50 nm 1:1 

line/space and 30 nm 1:3 line/space patterns for 3-Ep with a PEB of 90 °C, all at a dose-

to-size of 50 μC/cm2.  For a PEB of 90 °C, 3-Ep resolved 1:1 patterns down to 50 nm and 

1:3 patterns down to 30 nm; while for a PEB of 60 °C, 3-Ep gave excellent 1:1 patterns 

down to 55 nm and 1:3 patterns down to 40 nm.  The failure at smaller pitch sizes was 

not due to image blurring in this case, but was due to pattern collapse as the aspect ratio 

of features increased due to the pattern size decreasing at a constant film thickness of 110 

nm.  The PEB of 90 °C gave smaller features than a PEB of 60 °C because the higher 

PEB temperature leads to a higher level of cross-linking that produces more robust 

features. Other than the pattern collapse behavior, no discernable difference in the 

blurring and LER performance could be found between the two PEB temperatures.  This 

shows that these materials can be imaged at a variety of PEB temperatures which could 

be important since reduced PEB temperature might improve absolute resolution of these 

materials by reducing line blurring.  As mentioned earlier, 3-Ep showed excellent LER 

and line-width-roughness (LWR) similar to that observed in 4-Ep.  Using the 80 nm 1:1 

line/space patterns, a LER (3σ) of 2.3 nm and LWR (3σ) of 3.4 nm were obtained.  These 

are very low values for LER, much lower than the 5 nm minimum that is commonly 

reported for conventional CARs.10   
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Figure 12.5 SEM of e-beam (100 keV) patterning of 3-Ep (a) 80 nm 1:1 line/space 

with a PEB of 60°C, (b) 50 nm 1:1 line/space with a PEB of 90°C, and (c) 
30 nm 1:3 line/space with a PEB of 90°C. 

 

 

12.3.3 2-Ep  

 
Contrast curves for 2-Ep using 100 keV e-beam are shown in Figure 12.6 for a 

PEB of 90 °C and 110 °C.  The lower dose region looks very similar in both cases with 

E50 of 38 μC/cm2. The higher dose regions show more differences, with the 90°C PEB 

curve reaching a limiting value of 75% remaining film thickness and the 110°C curve 

eventually approaching 100% remaining film thickness at high doses.  Experiments were 

also carried out for a PEB temperature of 60 °C, but a limiting value of only 25% 

remaining film thickness could be obtained.  Increasing the PEB temperature increased 

the final film thicknesses because the higher temperatures allow for higher levels of 

cross-linking at the higher doses.  The contrast ratio is 1.4 for a PEB of 110 °C and 1.3 

for a PEB of 90 °C.  Although these are relatively small values for contrast as compared 

to positive tone CARs that can have contrast values on the order of 10 and larger, the 2-
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Ep contrast is in the range more typical of other negative tone high resolution resists like 

HSQ. 
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Figure 12.6 Electron beam (100 keV) contrast curves for 2-Ep at two different PEB 

temperatures of 90 °C and 110 °C.  

 

 

SEM images of the high resolution patterning of 2-Ep under 100 keV e-beam are 

shown in Figure 12.7 for a 90 °C PEB with a dose-to-size of 75 μC/cm2. The film 

thickness of these patterns is around 50-60 nm.  All patterns printed the correct nominal 

size down to 25 nm half-pitch for a PEB of 90 °C.  Smaller patterns, which were 

nominally 20 nm, printed at approximately 22-25 nm in size.  The 20 nm 1:1 line/space 

failed due to pattern collapse at the attempted film thickness of 50-55 nm (aspect ratio > 

2:1) which is why 20 nm 1:2 line/space patterns are shown.  Despite the bending of some 

25 nm lines, 2-Ep is very clearly capable of resolving 25 nm hp, and future work can 

likely improve that to being capable of resolving features on the order of 20 nm and 
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smaller by focusing on mitigating pattern collapse and reducing the extent of 

polymerization front propagation.  

 

  
Figure 12.7 SEM of e-beam (100 keV) patterning of 2-Ep with a PEB of 90°C (a) 30 

nm 1:1 line/space, (b) 25 nm 1:1 line/space, and (c) 20 nm 1:2 line/space. 

 

 

The LER and LWR of 2-Ep for a PEB of 90 °C was determined.  For 50 nm hp 

lines, the LER (3σ) was 2.8 nm and LWR (3σ) was 4.0 nm. For 30 nm hp lines shown in 

Figure 12.7, the LER (3σ) was 2.9 nm and LWR (3σ) was 4.2 nm. This is a small value 

for LER, but slightly higher than 3-Ep and 4-Ep. 

 

 

12.3.4 1-Ep  

 
After synthesizing 1-Ep, it was determined that it could not be used as a 

photoresist due to crystallization of the film.  While all other epoxide molecular resists 
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have similar structures to 1-Ep, they could all be trapped in an amorphous state by rapid 

quenching during the spin-coating process and maintain that state during the PEB at 

temperatures investigated.  1-Ep forms a cloudy film even when spin-coated at high 

rotational speeds; the film is cloudy due to scattering of light by the crystals of the 

material.  When this film is put on a hot-plate, a visible propagation of crystallization is 

observed as the entire film crystallizes.  No further investigation of 1-Ep was carried out 

since a crystalline film is not suitable for use as a conventional photoresist.  

 

 

12.3.5 SU-8 

 
Although SU-8 is probably more accurately classified as an oligomer rather than a 

molecular glass, the similarities between SU-8 and the three molecular glass resists used 

by our group suggests that its high resolution performance should be compared to the 

molecular resists.  Patterning of high resolution line features in SU-8 has been previously 

reported at resolutions down to 24 nm,11,12,13 but none of the reports of such high 

resolution features have achieved these results in dense patterns.  Based on our 

experience with the other molecular resists, a PEB of 60°C was used to pattern high 

resolution line/space patterns in SU-8 using 100 keV e-beam with a film thickness of 60 

nm.  The patterning results for SU-8 are shown in Figure 12.8 for a dose-to-size of 40 

μC/cm2.  The 100 nm 1:1 line/space patterns were well-resolved with the correct line and 

space widths.  When the pattern size was reduced, the patterning performance degraded.  

The 70 nm 1:1 patterns showed some line bending and bridging, while the 65 nm 1:1 

patterns showed significant bridging.  Despite the fact that the 65 nm 1:1 patterns failed 
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to completely resolve, the 65 nm 1:2 line/space patterns were well resolved.  This same 

result was encountered throughout experiments where feature was reduced and more 

relaxed pitches were printed.  As the feature size was reduced, dense lines were observed 

to have significant bridging failures until the pitch was relaxed to a sufficient value and 

the pitch required became more relaxed as feature size decreased.  In other words, as the 

feature size shrinks, the features must be placed farther and farther apart to prevent 

bridging failure.   

 

 
Figure 12.8 SEM of e-beam (100 keV) patterning of SU-8 with a PEB of 60°C for a 

variety of line/space patterns. 

 

 

This particular mode of failure in SU-8 appears to be due to swelling.  It does not 

appear to fail by pattern collapse because the aspect ratio never becomes greater than 2:1 

in the patterns imaged in this work.  Likewise, SU-8 appears capable of resolving sub-40 

nm patterns because there is no significant line-widening or blurring, implying that the 

failure is not due to inability to pattern individual lines to that size.  The biggest indicator 

of swelling is that for sub-100 nm patterns, dense features generally fail due to bridging 

while less dense features pattern cleanly.  This is because the less dense features can 

swell without touching each other, but since the more dense features are closer together 
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they touch while swollen and such point contacts remain and distort the features even 

after drying of the resist pattern.  It appears that in the case of SU-8 processed as 

described in this work, a critical space width between features on the order of 

approximately 100 nm is really required for clean imaging.  While optimization of SU-8 

processing could potentially improve this swelling failure, it is likely that swelling is a 

limiting factor for the ability to print dense high resolution features in SU-8. 

 

12.3.6 Comparison of the Resists 

 
Many of the differences in the performance results for each of the resists can be 

explained by assuming that the solubility and dissolution rate of each resist is a function 

of molecular weight.  This is reasonable considering the structural similarity of each 

resist implies that they all should have similar interactions with the same developing 

solvent.  One expected result is that the dose-to-size decreases as the degree of 

functionality increases.  This is expected because the larger, more functionalized SU-8 

has a larger increase in molecular weight for every individual cross-link; a single cross-

link in SU-8 would give a dimer with a molecular weight of nearly 2795.4, while a 4-Ep 

dimer would only have a molecular weight of around 1245.4. SU-8 would require 

significantly fewer cross-links to obtain an insoluble molecular weight.  2-Ep is much 

less sensitive than 3-Ep because it has fewer epoxides per resist molecule, even though it 

has nearly the same molecular weight.  Since it has fewer sites that can cross-link, more 

polymerization events, which translate into a higher exposure dose, are required to reach 

the same molecular weight as 3-Ep.  
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The differences in cross-link density may also explain the differences in the 

imaging performance of SU-8 compared to the other molecular resists. As discussed 

earlier, since SU-8 requires fewer cross-links to reach a near insoluble molecular weight, 

its network structure likely has a lower cross-link density than 4-Ep or the other 

molecular resists.  Since it has a less dense network, it can imbibe more solvent during 

the development which then leads to the swelling that causes the bridging defects and 

pattern failure in dense features.  This is demonstrated graphically in Figure 12.9. 

 

Unexposed Exposed Unexposed Exposed

Polymer Resists Molecular Resists

  
Figure 12.9 Diagram demonstrating the difference in cross-link density between 

negative tone polymer resists and negative tone molecular resists. 

 

 

The superior resolution in these epoxide molecular glass materials relative to most 

conventional CARs is likely due to the fact that they use cationic polymerization as a 

resist solubility changing mechanism.  The resist resolution should be controlled by the 

propagation of the polymerization front rather than photoacid diffusion and the 

propagation of the deprotection reaction front as is common in current positive tone 

CARs.  Since the polymerizing ionic active site will be on an increasingly larger chain or 

network as the reaction proceeds, the rate of propagation will rapidly reduce in the glass 

as the chain grows larger and will act as a self-regulating process to some degree.  The 
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rate of propagation locally could also be reduced due to the fact that the glass transition 

temperature of the resist in the vicinity of the polymerization should increase as the 

degree of cross-linking increases.  This can have an impact on the kinetics of the reaction 

and the local mobility of species in the film.   

Comparing the best resolution of each of the molecular resists, 2-Ep has superior 

resolution to 3-Ep and 4-Ep.  This could be due to the fact that it has reduced mobility of 

the active cation during cross-linking as a result of the higher glass transition temperature 

in the un-crosslinked 2-Ep glass.  It is also possible that 2-Ep has a higher cross-link 

density than the other two resists which could lead to reduced swelling and better 

mechanical strength.  Additional factors, such as differences in extent of swelling, 

different chain lengths in the final network structure, different kinetics of polymerization, 

and other factors, may also contribute to the observed behavior.   

 

12.4 Conclusions 

 
A series of negative tone epoxide functionalized molecular resists were 

synthesized and patterned using high resolution e-beam lithography.  All amorphous film 

forming resists showed superior performance to SU-8 which was resolution limited due 

to swelling.  3-Ep is a tri-functional epoxide resist that has shown 30 nm resolution, a 

sensitivity of 20 μC/cm2, and 2.3 nm LER (3σ).  4-Ep is a tetra-functional epoxide resist 

that has shown 35 nm 1:1 half-pitch (hp) resolution, a sensitivity of 22 μC/cm2, and 2.3 

nm LER (3σ).  The di-functional 2-Ep was found to exhibit excellent resolution of < 25 

nm half-pitch, good sensitivity of 38 μC/cm2, and low LER and LWR (2.9 nm and 4.2 nm 

for 30 nm half-pitch).  The di-functional 2-Ep has superior resolution capability 
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compared to the other resists, while sensitivity improves by increasing the number of 

functional groups.  Larger compounds with more functional groups, i.e. polymers and 

oligomers, have inferior patterning capability for dense features compared to molecular 

glass based resists due to swelling.   
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CHAPTER 13 

NEGATIVE TONE MOLECULAR RESISTS – COMPARISON OF 

EPOXIDE AND OXETANE FUNCTIONAL GROUPS 

 

Two molecular resists with a common molecular glass core were synthesized and 

characterized to compare the differences between epoxide (oxirane) and oxetane 

functional groups for use in high resolution negative tone molecular resists.  Both resists 

are able to obtain at least 50 nm half-pitch at a sensitivity of 75 µC/cm2 under 100 keV e-

beam lithography.  Due to differences in the kinetics of the cationic polymerization of 

epoxides as compared to oxetanes, the epoxide functionalized resist (2-Ep) was able to 

obtain sub-25 nm half-pitch resolution with good line edge roughness (LER) of 2.9 nm 

(3σ) while the oxetane resist (2-Ox) was limited to 50 nm half-pitch resolution and 

exhibited higher LER (3σ) of 10.0 nm.  The polymerization of the oxetane functional 

group has slow initiation and fast propagation which leads to reduced performance in 2-

Ox as compared to 2-Ep.  While oxetane functionalized molecular resists can obtain 

reasonably good imaging performance, epoxide functional groups show more promise for 

use in next generation negative tone resists that have a good combination of resolution, 

sensitivity, and LER.  

 

13.1 Introduction 

 
One of the reasons that negative tone molecular resists based on cationic 

polymerization have such favorable properties compared to conventional CARs is 
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because they operate by a significantly different imaging mechanism.  In cationic 

polymerization, the photoacid protonates the polymerizable group (which is often a ring) 

which activates it for attack by another group; this which is the initiation step.1  Once the 

initiation step occurs, the original photoacid is gone and cannot be regenerated without a 

chain transfer type reaction with an alcohol, acid, or water.  This property allows high 

resolution in epoxide molecular resists because diffusion of the photoacid is less 

important.  The photoacid in these systems is immediately consumed by ring protonation 

and initiation.  The photoacid is no longer the active species in the resist, and instead it is 

the cationic active site on the chain end that is carrying out further reactions.  This 

approach allows for several potential advantages over current CAR designs.  Since the 

final film is a highly cross-linked film, it should have superior mechanical strength 

compared to non-cross-linked positive tone resists.  This should result in improvements 

in pattern collapse behavior.  These resists should also have little or no outgassing as 

compared to many conventional positive tone resists because ring-opening 

polymerization is a zero mass loss process.  Another important potential advantage of this 

approach is the fact that there is effectively an intrinsic diffusion control due to the fact 

that the cationic active site is attached to a growing polymer chain or network.  As the 

polymerization proceeds, the rate and further spatial length of propagation of 

polymerization from the active site should be reduced as well.  One of the most 

commonly known resists of this type is SU-8 which has shown isolated line resolution 

down to 24 nm2,3,4 under e-beam patterning which confirms the resolution capability in 

these types of materials.  However, it has been shown that the resolution of SU-8 is 

limited in dense features due to swelling.5     
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Although positive tone molecular resists haven’t shown many significant 

improvements over the analogous polymeric resists, they have shown themselves to be an 

excellent platform for negative tone resists based on cationic polymerization for a number 

of reasons discussed later.  Molecular resists based on cross-linked fullerenes have shown 

excellent results under e-beam imaging,6-10 and a few other reports of cross-linking 

calixarene resists have also shown good performance.11,12,13  This thesis also covers 

several of the resists14,15,16 based on polyphenols whose structure and functionality have 

been systematically varied.  Despite the excellent performance of these materials, their 

contrast performance could still be enhanced.  It is reported that oxetanes have much 

higher polymerization propagation rates than epoxides17 (oxiranes) which could 

potentially lead to improved contrast.  To systematically and carefully compare the 

difference between epoxides and oxetanes as functional groups for negative tone 

molecular resists based on cationic polymerization, two compounds that were as identical 

as possible in structure and properties were synthesized and characterized in this work, 

with the only major difference in the two materials being the polymerizable group.  

Figure 13.1 shows the chemical structures of these two compounds: (1) 2-Ep, the epoxide 

functionalized molecular resist, and (2) 2-Ox, the oxetane functionalized molecular resist.  

 

  
Figure 13.1 Chemical structures of 2-Ep and 2-Ox. 
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13.2  Experimental 

 
All reagents and solvents used were purchased from Sigma-Aldrich, TCI 

America, or Alfa-Aesar and used as received.  Triphenylsulfonium hexafluoroantimonate 

(TPS-SbF6) photoacid generator (PAG) was purchased from Midori Kagaku Co., Ltd. A 

Varian Mercury Vx 300 was used to collect NMR.  Deep ultraviolet (DUV) exposures 

were done using an Oriel Instruments 500W Hg-Xe arc lamp with a 248 nm band-pass 

filter.  Film thicknesses were measured using an M-2000 spectroscopic ellipsometer (J.A. 

Woolam, Inc.) over the wavelengths of 350 to 1000 nm using a Cauchy layer to model 

the resist film.  E-beam lithography was done using a JEOL JBX-9300FS electron-beam 

lithography system with 100 keV acceleration voltage, 2 nA current, and 10 nm single-

pixel shot pitch.  Resolution tests were done on resist films coated onto 46 nm thick 

silicon nitride membrane windows18.  The patterns produced by e-beam lithography were 

imaged using a LEO 1530 thermally assisted field emission SEM with 3keV acceleration 

voltage.  Critical dimension (CD) measurements and the whole spatial-frequency 3σLER 

and 3σLWR spectra of the resist pattern were averaged from 10 different line-space 

patterns with an inspection length of 1 micron using a custom designed Matlab program. 

Synthesis of 2-Ep is described elsewhere,16 but the synthesis of 2-Ox is new and 

is described here.  Sodium hydroxide (1.058 g, 26.5 mmol) and 9,9-bis(4-

hydroxyphenyl)fluorene (3.00 g, 8.6 mmol) were dissolved in 10 mL of DMSO and 

heated to 65 °C.  After 1 hour, 3-(chloromethyl)-3-methyloxetane (3.19 g, 26.5 mmol) 

was added to the reaction mixture in a drop-wise manner.  The reaction flask was 

maintained at 65 °C for 72 hours.  The mixture was cooled and dichloromethane and de-
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ionized water were added; the aqueous phase was separated and washed with 

dichloromethane.  The combined organic layers were washed twice with water and dried 

over magnesium sulfate.  Removal of solvent by rotary evaporator yielded a viscous oil 

which solidified upon standing.  The solid was triturated in hot ethanol and allowed to 

cool overnight.  The mixture was filtered to give a fine white solid, pure 2-Ox (2.133 g). 

Yield = 48%. 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.76 (d, 2H), 7.38 (d, 2H), 7.35 (t, 

2H), 7.26 (t, 2H), 7.13 (d, 2H), 6.78 (d, 2H), 4.60 (d, 4H), 4.43 (d, 4H), 3.96 (s, 4H), 1.40 

(s, 6H). 

Resist solutions were made by dissolving 2-Ep or 2-Ox with 5.0 mol%  (relative 

to total solids) triphenylsulfonium hexafluoroantimonate into cyclohexanone and filtering 

the solution through 0.2 μm PTFE filters.  The solutions were spin-coated to form films 

that received a post-apply bake (PAB) of 90 °C for 120 sec.  After e-beam exposure, the 

films were given a post-exposure bake (PEB) of 90 °C for 60 sec.  The DUV exposures 

received a variable temperature PEB for 60 sec as specified later.  Development was 

carried out using puddle development in methyl isobutyl ketone (MIBK) for 30 sec 

followed by a rinse with isopropyl alcohol (IPA) and dried using nitrogen.  No additional 

additives such as quenchers were used in these formulations.  Unexposed film 

thicknesses for DUV contrast curves and e-beam patterning were approximately 70 nm.   

 

13.3  Results and Discussion  

 
Qualitatively, both 2-Ep and 2-Ox showed promising behavior during initial 

testing.  Both materials formed good quality amorphous films by spin casting and showed 

no dewetting on unprimed silicon wafers during either spin casting or baking at the 



 389

temperatures required for the PAB or PEB.  This ability to form high quality, stable films 

is improved relative to some other recently reported epoxide functionalized molecular 

resists.15  Additionally, no film thickness change was observed after either exposure or 

PEB, which is consistent with the expectation that there would be essentially no 

formation of volatile products during imaging and that the cationic ring opening 

polymerization used in these materials should result in very little shrinkage.19  This result 

is promising in terms of any potential resists formulated with these materials passing the 

stringent outgassing requirements for EUV patterning.  The low shrinkage in the material 

should prevent any stress build-up in the imaged features that might lead to pattern 

distortion after development.  Finally, the unexposed resist film in both materials very 

rapidly and cleanly dissolves in MIBK with no measurable scumming.   

