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Step and Flash Imprint Lithography (SFIL) is a next generation lithography 

option that has become increasingly attractive in recent years. Elimination of the costly 

light sources and optical elements in current exposure tools makes SFIL a serious 

candidate for large-scale commercial patterning of sub-50 nm features. The imprint resist 

material is one of the key components in the SFIL process, and it has several design 

requirements, including low viscosity, low volatility, rapid reaction rate, high mechanical 

strength, low adhesion to the template, high adhesion to substrate, and high oxygen etch 

resistance. It is quite challenging to find materials that meet all the material requirements. 

Traditionally, acrylates have been the monomers of choice for use for Step and 

Flash Imprint Lithography (SFIL) etch barrier formulations, in part because of the 

commercial availability of silicon-containing acrylates (necessary for etch resistance), 

together with their low viscosities and capability for rapid photopolymerization. 

However, despite many desirable properties, the polymerization of acrylates via radical 
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chain propagation causes some potential issues in the SFIL process as a result of the 

inhibition of these processes by oxygen. Vinyl ethers are prime candidates to replace 

acrylates. Their curing proceeds by a cationic mechanism that is insensitive to oxygen 

and very rapid, while the vinyl ether group contribution to viscosity is significantly lower 

than that of an acrylate. Silicon-containing vinyl ethers are not widely commercially 

available and so were synthesized for this study. As expected, formulations based on 

these vinyl ethers were lower viscosity and faster curing than the acrylate etch barrier 

formulations presently employed, while the tensile strength of cured vinyl ether 

formulations were found to be higher than their acrylate counterparts.  

The throughput of SFIL can be improved by lowering the viscosity of the imprint 

material and reducing the drop size. Decreasing viscosity generally increases the 

volatility of a material, and decreasing drop size increases the area available for 

evaporation. The rate of evaporation can be predicted based on the methods of Lee-

Kesler and Joback-Reid that employ group contributions. These predictions were used to 

explore the effect of drop size (200 nl, 1 nl, 80 pl) on evaporation rate at 20 ºC for various 

acrylate and vinyl ether monomers. The predicted rates correlate well with experimental 

values. 

The photopolymerization of acrylate and vinyl ether monomer systems is 

exothermic when they are photocured. If the imprint process were adiabatic, the heat 

generated during polymerization could increase the temperature of the material to greater 

than 300 oC, possibly resulting in material degradation and image distortion. A finite 

element method was used to analyze the temperature profile during photopolymerization 

for non-adiabatic conditions. The heat from UV absorption is negligible because the 

polymers are transparent at the exposure wavelength and the loading of photo acid 

generator and photo radical initiator is low. This model indicates that the temperature 
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increase from polymerization is very small (less than 0.05 oC) due to the rapid heat 

transfer from the curing material to the silicon wafer. 

Vinyl ethers generally require larger separation forces to remove the template 

after photocuring than do acrylates, and to reduce the separation force, various reactive 

and nonreactive fluorinated additives were introduced into the vinyl ether formulations. 

With a 2 wt% addition of methyl perfluorooctanoate (FA), the separation force of the 

cured vinyl ether was reduced to half that of cured vinyl ether without FA. 

BVMDSO (1,1,3,3-tetramethyl-1,3-bis(vinyloxymethyl)-disiloxane) has the 

lowest viscosity of the synthesized silicon containing vinyl ethers that meet the volatility 

requirement for an 80 pL dispense volume. A formulation comprised of BVMDSO, 

CHDVE (cyclohexanedimethanol divinyl ether) and TEGDVE (triethylene glycol divinyl 

ether) containing a small amount of surfactant shows good tensile strength and modulus 

and accurately prints 30 nm lines with low separation force. 