The DUV contrast curves for 2-Ep and 2-Ox for different PEB temperatures are 

shown in Figure 13.2.  All of these curves were generated for a constant PEB time of 60 

seconds and development time of 30 seconds in pure MIBK.  The contrast curves all have 

a similar shape, with the thickness increasing linearly with dose at lose doses followed by 

a transition to a plateau region at higher doses.  At a PEB temperature of 60 °C, no film 

remains after development for 2-Ox indicating that the polymerization of the oxetane 

material never proceeded to  the point of generating insoluble polymer species.  For 2-Ep, 

a PEB temperature of 60 °C is sufficient to obtain some polymers and networks with a 

molecular weight sufficiently high to become insoluble (or at least dissolve so slowly that 

they do not dissolve in the allotted development time) in developer.  However, at this low 

bake temperature there is significant thickness loss in the 2-Ep material due to the 

nominally non-networked and low molecular weight material that is dissolved during 
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development.  At 75 °C, both resists show somewhat similar behavior, with the oxetane 

polymerization showing the production of insoluble material at a higher dose than the 2-

Ep epoxide polymerization.  The minimal dose necessary to observe any remaining film 

thickness for 2-Ep is approximately 0.5 mJ/cm2, while in 2-Ox this minimal dose is in the 

range of 1-2 mJ/cm2.  At high doses, 2-Ep shows slightly larger remaining film thickness 

as compared to 2-Ox.  Increasing the PEB temperature to 90 °C, the polymerization rate 

at low dose for 2-Ox finally exceeds that of 2-Ep.  This is indicated by the higher 

remaining film thickness for 2-Ox as compared to 2-Ep in the linear low dose region for 

any given exposure dose.  However, in the case of the 90 °C PEB, the 2-Ox still has less 

remaining film thickness than 2-Ep in the high dose plateau region.  This indicates that 

the 2-Ox system still reaches a lower limiting conversion of the 2-Ox monomer than 2-Ep 

at these higher PEB temperatures even though the initial polymerization rate of 2-Ox 

appears to be higher under these conditions.  
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Figure 13.2 DUV (248 nm) contrast curves for 2-Ep and 2-Ox at different PEB 

temperatures at a constant time of 60 seconds followed by development in 
MIBK. 

 

 

The linear region at low doses is generally due to a kinetically controlled 

polymerization reaction.  The extent of polymerization increases linearly with initiator 

concentration (i.e. photoacid) for a fixed polymerization time (i.e. for a fixed PEB time) 

since the total conversion of monomer into polymer is only controlled by the number of 

active polymerization centers.  The plateau region at higher doses occurs because the 

polymerization becomes diffusion controlled.  This occurs because the cross-linked 

network has significantly less mobility than the initial small monomer molecules and 

photoacids.  This reduction in mobility makes it hard for the network to grow larger and 

restricts the mobility of all molecules in the matrix as the polymerization proceeds.  Since 
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the surrounding molecules are restricted, increasing the amount of initiator (i.e. 

increasing the dose and producing more photoacid) does little to further increase cross-

linking.  This behavior has been observed in numerous other solid state cross-linking 

systems, and spectroscopic studies confirm that epoxide and oxetane conversion plateaus 

give rise to the plateau in film thickness.20  Increasing the PEB temperature gives the film 

more mobility, allowing further cross-linking and higher monomer conversion into the 

polymer and polymer network, thus resulting in a larger maximum remaining film 

thickness after development.  

Studies of polymerization of epoxides and oxetanes using photo-DSC and FTIR 

in literature show that epoxides generally have faster initiation (i.e. the initial attack of an 

acid protonated monomer ring by another monomer ring that starts the polymerization 

propagation process) rates than oxetanes.  However, oxetanes have faster propagation 

(i.e. the addition and reaction of new reactive bonds to the growing polymer chain) rates 

than epoxides.17  It has also been reported that the propagation rates of oxetanes are much 

faster than their initiation rates.21  This is consistent with the results seen for 2-Ep and 2-

Ox.  At 60 °C, there is not enough thermal energy to activate a significant amount of 

initiation in 2-Ox, and so even at high photoacid initiator concentrations (i.e. high dose) 

there is little polymerization.  At 75 °C, the minimal dose for any remaining film 

thickness is higher for 2-Ox compared to 2-Ep indicating more photoacid is required for 

2-Ox, but 2-Ox has a slightly higher slope in the contrast curve than 2-Ep in the linear 

low dose region due to the faster propagation of the oxetane.  For the PEB at 90 °C, 2-Ox 

shows a much sharper initial slope in the contrast curve than 2-Ep, which is again due to 

the faster propagation rate of the oxetane.   
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The differences in the initiation and propagation rates of each functional group 

could also explain the difference in the maximum final film thickness observed for each 

resist at a given bake temperature.  Since 2-Ox has a faster propagation rate than 

initiation rate, the final network structure of the cross-linked 2-Ox resist will be very 

different than in the case of 2-Ep which has a faster initiation and slower propagation 

than 2-Ox.  Polymerization and cross-linking of 2-Ep is probably best understood as 

many small slowly growing chains that suddenly form an extensive network at high 

monomer conversion.  Polymerization and cross-linking of 2-Ox is better understood as 

having significantly fewer initiated chains that incorporate monomer at a much faster rate 

than in the case of 2-Ep.  This fast propagation of a smaller number of polymerizing sites 

leads to longer linear chains that eventually form a network in 2-Ox.  A diagram 

demonstrating the differences in the network formation and structure for oxetanes and 

epoxides is shown in Figure 13.3.  Figure 13.3(a) and Figure 13.3(d) show the initiated 

sites for epoxides and oxetanes, respectively; since the rate of initiation is higher in 

epoxides, it has more initiated sites. Figure 13.3(b) and Figure 13.3(e) show each type of 

functional group after propagation but before network formation; the oxetane has longer 

chains because it has a faster rate of propagation. Figure 13.3(c) and Figure 13.3(f) show 

the final network; while they both have formed fully cross-linked networks, the epoxide 

has a much more dense network with more molecules incorporated into the network.  2-

Ep likely has a heavily cross-linked network with relatively short distances between 

cross-links while 2-Ox forms a network that has much longer distances between cross-

links.  This difference in the length of the polymer chains between cross-links will have a 

direct impact on the swelling behavior of these materials.  Also, due to the differences in 
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initiation rate and polymerization rate, the maximum extent of monomer conversion, or 

polymerization, at a given PEB temperature could also be very different in these two 

materials.  This explains the larger thickness loss at high doses in the case of 2-Ox as 

compared to 2-Ep for a given bake temperature. 

 

  
Figure 13.3 Diagram demonstrating differences in polymerization and network 

formation in epoxide and oxetane resists (a) epoxide initiation, (b) epoxide 
propagation, (c) epoxide network, (d) oxetane initiation, (e) oxetane 
propagation, (f) oxetane network. Points in (b), (c), (e), and (f) are non-
polymerized molecules and are omitted in (a) and (d) for clarity. 

 

 

High resolution patterning of 2-Ep and 2-Ox was carried out using 100 keV e-

beam lithography.  For 2-Ep, a dose of 75 µC/cm2 patterned at the correct nominal size 

for most features.  Figure 13.4 shows the SEM of e-beam patterning of 2-Ep for 50, 30, 

and 25 nm 1:1 line/space patterns and 20 nm 1:2 line/space patterns.  Patterns resolved 

down to 25 nm 1:1 in 2-Ep with no added quencher or other polymerization control 
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agent.  The 20 nm 1:2 line/space patterns are resolved, but the lines are slightly wider 

than 20 nm which is likely due to propagation of polymerization beyond the nominally 

exposed region.  This is the equivalent of photoacid diffusion induced blur seen in 

positive tone CARs.  The 20 nm 1:1 line/space patterns are intact but do not cleanly clear 

at some points.  Despite the fact that there is some blur in these materials, it is reduced 

compared to conventional photoacid catalyzed positive tone resists since 2-Ep can 

resolve 25 nm half-pitch with no additional polymerization or diffusion control agent.  

Also interestingly, 2-Ep still obtains very low LER while providing excellent resolution 

and sensitivity.  For 50 nm half-pitch lines, the LER (3σ) was 2.8 nm and the LWR (3σ) 

was 4.0 nm.  The 30 nm half-pitch lines obtained LER (3σ) of 2.9 nm and LWR (3σ) of 

4.2 nm.  This is a significant improvement compared to most other resists that have 

reported LER (3σ) values in the range of 4-6 nm.  

 

 

  

Figure 13.4 SEM of e-beam (100 keV) patterning of 2-Ep with a PEB of 90 °C (a) 50 
nm 1:1 line/space, (b) 30 nm 1:1 line/space, (c) 25 nm 1:1 line/space, and 
(d) 20 nm 1:2 line/space. 
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The SEM results of the e-beam patterning of 2-Ox are shown in Figure 13.5 for 

100 nm 1:1 line/space, 70 nm 1:1 line/space, 50 nm 1:1 line/space, and 45 nm 1:1 

line/space patterns exposed at a dose of 75 µC/cm2 at 100 keV.  The material resolves 

well down to 50 nm half-pitch, but has limited resolution below 50 nm where it appears 

to fail due to line-blur and swelling.  As can be seen in the 45 nm patterns, there are 

multiple points where the lines appear to be stuck together and other places where the 

line does not hold its shape (e.g. along the left edge).  The distortion observed in these 

smaller features in 2-Ox is likely due to swelling.  2-Ox also clearly shows some blurring, 

or polymerization outside of the nominally exposed regions.  This is visible if one 

compares the measured versus nominal size of the line features at a given dose.  As 

nominal line size decreases, the relative error in the line size increases. The 70 nm lines 

size nominally well at 1:1 line-spacing, but the nominally 50 nm lines are wider than the 

spaces.  This effect is likely due to blurring of the pattern edge by propagation of 

polymerization beyond the line edge as a result of the fast propagation reactions in 2-Ox.  

Such propagation outside the exposed region would likely occur over a similar length 

scale away from the printed line edge regardless of the size of the line itself, and this 

would cause a more significant sizing error as the nominal line size decreases as is 

observed in the e-beam imaging data from 2-Ox.  The LER performance of 2-Ox is also 

clearly not as good as 2-Ep, with 2-Ox in 70 nm 1:1 line features exhibiting a LER (3σ) 

of 10.0 nm and a LWR (3σ) of 14.1 nm.  
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Figure 13.5 SEM of e-beam (100 keV) patterning of 2-Ox with a PEB of 90 °C (a) 100 

nm 1:1 line/space, (b) 70 nm 1:1 line/space, (c) 50 nm 1:1 line/space, and 
(d) 45 nm 1:1 line/space. 

 
 

 

The high resolution imaging data supports the earlier discussion on the 

mechanistic and kinetic effects in the cross-linking of 2-Ep and 2-Ox.  These types of 

resists are able to obtain good resolution (excellent resolution for 2-Ep) with no added 

polymerization control agent because their imaging mechanism is based on cationic 

polymerization which is different from that of conventional acid catalyzed deprotection 

based resists.  Since the active species in these resists is an ionic active site which is 

attached to the end of an ever growing polymer chain or network, its mobility is 

intrinsically controlled.  This is compared to a typical small molecule photoacid that can 

freely diffuse through a resist matrix.  The swelling in these materials is reduced 

compared to larger polymers and oligomers likely because the initial unit is essentially a 

monomer.5  Since the initial molecular resists are small molecules, the unexposed areas 
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between lines rapidly dissolve to open spaces before catastrophic swelling can occur.  

Likewise, since the initial resist units are so small, extensive cross-linking must occur to 

render the resist insoluble in developer. This extensive cross-linking leads to the 

relatively low swelling compared to polymer negative tone resists.5  Although these 

materials swell less than polymers, swelling can still be an important issue in these 

materials.  Swelling appears to be the primary reason that  2-Ox performs more poorly 

than 2-Ep.  In epoxide polymerization, since the rate of initiation is comparable or faster 

to that of propagation, the final network structure has a high density of cross-links as 

described earlier and as shown in Figure 13.3(c).  While this does not guarantee 

elimination of swelling, it reduces it enough to allow very high resolution.  Since the 

oxetane polymerization has much faster propagation than initiation, the final network 

should have a lower density of cross-links as seen in Figure 13.3(f).  This less dense 

network can imbibe more solvent and thereby swell to a greater extent than the epoxide 

network, thus limiting the resolution of 2-Ox.  The higher propagation rate of oxetanes 

could also lead to more blur outside the exposed region as is seen in 2-Ox.  Another 

potential issue with oxetanes as polymerizable groups for negative tone resists is again 

due to the low initiation rate of the polymerization.  Since oxetane initiation is slow, it 

has been shown that ring protonation by the photoacid in oxetane is reversible,22 meaning 

that free photoacid likely exists during patterning of an oxetane functionalized resist.  

This could potentially provide another explanation for the greater blur and LER in 2-Ox 

compared to 2-Ep, where the photoacid is almost immediately consumed by initiation of 

the polymerization.  
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13.4  Conclusions 

 
Epoxide (2-Ep) and oxetane (2-Ox) functionalized molecular resists with identical 

cores were synthesized to compare the effect of each functional group in high resolution 

patterning of negative tone molecular resists.  Both resists had a good sensitivity of 75 

µC/cm2 under 100 keV e-beam patterning on electron transparent SixNy thin membrane 

substrates.  The epoxide resist had excellent resolution of sub-25 nm half-pitch with low 

LER (3σ) of 2.9 nm, while the oxetane resist was only able to obtain 50 nm half-pitch 

with LER (3σ) of 10.0 nm.  The differences in the resist performance are attributed to the 

differences in the kinetics of the cationic polymerization of each group. The fast initiation 

and slow propagation of the epoxide polymerization leads to a high density network 

which allows for high resolution through reduced blur and swelling.  The oxetane 

polymerization, which has fast propagation and slow initiation, leads to a lower density 

network that has reduced resolution due to increased blur and swelling.  Epoxide 

functionalized resists show promise as potential candidates for future generations of high 

resolution e-beam and EUV patterning due to their favorable combination of resolution, 

sensitivity, and line edge roughness.  In contrast, oxetane functionalized materials appear 

to be less useful (at least as pure resins) in formulating high resolution molecular resists. 
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CHAPTER 14 

NEGATIVE TONE MOLECULAR RESISTS – CONTROLLING 

CATIONIC POLYMERIZATION 

 

Negative tone resists that operate by the cationic polymerization of functional 

groups such as epoxides have many favorable properties compared to positive tone 

photoresists, but one major problem with these types of negative tone resists is that it is 

difficult to control the physical propagation of the polymerization.  In conventional acid 

catalyzed positive tone resists, base quenchers can be added to neutralize the photoacid 

and prevent its diffusion outside of the exposed area and control its diffusion within the 

exposed area.  This will not work as well or at all in these types of negative tone resists 

because the photoacid is not the primary “active species”.  It exists as an acid only long 

enough to protonate an epoxide which initiates polymerization.  Thus to control these 

systems, the cationic polymerization itself must be controlled.  Introduction of 

nucleophiles that operate by chain termination allows for significant reduction in the 

extent of cross-linking and polymerization.  To maintain the strong effect of chain 

termination outside of the exposed area, but to reduce their effect in the exposed regions, 

the photo-decomposable nucleophile (PDN) has been developed.  When the PDN is 

irradiated, it is converted into a chain transfer agent that allows the regeneration of the 

photoacid to continue polymerization.  Resolution and LER are significantly improved 

when using the PDN.  

 

 



 403

14.1 Introduction 

 
As described previously, there are multiple potential advantages of using negative 

tone molecular resists based on cationic polymerization such as: superior mechanical 

strength due to the higher molecular weight cross-linked film remaining in the final resist 

pattern, improved environmental stability due to the highly stable “living” cationic chain 

propagation reactions, no outgassing or film loss upon exposure because the cationic 

polymerization is a zero mass loss process, and potential intrinsic diffusion/resolution 

control due to the fact that the active species in these systems is the active cation which is 

attached directly to an exponentially growing chain/network. 

While the intrinsic diffusion control does allow for very good resolution in some 

resists such as 2-Ep which can achieve 25 nm half pitch resolution, other resists such as 

4-Ep still show some blurring of the line edge which limits its resolution to around 32 

nm.  Further reducing this already low blur will allow the extension of this family of 

resists to even smaller resolution.  The one issue with these types of negative tone resists 

is that it is difficult to control the physical propagation of the polymerization. 

In conventional acid catalyzed positive tone CARs, base quenchers are used to 

reduce the photoacid diffusion induced blur.  Figure 14.1 shows the primary reactions 

that occur during the post exposure bake (PEB) in standard positive tone chemically 

amplified resists.  The photoacid catalyzes a deprotection reaction and is regenerated 

after the reaction is complete.  It then continues this cycle so that a single acid can cause 

a large amount of deprotection.  Base quenchers break this cycle by reacting to neutralize 

the photoacid.  The blur is reduced because base neutralizes the acid and stops the 

deprotection cycle. 
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Figure 14.1 Primary reactions occurring during PEB in standard positive tone 

chemically amplified resist. 

 

 

The addition of base to control these negative tone resists based on cationic 

polymerization and cross-linking will not work as well or at all.  Figure 14.2 shows the 

primary reactions that occur during the post exposure bake (PEB) in this family of 

negative tone molecular resists.  The photoacid protonates an epoxide; this then reacts 

with another epoxide to initiate the polymerization.  The cationic active center then enters 

into a propagation cycle.  The active species is the cation at the end of the chain which 

should have little reactivity toward the base, and cannot undergo a neutralization reaction 

like the acid/base reaction. Since the neutralization reaction cannot break the propagation 

cycle, base has little effect.  Furthermore, since the epoxides are often in large excess 

relative to both the photoacid generator and base, the probability of a photoacid reacting 

with a base before it reacts with an epoxide is small. 
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Figure 14.2 Primary reactions occurring during PEB in negative tone resist based on 

epoxide cationic polymerization.  

 

 

 

14.2  Experimental 

 
4-Ep (tetraphenylolethane glycidyl ether) was purchased from Sigma-Aldrich. All 

other solvents and chemicals were obtained either TCI America, Alfa-Aesar, or Sigma-

Aldrich and used as received.  Molecular resist solutions were made by dissolving the 

resist in PGMEA along with 5 mol% triphenylsulfonium hexafluoroantimonate (Midori-

Kagura) relative to 4-Ep.  All other additives were added as described in the text.  

Development was done at room temperature using MIBK for 30 seconds, followed by 

rinsing with isopropanol for 30 seconds. All post-apply bakes (PABs) were done at 90°C 
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for 2 minutes unless otherwise noted and all post-exposure bakes (PEBs) were all done 

for 1 minute unless otherwise noted.  

A Varian Mercury Vx 300 was used to collect NMR. Deep ultraviolet (DUV) 

exposures were done using an Oriel Instruments 500W Hg-Xe arc lamp with a 248 nm 

band-pass filter.  Film thicknesses were measured using a M-2000 spectroscopic 

ellipsometer (J.A. Woolam, Inc.) over the wavelength range from 350 to 1000 nm.  For e-

beam lithography, the resist solution was spin-coated onto a 46 nm thick silicon nitride 

membrane window contained in a silicon wafer support structure.1  The resist film was 

exposed using a JEOL JBX-9300FS electron-beam lithography system with a 100keV 

acceleration voltage, 2 nA current, and 10 nm single-pixel shot pitch.  EUV lithography 

was done using the Paul Scherrer Institute (PSI) EUV interference tool.  The patterns 

produced by EUV and e-beam lithography were imaged using either a LEO 1530 

thermally assisted field emission SEM with 3 keV acceleration voltage or a Carl Zeiss 

Ultra60 SEM with 3 keV acceleration voltage.  The original image was off-line processed 

with background intensity subtraction and adaptive Gaussian-noise filtering.  Critical 

dimension (CD) measurements and the whole spatial-frequency 3σ LER and 3σ LWR 

spectra of the resist pattern were averaged from 10 different line-space patterns with a 1 

μm measurement length.  

 

 

14.3  Results and Discussion 

 
To demonstrate the ineffectiveness of the addition of base to control epoxide 

polymerization, Figure 14.3 shows the deep ultra-violet (DUV) contrast curve for 4-Ep 
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with 5 mol% of TPS-SbF6 PAG and differing amounts of base (trioctylamine, TOA) 

relative to PAG.  Although there is a small effect for high doses (> 5 mJ/cm2), there is 

virtually no effect on the most important regions of low dose.  Furthermore, these 

base:PAG ratios are significantly higher than the conventional base:PAG loadings of 1:20 

or 1:10.  No effect of base at all can be observed for these base loadings.  A conventional 

positive tone CAR based on acid catalyzed deprotection would typically not be able to 

pattern at all using a base:PAG ratio of 1:1, yet this resist is barely affected by such high 

base loading.  It is also possible that any added base could react with the epoxides, but 

this still would produce the same result; base has little affect on the kinetics of 

polymerization in these resists. 

 

  
Figure 14.3 DUV contrast curve for 4-Ep with different base (TOA) to PAG ratios 

with a PEB of 60 °C. 
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Since conventional control methods will not work on these systems, new methods 

must be developed.  Since the primary imaging mechanism is by cationic polymerization, 

one potential method to control these systems is by the use of chain termination agents.  

Unfortunately, one of the reasons cationic polymerization of epoxides are so often used 

for coatings is because the polymerization reaction is relatively robust, especially 

compared to free radical polymerization.  This is also why they are often called living 

polymerizations.   

One of the few things that can be used to terminate chain propagation in these 

systems is a strong nucleophile.   An example of this type of reaction is shown in Figure 

14.4.  Thus, nucleophiles (such as the triflate anion shown) can be used instead of base to 

control the physical propagation of polymerization in negative tone resists.  It can be 

implemented through the direct addition of nucleophiles to the resists solution or through 

the addition of photo-decomposable nucleophiles as discussed later.  

 

  
Figure 14.4 Nucleophilic termination of cationic polymerization. 

 

 

To demonstrate the effectiveness of the addition of nucleophiles to control 

epoxide polymerization, Figure 14.5 shows the deep ultra-violet (DUV) contrast curve 

for 4-Ep with 5 mol% of TPS-SbF6 PAG and differing amounts of nucleophile (NH4Tf, 

ammonium triflate) relative to PAG.  Even a 1:3 ratio of nucleophile to PAG shows a 
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significant effect.  There is over a 30% loss in normalized remaining film thickness 

(NRT) at almost all doses.  The high dose plateau is at a significantly lower value than 

the case with no nucleophile.  This indicates that the nucleophile is effectively 

terminating the growing polymer chains and networks.  Since the film is less fully cross-

linked, more of it dissolves in solvent than the no additive case.  Since the nucleophile 

has a much stronger effect at low loadings (1:3) than the base does at very high loadings 

(1:1), the nucleophile is a much more effective quencher than base for these negative tone 

systems. 

 

  
Figure 14.5 DUV contrast curve for 4-Ep with different NH4Tf : PAG ratios at a PEB 

of 60 °C. NH4Tf acts like a nucleophilic quencher. 

 

 

While the addition of NH4Tf as a nucleophilic quencher works, it actually works 

almost too well.  Addition of this compound alone causes a significant drop in contrast 
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from the no additive case.  Instead, it would be ideal for the nucleophile to only be active 

outside of the exposed region stopping propagation outside of the desired locations, but 

inactive inside the exposed region, thereby have no negative effect on contrast or 

sensitivity.  Although this ideal situation can’t be exactly realized, it can be closely 

approximated by a “photo-decomposable nucleophile.” 

Photo-decomposable nucleophiles (PDNs) have been so named in this work 

because they are nucleophiles in the unexposed state, but are decomposed to form non-

quenching species under irradiation.  This is an extension of the nomenclature used to 

described photo-decomposable bases for conventional CARs.2-3  This approach has two 

benefits: 1. in the exposed regions, the quenching of the cross-linking is reduced because 

the quencher has been decomposed, meaning that high levels of cross-linking (desirable) 

can be obtained; 2. in the unexposed regions, the compound acts only like a quencher, 

preventing cross-linking outside of the exposed regions (undesirable).  One example of a 

PDN is TPS-Tf (triphenylsulfonium triflate).  When unexposed, this compounds contains 

a triflate anion which quenches as shown Figure 14.4; when exposed, it is converted into 

triflic acid, which acts like a chain transfer agent as shown in Figure 14.6 by regenerating 

the initial photoacid.  While TPS-Tf is commonly considered at photoacid generator, in 

this case, it acts like a photo-decomposable nucleophile because the photo-generated acid 

cannot initiate cationic polymerization of these epoxides as shown in an earlier chapter.  

Although the formed triflic acid is technically still a nucleophile, it now acts like a chain 

transfer agent instead of a chain termination agent, and so for the purposes of this study 

can be considered a decomposed nucleophile. 
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Figure 14.6 Chain transfer reaction in cationic polymerization by an acid. 

 

 

A demonstration of this concept of a PDN is shown in Figure 14.7 which shows 

the DUV contrast curve for 4-Ep with 5 mol% of TPS-SbF6 PAG and differing amounts 

of PDN (TPS-Tf, triphenylsulfonium triflate) relative to PAG.  At low doses, there is a 

significant decrease in the amount of normalized remaining film thickness (NRT) when 

the TPS-Tf is added because very little of the nucleophile has been decomposed, and it is 

effectively terminating the polymerization.  At high doses, the film is able to obtain the 

same NRT as the film without any TPS-Tf added because most of the nucleophile had 

been decomposed to a chain transfer reagent.  For the addition of a nucleophile that 

cannot be decomposed, the same NRT cannot be obtained as in the case with no additive; 

when a photo-decomposable nucleophile is added, the same NRT (implying a similar 

high level of cross-linking) can be obtained for most loadings.  Increasing the loading of 

PDN shifts the contrast curve to higher dose and initially increases contrast.  At very high 

loadings, the contrast is degraded because so much of the PDN is not decomposed.  There 

is likely a sweet spot around a PDN : PAG loading of 1:2.   
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Figure 14.7 DUV contrast curve for 4-Ep with different TPS-Tf : PAG ratios at a PEB 

of 90 °C.  TPS-Tf acts like a photo-decomposable nucleophile. 

 

 

If this PDN truly works as described, high resolution patterning should show a 

significant improvement, especially for EUV patterning.  The increased contrast should 

lead to improved LER by reducing the effect of flare and increasing the sharpness of the 

transition region at the edge of the exposed area.  Figure 14.8 shows the results of EUV 

exposures at PSI for 50 nm lines.  Although the dose to size increases slightly when using 

the PDN, there is significant improvement in LER with the use of the PDN. 
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Figure 14.8 EUV exposures of 4-Ep with a PEB of 60 °C for 50 nm lines; left: no 

PDN; right: PDN : PAG ratio 1:2. 

 

 

Similar to LER, resolution should also be improved by reducing propagation of 

polymerization beyond the desired line edge when PDNs are used.  Figure 14.9 shows the 

best EUV lithography patterning results obtained for 4-Ep with 5 mol% of TPS-SbF6.  

The smallest resolution obtained when no PDN was used was 32 nm with a line-edge 

roughness (LER 3σ) of 4.9 nm. When a PDN:PAG ratio of 1:2 was used, the smallest 

resolution obtained was 25 nm with a line-edge roughness (LER 3σ) of 4.0 nm.  The 

addition of a photo-decomposable nucleophile shows significant improvement in the 

performance of the materials as a photoresist, and provides a path toward improved 

performance in all negative tone resists which use cationic polymerization. 
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 25 nm

  
Figure 14.9 Ultimate resolution for EUV exposures of 4-Ep with a PEB of 60 °C; left: 

no PDN, 32 nm half-pitch; right: PDN : PAG ratio 1:2, 25 nm half-pitch.   

 

 

Although 25 nm half-pitch was the smallest feature that could be successfully 

printed with acceptable quality and control, smaller features appeared to resolve, but 

failed due to pattern collapse.  Figure 14.10 shows the resulting resist features in 4-Ep 

with PDN:PAG ratio of 1:2 for 22.5 nm half-pitch patterns and 20 nm half-pitch patterns.  

The propagation of the polymerization is controlled enough that these features appear to 

have been formed at the correct dimension, but collapsed during the development and 

rinse step.  The collapse could be due to slight swelling during development which causes 

the lines to touch or due to the stress exerted by capillary forces when drying 20 nm gaps 

in 60 nm tall resist features.  Reducing the film thickness might allow these features to 

fully resolve if collapse is due to capillary forces and not swelling. 
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Figure 14.10 EUV exposures of 4-Ep with a PEB of 60 °C and PDN: PAG ratio of 1:2; 

left: 22.5 nm half-pitch; right: 20 nm half-pitch.   

 

 

14.4  Conclusions 

 
Base quencher cannot be used to control negative tone resists that operate by 

cationic polymerization.  Introduction of nucleophiles that operate by chain termination 

allows for significant reduction in the extent of cross-linking and polymerization.  To 

maintain the strong effect of chain termination outside of the exposed area, but to reduce 

their effect in the exposed regions, the photo-decomposable nucleophile (PDN) has been 

developed.  When the PDN is irradiated, it is converted into a chain transfer agent that 

allows the regeneration of the photoacid to continue polymerization.  Resolution and 

LER are significantly improved when using the PDN.  
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CHAPTER 15 

NEGATIVE TONE MOLECULAR RESISTS – AQUEOUS BASE 

DEVELOPED SYSTEMS 

 

A series of negative tone molecular resists was investigated for use in both 

organic solvent and aqueous base development.  Aqueous developable designs that used 

epoxide functionalized molecules that are intrinsically water soluble showed improved 

contrast and comparable sensitivity to previous solvent developed systems such as 4-Ep, 

but suffered from significant dewetting during baking due to their low molecular weight 

and high polarity.  This inability to form high quality films prevented their use as high 

resolution resists.  Aqueous developable designs that used molecules with both cross-

linking and base solubilizing groups were also investigated; the initial example of this 

design is DPA-2Ep, a molecular resist containing two epoxides and one carboxylic acid 

per molecule.  It formed high quality films and showed improved contrast compared to 

the purely solvent developed designs.  Even after complete cross-linking of the epoxide 

groups, several free carboxylic acids still remained in the network.  These free acids tend 

to imbibe developer and appear to retain the tetramethylammonium carboxylates even 

after rinsing and drying the film.  This imbibing of developer leads to significant failure 

during high resolution patterning due to swelling. 
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15.1 Introduction 

 
As feature sizes shrink to 22 nm and below, it becomes more difficult to maintain 

sufficient control over a number of different resist parameters such as critical dimension 

(CD) control, exposure and process latitude, and line edge roughness (LER).  All of these 

parameters must be controlled at minimum sensitivity. On top of that, as feature sizes 

shrink, so does the capillary force experienced by the lines during the rinse after 

development which leads to an increase in pattern collapse.1 To improve upon all these 

problems, new design approaches must be investigated beyond positive tone, acid 

catalyzed deprotection of a polymer.  One design approach that offers many potential 

benefits over current high resolution resists is the use of molecular resists that use 

cationic polymerization/cross-linking as an imaging mechanism. 

In previous work, the performance of negative tone resists that could be 

developed only in organic solvents such as 4-Ep were characterized.  Development in 

solvent puts few restrictions on molecular design requirements, and so molecular 

structure can be systematically changed to develop some structure-property relations for 

these materials. While these earlier resists showed excellent performance, the standard 

industrial resist developer is 0.26 N tetramethylammonium hydroxide (TMAH), an 

aqueous base, not organic solvent.  Therefore new resist designs must be investigated that 

allow development in aqueous base.  

One way to design molecular resists that can be patterned in aqueous base is to 

use epoxide cross-linkers that are intrinsically water soluble.  This means that the 

molecule is polar enough that it will dissolve in pure water without the requirement that 

an acidic site be ionized by reaction with TMAH; the development mechanism should be 
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similar to solvent development.  Since most of the intrinsically water soluble epoxide 

containing molecules are low molecular weight and highly polar, other base soluble 

resists must be added to improve the etch resistance and film forming characteristics.  

Another way to design aqueous base soluble epoxide functionalized molecular resists is 

to insert acidic functionality such as carboxylic acids or phenols onto the molecule; these 

sites deprotonate and ionize upon reaction with base to form aqueous soluble compounds.  

The two design schemes for aqueous development are shown in Figure 15.1.  The use of 

intrinsically water soluble epoxides can be considered a multi-component approach 

where two different molecules with different functionality are blended together to form 

the primary resist matrix.  The other design scheme can be considered a multi-functional 

approach where a single molecular glass compound with both cross-linking and base 

solubilizing functionality is used to form the primary resist matrix.  In both cases, PAG 

will be added so the final formulation will have multiple components, but the PAG will 

only be around 5 % of the total solids content, so the resist molecules will still make up 

95 % of the components; it is this 95% of the formulation that is either multi-component 

or multi-functional.  

 

  

Figure 15.1 Diagram of design schemes used to make aqueous base developed 
systems. 
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15.2  Experimental 

15.2.1 Materials and Methods 

 
TGIC and TMP-3Ep were purchased from Sigma-Aldrich, all reagents and 

solvents used were purchased from Sigma-Aldrich, TCI America, or Alfa-Aesar and used 

as received. An aqueous solution of 0.26 N tetramethylammonium hydroxide was used as 

developer and was a gift of AZ Electronic Materials (AZ300). Triphenylsulfonium 

hexafluoroantimonate (TPS-SbF6) photoacid generator (PAG) was purchased from 

Midori Kagaku Co., Ltd.  A Varian Mercury Vx 300 was used to collect NMR.  Deep 

ultraviolet (DUV) exposures were done using an Oriel Instruments 500W Hg-Xe arc 

lamp with a 248 nm band-pass filter.  Film thicknesses were measured using an M-2000 

spectroscopic ellipsometer (J.A. Woolam, Inc.) over the wavelengths of 350 to 1000 nm 

using a Cauchy layer to model the resist film.  E-beam lithography was done using a 

JEOL JBX-9300FS electron-beam lithography system with 100 keV acceleration voltage, 

2 nA current, and 10 nm single-pixel shot pitch.  Resolution tests were done on resist 

films coated onto 46 nm thick silicon nitride membrane windows.2  The patterns 

produced by e-beam lithography were imaged using a Carl Zeiss Ultra60 SEM with 3keV 

acceleration voltage.  Critical dimension (CD) measurements, and the whole spatial-

frequency 3σLER and 3σLWR spectra of the resist pattern were averaged from 10 

different line-space patterns with an inspection length of 1 micron using a custom 

designed Matlab program. 

Resists 2-Ep, 3-Ep, and 4-Ep were each formulated with 5 mol% TPS-SbF6, 

received a PEB of 90 °C, and were developed in MIBK for 30 seconds; full details 

regarding formulations and processing conditions are described in full detail elsewhere.3-5  
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TGIC was blended with 5 mole% TPS-SbF6 and dissolved in a 70:30 mixture of 

PGMEA:DMF.  The resist referred to as TTEp (whose components are seen in Figure 

15.5) consisted of TMP-3Ep and THPIB in a 2.75:1 molar ratio with 5 mol% TPS-SbF6 

relative to total solids dissolved in PGMEA.  For both TGIC and TTEP, a PAB of 90 °C 

for 2 minutes was used; various PEB temperatures were used as discussed below, and 

development was carried out in pure water, 0.26 N TMAH or methyl isobutyl ketone 

(MIBK). 

 

15.2.2 Synthesis of DPA-2Ep 

The synthesis scheme of DPA-2Ep is outlined in Figure 15.2.6   

 

 
Figure 15.2 Synthesis scheme of DPA-2Ep. 

 

 

Diphenolic acid (DPA, 4,4-bis(4-hydroxyphenyl)pentanoic acid, 4.00 g, 13.97 

mmol, 1.00 equiv.) was dissolved in 60 mL deionized H2O, KOH (3.14 g, 55.88 mmol, 

4.00 equiv.) was added to the solution and the mixture was stirred for 0.5 h. Allyl 

bromide (3.72 g, 30.73 mmol, 2.20 equiv.) was added in a dropwise manner to the 
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mixture over 10 minutes. Then the reaction mixture was heated up to 70 °C and refluxed 

for 4 h. The solution was washed 1x with 3% HCl, 2x with H2O, filtered and the filtrate 

was dried over MgSO4 and evaporated to dryness to afford 2.44 g yellow viscous oil, 

which was a mixture of DPA-2OAllyl (87%) and DPA-3OAllyl (13%) confirmed by 1H-

NMR.  Purification of the crude mixture by flash chromatography (Hexane/Ethyl 

Acetate: 2/1) provided DPA-2OAllyl as a yellow viscous oil (1.51 g, 29%) 1H-NMR (300 

MHz, CDCl3) δ (ppm) 1.58 (s, 3H), 2.16 (m, 2H), 2.40 (m, 2H), 4.52 (dt, 2H), 5.28 (dq, 

2H), 5.39 (dq, 2H), 5.97-6.14 (m, 2H), 6.80 (m, 4H), 7.10 (m, 4H). 

A solution of oxone (2KHSO5·KHSO4·K2SO4, 20.09 g, 32.72 mmol, 8.00 equiv.) 

in water (80 mL) was added dropwise to a vigorously stirred mixture of DPA-2OAllyl 

(1.50 g, 4.09 mmol, 1.00 equiv.), acetone (20 mL), NaHCO3 (8.25 g, 98.16 mmol, 24.00 

equiv.) in CH2Cl2 (60 mL) at ice bath temperature. The mixture was stirred at room 

temperature for 24 h.  Then the same epoxidation procedure was repeated 4 times until 

the aryl allyl ether was fully converted to glycidyl ether.  The solution was washed 2x 

with brine, filtered and the filtrate was dried over MgSO4 and evaporated to dryness to 

afford 1.45 g yellow viscous oil.  Purification of the crude material by flash 

chromatography (Hexane/Ethyl Acetate: 2/1) provided DPA-2Ep as a slightly yellow 

viscous oil (1.02 g, 63%)  1H-NMR (300 MHz, CDCl3) δ (ppm) 1.57 (s, 3H), 2.13 (m, 

2H), 2.40 (m, 2H), 2.75 (dd, 2H), 3.34 (m, 2H), 3.94 (dd, 2H), 3.18 (dd, 2H), 6.82 (m, 

4H), 6.09 (m, 4H). 
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15.3 Results and Discussion  

15.3.1 Review of Solvent Developed Molecular Resists  

 
Before discussing the results of the aqueous developable systems, some of the 

results from the solvent developed systems will be reviewed.  A general characteristic of 

all the solvent developed epoxides studied is that they show significant cross-linking at 

very low dose.  Figure 15.3 shows the DUV (248 nm) contrast curves for 2-Ep, 3-Ep, and 

4-Ep with 5 mol % PAG, PEB of 90°C for 60 seconds, and developed in MIBK. The 

thickness increases almost immediately away from zero dose.  While the high sensitivity 

of the systems is good, it would be preferred that the dose where the thickness increases 

from zero (E0) be shifted to higher dose.  This would prevent cross-linking in nominally 

unexposed areas due to flare or secondary electron scattering.  

 

  
Figure 15.3 DUV (248 nm) contrast curve (NRT = Normalized Remaining film 

Thickness) for 2-Ep, 3-Ep, and 4-Ep at a PEB of 90°C.   
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The initial resolution tests using 100 keV e-beam lithography for 2-Ep, 3-Ep, and 

4-Ep are shown in Figure 15.4; all samples shown had the same PEB of 90°C for 60 

seconds and were developed in MIBK.  As described in other chapters, 4-Ep showed 35 

nm half-pitch at a dose-to-size (Esize) of 50 μC/cm2 with a LER of (3σ) was 2.3 nm and 

LWR (3σ) was 3.2 nm.  3-Ep showed 50 nm 1:1 line/space with an Esize
 of 50 μC/cm2 and 

obtained an LER of 2.3 nm and LWR of 3.4 nm.  Smaller line patterns down to 30 nm 1:3 

line/space were obtained, but the dense features suffered from pattern collapse due to fact 

that the aspect ratio of features increased as the pattern size decreased at a constant film 

thickness of 110 nm.  2-Ep obtained 25 nm half-pitch at an Esize of 75 μC/cm2 and an 

LER of 2.9 nm and LWR of 4.2 nm.  The 20 nm 1:1 line/space failed to cleanly pattern 

due to pattern collapse and line bending at the attempted film thickness of 50-55 nm 

(aspect ratio > 2:1), but the resist appears to be physically capable of resolving 20 nm 

lines under improved patterning conditions.  SU-8, the most commonly used epoxide 

functionalized photoresist, was also examined, but it was limited to 65 nm half-pitch 

patterning.  Smaller patterns appeared to suffer significant bridging and other swelling 

related defects.  It is hypothesized that the failure in SU-8 is due to its larger molecular 

weight and oligomer type structure which leads to a lower density cross-linked structure 

that is more susceptible to swelling than the well-defined, low molecular weight 

molecular glass resists which lead to a high cross-link density structure.  Comparing the 

three molecular resists, 2-Ep shows higher Esize because it requires more cross-links to 

sufficiently gel into an infinite network, as described according to Flory-Stockmayer 
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gelation theory.  The higher cross-link density required for 2-Ep also appears to lead to 

superior resolution compared to 3-Ep and 4-Ep.  

 

  
Figure 15.4 SEM images of high resolution patterning using 100 keV e-beam of 2-Ep 

(left), 3-Ep (middle), and 4-Ep (right). 

 

 

15.3.2 Multi-Component Aqueous and Solvent Developed Molecular Resists 

 
An epoxide containing molecule will be soluble in aqueous base if it is 

intrinsically water soluble due to high polarity or if it contains acidic ionizable sites such 

as phenols or carboxylic acids.  The first approach was studied because a few low 

molecular weight, high polarity compounds with two or more epoxide groups were 

identified and are commercially available.  TGIC and TMP-3Ep, shown in Figure 15.5, 

were predicted to be soluble in aqueous solutions using the log D model described in 

another chapter.  Their intrinsic solubility was confirmed experimentally by spin-coating 

ultra-thin films of the materials and developing them in pure deionized water.  Additional 

phenol containing molecular resists such as THPIB (Figure 15.5) were often mixed with 

these epoxides to improve the film forming and potential etch resistance of the 
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formulation.  THPIB will not dissolve in pure water, but will readily dissolve in 0.26 N 

TMAH. 
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Figure 15.5 Chemical structures of some of the compounds used for multi-component 

aqueous developed molecular resists.  

 

 

To get an initial idea of the performance of these types of epoxide resists, TGIC 

was studied as a base matrix without the addition of a phenol containing compound. 

Despite its small size, TGIC could be coated to form good films; this is likely due to the 

fact that TGIC has two stereoisomers,7 the α and β forms, which could help inhibit 

packing and lead to amorphous films.  The high polarity of TGIC led to other problems. 

The solubility of the compound in most common casting solvents was very low, and not 

even a three weight percent solution could be made in PGMEA; it was typically spin-

coated out of a mixture of PGMEA and DMF, since the DMF has much higher polarity.  

TGIC also showed strong substrate dependence on the quality of the soft-baked films.  

On an organic underlayer, no good films could be formed, and it would de-wet from the 

substrate almost immediately upon being placed on the bake plate.  Using blank silicon 

wafers without a cleaning process, such as piranha solution or oxygen plasma, 

immediately before use, led to reasonable films, but they showed a visible thickness non-
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uniformity over the one square inch of wafer piece.  Wafers that were cleaned with 

oxygen plasma before use formed good quality films. 

While 2-Ep, 3-Ep, and 4-Ep could all be patterned with a PEB of 90 °C, TGIC 

required much higher PEB temperatures to successfully pattern; at 90°C, virtually no film 

remained at any dose, even up to 100 mJ/cm2.  Using higher PEB temperatures, TGIC 

could be patterned as seen in the contrast curves in Figure 15.6.  At a PEB of 130 °C, 

reasonable remaining film thickness could be obtained, but the contrast was poor and the 

dose response was almost linear.  Increasing the PEB to 145 °C, and then 160 °C led to 

improved contrast, but the dark loss was still about 7-10 nm (10 %) even at high dose.   
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Figure 15.6 DUV (248 nm) contrast curve for TGIC at different PEB temperatures 

developed in 0.26 N TMAH. 

 

 

To examine the effect of using aqueous base as a developer compared to organic 

solvent, TGIC was patterned and developed in 0.26 N TMAH and a separate sample was 
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patterned and developed in MIBK.  The DUV contrast curves for the two different 

development solvents are shown in Figure 15.7.  The contrast curves are virtually 

identical in both solvents; this is to be expected since the solubility switching mechanism 

in this material is an exponential increase in molecular weight.  Since TGIC has no 

ionizable sites, the development mechanism in aqueous solution should be similar to the 

development mechanism in organic solvent.  Interestingly, there appears to be a slight 

shift in E0 away from zero dose.  This could be due to the fact that TGIC has a lower 

molecular weight than the other solvent developed epoxides; at low conversion (low 

dose), the molecular weight of the resulting polymer/network would be lower in TGIC 

and more soluble.  It could also be that the cross-linking is simply less efficient in this 

system at this PEB temperature; this would lead to lower conversion at equivalent dose.  

 

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25
Dose (mJ/cm2)

N
R

T

TMAH
MIBK

  
Figure 15.7 DUV (248 nm) contrast curve for TGIC at a PEB of 160°C developed in 

0.26 N TMAH or MIBK. 
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The major problem with TGIC was the poor film forming ability as described 

above.  This is especially exacerbated during the high temperature PEB.  Under large area 

DUV patterning, the unexposed areas visually dewet during the PEB.  The patterned 

areas appear to be more stable since they rapidly cross-link and become more thermally 

stable polymers.  In this way, the material could be patterned even though the unexposed 

areas dewet during the PEB.  Unfortunately, this appears to be a significant problem for 

high resolution patterning.  Line/space patterns starting at 100 nm were patterned using 

100 keV e-beam lithography with a PEB of 160 °C. SEM analysis of the patterned areas 

showed no detectable line patterns, even at relatively high dose.   

Due to the high PEB temperatures required pattern TGIC, a different aqueous 

soluble epoxide cross-linker, TMP-3Ep, was investigated.  TMP-3Ep is a viscous oil at 

room temperature, so lower PEB temperatures could be used to sufficiently cross-link it.  

Similar to TGIC, pure TMP-3Ep had significant dewetting issues, even for relatively low 

PAB temperatures of 90 °C.  To improve the film forming characteristics of this 

compound, it was blended in a 2.75:1 molar ratio of TMP-3Ep to THPIB to form the 

resist referred to a TTEp.  This mole ratio was chosen because it was found that a little 

over 2 moles of epoxide groups per mole of resist is required to reach a normalized 

remaining film thickness of approximately one, i.e. virtually no dark loss.  TTEp showed 

better film forming characteristics than the pure TMP-3Ep. 

TTEp was patterned using DUV, and the contrast curves for development in 

MIBK and 0.26 N TMAH are shown in Figure 15.8.  In the case of this material, there is 

a clear difference between development in organic solvent compared to aqueous base. 

MIBK shows a minor shift in E0 out to around 5 mJ/cm2, followed by a linear increase to 
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obtain a maximum normalized remaining film thickness of around 75%.  Development in 

0.26 N shows minor cross-linking of around 5-6 nm from low doses to an E0 of 10 

mJ/cm2, followed by a rapid increase in film thickness to a NRT of around 96%.  

Development in MIBK has a contrast ratio of 1.7 which is comparable to the other 

solvent developed systems, but development in 0.26 N shows a contrast ratio of around 

4.9 which is much better than any other negative tone epoxide functionalized molecular 

resist that was studied.  
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Figure 15.8 DUV (248 nm) contrast curve for TTEp at a PEB of 90°C developed in 

0.26 N TMAH or MIBK. 

 

 

The differences in the contrast behavior of these two development conditions are 

likely due to an additional mechanism that is present in the aqueous base developed 

system. The organic solvent discriminates between soluble and insoluble primarily based 

on molecular weight; TMAH development discriminates based on both molecular weight 
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and the fraction of unblocked ionizable sites, in this case the phenols on THPIB.  There is 

still around 25% dark loss (~ 20 nm) in the MIBK developed case because the resist is 

not completely cross-linked.  In TMAH, the dark loss is improved because the film does 

not have to completely cross-link; instead, the portions of the film could become 

insoluble by converting the phenols into aryl ethers by reaction with epoxides. The 

improved contrast of TMAH development could be due to several lower molecular 

weight chains at lower dose; these lower molecular weight chains still dissolve. 

Increasing the dose causes a few chains to link together and more phenolic sites on the 

chains to be blocked; this rapidly turns the larger, more blocked chains insoluble leading 

to improved contrast.  

Due to the lower melting temperature of TMP-3Ep, the PEB temperature of TTEp 

was investigated to determine the lower limit for PEB temperature; surprisingly, TTEp 

could be successfully patterned with no PEB at all.  The contrast curve for TTEp with no 

PEB is compared to a one minute PEB of 90°C in Figure 15.9. The case of no PEB shows 

similar contrast and behavior at low dose, but plateaus at an NRT of around 62% instead 

of 96% for the high PEB due to the lower extent of cross-linking for the no PEB case.  

The lower melting temperature of TTEp combined with the heat released during ring-

opening polymerization of the epoxides is enough to give the film sufficient mobility to 

cross-link to reasonable extents even with no PEB.  
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Figure 15.9 DUV (248 nm) contrast curve for TTEp at different PEB temperatures 

developed in 0.26 N TMAH. 

 

 

Comparing TTEp and TGIC, it appears that the mobility of film is the 

determining factor for the optimal PEB temperature. TTEp, which is a liquid at room 

temperature, can be patterned without a PEB, while TGIC requires a PEB of around 160 

°C to obtain even equivalent results, despite the fact that it has more moles of epoxide 

groups per mole of resist than TTEp.  The melting point for 4-Ep is around 60 °C, and it 

can be reasonably patterned with a PEB around 60 °C and easily patterned at a PEB of 90 

°C.  

Despite the good contrast behavior of TTEp, no high resolution patterning was 

completed.  When TTEp was coated onto the silicon nitride films that we use for high 

resolution e-beam patterning, it began to visibly dewet at places during the PAB.  

Although HMDS primed silicon reduced dewetting enough for large area DUV 

patterning, the film quality on nitride was not good enough for high resolution patterning.  
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Film quality was a major issue for all the multi-component type systems tested.  This 

approach requires that the epoxide containing component have intrinsic water solubility; 

this restricts the choice of compounds to a few low molecular weight, highly polar 

compounds.  These types of compounds usually do not have the types of structural 

moieties that have been found to lead to good film forming molecular glasses.  The 

inability of these compounds to form thermally stable, high quality films greatly restricts 

their use in high resolution patterning, at least at the relatively high mole and mass 

fractions that were used. 

 

 

15.3.3 Multi-Functional Aqueous and Solvent Developed Molecular Resists 

 
The problems with the so-named multi-component systems led to the 

development of multi-functional systems.  A multi-functional system is composed of a 

single molecular resist matrix which contains both polymerizable/cross-linkable groups 

such as epoxides and base ionizable groups such as phenols or carboxylic acids.  While a 

resist formulation of a multi-functional system will certainly contain additional 

components such as PAGs and other additives, it is composed primarily (> 90%) of a 

single molecular glass compound with a number of different functional groups.  This 

approach should improve the film forming quality of the resists because bulkier structural 

moieties such as aromatic rings can be used while maintaining the base solubility through 

the ionizable sites.  Using only a single primary resist molecule should also prevent 

potential phase separation between the major components, although PAG phase 

separation might still be a concern.8  The first example of a multi-functional aqueous 
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developable molecular resist is DPA-2Ep. As seen in Figure 15.10, DPA-2Ep contains 

two epoxide groups attached to a molecular glass core that contains a bisarylmethyl type 

moiety and has an ionizable free carboxylic acid for base solubility. Only a single 

carboxylic acid is sufficient to render the compound soluble in 0.26 N TMAH. 

 

Epoxides

Molecular 
Glass 
Core

Base 
Solubilizing
Group

  
Figure 15.10 Chemical structure demonstrating the different functionality on DPA-2Ep, 

a multi-functional aqueous developed molecular resist. 

 

 

DPA-2Ep formed excellent films that did not show any visible dewetting 

behavior, even at elevated bake temperatures.  DPA-2Ep was exposed to 50 mJ/cm2 at 

DUV (248 nm) and given a PEB at different temperatures to probe the effect of PEB 

temperature on the maximum obtainable normalized remaining film thickness; the results 

are seen in Figure 15.11.  While TTEp could be patterned with no PEB, DPA-2Ep shows 

only minimal remaining thickness with no PEB when developed in TMAH and only 28% 

in MIBK.  Using a PEB of 60 °C, a good NRT of about 96-97% could be obtained for 

both TMAH and MIBK.  Interestingly, a PEB of 90 °C followed by development in 0.26 
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N TMAH led to a thickness that was 112% that of the unexposed film, but development 

in MIBK lead to a final film that was the same thickness as the unexposed film. 
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Figure 15.11 Effect of PEB temperature on NRT for 70 nm film of DPA-2Ep exposed 

to 50 mJ/cm2 at DUV (248 nm) and developed in 0.26 N TMAH and 
MIBK. 

 

 

While it is common for many types of resists to shrink during the PEB due to loss 

of protecting groups or cross-linking and likewise to lose thickness during development, 

very few, if any, resists show an increase in thickness after patterning.  To further probe 

this result, another sample was exposed to 50 mJ/cm2 and given an equivalent PEB of 90 

°C, but the thickness was measured before development.  The thickness of the exposed, 

baked films was exactly the same as the unexposed film; after development in 0.26 N 

TMAH, the thickness was measured again and found to be 112% that of the unexposed 
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film.  Since the thickness increase occurs only during the development step, the most 

likely explanation for the thickness increase is the deprotonation of carboxylic acids on 

the cross-linked network leading to the formation of tetramethylammonium carboxylates.  

The film could theoretically be completely networked and insolubilized by cross-

linking purely through the epoxides, leaving an insoluble film that contains high levels of 

free carboxylic acids.  Even if more than half the acids react with epoxides during cross-

linking, that still leaves large numbers of free carboxylic acids attached to an insoluble 

network.  The carboxylic acids are deprotonated to form tetramethylammonium 

carboxylates, but since the film is in a complete network, it is not rendered soluble.  Since 

the volume of a tetramethylammonium carboxylate is larger than that of the 

corresponding acid, the effective thickness of the film increases leading to a thickness 

greater than the unexposed film thickness.  This is consistent with other studies that have 

shown that partially deprotected carboxylic acid containing resists form 

tetraalkylammonium carboxylates during the development step that are maintained even 

after the rinse with deionized water due to the low pKa of the acids.9 

To further probe the effect of the carboxylic acid on the patterning, a DUV 

contrast curve was made for DPA-2Ep as seen in Figure 15.12.  In MIBK, DPA-2Ep 

shows a shift of E0 to around 15 mJ/cm2 for much the same reasons described earlier for 

TTEp, and has a good contrast ratio of 4.1.  Developed in TMAH, DPA-2Ep shows a 

shift of E0 to 10 mJ/cm2 and likewise has a similar contrast ratio of 4.1.  Unfortunately, it 

also shows a normalized remaining thickness greater than one due to the deprotonation of 

the carboxylic acid.  As the dose is increased beyond E1, the thickness begins to decrease.  

This confirms the earlier hypothesis regarding the formation of tetramethylammonium 
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carboxylate.  As the dose increases two things can occur, (1) the network can become 

more densely cross-linked and (2) more carboxylic acids can react with epoxides to form 

esters.  If the film is more densely cross-linked, the TMAH cannot penetrate as far into 

the film which leads to fewer tetramethylammonium carboxylates and a reduction in the 

increase in film thickness compared to lower dose.  Likewise, if more carboxylic acids 

react to form esters, there are fewer available acids to react which leads to fewer 

tetramethylammonium carboxylates and reduced film thickness relative to lower doses, 

but still an NRT greater than one because not all carboxylic acids are consumed by the 

cross-linking. 

 

  
Figure 15.12 DUV (248 nm) contrast curve for DPA-2Ep at a PEB of 90 °C developed 

in 0.26N TMAH and MIBK. 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50
Dose (mJ/cm2)

N
R

T 0.26N TMAH

MIBK



 438

The high resolution capability of DPA-2Ep was investigated by patterning it using 

100 keV e-beam lithography and developed using 0.26 N TMAH; the results for a PEB of 

90 °C are shown in Figure 15.13.  The pattern fidelity is obviously poor.  The most likely 

cause for the poor patterning performance is the imbibing of TMAH into the film during 

development; when the TMAH penetrates into the film, it distorts the pattern, leading to 

this result. 

 

  
Figure 15.13 SEM of DPA-2Ep patterned using 100 keV e-beam with a PEB of 90 °C 

developed in 0.26 N TMAH; (a) 1:1, 1:2, and 1:3 line:space patterns for 
100 nm lines; (b) close-up of 100 nm 1:3 line:space patterns. 

 

 

DPA-2Ep was investigated for high resolution patterning with development in 

MIBK.  Figure 15.14 shows these results for a PEB of 90 °C.  These results are a 

significant improvement compared to development in TMAH.  Dense features down to 

50 nm were possible.  Based on this and the data from the DUV exposures, it is likely 

that DPA-2Ep significantly swells in TMAH, but not as significantly in MIBK although it 

still appears that some minor swelling occurs.  The 70 nm lines (Figure 15.14(a)) resolve 

very cleanly with reasonable LER, while the 60 nm lines (Figure 15.14(b)) still resolve 
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quite well, but the LER is increased.  The 50 nm lines (Figure 15.14(c)) clearly show the 

effects of swelling due to the multiple bridging defects.  The swelling appears to be small 

enough to have minimal impact on the 70 nm lines, but is large enough that it has a 

strong effect on the 50 nm lines.   

 

 
Figure 15.14 SEM of DPA-2Ep patterned using 100 keV e-beam with a PEB of 90 °C 

developed in MIBK; (a) 70 nm 1:1 line:space patterns; (b) 60 nm 1:1 
line:space patterns; (c) 50 nm 1:1 line:space patterns.   

 

 

The e-beam patterning was also done with a PEB of 60 °C and the 0.26 N TMAH 

development is shown in Figure 15.15.  In the case of the lower PEB, the pattern 

obviously swells during development.  Since the material is less fully cross-linked with 

the lower PEB, more TMAH can penetrate into the film; when the pattern is rinsed, the 

film relieves stress by buckling into a pseudo-regular pattern whose periodicity is related 

to the dimensions of the patterns. 
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Figure 15.15 SEM of DPA-2Ep patterned using 100 keV e-beam with a PEB of 60 °C 

developed in 0.26 N TMAH; (a) 1:1, 1:2, and 1:3 line:space patterns for 
100 nm lines; (b) close-up of 50 nm 1:3 line:space patterns. 

 

 

The e-beam patterning with a PEB of 60 °C for development in MIBK was also 

completed and is shown in Figure 15.16.  Unlike previous results for 4-Ep and 2-Ep, 

reducing the PEB temperature did not improve the patterning performance for DPA-2Ep.  

Reducing the PEB temperature leads to a reduction in the extent of reaction and 

potentially cross-link density.  This makes the resist less mechanically robust and more 

susceptible to swelling since developer can penetrate further into the resist structure.  
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Figure 15.16 SEM of DPA-2Ep patterned using 100 keV e-beam with a PEB of 60 °C 

developed in MIBK; (a) 60 nm 1:1 line:space patterns; (b) 50 nm 1:1 
line:space patterns. 

 

 

Both the DUV and e-beam patterning results suggest that using carboxylic acid 

groups as the base solubilizing groups can lead to numerous problems for aqueous 

developable negative tone molecular resists.  Since the carboxylic acid functional group 

is at such high concentration relative to analogous polymeric resists, some free carboxylic 

acid will likely always be present in the networked film.  This leads to the swelling 

problems encountered in DPA-2Ep that received a PEB of 60 °C. In more heavily cross-

linked films such as DPA-2Ep with a PEB of 90°C, the base cannot penetrate as deeply 

into the film, so it likely shows non-uniform swelling throughout the pattern which leads 

to catastrophic failure as seen in Figure 15.13.  Solvent development in MIBK produces 

reasonable results for a PEB of 90°C, although swelling still appears to limit the 

patterning capability of the resist.   

A potential solution to this is the use of phenolic hydroxyl groups as the base 

solubilizing groups.  Phenolic functionalized resists have been shown to have less 
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propensity to swell than carboxylic acid functionalized resists. Additionally, the reactivity 

of phenols with epoxides under acidic conditions could be greater than that of carboxylic 

acids.  A more reactive functional group will be more fully consumed during cross-

linking in the PEB step; this will reduce the number of sites that can react with developer 

during development and further reduce any swelling effect.  

 

 

15.4  Conclusions 

 
A series of negative tone molecular resists was investigated for use in both 

organic solvent and aqueous base development.  Molecular resists designed purely for 

solvent development showed half-pitch resolution down to 25 nm with sensitivities of 50 

μC/cm2 and LER (3σ) down to 2.3 nm.  Two design approaches were used for aqueous 

developed negative tone molecular resists.  Multi-component designs used blends of 

different molecules that each have only a single type of functional group such as epoxides 

or phenols.  This approach relies on epoxide containing molecules that are intrinsically 

water soluble.  Two different resist formulations based on this approach were 

investigated.  Each required a significantly different PEB temperature to successfully 

pattern, e.g. no PEB vs. a PEB at 160 °C.  This was despite the equivalent functionality 

and similar size of the two molecules; the significantly different melting/softening 

temperatures of the resists was the dominant factor in determining the required PEB 

temperature.  Both designs using this approach are greatly limited because of the poor 

film forming characteristics of the resists.  For a molecule to be intrinsically water 

soluble without ionizable sites, it must have reasonably high polarity.  Likewise, the use 
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of bulky groups to improve film forming is restricted because it would reduce the polarity 

and solubility of the molecule.  This high polarity combined with the lack of bulky 

groups leads to films that have a high tendency to de-wet during soft-bake and PEB.  The 

second design approach used multi-functional molecules that have both cross-linking and 

base ionizable sites on the same molecule.  This allowed for designs with improved film 

forming characteristics and a single primary resist component.  The carboxylic acid used 

as the base solubilizing groups in this initial molecule led to a number of problems. The 

resist cross-linked, but with multiple free carboxylic acids in and on the network.  These 

free acids tend to imbibe developer and appear to retain the tetramethylammonium 

carboxylates even after rinsing and drying the film.  This imbibing of developer leads to 

significant failure during high resolution patterning.   
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CHAPTER 16 

POSITIVE TONE CROSS LINKED MOLECULAR RESISTS 

 

A positive-tone cross-linked molecular resist was made that functions by first 

forming an etch resistant film via thermal cross-linking of vinyl ether functionalized 

small molecules followed by patterning of the film via acid catalyzed cleavage of the 

resulting acetal bonds. DPA-2VE, a single multi-functional molecular resist of this type, 

showed DUV sensitivity of 7 mJ/cm2 and a contrast of 5.2 for development in either 

organic solvent or aqueous base.  Using high resolution patterning with a 100 keV e-

beam, it was possible to demonstrate feature resolutions down to 40 nm. When 0.26N 

TMAH was used as a developer, the dose-to-size was 84 μC/cm2 with a 3σ LER of 14.2 

nm.  Using MIBK as a developer, the dose-to-size was 104 μC/cm2 and the 3σ LER was 

7.4 nm.   

 

16.1 Introduction 

One of the original motivating factors for switching from polymers to molecular 

glass materials as the primary matrix for photoresists was the idea that the smaller 

effective pixel size for molecular resists would lead to improved resolution and line edge 

roughness.1  While molecular resists have shown some improvements in LER compared 

to polymers, they have not provided the significant and immediate improvements that 

were expected.2  Additionally, since in many cases early version of molecular resists 

exhibited relatively low glass transition temperatures (Tg), poor mechanical strength, and 

equivalent or inferior patterning performance as compared to polymeric resists, many 
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investigators concluded early on that polymers should continue to be the dominant 

platform for high resolution positive tone photoresists.  Although much of the initial poor 

performance for molecular resists could be attributed to the relative lack of maturity of 

these new material platforms as compared to the limited number of primary resist 

polymer backbones that had been extensively studied and improved over the past several 

decades, the possibility that positive tone molecular resists may possess inherent 

problems with lower mechanical strengths is a significant concern as pattern collapse 

becomes a ever larger problem for 22 nm node patterning and below.3 However, as 

patterns shrink to 22 nm and below, there will eventually be a point where the effective 

resist pixel size must be reduced in order to maintain adequate CD control, and so 

exploration of molecular resist solutions cannot and should not be abandoned.  Ideally, 

one would like to combine the advantages of a polymer (good mechanical strength, high 

Tg) with the advantages of a molecular resist (small pixel size, monodispersity) to 

produce a superior material.  

One of the easiest ways to combine these benefits is to use a negative tone 

molecular resist that forms a cross-linked polymer network in the exposed area, but 

remains individual small molecules in the unexposed areas.  It has been shown that these 

types of negative tone cross-linking based molecular resists can provide high resolution 

and low LER with good sensitivity.4-5  Based on that success, the author sought to 

develop some form of analogous positive tone molecular resist system.  To combine the 

benefits of both the polymeric and molecular resist approaches into a positive tone 

platform, it was decided to essentially reverse the negative tone process that was 

demonstrated to be successful by first cross-linking the molecular resist and then 
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depolymerizing it in the exposed regions.  In other words, the molecular resist is spin 

coated, uniformly cross-linked during post-application processing, and depolymerized in 

the exposed areas back into units equivalent to the size of the original molecular resist via 

a photoacid catalyzed cleavage reaction.  Again, the potential advantages of such a 

scheme are that the unexposed areas that remain after development will be composed of a 

heavily cross-linked material with high Tg and good mechanical strength while the 

exposed areas that are dissolved should behave more like molecular resists. This 

approach also provides an additional benefit in that the diffusivity of the photoacid 

should be higher in the region of highest exposure dose (i.e. the middle of the exposed 

areas) due to the propensity to form smaller resist fragments faster and lower the local Tg 

which enhances local diffusion while photoacid diffusion will remain restricted near the 

feature edge due to the higher Tg and low photoacid concentrations (e.g. lower rate of 

local molecular weight reduction) in those regions.   

This type of system is also interesting in that it can provide a way to compare the 

effect of development in aqueous base compared to development in organic solvent under 

roughly similar conditions.  It has been conventionally thought that non-cross-linked 

positive tone resists developed in aqueous base show better resolution than cross-linked 

negative tone resists developed in organic solvent because the solvent developed resists 

tend to show significant swelling due to penetration of solvent into the network.  In recent 

years, this thinking has been called into question and been proven to not always be the 

case.  Many aqueous base developed ArF positive tone resists have been shown to form 

swollen layer during development; this swollen layer can lead to a loss of resolution, or 

more importantly increase LER.  Likewise, the use of molecular resists in solvent 
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developed negative tone cross-linking systems4 greatly mitigates or eliminates swelling 

due to the very high cross-link density in the exposed resist.  Thus it is important to 

directly compare development in aqueous base, where an acid/base reaction must occur at 

the liquid/resist interface to render the resist soluble, versus development in organic 

solvent, where no reaction occurs during development, in a resist system that has roughly 

identical states at the patterning dose for each development system.  

The method used to achieve this type of resist in this work has been through the 

thermal cross-linking of phenols or carboxylic acids with vinyl ethers to produce a 

polymer network with acetal linkages that can be catalytically cleaved by photoacid, thus 

regenerating the original compound.  This type of mechanism is demonstrated in Figure 

16.1 for one of the compounds synthesized for this study (which will be referred to as 

DPA-2VE). 

 

 
Figure 16.1  Thermal cross-linking and acid catalyzed cleavage mechanism for positive 

tone cross-linked molecular resists using DPA-2VE. The acid sensitive 
acetal linkages are circled. 
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16.2  Experimental 

16.2.1 Materials, Equipment, and Processing   

 
All reagents and solvents used were purchased from either Sigma-Aldrich, TCI 

America, or Alfa-Aesar and used as received. An aqueous solution of 0.26N 

tetramethylammonium hydroxide (AZ 300 MIF) was used as developer. 

Triphenylsulfonium hexafluoroantimonate (TPS-SbF6) photoacid generator (PAG) was 

purchased from Midori Kagaku Co., Ltd. A Varian Mercury Vx 300 was used to collect 

NMR. Deep ultraviolet (DUV) exposures were done using an Oriel Instruments 500W 

Hg-Xe arc lamp with a 248 nm band-pass filter. Film thicknesses were measured using a 

M-2000 spectroscopic ellipsometer (J.A. Woolam, Inc.) over the wavelength range of 

350 to 1000 nm using a Cauchy layer to model the resist film. E-beam lithography was 

done using a JEOL JBX-9300FS electron-beam lithography system with 100 keV 

acceleration voltage, 2 nA current, and 10 nm single-pixel shot pitch. Resolution tests 

were done on resist films coated onto 46 nm thick silicon nitride membrane windows.6 

The patterns produced by e-beam lithography were imaged using a Carl Zeiss Ultra60 

SEM with 3keV acceleration voltage. Critical dimension (CD) measurements, and the 

whole spatial-frequency 3σ LER and 3σ LWR spectra of the resist pattern were averaged 

from 10 different line-space patterns with an inspection length of 1 micron using a 

custom designed Matlab program. 
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16.2.2 Lithographic Formulations and Processing 

 
Multi-component blended molecular resist/vinyl ether systems were made with a 

bi-functional vinyl ether, VEctomer™ 4210 (Sigma-Aldrich), and one of three different 

hydroxyl-functionalized polyphenol type molecular resists, BHPF, THPIB, or SBI, 

shown in Figure 16.2. In one study the vinyl ether was blended with each of the other 

compounds to create formulations with equal numbers of functional groups.  For 

example, BHPF was blended in an equimolar ratio to VEctomer 4210 since the BHPH 

contains two OH groups while VEctomer contains two vinyl ether groups.  Likewise, 

VEctomer 4210 was loaded at 1.5 moles per mole of THPIB, and it was blended at 2 

moles per mole of SBI.  These solutions were cast out of propylene glycol monomethyl 

ether acetate (PGMEA) and post-apply baked at 120°C for 5 minutes to test the extent of 

cross-linking.  In another study discussed below, BHPF and VEctomer 4210 were 

blended at different molar ratios of VEctomer:BHPF (0.27, 0.37, and 0.67) along with 5 

mol% triphenylsulfonium nonaflate relative to other solids. These formulations were 

post-apply baked at 110°C for 5 minutes, exposed using DUV light, and then post-

exposure baked (PEB) at 90°C for 1 minute and developed in 0.26N TMAH for 30 

seconds. 

Two formulations of DPA-2VE were made, one with 5 mol % solids 

triphenylsulfonium triflate (TPS-Tf), and another with 5 mol % triphenylsulfonium 

nonaflate (TPS-Nf) and 1 mol % trioctylamine (TOA) as a base quencher. The solids 

were dissolved in PGMEA to make the resist solutions. After spin-coating, a post-apply 

bake (PAB) of 160°C for 10 minutes was sufficient to render the films insoluble in both 

0.26N TMAH and methyl isobutyl ketone (MIBK). After exposure, the films received a 
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post-exposure bake of 90°C for 1 minute unless otherwise noted. They were then 

developed for 30 seconds either in MIBK followed by an isopropyl alcohol rinse or 

0.26N TMAH for 30 seconds followed by a de-ionized water rinse.  

  

16.2.3 Synthesis of DPA-2VE 

 
Diphenolic acid (DPA, 4,4-bis(4-hydroxyphenyl)pentanoic acid, 3.00 g, 10.48 

mmol, 1.00 equiv.) was dissolved in 40 ml DMSO, KOH powder (2.29 g, 40.86 mmol, 

3.90 equiv.) was added to the solution and the mixture was stirred for 0.5 h. Chloroethyl 

vinyl ether (VE) (2.79 g, 26.19 mmol, 2.50 equiv.) was added dropwise to the mixture 

over 10 minutes. Then the reaction mixture was heated up to 75 oC and refluxed. The 

reaction was tracked by TLC. After 6 h, the starting material was completely consumed 

and the solution was quenched by DI H2O, neutralized by 3% H2SO4, extracted by ethyl 

acetate. The organic layer was washed 2x with DI H2O, dried over MgSO4, and 

evaporated to dryness to afford a yellow viscous oil. No further purification was taken. 

1H-NMR (300 MHz, DMSO-d6) δ (ppm) 1.95 (m, 2H), 2.16 (m, 2H), 3.95 (m, 4H), 4.12 

(m, 1H), 4.22 (dd, 1H), 6.54 (dd, 1H), 6.83 (m, 4H), 7.06 (m, 4H). 

 

 

16.3  Results and Discussion 

16.3.1 Multi-Component Resist Formulations 

 
The general approach of thermally cross-linking resists using vinyl ethers to 

render a resist insoluble before selectively cleaving it by action of photoacid has been 
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used multiple times before, but almost entirely for use with polymers.7-8 Recent work has 

shown that using molecular resists can provide superior performance compared to 

polymers for certain negative tone patterning applications because the cross-link density 

of networked molecular resists can be significantly higher than that formed in polymers.4 

This high density network leads to reduced swelling and improved resolution.  Therefore, 

it was decided to investigate if these same advantages would exist in the positive tone 

resist based on initial cross-linking of the cast film.  In principle, a molecular resist 

version of such a strategy should have the advantages of high network density in the 

cross-linked portion and extremely high dissolution rate in the depolymerized portions 

after exposure.  

The initial studies of this type of system were done using multi-component resist 

formulations. The first test was to determine to what extent the blends containing phenols 

and vinyl ethers could be insolubilized during the post-apply bake (PAB).  A di-

functional vinyl ether cross-linker (VEctomer 4210) was blended with each of the other 

phenolic compounds shown in Figure 16.2 to create formulations with equivalent 

numbers of phenol and vinyl ether functional groups.  They were then post-apply baked 

at 120°C for 5 minutes.  Higher PAB temperatures caused a visible loss of film quality, 

potentially through phase separation, crystallization of the molecular resist, or some other 

phenomena.  Both the BHPF and THPIB samples showed similar behavior in that upon 

treatment with 0.261N TMAH after the PAB, they immediately appear to get rough as 

indicated by the scattering of light from the film surface.  After rinsing, the BHPF sample 

was visibly rough but there was no appreciable loss of film thickness. Likewise, the 

THPIB sample did not appear to substantially dissolve during development but 
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delaminated from the wafer upon rinsing.  The SBI sample showed no apparent 

roughening or dissolution in 0.261N TMAH.  While all three films were nominally 

insoluble in TMAH, they all rapidly dissolved when exposed to either MIBK or IPA.  

 

 

Figure 16.2  Chemicals used in multi-component blended vinyl ether resist 
formulations. 

 

 

It is likely that the cross-linking reaction is occurring and both consumes available 

phenolic sites and increases the molecular weight of the material, but it does not appear to 

proceed to complete network formation. The resists could be rendered insoluble in 

TMAH if only 1 or 2 of the OH groups on each compound were reacted with a vinyl 

ether, but no actual network formation is required.  In other words, it is possible for the 

vinyl ether cross-linker to act like a large protecting group.  The films would be expected 

to become insoluble in solvent only if extensive networking were to occur that caused a 

significant molecular weight increase.  

To examine the patterning behavior of this blended material approach, a blended 

resist was formulated with varying amounts of VEctomer 4210 to BHPF while 

maintaining 5 mol% TPS-Nf relative to other solids. After the films were post-apply 

baked, the film thickness was measured, areas of the wafer were exposed to 100 mJ/cm2 

(248 nm) to convert the majority of the PAG to photoacid, the samples were post-
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exposure baked at 90°C for 1 minute to cause depolymerization in the film, and finally 

the samples were developed in TMAH.  The thickness of the exposed and unexposed 

areas of each film were then measured and compared to the initial thickness.  The results 

for each of the formulations tested are shown in Table 16.1. 

 

Table 16.1     Compositions and patterning results for 300 nm thick film of 
BHPF:VEctomer 4210 blended systems. 

% VEctomer 4210 Solids 21 27 40
Mole Ratio, VEctomer 4210:BHPF 0.27 0.37 0.67

% Thickness Loss :     0 mJ/cm2 50 50 0
Thickness Remaining : 100 mJ/cm2 1-5 nm 50 nm 80 nm  

 

The lowest loading of VEctomer to BHPF shows minimal scumming in the 

exposed areas because the loading of VEctomer is low enough to cause little dissolution 

inhibition after acidolysis. Unfortunately, it is also too low to sufficiently cross-link the 

film to prevent dissolution in the un-exposed areas. The next highest VEctomer loading 

(27%) still shows similar dark loss, but also a significant increase in scumming. The 

highest loading of VEctomer (40%) finally contains enough vinyl ether functionality to 

prevent dark loss by more extensive cross-linking, but also shows even more significant 

scumming. The large amount of scumming in the formulations with high VEctomer 

loading are likely due to the large amount of the intrinsically insoluble vinyl ether 

compound.  

Although no lithographically useful material could be made by blending, the 

behavior of the blended multi-component systems still provides insight on effective 

methods for designing these types of molecular resists.  It is clear that this approach can 

be used to insolubilize molecular resist films in TMAH.  The blended systems however 
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show virtually no resistance to solvent development under the conditions tested, and thus 

it is likely that higher PAB temperatures may be required to insolubilize the films.  

However, attempts at using higher PAB temperatures in the blended systems resulted in 

loss of film quality due to a currently unknown mechanism.  The likely cause of the 

apparent lower levels of cross-linking is the low degree of functionality for these blended 

systems.  For example, in BHPF/VEctomer equimolar blends, since each compound has 

only two functional groups, both functional groups on every molecule must react (100% 

conversion) to form a polymer or network.  If only one site reacts, then it becomes a 

chain end until the other site reacts. In contrast, in a polymer system employing such a 

mechanism, only a few cross-links per chain will lead to network formation.  Higher 

functionality cross-linkers might improve the situation, but it still might not improve the 

film quality issues at high PAB temperatures and relatively high conversion is still 

required.  Likewise, since the vinyl ether must be used at such high concentrations in 

molecular resist formulations, its own intrinsic solubility must be considered.  Even if the 

film can be thermally made insoluble, it still must dissolve after being depolymerized 

back to its original constituents.  If the cross-linker is itself insoluble in the developer, it 

could very likely act as a dissolution inhibitor for the exposed resist film and prevent 

clean development. 

 

16.3.2 Multi-Functional Resist Molecules 

The large number of problems with blended multi-component vinyl ether 

molecular resist systems led the authors to pursue a multi-functional molecular resist with 

both vinyl ether and hydroxyl or carboxylic acid functionality on the same molecule. In 
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this type of system, the majority component (> 90%) is the same molecule with a small 

amount of PAG or base quencher added.  This single resin molecule design should 

improve any phase separation issues as seen in the blended systems.  It has also been 

found that a monodisperse molecular resist system can show improved LER compared to 

analogous polydisperse systems9, and thus by implementing the vinyl ether cross-linking 

system using a single multi-functional molecule may also exhibit such advantages.  

Likewise, the solubility issues of the cross-linker after exposure and cleavage are no 

longer a concern, since it must by definition be aqueous base soluble since all 

functionality is on the same molecule.  It is also potentially easier to form a highly dense 

network that is insoluble in both aqueous base and solvent. This is because this type of 

system must contain at least three functional groups to effectively network (one vinyl 

ether group and one acidic group plus at least one more of either type); otherwise, only 

linear chains could be formed. 

DPA-2VE was synthesized by reaction of 2-chloroethyl vinyl ether with DPA as 

described above.  Under the conditions used, the 2-chloroethyl vinyl ether reacts 

preferentially with phenols rather than carboxylic acid to yield the desired compound in a 

single step.  Little optimization was done in determining the minimal PAB conditions, 

but 160°C for 10 minutes was found to be sufficient to completely insolubilize the film in 

both 0.26N TMAH and MIBK solvent.  PAB temperatures at 130°C insolubilize the film 

in base, but it still shows reasonably large dark loss in solvent.  Since the primary resist 

matrix is composed of a single compound, the high PAB temperature appear to have no 

substantial effect on the quality of the film. 
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For the initial patterning experiments, DPA-2VE was formulated with 5 mol% 

TPS-Tf and no base quencher. The DUV contrast curves for two different PEB 

temperatures and development in both 0.26N TMAH and MIBK are shown in Figure 

16.3.  It is apparent that using a PEB temperature of 60°C is insufficient to reasonably 

pattern the film.  At this low bake temperature and limited 1 minute bake time, although 

chains are being cleaved to generate small molecules that dissolve, the amount of 

cleavage and depolymerization is not sufficient to completely clear the film.  Using a 

higher PEB temperature of 90°C for one minute allows for successful patterning of the 

material.  The sensitivity is good, but the contrast is low, with a contrast ratio of about 1.1 

for both TMAH and MIBK. The problem appears to be the partial loss of film thickness 

at lower doses, where the network is being cleaved, but there is not sufficient acid to 

completely clear the film. 
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Figure 16.3  DUV (248 nm) contrast curves (NRT = Normalized Remaining film 

Thickness) for DPA-2VE formulated with 5 mol% TPS-Tf and no base 
quencher.  
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In an attempt to improve the low dose thickness loss, DPA-2VE was reformulated 

using 5 mol% TPS-Nf with 1 mol% trioctylamine (TOA) as a base quencher.  The 

photoacid generated from TPS-Nf has a lower diffusivity than the photoacid from TPS-Tf 

which should reduce the catalytic chain length of the acid and should improve the 

thickness loss at lower dose; addition of a base quencher also should improve contrast for 

similar reasons.  The DUV contrast curve for this formulation with a PEB of 90°C is 

shown in Figure 16.4.  As expected, the new formulation had an improved contrast 

relative to the TPS-Tf formulation, but unexpectedly had a lower dose-to-clear (E0) of 4 

mJ/cm2 relative to the 6 mJ/cm2 of the TPS-Tf formulation seen in Figure 16.3.  This is 

unexpected since the addition of base alone should increase the E0, but the addition of 

base combined with the lower diffusivity of the TPS-Nf photoacid should definitely 

increase the E0 relative to the TPS-Tf version with no base quencher.  To further 

investigate this effect, an additional formulation of DPA-2VE was made with 5.1 mol% 

TPS-Nf and 5.3 mol% TOA to make a formulation with approximately a 1:1 PAG:base 

ratio and patterned as also seen in Figure 16.4.  This level of base loading should 

significantly increase the E0 or even render the resist no longer able to pattern due to 

complete neutralization of the photoacid, but it only marginally increases the E0 to 7 

mJ/cm2, just slightly more than the TPS-Tf formulation.  This is highly unexpected and 

suggests that an additional reaction is going on, potentially with the free carboxylic acid 

on DPA-2VE. 
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Figure 16.4  DUV contrast curves for DPA-2VE formulated with 5 mol% TPS-Nf and 

different ratios of base quencher (trioctylamine, TOA) to PAG.   

 
 
 
 

The exact same 5:1 PAG:base formulation with TPS-Nf from above was 

patterned again three hours and five hours after the test above to investigate any time 

effects on the resist solution and to determine if there was any error in the previous 

measurement which was made immediately after making the resist solution (time zero).  

These three measurements, along with the TPS-Tf measurement for comparison (which 

was made about one hour after making the resist solution), are shown together in Figure 

16.5.  As the resist sits in solution, the E0 shifts out to higher dose over time.  In a 

conventional CAR, this set of three curves could likely be obtained by adding more base 

to each solution to generate three contrast curves with a progressively higher E0, but all 

three of the TPS-Nf contrast curves in Figure 16.5 were made with the exact same 

solution.  Most all conventional CARs show no major time effect with how long the 

solution has been made over the time range of a few months, let alone over a few hours. 
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Figure 16.5  DUV contrast curves for DPA-2VE with different time delays between 

making the solution and coating & patterning the resist.  Two different 
formulations are shown Nf (5 mol% TPS-Nf, 1 mol% TOA) and Tf (5 
mol% TPS-Tf, no base).   

 

 

 

In nearly all conventional polymeric CARs, an unprotected base soluble group is 

present along with protected base soluble groups that might be different or the same.  In 

KrF and most EUV resists, the unprotected group is a phenol and the protected group is a 

phenol or carboxylic acid.  In ArF resists, there is either no unprotected group or it is a 

hexafluoro-alcohol (HFA) or aliphatic alcohol and the protected group is typically a 

carboxylic acid.  Phenols and HFAs typically have pKa values of 9.5-10.5 and aliphatic 

alcohols typically have pKa values of 13 and greater.  In DPA-2VE, the unprotected base 

soluble group is a carboxylic acid with a pKa of 4.67 as predicted by the pKa plug-in in 

Marvin Sketch (ChemAxon).  The pKa of trioctylamine reported10 to be 5.3.  This means 

that the conventional unprotected groups (phenols, HFAs, etc.) do not typically react with 
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TOA, but the carboxylic acid in DPA-2VE will react with TOA as shown in Figure 16.6.  

This is why conventional CARs do not have problems with the use of TOA, but this resist 

does.  This also explains why the sensitivity of the formulations with higher levels of 

TOA, such as seen in Figure 16.4, do not show the significant loss of sensitivity as 

expected; most of the TOA is neutralized by reaction with the carboxylic acids in 

solution, so there is little TOA left to neutralize the photoacids in the film.   

This also might explain why the TPS-Tf solution at one hour shows a higher E0 

than the TPS-Nf solution at zero hours.  The TOA is neutralized before exposure, so there 

is a roughly equivalent concentration of acid at each dose for either of the different PAGs 

because little of the TPS-Nf photoacid is neutralized.  Even in this case, one might expect 

the TPS-Tf to have better sensitivity due because of the higher diffusivity of the triflic 

acid; however, in the TPS-Nf formulation several of the carboxylic acids are in the 

ammonium salt form.  If the carboxylic acid salts cannot cross-link with vinyl ethers the 

way the free carboxylic acid does, then the TPS-Nf formulation has multiple compounds 

that effectively act like aqueous soluble chain terminating agents.  This leads to a lower 

network density in the TPS-Nf systems which means that fewer acetal bonds must be 

cleaved by the photoacid to achieve solubility than in the TPS-Tf system which is why 

the TPS-Nf system shows a lower E0 than the TPS-Tf system. 

 

 

Figure 16.6  Acid/base equilibrium for TOA with the carboxylic acid moiety on DPA-
2VE. 
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Although the acid/base equilibrium for TOA with the carboxylic acid moiety on 

DPA-2VE can explain some of the behavior of this system, it cannot fully explain the 

time delay effect; however, this can be explained with this reaction and the vinyl ether 

cross-linking reaction as shown in Figure 16.7.  This resist initially starts out as well-

defined small molecules that are cross-linked into a network as shown in Figure 16.7 by 

heating the film on a hot plate at 160°C for 10 minutes.  The film is heated to increase the 

rate of this reaction and to increase the mobility of the film enough to allow sufficient 

cross-linking over a relatively short time frame.  At lower temperatures, the cross-linking 

reaction still occurs, but it occurs at a much slower rate; as the resist sits in solution, it is 

slowly cross-linking over time.  This means that the initially cast film will have a 

progressively higher number of cross-links over time even before the thermal treatment.  

Although it is possible that the final film after thermal treatment will have the same total 

number of cross-links for all time delays, there could be differences in the morphology or 

distances between branch points in the network that could lead to different dose 

requirements such as between the TPS-Nf with no delay and the TPS-Tf with a one hour 

delay.  This also suggests that over time, the E0 of a formulation could slowly increase as 

more cross-linking occurs in solution; however, the increase in E0 over time is also well 

explained by considering both the cross-linking in solution and the acid/base reaction in 

solution.  Since the acid/base reaction is likely much faster than the vinyl ether cross-

linking at room temperature, almost as soon as the solution is made, much of the TOA is 

neutralized which leads to a very low initial E0 as seen in the TPS-Nf at zero hours.  As 

the remaining free carboxylic acids begin to slowly cross-link with the vinyl ethers, the 

total concentration of carboxylic acids in solution begins to decrease.  The decrease in the 
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concentration of carboxylic acids shifts the acid/base equilibrium to the left which leads 

to an increase in free TOA; when there is more TOA in the film, there is an increase in E0 

because more of the photoacid is neutralized.  This is why the TPS-Nf solution with TOA 

appears to show an increase in base concentration and E0 over time.  

 

 

Figure 16.7  Cross-linking reaction for the vinyl ether with the carboxylic acid moiety 
on DPA-2VE. 

 

 

Although the fact that there is a time effect between when a solution is made and 

when it is patterned is not ideal, it does not prevent the patterning of this resist, especially 

to compare development in aqueous base versus organic solvent.  To compare the two 

different development systems, two different films of the 5 mol% TPS-Nf and 1 mol% 

TOA resist were spin-coated, patterned, and developed at the same time, one in 0.26N 

TMAH and the other in MIBK.  The DUV contrast curve for this formulation with a PEB 

of 90°C is shown in Figure 16.8 at a time delay of three hours after making the resist 

solution.  As desired, the resist shows virtually the same good contrast behavior in both 

development systems, with a little bit more dark loss in the MIBK developed system.  

This is to be expected as the solubility transition in this system should be due primarily to 

depolymerization of the acetal cross-links. 
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Figure 16.8  DUV (248 nm) contrast curve for DPA-2VE formulated with 5 mol% 

TPS-Nf and 1 mol% TOA for base quencher with a time delay of three 
hours after making the resist solution. 

 

 

DPA-2VE formulated with TPS-Nf and TOA was patterned using 100 keV e-

beam to test its high resolution capabilities. Figure 16.9 shows 40 nm 2:1 line:space 

patterns for DPA-2VE developed in (a) 0.26N TMAH and (b) MIBK at a time delay of 

roughly eight hours after making the resist solution. The two different development 

conditions are shown at two different doses because the dose-to-size (Esize) was slightly 

different for each condition.  Dose-to-size was larger in MIBK compared to TMAH, 104 

μC/cm2 compared to 84 μC/cm2.  The Esize results from the e-beam patterning is slightly 

different from the DUV E0 results because the small differences in developer selectively 

are more important in the high resolution e-beam patterning than the large area DUV 

patterning. The best patterning obtained in initial trials was 40 nm spaces with 80 nm 

lines (2:1 line:space).  While 40 nm 1:1 line:space pattern appear to resolve, they 

exhibited substantial adhesion failure on the unprimed substrate used for patterning 
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experiments.  Repeating the patterning with HMDS priming or an underlayer should help 

improve this adhesion failure.  Comparing the two different development conditions, it is 

clear that the MIBK developed sample is much smoother than the TMAH sample. The 

MIBK sample had a 3σ LER of 7.4 nm, while the TMAH developed sample had a 3σ 

LER of 14.2 nm. Given the limited number of patterned lines measured and the relatively 

poor quality of the SEM images due to CD-SEM problems, solvent (MIBK) development 

cannot be definitively said to show superior LER compared to TMAH development, but 

the results suggest that solvent development may lead to lower LER than aqueous base 

development in such systems.  

 

 
(a) (b)

100 nm  100 nm  
Figure 16.9  SEM of 40 nm 2:1 line:space patterns of DPA-2VE formulated with 5 

mol% TPS-Nf and 1 mol% TOA imaged using 100 keV e-beam 
patterning; (a) Developed in 0.26N TMAH, Esize = 84 μC/cm2; (b) 
Developed in MIBK, Esize = 104 μC/cm2  
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16.4  Conclusions 

 
A positive-tone cross-linked molecular resist was synthesized and characterized.  

Thermal cross-linking of multi-component molecular resists has difficulty maintaining 

good film quality while cross-linking sufficiently to become insoluble. A single multi-

functional molecular resist, DPA-2VE, showed significant improvement and could be 

cross-linked sufficiently to become insoluble in both organic solvent and aqueous base. 

When formulated with TPS-Nf and TOA, it showed a DUV sensitivity of 7 mJ/cm2 and a 

contrast of 5.2 for development in either solvent or aqueous base.  When adding base 

quencher to formulations of DPA-2VE, the resist showed a delay effect between making 

the solution and patterning the resist due to reaction between the base and carboxylic acid 

moieties and the slower reactions between the carboxylic acids and vinyl ethers. High 

resolution patterning using 100 keV e-beam showed resolution capability down to at least 

40 nm features.  When 0.26N TMAH was used as a developer, the dose-to-size was 84 

μC/cm2 with a 3σ LER of 14.2 nm. Using MIBK as a developer, the dose-to-size was 104 

μC/cm2 and the 3σ LER was 7.4 nm. Further studies are underway to determine if 

development using organic solvent provides superior LER compared to aqueous base.  
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CHAPTER 17 

NON-CHEMICALLY AMPLIFIED MOLECULAR RESISTS BASED 

ON PHOTOSENSITIVE DISSOLUTION INHIBITORS 

 

A new class of non-chemically amplified molecular resists has been made based 

on the use of photosensitive protecting groups.  The deprotection during exposure 

converts a dissolution inhibiting compound into a dissolution promoter.  The key benefit 

of the use of molecular resists in this application is that they can exhibit a sharp solubility 

transition with relatively low levels of deprotection.  Two different inhibiting compounds 

were made that use a 2-nitrobenzyl protecting group; NBnDCh, an aliphatic molecular 

resist based on deoxycholic acid, and NBnHPF, based on an aromatic molecular resist 

containing two phenol groups.  Blending these compounds with a calixarene dissolution 

promoter allowed the contrast and sensitivity of the resist formulations to be tuned.  

Contrast ratios as high as 27 and DUV sensitivities between 150 and 400 mJ/cm2 were 

obtained using NBnDCh.  NBnHPF based systems showed somewhat lower contrasts but 

also exhibited much lower clearing doses of only 60 mJ/cm2 and smaller.   One particular 

NBnHPF formulation possessed a sensitivity of 10 mJ/cm2 and a contrast of 8.3, and it 

was even possible to formulate one resists with an extremely low dose-to-clear of only 1 

mJ/cm2.  Such low dose-to-clear values in non-chemically amplified resists have to our 

knowledge not been reported before.  The Dill C parameter for each of the two systems 

was quantified using FTIR.  The sensitivity of the NBnHPF systems was found to be very 

good because they undergo a solubility transition at 75 mole% inhibitor; this means that 

some formulations only need 0.5% photo-conversion to pattern.  Despite the excellent 
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DUV sensitivity of these systems, it was found that they do not possess high sensitivity 

when exposed using EUV or e-beam exposure sources. 

  

17.1 Introduction 

 
Chemically amplified resists (CARs) have formed the workhorse material for 

commercial sub-micron deep ultraviolet (DUV) lithography using both KrF and ArF 

lasers and will likely be the resists used for the initial commercialization of extreme 

ultraviolet (EUV) lithography.  This is due in large part to the generally accepted premise 

that CARs offer significantly improved sensitivity compared to non-chemically amplified 

resists (non-CARs).  This sensitivity improvement is because non-CARs typically 

undergo a single reaction per photon (at DUV) often accompanied by a relatively low 

quantum yield.  In CARs, a single photon can produce a photoacid which can 

catalytically carry out multiple additional reactions; thus, the required number of photons, 

or dose, to effect an equivalent solubility change is greatly reduced in CARs.   

Unfortunately, the photoacid which gives CARs superior sensitivity also reduces 

their resolution due to diffusion of the photoacid outside of the exposed region during the 

post-exposure bake (PEB).  Since all the reactions in non-CARs typically occur during 

exposure, they can avoid this diffusion blur and can have superior resolution.  Likewise, 

the random walk nature of photoacid diffusion in CARs is especially apparent at these 

length scales and can contribute to line edge roughness (LER) and line width roughness 

(LWR).1  Despite steady improvements in the resolution of CARs, little progress has 

been made in the improvement of LER, and LER in current champion CARs still lags far 

behind the desired International Technology Roadmap for Semiconductors (ITRS) 
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performance targets.2  While non-CARs generally still display a small amount of LER, it 

is typically much lower than that seen in CARs.3-4  If non-CARs could achieve patterning 

at equivalent doses to CARs, they would likely be the preferred resist for high resolution 

patterning.  Novel designs of non-CARs were thus investigated in this work in an attempt 

to greatly improve their sensitivity and thus yield a superior class of materials for future 

high resolution patterning.  

While a number of studies have been done using polymeric non-chemically 

amplified resists,5,6,7,8 much less work has been done using non-chemically amplified 

(non-CA) molecular resists.  Molecular resists have several unique properties that can in 

some cases lead to substantial improvements over traditional polymeric resists.  Most 

notably in molecular resists, their monodispersity, unique dissolution behavior, and very 

low molecular weight can produce significantly different behavior and patterning 

performance as compared to polymeric resists materials using similar imaging reactions 

and functional groups.  For example, recent studies have shown that negative tone 

molecular resists based on epoxide cross-linking reactions show significantly improved 

performance compared to their polymeric analogs because of these unique properties.9  

The few negative tone non-CA molecular resists that have been studied, such as HSQ and 

several calixarenes,10 showed excellent performance, but little work has been done on 

positive tone non-CA molecular resists.  Most of the negative tone non-CA molecular 

resists that have demonstrated high resolution depend on step-wise cross-linking to form 

a less soluble network.11-12  While such designs have been shown to provide high 

resolution, they also suffer from poor sensitivity because an electron or photon is required 

to effect nearly each individual molecular cross-linking event, and nearly every molecule 
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in the exposed area must be cross-linked to be rendered sufficiently insoluble.  In 

contrast, the work presented here has focused on positive tone non-CA molecular resists 

that have large solubility changes in the resist matrix and the use of dissolution inhibitor 

motifs which allow for a single reaction event to affect the solubility of several 

surrounding molecules rather than a single molecule.  Furthermore, it was hypothesized 

that the unique dissolution properties of molecular resists should allow for higher contrast 

performance than in non-CA polymers because the transition from completely insoluble 

to completely soluble occurs over a very narrow range of compositional change in such 

molecular resist materials, especially in the ultra-thin films that would be required for 22 

nm patterning and below. 

The venerable diazonaphthoquinone (DNQ)/novolak resists that use DNQ 

dissolution inhibitors form the workhorse materials for 365 nm (I-line) wavelength 

lithography and above13 because they have relatively good sensitivity and dissolution 

contrast.  The good sensitivity of these systems is due to the DNQ which acts to strongly 

inhibit the dissolution of novolak when unexposed, but acts as a dissolution promoter 

after exposure due to the Wolff rearrangement which converts the DNQ to a carboxylic 

acid.  Despite its excellent performance, when moving to 248 nm lithography from the I-

line wavelength, DNQ/novolak could not be used due to its high absorbance.  Likewise, 

DNQ dissolution inhibitor based systems cannot be effectively used for positive tone 

resists under e-beam and EUV because the high vacuum in these systems removes the 

water required for the Wolff rearrangement from the resist film, and the DNQ instead 

cross-links the matrix in such systems resulting again in negative tone behavior based on 

cross-linking.14   
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To overcome this problem, dissolution inhibitors that use photosensitive 

protecting groups which become dissolution promoters after photolysis without the 

requirement for water in a vacuum were used in this work.  The photosensitive protecting 

group can be put directly onto the molecular resist and it can act as its own inhibitor.  

Fortunately, much work has been done on photosensitive protecting groups for use in 

peptide and carbohydrate chemistry.15  Resist designs of this type were even investigated 

at one time for use in early inhibitor based DUV polymer resists16 before the widespread 

introduction and use of CARs.  Since forms of photosensitive protecting groups are 

known that protect and release phenols, carboxylic acids, and sulfonic acids, they provide 

large versatility in potential resist designs. 

The initial non-CA molecular resist designs explored using this approach contain 

a 2-nitrobenzyl (NBn) moiety as the photosensitive protecting group.  It is one of the 

most widely known and examined photosensitive protecting groups.17  The 

photochemical reaction mechanism has been shown to involve intramolecular insertion of 

an excited nitro group oxygen into a benzylic carbon-hydrogen bond followed by 

rearrangement to form nitrosobenzaldehyde and the unprotected alcohol or acid.18  This 

mechanism is useful because it doesn’t proceed through a radical bond cleavage that 

could lead to cross-linking, and neither does it require hydrogen abstraction from the 

surrounding molecules to complete the deprotection.  The two photosensitive dissolution 

inhibitor compounds synthesized and studied here, NBnHPF and NBnDCh, are shown in 

Figure 17.1 along with calix[4]resorcinarene (C4MR) which is added to formulations as a 

dissolution promoter.  NBnDCh, 2-nitrobenzyl deoxycholate, has a nitrobenzyl (NBn) 

ester and forms a carboxylic acid functionalized molecular resist, i.e. a resist containing 
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deoxycholic acid, upon photolysis.  Deoxycholic acid was chosen instead of one of the 

many other bile acids such as cholic acid or lithocholic acid because its protected 

derivatives are reported to have better solubility19 and to show stronger interaction with 

carboxylic acids20 than the derivatives of the other simple bile acids.  NBnHPF, 9-(4-(2-

nitrobenzyloxy)phenyl)-9-(4-hydroxyphenyl)-fluorene, has a NBn ether that forms a 

phenol after exposure.  It was determined using an in-house solubility prediction model21 

that protecting only one of the two phenols on the starting core was sufficient to render 

the whole molecule insoluble in standard developer.  NBnHPF was purified by column 

chromatography to give only the pure mono-benzylated molecular resist.   

 

 
Figure 17.1  Chemical structures of NBnHPF, NBnDCh, and C4MR. 
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17.2  Experimental 

17.2.1 Materials, Equipment, and Processing   

 
All reagents and solvents used were purchased from either Sigma-Aldrich, TCI 

America, or Alfa-Aesar and used as received. An aqueous solution of 0.26N 

tetramethylammonium hydroxide (AZ 300 MIF, AZ Electronic Materials) was used as 

developer.  A Varian Mercury Vx 300 was used to collect NMR. Deep ultraviolet (DUV) 

exposures were done using an Oriel Instruments 500W Hg-Xe arc lamp with a 248 nm 

band-pass filter. Film thicknesses were measured using a M-2000 spectroscopic 

ellipsometer (J.A. Woolam, Inc.) to collect ellipsometric spectra over the wavelength 

range from 350 to 1000 nm and by fitting this data using a Cauchy layer to determine the 

resist film thickness. Fourier transform infrared (FTIR) spectroscopy was done using a 

Bruker Vertex 80v with a Hyperion microscope attachment using a grazing angle 

objective for sub 100 nm thick films spin-coated onto gold coated silicon wafers.  E-

beam lithography was done using a JEOL JBX-9300FS electron-beam lithography 

system with 100 keV acceleration voltage, 2 nA current, and 10 nm single-pixel shot 

pitch. Resolution tests were done on resist films coated onto 46 nm thick silicon nitride 

membrane windows. The patterns produced by e-beam lithography were imaged using a 

Carl Zeiss Ultra60 SEM with 3 keV acceleration voltage.  EUV lithography was done 

using the Berkeley Microfield Exposure Tool. 

NBnHPF and NBnDCh were formulated with different mass fractions of 

calix[4]resorcinarene (C4MR) which acts like a dissolution promoter in this case.  C4MR 

was synthesized as described elsewhere.22   The mass fraction of C4MR in the 

formulations is specified by referring to the individual formulations as NAME.XX, where 
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NAME specifies the dissolution inhibitor used (either NBnHPF and NBnDCh) and XX 

specifies the overall solids mass percentage of C4MR.  For example, NBnHPF.10 

contains 10% by mass C4MR and NBnDCh.20 contains 20% by mass C4MR.  Four 

formulations of NBnHPF were made with 0, 10, 20, and 25 percent C4MR, and four 

formulations of NBnDCh were made with 0, 20, 40, and 50 percent C4MR.  The resists 

were dissolved in propylene glycol methyl ether acetate (PGMEA) and the solutions were 

filtered through 0.2 μm PTFE filters. The solutions were spin-coated to form films that 

received a post-apply bake (PAB) of 90 °C for 2 minutes to produce 50 nm thick films. 

After exposure, no post-exposure bake (PEB) was used and the films were directly 

developed in 0.26N TMAH for 30 seconds and rinsed with deionized water. 

 

17.2.2 Synthesis of Compounds 

17.2.2.1 NBnHPF, 9-(4-(2-nitrobenzyloxy)phenyl)-9-(4-hydroxyphenyl) fluorene 

 
9,9-Bis(4-hydroxyphenyl)fluorene (3.00 g, 8.56 mmol, 1 equiv) was dissolved in 

acetone along with 2-nitrobenzyl bromide (1.94 g, 8.99 mmol, 1.05 equiv) and 18-crown-

6 (113 mg, 0.43 mmol, 0.05 equiv). Potassium carbonate (1.30 g, 9.42 mmol, 1.1 equiv) 

was added, and the mixture was stirred under reflux overnight. The reaction mixture was 

poured onto water and extracted with dichloromethane. The organic layer was washed 

twice with water, dried over MgSO4, and solvent was removed using a rotary evaporator 

to yield a pale yellow oil.  The oil was purified by flash chromatography using 

dichloromethane. The first product off the column was the di-substituted product (Rf = 

0.74) and the second product was the desired mono-substituted NBnHPF (Rf = 0.31).  
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After evaporating the solvent, 9-(4-(2-nitrobenzyloxy)phenyl)-9-(4-hydroxyphenyl) 

fluorene was obtained as a pure white solid (1.53 g, 37% yield).  1H-NMR (300 MHz, 

CDCl3) δ (ppm) 8.14 (d, 1H), 7.86 (d, 1H), 7.75 (d, 2H), 7.66 (t, 1H), 7.46 (t, 1H), 7.37 

(d, 2H), 7.35 (t, 2H), 7.26 (t, 2H), 7.14 (d, 2H), 7.06 (d, 2H), 6.83 (d, 2H), 6.70 (d, 2H), 

5.43 (s, 2H). 

 

17.2.2.2 NBnDCh, 2-nitrobenzyl deoxycholate 

 
Deoxycholic acid (2.00 g, 5.09 mmol, 1.16 equiv) and 2-nitrobenzyl bromide 

(0.95 g, 4.84 mmol, 1 equiv) were dissolved in 15-20 mL of benzene to give a cloudy 

solution. DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene, 0.853 g, 5.60 mmol, 1.27 equiv) 

was dripped into the solution and a precipitate begins to appear which dissolves over time 

with heating to give a clear solution. The reaction mixture is heated to 80 °C overnight 

with stirring. Upon cooling, a white precipitate appears, and ethyl acetate and water are 

added to the solution. The organic layer is separated and washed with water. The solvent 

is removed using a rotary evaporator. Recrystallization using ethanol gives 2-nitrobenzyl 

deoxycholate as a white solid. (1.20 g, 52% yield).   1H-NMR (300 MHz, DMSO) δ (ppm) 

8.10 (d, 1H), 7.77 (t, 1H), 7.62 (m, 2H), 5.38 (s, 2H), 4.52 (d, 1H), 4.19 (d, 1H), 3.75 (s, 

1H), 2.45-2.21 (m, 2H), 1.83-0.94 (m, 25H), 0.90 (d, 3H), 0.82 (s, 3H), 0.55 (s, 3H). 
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17.3  Results and Discussion 

 
While NBnHPF and NBnDCh could certainly be used only as pure single 

component resists, their sensitivity would likely be much higher than could be achieved 

by blending them into other soluble compounds, such as the C4MR used here, which 

reduces the total conversion of photosensitive protecting group in the mixture that is 

required to reach a bulk soluble state.  In dissolution inhibitor (DI) based polymer 

systems such as DNQ/novolak, an inhibitor loading of 15 - 30 % is sufficient to provide 

the dissolution contrast needed to pattern the resist.23  Using molecular resists in a sub-

100 nm thick film, this is an insufficient inhibitor loading and the entire film would 

dissolve over typical development times.  Rather, DI loadings of upward of 70 - 80 % are 

required to make the entire film insoluble in some cases.  Since the DI is now the primary 

resist component, it is easier to discuss different formulations based on the amount of 

dissolution promoter (DP), or base soluble molecular resist, added to the photosensitive 

insoluble compounds.  While the soluble unprotected compounds, i.e 9,9-bis(4-

hydroxyphenyl)fluorene and deoxycholic acid, could certainly be added to serve this 

purpose, C4MR was added as the DP in this initial study because of its relatively compact 

size and large number of OH groups.  The large numbers of OH groups should create 

strong hydrogen bonding between the soluble C4MR and the insoluble components, and 

it was felt that this could act to improve contrast by reducing the leaching of C4MR from 

the un-exposed and partially exposed regions of the resist during development.  Four 

different blends of NBnHPF and C4MR were patterned with 0, 10, 20, and 25 weight 

percent C4MR. While higher loadings of C4MR were attempted, they all showed 

significant dark loss that was too large to be used for patterning sub-100 nm thick films.  
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Four different blends of NBnDCh and C4MR were made with 0, 20, 40, and 50 weight 

percent C4MR.  The blends with 40 and 50 weight percent C4MR (NBnDCh.40 and 

NBnDCh.50) again showed too much dark loss and/or delamination to be successfully 

patterned.  All resist formulations were patterned on HMDS primed silicon or silicon 

nitride substrates since on un-primed substrates these compounds all exhibited adhesion 

and delamination problems during developing. 

Four of the resist formulations showed DUV (248 nm) sensitivity that was worse 

than typical CAR sensitivity.  The DUV contrast curves for NBnHPF.00, NBnHPF.10, 

NBnDCh.00 and NBnDCh.20 are shown in Figure 17.2.  While the resists based on 

NBnHPF showed much better sensitivity than the NBnDCh resists, the NBnDCh resists 

showed better contrast than the NBnHPF resists.  As expected, the sensitivity is improved 

substantially in both systems when more dissolution promoter is added.  NBnHPF.00 had 

a dose-to-clear (E0) of 60 mJ/cm2 and a contrast ratio of 7.6, while NBnHPF.10 had an 

E0 of 50 mJ/cm2 and a contrast of 6.5.  While these sensitivity values are slightly higher 

than most typical CARs, they are significantly lower than those reported for most non-

CARs such as DNQ-novolak.  The contrast is just marginally lower than top performing 

CARs and is competitive with some CARs used in industrial manufacturing.  The 

deoxycholate based systems show sensitivity that is similar to or slightly worse than other 

dissolution inhibitor based non-CARs, but have much better contrast.23  The E0 and 

contrast for NBnDCh.00 was 377 mJ/cm2 and 27.3 respectively, and NBnDCh.20 had an 

E0 of 172 mJ/cm2 and a contrast of 16.7. 
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Figure 17.2  DUV (248 nm) contrast curves for NBnHPF.00, NBnHPF.10, 
NBnDCh.00, and NBnDCh.20. 

 

 

Interestingly, two of the non-CAR molecular resist formulations characterized 

here had performance that was equivalent or even superior to CARs.  For comparison to a 

previous study in our lab,24 a molecular resist CAR based on a tBoc protected tris(4-

hydroxyphenyl)ethane imaged using 5 mole% triphenylsulfonium nonaflate as a PAG 

had a sensitivity of 8 mJ/cm2 with a contrast of 6.4 under DUV exposures.  The DUV 

contrast curves for NBnHPF.20 and NBnHPF.25 are shown in Figure 17.3. The 

sensitivity for NBnHPF.20 was 10 mJ/cm2 with a contrast of 8.3.  NBnHPF.25 has a 

dose-to-clear of only 1 mJ/cm2 with a minor dark loss of around 5 nm film thickness.  To 

our knowledge this is the best sensitivity ever reported for a non-chemically amplified 

resist, and would be considered a very sensitive resist even if it were a CAR.  These two 
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resists really show the possibilities of this resist design scheme, i.e. that non-chemically 

amplified resists can be made that show performance that is equivalent or possibly 

superior to CARs.  The sensitivity can be highly tuned simply by changing the 

dissolution promoter loading. 

 

 
Figure 17.3  DUV (248 nm) contrast curves for NBnHPF.20 and NBnHPF.25. 

 

 

In an effort to study and quantify the differences between the NBnHPF and 

NBnDCh systems, FTIR studies of the photochemical conversion rates of the nitrobenzyl 

(NBn) group were performed for each system.  The decrease in the nitro absorbance peak 

at 1525 cm-1 was used to monitor the photolysis of the protecting group.  The data was fit 

using a Dill C model as shown in Equation (17.1).25  The experimental data and the Dill C 

model fits to the data are shown in Figure 17.4.  The Dill C value for NBnHPF.20 was 

0.0042 cm2/mJ, and the Dill C value for NBnDCh.00 was 0.0023 cm2/mJ.  These values 
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are consistent with other studies of the photochemical rate constant for nitrobenzyl 

groups.  For example, a Dill C value of 0.0094 cm2/mJ was previously reported for a 

nitrobenzyl tosylate photoacid generator in a polystyrene matrix26 and a Dill C value of 

0.00243 cm2/mJ was reported for a nitrobenzyl N,N-diisopropyl carbamate photobase 

generator in poly(methyl methacrylate).27  As expected, the Dill C value for this non-ionic 

moiety is lower than triarylsulfonium PAGs which typically have Dill C values in the 

range of 0.025 to 0.05 cm2/mJ.28 
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Figure 17.4  Conversion of NBn groups for NBnHPF.20 and NBnDCh.00 and a fit of 
the data using a Dill C model. 
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Although the Dill C for the NBnDCh systems is about half that of the NBnHPF 

systems, the dose-to-clear for the NBnDCh formulations is 5 – 20 times higher than the 

similar NBnHPF formulations.  To better understand the differences between the two 

systems, the contrast curves and the Dill C parameters were combined to examine the 

inhibitor loading at the point of solubility-switching in these C4MR mixture based resists.  

Figure 17.5 shows the normalized remaining thickness (NRT) versus mole fraction of 

inhibitor remaining in the film.  As expected, the six contrast curves collapse onto two 

different groups, one group for the NBnDCh resists that undergoes a solubility switch at 

about 0.45 mole fraction protected inhibitor, and a second group for the NBnHPF resists 

with all the different formulations clearing at approximately 0.75 mole fraction protected 

inhibitor.  The worse sensitivity of the NBnDCh based resists is because they both have a 

lower Dill C and require much higher conversion of the protected NBnDCh inhibitor than 

in the case of the NBnHPF based resists.  NBnDCh has such a different inhibitor loading 

at the solubility threshold compared to NBnHPF most likely because the different base 

soluble groups in each system. NBnHPF has phenolic groups that deprotonate during 

development, while NBnDCh has carboxylic acid groups.  Although the exact reasons 

why the two different solubilizing groups might show this kind of difference is currently 

unknown, it has been previously shown that carboxylic acid and phenol based resists can 

show quite different dissolution behavior.29  Since carboxylic acid based systems show a 

greater propensity for swelling than phenol based systems, it is possible that some small 

levels of swelling in the NBnDCh system is the source of the difference between the two 

systems, but further studies are required.  
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Figure 17.5  Inhibitor loading at the point of solubility transition for the different 
formulations of NBnHPF and NBnDCh. 

 

 

Figure 17.5 also reveals the key to the high sensitivity and good contrast of this 

design scheme.  The materials show a sharp thickness response to small changes in the 

conversion of the protected inhibitor, and if the ratio of protected inhibitor to C4MR 

dissolution promoter are chosen properly then very low photochemical conversion of the 

inhibitor is required to reach a soluble state.  In other words, by increasing the dissolution 

promoter loading, the conversion required to reach the solubility threshold is reduced.  

NBnHPF.20 requires only about 5 % conversion of the nitrobenzyl ether protecting 

groups to become soluble, while NBnHPF.25 requires less than 0.5 % conversion to cross 

the solubility threshold.  Although the photoreaction rate constants for these non-ionic 
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systems are lower than the conventional ionic photoacid generators used in typical CARs, 

the very low conversion required in the non-CARs allows them to maintain good to 

excellent sensitivity.  Additionally, no scumming is detectible by ellipsometry in 

patterned films even though 75 % of the film is composed of nominally base insoluble 

molecules.  This is a property that is likely unique to molecular resists compared to 

polymeric based inhibitor systems. 

In most typical resist systems, if a resist has good sensitivity in DUV optical 

patterning, it will have reasonably good sensitivity in higher energy patterning processes 

such as e-beam or EUV despite the change in the exposure mechanism.  This is the 

reason that most current EUV resists are based on CAR platforms that were originally 

used for KrF patterning such as ESCAP,30 and thus it is generally accepted that entirely 

new resist design platforms do not have to be developed for the move to EUV such as 

was the case with the move to ArF patterning from KrF patterning31 or when movement 

to F2 excimer laser based patterning was considered.32  For this reason, it was expected 

that the resist materials explored in this work would still show reasonable sensitivity 

under e-beam patterning.  However, when high resolution patterning of NBnHPF.20 was 

attempted using 100 keV e-beam, no patterning was observed even at doses as high as to 

3000 μC/cm2.  Only a slight thickness modulation was observed in areas that should 

nominally be patterned and was the only obvious evidence that the sample had been 

exposed at all as can be seen in Figure 17.6.  When NBnDCh was patterned using e-beam 

lithography, no thickness modulation after development could be observed at all.  

Likewise, large area contrast curves of NBnHPF.20 patterned using EUV did not clear 

even up to doses of 70 mJ/cm2.   
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Figure 17.6  SEM of nominally 100 nm 1:1 line:space patterns in NBnHPF.20 imaged 
using 100 keV e-beam patterning at a dose of 3000 μC/cm2. No complete 
patterning is observed, but slight modulation is observed where lines 
should be patterned.  

 

 

A previous study11 using 2-nitrobenzyl tosylate PAGs loaded at 5 weight percent 

in a polystyrene matrix showed that the nitrobenzyl groups are active under 100 keV e-

beam exposure, so the nitrobenzyl groups should undergo conversion.  If NBnHPF.20 

had the same Dill C value under 100 keV e-beam as reported for 2-nitrobenzyl tosylate11 

(0.005 cm2/μC), it would have patterned at approximately 10 - 15 μC/cm2 based on the 

data in Figure 17.5.  While there are obviously differences in the bulk matrix and the 

nitrobenzyl group attachment, the most important difference between the two different 

studies is the relative loading of the nitrobenzyl group.  Considering only the nitrobenzyl 

group (C7H6NO2) relative to all other solids, NBnHPF.20 has tenfold higher loading by 

mass of the nitrobenzyl group than the PAG study.  Under DUV, the resist still behaves 

as expected when significantly increasing the loading of a photoactive compound.  Under 

high energy exposures, the resist behavior changes drastically when the active compound 

loading is significantly increased.  This is likely due to the change in exposure 

mechanism going from DUV, where the patterning is primarily by direct photon 
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absorption, to EUV and e-beam, where the patterning occurs by a more complicated 

series of excited state electron transfers.33  The exact cause of the loss of sensitivity is 

unknown, but is likely due to some additional mechanism such as cross-linking that arises 

or becomes more important under high energy exposures when the active species 

concentration is increased.  Further study is needed to understand the cause of this 

sensitivity loss and what effect it might have on future non-CA resists for e-beam and 

EUV.  Likewise, this could also have a strong effect on CARs that have higher loadings 

of photoactive species such as PAGs. 

A possible explanation for the loss of sensitivity under high energy exposure can 

be made by examining the mechanism of photoacid generation under high energy 

exposure.33  The first step in the radiation chemistry of these types of systems is typically 

the reaction of a high energy electron or photon with the primary resist matrix which is 

typically a polymer or molecular resist to form a radical cation and ejects a secondary 

electron as shown in Equation (17.2). 

 −•+ +→ eMOHMOH  (17.2)

 
Once the radical cation is created, it can react with another molecule as shown in 

Equation (17.3).  The radical then will either rearrange or react with another compound to 

form a cross-link; this is the basis for the imaging of many negative tone non-CA resists 

for e-beam such as the calixarenes.11 

 )( +••+ +→+ HMOHMOMOHMOH  (17.3)

 
The secondary electron can carry out further reactions like Equation (17.2) until it loses 

enough energy that is can no longer carry inelastic type collisions.  At this stage, the 
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electron can be modeled as a diffusion/reaction system.  When the electron is at this 

lower energy level, several reactions can still occur.  It can recombine with a radical 

cation to generate an excited state neutral species as in Equation (17.4).  The electron can 

react with an electron scavenger such as an arene to generate a radical anion as in 

Equation (17.5).  It can react with a PAG which acts like an electron scavenger to 

generate the photoacid anion as in Equation (17.6).  It can also react with a compound 

with a good leaving group such as an alkyl halide to generate an anion as shown in 

Equation (17.7). 

 *MOHeMOH →+ −•+
 (17.4)

 

 •−− →+ ArAre  (17.5)

 

 −•− +→+ APPAe  (17.6)

 

 −•− +→+ XRRXe  (17.7)

 
The photoacid is typically made by combination of an acid anion with a proton or the 

proton adduct from Equation (17.3) as shown in Equation (17.8). 

 HXMOHXHMOH +→+ −+ )(  (17.8)

 
Examining the radiation chemistry mechanism can provide potential explanations for 

some of the problems seen in the non-CA molecular resists. 

 The first thing that must be considered is any changes to the mechanism for the 

release of the nitrobenzyl group going from DUV to e-beam.  The DUV mechanism for 
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the 2-nitrobenzyl group has been extensively studied for a number of different protected 

groups and is well understood.17-18  The mechanism of the deprotection of the 2-

nitrobenzyl group under ionizing radiation is much less studied; however, the mechanism 

of electron capture by nitrobenzyl halides to release halide anions has been studied.34-35  

It is likely that the mechanism of the deprotection of phenols and carboxylic acids under 

high energy radiation behaves in a similar way, and the discussion below will assume that 

it does.  Figure 17.7 shows the mechanism for release of the 2-nitrobenzyl group under 

DUV and e-beam exposures.  Under DUV photon absorption, the nitrobenzyl group 

enters an excited state and undergoes an intramolecular rearrangement to 

nitrosobenzaldehyde and the unprotected alcohol or acid, while directly supplying the 

required hydrogen for the alcohol or acid.  Under e-beam exposures, the nitrobenzyl 

group captures an electron to form a radical anion that rapidly breaks apart to form a 

nitrobenzyl radical and the alkoxide or carboxylate anion.  The anion then forms the 

alcohol or acid similarly to Equation (17.8).  Although the mechanism is different in e-

beam compared to DUV, it should not preclude the formation of the required alcohol or 

acid, similarly to how the 2-nitrobenzyl tosylate11 previously discussed still generates an 

acid imaging by a similar mechanism.  Thus, the change in mechanism probably doesn’t 

account for the sensitivity loss of this system under e-beam. 
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Figure 17.7  Mechanism of the release of the 2-nitrobenzyl group under (a) DUV 

exposures and (b) e-beam or EUV exposures.  

 

 

There are several changes in the mechanism between DUV and e-beam that can 

likely account for the sensitivity loss.  One possibility is that the fluorene moiety on the 

NBnHPF core begins to competitively scavenge low energy electrons as in Equation 

(17.5) with the nitrobenzyl moiety as in Equation (17.6).  This can occur because fused 

arenes such as biphenyl and fluorene are well known to be efficient electron scavengers.  

This would lead to the requirement of a significant increase in dose to generate sufficient 

low energy electrons to react with the nitrobenzyl groups. The effect of a large number of 

fluorene radical anions which will likely react further is unknown, but could lead to 

significant cross-linking.  It is also unknown how a molecule will react when it has 

multiple electron scavenging moieties.  Previous studies have shown that electron capture 

is preferred in molecules with low electron affinities11 and low reduction potentials in a 

mixture with molecules with higher electron affinities; however, little is known about 

what will happen in a molecule with two different moieties that can easily form radical 

anions.  It is possible that when if radical anion of the entire molecule of NBnHPF is 
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formed, it will never rearrange to give the free phenol; likewise, capture by the 

nitrobenzyl moiety might still give rearrangement to a non soluble product.   

Another mechanism that could prevent patterning is seen in Equation (17.2) and 

Equation (17.3).  When the radical cation of NBnHPF is formed, it is likely that it will 

undergo rearrangement via Equation (17.3) to yield a phenoxy radical that will be very 

reactive and tend to cross-link or undergo radical-radical coupling to generate a new 

protected type phenol.  This would render that specific NBnHPF molecule insoluble 

regardless of whether or not the nitrobenzyl group on the other arm was deprotected or 

not because two phenols are required to render the core molecule soluble in 0.26 N 

TMAH.  Thus, for every phenol that is deprotected via Equation (17.6), the other phenol 

is effectively protected by Equation (17.2) and Equation (17.3) and the resulting reactions 

from there. 

Although a significant loss of sensitivity makes this specific set of compounds 

unsuitable for use in EUV and e-beam, it is possible that using a different active species 

besides a 2-nitrobenzyl group could show improvements that would allow the use of this 

design scheme with those exposure methods.  Likewise, changing the core compound 

could also lead to improved performance under high energy exposures.  Despite the 

problems under high energy exposures, several of the current compounds show excellent 

sensitivity and contrast under DUV exposures.  High resolution patterning of these 

compounds under 248 nm and 193 nm should likewise show good performance. 
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17.4  Conclusions 

 
Two new non-chemically amplified molecular resists have been synthesized and 

characterized.  The sensitivity and contrast could be tuned by changing the amount of 

dissolution promoter blended into the resist formulations.  NBnDCh, a molecular resist 

based on 2-nitrobenzyl ester protected deoxycholic acid showed an excellent contrast 

ratio of 27.3 and a DUV sensitivity of 377 mJ/cm2.  Blending 10 wt% of a dissolution 

promoter improved the sensitivity to 172 mJ/cm2.   NBnHPF, a resist based on a 9,9-

bis(4-hydroxyphenyl)fluorene molecular resist core that was protected with a single 

nitrobenzyl ether showed DUV sensitivity of 60 mJ/cm2 and a contrast ratio of 7.6.  

Blending 20 wt% of a calixarene dissolution promoter improved its sensitivity and 

contrast to 10 mJ/cm2 and 8.3, respectively.  Addition of 25 wt% of the dissolution 

promoter to NBnHPF improved sensitivity down to 1 mJ/cm2.  The superior sensitivity of 

the NBnHPF systems relative to the NBnDCh systems was found to be because it both 

had a higher Dill C parameter and because it required much less conversion cross the 

solubility threshold.  NBnHPF systems undergo a solubility transition at around 75 

mole% inhibitor while the solubility transition for NBnDCh systems is around 45 mole% 

inhibitor, meaning that an equivalent formulation of NBnDCh would require at least 

200% of the conversion that a NBnHPF formulation would require.  The excellent 

sensitivity in NBnHPF systems is explained by the high levels of inhibitor at the 

solubility threshold. NBnHPF.20 clears with only 5% conversion of the photosensitive 

protecting group, while NBnHPF.25 only requires 0.5% conversion to clear.  Despite the 

high sensitivity under DUV, these resists would not pattern under EUV and e-beam, even 

up to doses as high as 3000 μC/cm2 (100 keV).  The cause of complete loss of sensitivity 
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of the systems under high energy exposures is unknown, but is likely related to the 

change in patterning mechanism under ionizing radiation.  
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CHAPTER 18 

SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

 

18.1 Summary 

 
Many problems exist in current resist designs that will limit their ability to obtain 

the performance required for future generations of IC devices.  The works presented in 

this thesis look at multiple approaches that must be used to solve these problems.  

Advanced processing and metrology models based on the underlying physics of these 

resists at the length scale of interest have been developed in order to better understand 

these limitations and determine ways to mitigate these problems.  Structure-property 

relations were developed for the accurate prediction of molecular resist properties.  This 

allows for the design of resists that work correctly the first time which improves 

throughput of new materials.  Several novel families of molecular resist materials were 

developed that provide solutions to these problems.   

Chapters 2 and 3 describe kinetic Monte Carlo mesoscale simulations of resist 

processing.  This approach allows for the characterization of the LER produced during 

the patterning process.  The models are shown to correctly reproduce experimentally 

observed trends and LER scaling.  The effect of resist formulation was studied by 

changing PAG and base quencher loading.  Increased PAG loading shows promise to 

improve LER due to reduction in the spatial inhomogeneity of deprotection.  

Experimental observations show that doseLER 1∝  in many resist systems; but the 

models show that ][/1 AcidLER ∝ is the more fundamental scaling factor.  The effect 
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of PAG aggregation was also studied.  For resists with high levels of PAG aggregation, 

increasing the diffusion length of the photoacid improves LER by smoothing out the 

initial spatial inhomogeneity of the PAGs, but at the cost of resolution.  Resists with even 

very low levels of PAG aggregation are not suitable for patterning features 20 nm and 

below. 

Chapter 4 describes a rigorous Monte Carlo simulation of scanning electron 

microscopy that is used to probe the relationship between the roughness of a three-

dimensional resist feature and the two-dimensional LER as measured by SEM.  The 

model appears to accurately reproduce both the full image and individual line scans of 

resist features from an experimental SEM.  It provides a level of detail for simulating 

resist metrology that has not been seen before.  The critical dimension of the resist 

determined from SEM best matches the true resist feature width when the line edge is 

defined using a high threshold because the roughness on the outer edge of the resist tends 

to cause an increase in SEM signal that is non-proportional to the amount of material on 

the outer edge of the feature.  It was found that LER determined from the SEM is 

significantly smaller than the true resist feature sidewall roughness.  The measured LER 

is typically more than 50% smaller than the actual sidewall roughness 

Chapter 5 describes several different models that have been developed for the 

prediction of glass transition temperature (Tg) in molecular glasses.  A bond contribution 

model was developed that does a good job of predicting Tg of molecular resists with an 

R2 of 0.84 compared to experimental Tg values and an average error of 12 °C.  The model 

was also simplified to a three parameter heuristic that predicted the Tg of molecular glass 

resists nearly as well as the full bond model.  A more general model based on molecular 
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descriptors was also developed to predict Tg for both molecular resists and molecular 

glasses used in photo- and electro-active applications.   

Chapter 6 describes a model developed to predict the solubility of molecular 

resists using log D, which can be calculated using a number of well-established 

algorithms.  The model can successfully predict the number of protecting groups required 

to render a molecular resist insoluble.  It also can inform on structural designs that will 

allow for patterning by the removal of a single protecting group.  When designing 

complex, multi-functional compounds, this model can be used to prevent the synthesis of 

compounds with the incorrect solubility.  Using this model during the early planning 

stages of molecular resist design can improve the number of successful designs and 

reduce the number of failed compounds.   

Chapter 7 describes a series of non-ionic PAGs that were synthesized and their 

acid generation efficiency, i.e. Dill C parameter, measured under deep ultraviolet and 

electron beam exposures using an on-wafer method that measures the absorbance of an 

acid sensitive dye.  Ionic PAGs showed superior Dill C parameters under DUV 

exposures, while non-ionic PAGs showed superior performance under high energy e-

beam exposures.  By calculating the electron affinity of each of the PAGs, the order of 

the high energy acid generation rate constants was explained.  The electron affinity 

correlates well with the Dill C parameter for these PAGs when using high energy 

exposures.  This suggests that improvements in PAG design can be predicted to some 

degree before the compounds are synthesized and experiments are performed.  Such 

rational design and screening of compounds can increase the throughput of experimental 
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investigations directed at producing better resist material designs and formulations for 

high energy exposure.   

Chapter 8 describes five different molecular glass CARs based on a common 

molecular resist core to examine the effect of the solubility switching mechanism on 

resist performance.  Use of highly flexible protecting groups such as ethoxy ether greatly 

reduces the Tg of molecular resists.  The size and solubility characteristics of the 

protecting group must also be considered since they can constitute a large proportion of 

the molecule.  It was found that fully protected positive tone molecular resists do not give 

optimal performance compared to partially protected compounds.  Use of negative tone 

molecular resists based on an added cross-linker is also problematic because very high 

levels of cross-linker must be added to cross-link the small molecules to become 

sufficiently insoluble in developer.  The most important result from this work is that use 

of epoxide functionalized molecular resists can provide an excellent combination of 

resolution, LER, and sensitivity. 

Chapter 9 describes a series of ionic and non-ionic single component molecular 

resists.  All ionic PAG based single component molecular resists suffered from intrinsic 

solubility in water.  Although only a few designs have the correct solubility 

characteristics to be patterned as positive tone resists, these show good performance in 

both EUV and e-beam lithography.  This solubility problem can be corrected by the use 

of non-ionic PAG based systems which provide far more design flexibility.  Increasing 

the effective size of the photoacid by binding the anion directly to the molecular glass 

core reduces the diffusivity of the photoacid which leads to improved resolution.  This 

family of resists shows significant improvements in LER compared to conventional PAG 
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loadings while maintaining good resolution.  However, resists with ultra-high PAG 

loading shows a significant loss in sensitivity that is poorly understood and currently 

limits their use in high volume manufacturing. 

Chapter 10 describes a water developable, non-chemically amplified, negative 

tone single molecule resist. The solubility switching occurs through photolytic 

conversion of some of the ionic PAG molecules into non-ionic photoproducts which act 

as strong dissolution inhibitors.  Changes in processing conditions allow for this resist to 

be patterned as either a negative tone or positive tone resist.  Pure water is the more 

favorable developer compared to conventional aqueous base developer for this resist 

imaged in negative tone mode.  Good resolution, sensitivity, contrast, and LER were 

obtained using 100 keV e-beam imaging and water development.  Since solubility 

switching in the negative tone imaging mode of this material is not controlled by 

photoacid diffusion, very high ultimate resolution should be possible. 

Chapters 11-15 describe negative tone molecular resists based on cationic 

polymerization and cross-linking.  Under e-beam lithography, these resists have shown 

resolution down to 25 nm with sensitivities of around 50 μC/cm2 and LER (3σ) of 2.3 - 

4.0 nm.  EUV lithography shows similar resolution and good sensitivity with slightly 

increased LER.  Chapter 11 examines the effects of processing conditions such as PEB 

temperature and the effects of resist formulation such as PAG loading.  Lower PEB 

temperatures tend to give better ultimate resolution and LER in e-beam and EUV studies.  

The effect of development solvent can be well described using the Flory-Huggins 

interaction parameter.   Below a certain threshold of 3-5 mol% PAG loading, patterning 
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performance is severely diminished.  Increasing the PAG loading from 5 mol% to 10 

mol% and 15 mol% shows an improvement in sensitivity but also an increase in LER.   

Chapter 12 examines the effect of the number of polymerizable groups per 

molecule.  The di-functional resist has superior resolution capability compared to the 

other resists, while sensitivity improves by increasing the number of functional groups.  

Larger compounds with more functional groups, i.e. polymers and oligomers, have 

inferior patterning capability for dense features compared to molecular glass based resists 

due to swelling.  Chapter 13 examines the effect of the type of polymerizable group by 

comparing epoxides and oxetanes (four member rings).  The differences in the resist 

performance are attributed to the differences in the kinetics of the cationic polymerization 

of each group.  Epoxide functionalized resists show a superior combination of resolution, 

sensitivity, and line edge roughness compared to oxetane functionalized materials which 

appear to be more prone to swelling during development. 

Chapter 14 describes novel methods to control the cationic polymerization in 

negative tone resists.  Introduction of nucleophiles that operate by chain termination 

allows for significant reduction in the extent of cross-linking and polymerization.  To 

maintain the strong effect of chain termination outside of the exposed area, but still 

reduce their effect in the exposed regions, the photo-decomposable nucleophile (PDN) 

has been developed.  When the PDN is irradiated, it is converted into a chain transfer 

agent that allows the regeneration of the photoacid to continue polymerization.  

Resolution and LER are significantly improved when using the PDN. 

Chapter 15 describes a series of negative tone molecular resists that were 

investigated for use in both organic solvent and aqueous base development.  Two design 
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approaches were investigated: multi-component designs that used blends of different 

molecules that each have only a single type of functional group such as epoxides or 

phenols and multi-functional molecules that have both cross-linking and base ionizable 

sites on the same molecule.  The multi-component design approach appears limited 

because of the poor film forming characteristics of the resists since they require the use of 

cross-linkers that are intrinsically water soluble.  Molecules that are intrinsically water 

soluble without ionizable sites must have reasonably high polarity and are limited from 

using bulky groups to improve film forming because this would reduce the polarity and 

solubility of the molecule.  This high polarity combined with the lack of bulky groups 

leads to films that have a high tendency to de-wet during soft-bake and PEB.  The multi-

functional design approach creates resists with improved film forming characteristics and 

a single primary resist component.  Reaction between carboxylic acids and the developer 

limits the use of acids as the base solubilizing group.  This reaction leads to swelling 

which causes significant failure during high resolution patterning.  The multi-functional 

design approach appears more promising as a method to produce high resolution aqueous 

developed systems, but alternative solubilizing groups must be used. 

Chapter 16 describes a novel family of positive tone cross-linked molecular 

resists that were designed to improve pattern collapse and investigate the effect of 

developer on LER.  Thermal cross-linking of multi-component molecular resists has 

difficulty maintaining good film quality while cross-linking sufficiently to become 

insoluble.  A single multi-functional molecular resist showed significant improvement 

and could be cross-linked sufficiently to become insoluble in both organic solvent and 

aqueous base.  High resolution patterning using 100 keV e-beam showed resolution 
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capability down to at least 40 nm features.  Development in organic solvent shows 

superior LER compared to development in 0.26 N TMAH, likely due to slight swelling of 

the patterned feature during development in TMAH compared to organic solvent. 

Chapter 17 describes a new family of non-chemically amplified molecular resists 

based on photosensitive dissolution inhibitors.  The sensitivity and contrast could be 

tuned by changing the amount of dissolution promoter blended into the resist 

formulations.  The percent inhibitor at the solubility threshold was examined and found to 

be around 75 mole% inhibitor for a phenol containing resist while the solubility transition 

for a carboxylic acid resist system is around 45 mole% inhibitor.  This type of resist can 

be formulated to require only 0.5% conversion of the protecting group to pattern if so 

desired.  One formulation showed DUV sensitivity of 1 mJ/cm2 which could be the 

lowest dose-to-clear ever reported for a non-chemically amplified resist.  Despite the high 

sensitivity under DUV, these resists would not pattern under EUV and e-beam, even up 

to doses as high as 3000 μC/cm2 (100 keV).  The cause of complete loss of sensitivity of 

the systems under high energy exposures is unknown, but is likely related to the change 

in patterning mechanism under ionizing radiation.  

The work completed in this thesis has had an impact on current photoresist 

research.  The resist simulations have shown the fundamental scaling factor that describes 

the heuristic scaling factors that have been observed experimentally.  The SEM model is 

currently the only detailed SEM simulator that can examine the effect of LER in resists.  

The first true quantitative structure-property relations reported for molecular resists have 

been developed to predict glass transition temperature and solubility in aqueous base 

developer.  Five novel families of molecular resists have been developed and 
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characterized.  The non-chemically amplified molecular resists show one of the lowest 

sensitivities ever reported for non-chemically amplified resists under DUV exposure.  

Single component resists show a path toward improved LER and the design schemes that 

will be necessary to achieve improved LER.  Negative tone molecular resists based on 

cationic polymerization have shown that negative tone resists can be designed with 

equivalent or better resolution than positive tone resists down to 20 nm and below. 

 

 

 

18.2  Recommendations for Future Work 

 

18.2.1 Effect of Ultra-High PAG Loading on Acid Generation Efficiency 

 
As discussed in Chapter 7, the mechanism by which PAGs are decomposed to 

photoacids changes when going from DUV to EUV or e-beam lithography.1   Likewise, 

there appears to be an additional mechanism that occurs when ultra-high PAG loadings 

are used as discussed in Chapter 9 and Chapter 17.  This additional mechanism appears to 

greatly decrease the acid generation efficiency, almost to the point that the resists will not 

image correctly.  This additional mechanism must be understood before the 

implementation of single component resists or non-CA molecular resists based on 

photosensitive protecting groups would be seriously considered.  Previous studies2 on 

ultra-high PAG loading was limited to a maximum of 30% PAG loading because of the 

water solubility of standard PAGs.  The single component resists described in this thesis 

provide the ability to study the full range of PAG loading since they can be successfully 
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patterned up to 100 % loading.  Multiple levels of experimental complexity can be used 

to study this problem. 

The simplest experiment would be to take two similar molecular glasses as shown 

in Figure 18.1, blend them in different proportions to obtain a series of resists with 

different PAG loadings from 0 – 100%, and expose them by EUV or e-beam to determine 

the sensitivity for each PAG loading.  Since the two molecular resists are so similar, 

differences in the dissolution properties as a function of deprotection should be minimal.  

If the dose-to-size increases at higher PAG loading, then the acid generation efficiency 

must be decreasing with increasing PAG loading.  This experiment would hopefully 

indicate what range of PAG loadings can be reasonably used with minimal effect on 

sensitivity.  
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Figure 18.1 Chemical structures of the molecules that can be used to examine the 
effect of ultra-high PAG loading on acid generation efficiency.  

 

 

The actual amount of acid generated could also be quantified by adding an acid 

sensitive dye as described in Chapter 7 to each of the resists formulation from above.  In 

this case, acid generation efficiency can be directly measured rather than inferred from 

sensitivity.  This approach would also allow for the use of molecular glasses and 

polymers that cannot be directly patterned as the non-PAG portion of the film.  Different 
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functional groups could be systematically varied to determine their effect on acid 

generation efficiency.  Likewise, grazing angle FTIR would allow for the characterization 

of changes in functional groups during exposure.  Depending on the information gained 

in these studies, pulse radiolysis could also be used to further investigate the effect of 

PAG loading. 

Beyond this study, the effect of PAG type at ultra-high loadings should also be 

studied similarly to the study described in Chapter 7.  While many different single 

component resists could be synthesized to do this study, the only requirement for this 

study is a PAG that forms an amorphous glass upon spin-coating.  This is so that a quality 

film of up to 100 % PAG loading can be made.  The easiest way to do this would be to 

use a molecular glass with a sulfonyl chloride which could readily react with multiple 

different photosensitive groups to produce a series of PAG attached molecular glasses 

that could readily be coated as high quality films.  The generalized concept of this is 

shown in Figure 18.2(a) and a specific example of a potential compound is shown in 

Figure 18.2(b).  The pivalate group is shown because it could easily be added to a 

hydroxynaphthalenesulfonate, could improve film forming ability by preventing packing 

of the naphthalene groups, and should survive the conditions required to convert the 

sulfonate to a sulfonyl chloride, unlike a tBoc group.   
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Figure 18.2 Concept of a PAG attached molecular glass for investigating the effect of 

PAG type at ultra-high PAG loading; (a) generalized concept; (b) specific 
example of potential compound. 

 

 

18.2.2 Negative Tone Molecular Resists 

 
While the negative tone molecular resists discussed in Chapters 11-15 showed 

excellent resolution capability down to 25 nm dense features, it is likely that their 

resolution could be pushed even further.  The current resolution limit in CARs from 

commercial resist vendors appears to be around 20 nm for dense patterns.  Based on some 

EUV studies, 4-Ep with PDN appears to be capable of producing features of this size, but 

is currently limited by pattern collapse.  Process optimization in terms of PAG and PDN 

loading, PEB conditions, exposure dose, and film thickness would likely make this, or 

even better resolutions possible.  It would also be interesting to further investigate other 

epoxide resists as much as 4-Ep has been investigated.  2-Ep was able to obtain 25 nm 

dense features without any PDN, and resolved sparse features below 20 nm.  Process 

optimization in 2-Ep coupled with the addition of a PDN could potentially produces sub-

20 nm dense features as well. 
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Likewise, very little work was done to investigate additional PDNs beyond TPS-

Tf.  Using a stronger nucleophile such as TPS tosylate could potentially provide even 

greater improvement in performance.  Additional benefit might also be derived from 

using a photosensitive group in the PDN with a different photoreaction rate constant than 

the PAG used in the resist.  If the PDN decomposed more efficiently than the PAG, 

almost all of the PDN would be decomposed before any significant photoacid was 

generated.  This would improve the resist contrast even further and potentially lessen the 

sensitivity penalty paid from using a PDN.   

The other major area in negative tone molecular resists that deserves more 

investigation is multi-functional molecules for aqueous base development.  Before 

negative tone molecular resists, as described in this thesis, gain widespread industrial 

acceptance, they have to be able to be developed in aqueous base.  Although DPA-2Ep 

had the correct properties for base development, the use of carboxylic acids as the 

functional group caused serious problems due to swelling.  Using a phenol as the 

solubilizing group instead of a carboxylic acid may show an improvement in the 

swelling.  An example of the ideal compound of this type is shown in Figure 18.3. 

 

  
Figure 18.3 Multi-functional negative tone molecular resist for aqueous base 

development.  
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18.2.3 Simulation of Novel Resists 

 
The 3D mesoscale resist model provides the framework to investigate a number of 

different resist designs that have been proposed to improve or overcome the RLS trade-

off.  A great deal of future work could be done simply by investigating proposed designs 

using the model.  One concept that has received attention lately is the use of acid 

amplifiers (AAs) which are compounds that decompose via acid-catalyzed mechanisms 

to produce more acid as shown in Figure 18.4.  The concept is that higher concentrations 

of acid can be generated at lower doses than in current resists.3  It is also thought that 

LER can be improved with no sensitivity penalty because the AAs will produce more 

acid at a dose which improves the spatial homogeneity of the acid distribution.4   

 

  
Figure 18.4 Acid amplifiers are compounds that decompose via acid-catalyzed 

mechanisms to produce more acid. 

 

 

Another concept that has received some attention is the use of photo 

decomposable bases (PDBs).  PDBs are compounds that act like a base quencher until 

they are irradiated when they are converted to a neutral species as shown in Figure 18.5.  

The main potential benefit of using PDBs is that the quencher is still present to prevent 

acid blur in the unexposed regions, but the amount of quencher is reduced in the exposed 

region so the sensitivity penalty for using quenchers is reduced. 
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Figure 18.5 A photo decomposable base is converted to a neutral species when 

irradiated.  

 

 

Another concept that would potentially improve the RLS tradeoff is the use of 

dual PAGs.  Dual PAGs use two PAGs with different photoacid generation efficiencies 

that generate photoacids that have different diffusion coefficients.  This concept is 

demonstrated in Figure 18.6.  The compound on the left is a polymer-bound PAG with a 

triphenylsulfonium PAG so it should have a higher Dill C parameter and lower acid 

diffusivity than the compound on the left which is a non-ionic PAG that generates triflic 

acid.  Since optical exposure tools generate a sinusoidal aerial image, the middle of the 

resist feature receives a higher dose than the edge of the feature does.  The photoacid 

with the lower diffusivity is generated and behaves like a normal resist.  Since the high 

diffusivity acid has lower photoacid generating efficiency, little of it is generated near the 

line edge where diffusion blur can destroy resolution, but enough is generated in the 

middle of the resist feature that sensitivity is improved with minimal diffusion outside the 

desired region.  The benefit of this idea is that it should increase contrast which improves 

LER and it also reduces the sensitivity penalty paid from using a low diffusivity primary 

photoacid with no major resolution penalty.  This design is also favorable because it can 

be easily implemented with off-the-shelf additions to current resist designs. 
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Dill C
Acid Diffusion

Dill C
Acid Diffusion   

Figure 18.6 Concept of using dual PAGs with different acid generating efficiencies 
(Dill C parameters) and different acid diffusion coefficients.  
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APPENDIX A 

NMRS OF SYNTHESIZED COMPOUNDS 

 

The following appendix has the full NMRs of the major synthesized compounds 

in this thesis.  The structure is included for each NMR.  The caption lists the compound 

name and the chapter in which it can be found. 
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