Resist materials with a thermally activated solubility switch offer a potential 

method to eliminate such proximity effects, and Hydrogen Silsesquioxane (HSQ) has 

been studied both as an electron-beam resist and as a thermally cured low dielectric 

material. However, as beam spot size shrinks, resist heating also drops significantly. At 

small feature sizes, it becomes increasingly difficult to obtain the temperature rise 

required for thermal switching to occur. 
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INTRODUCTION 

1. Introduction 

1.1. SEMICONDUCTOR PROCESS AND OVERVIEW 

The microelectronics industry has grown very rapidly following Moore’s law, 

which states that the number of transistors per semiconductor chip doubles every 18 

months, as seen in Figure 1.1-2 If a company cannot meet Moore’s law, it is likely to go 

out of business. The driving force for Moore’s law is that processor speed and 

semiconductor device memory capacity are related to the number of transistors. 

Consequently, making more transistors on a semiconductor chip at lower prices is 

critically important. 

There are many kinds of transistor designs. One of the most common 

semiconductor devices is the Metal-Oxide-Semiconductor Field Effect Transistor 

(MOSFET), shown in Figure 2. The fabrication process of a MOSFET is illustrated in 

Figure 3.3-4 Initially, a thick SiO2 layer is grown on a p-type, slightly doped silicon wafer 

by thermal oxidation, then the substrate is coated with photoresist (Figure 3 (a)). The 

photoresist is patterned by optical lithography, and this pattern is transferred to thermally 

grown SiO2 (Figure 3 (b)). The patterned SiO2 is used as a mask for ion implantation.  
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Figure 1.1 The memory and minimum feature sizes in a semiconductor device as a 
function of time: blue line (minimum feature size) and red line (DRAM 
memory size). 2 
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Figure 2 The MOSFET structure 3, 4 

 

 
 
 

P type Si 

 

n- Polysilicon 

p n type Si n type Si 
 

Metal 

P+ type Si 

SiO2 



 4 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

 

 

P- type Silicon 

SiO2 

Photoresist 

P+ type Silicon 



 5 

 

 

 

 

 

 

(d) 

 

 

 

 

 

 

 

 

 

(e) 

 

 

 

Polysilicon 

Photoresist 



 6 

 

 

 

 

 

 

(e) 

 

 

 

 

 

 

(f) 

 

 

 

 

 

(g) 

Figure 3 The MOSFET fabrication process  

Metal 

n type polysilicon 
 

n type silicon 

Sidewall spacer 



 7 

A thin p-type silicon wafer is doped by ion implantation, with a  Group III 

element, so more holes are generated in the initial p-type silicon wafer. The highly p-type 

doped region is called p+. After ion implantation, a thin thermally grown SiO2 layer is 

generated as the gate oxide (Figure 3(c)). Polysilicon is deposited on the substrate and 

then doped with a Group V element (Figure 3(d)). 

Photoresist is patterned on the substrate to produce an etch mask for patternning 

polysilicon and gate oxide (Figure 3(e)). The exposed polysilicon and thin oxide layer is 

removed by plasma etching, then the photoresist is removed and the substrate is lightly 

doped by a Group V element. A conformal thick layer of SiO2 is deposited on the 

substrate by chemical vapor deposition (CVD), then it is etched anisotropically to 

produce sidewall spacers around the gate. The substrate is heavily doped by a Group V 

element (Figure 3(f)). An interlayer dielectric (SiO2) is coated, using CVD, and patterned 

by photolithography to generate a hole to provide contact to the metal. Metal is deposited 

over the substrate, and it is removed by photolithography to isolate metal contacts for the 

source, drain and gate (Figure 3(g)).   

Photolithography, is used in four different processes to produce a MOSFET. The 

device performance, such as switching speed, is related to the gate length.3 Therefore, 

controlling the gate length is crucial, and photolithography is one key to determining the 

gate length. 
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1.2. PHOTOLITHOGRAPHY 
 

 

Figure 1.4 The photolithography process 

 

The photolithography process is shown in Figure 1.4.5 A silicon wafer is coated, 

by spin casting, with a photoresist–a photosensitive material used as a mask for ion 

implantation and reactive ion etch processes. The silicon wafer is then baked at about 100 

oC to remove the casting solvent. UV light illuminates the silicon wafer through a 

photomask. There are two types of photoresists: positive photoresist, in which the 

exposed region becomes soluble in a developer after exposure, and negative photoresist, 

in which the exposed region becomes insoluble. Before developing, it is baked again to 



 9 

remove standing waves and accelerate the chemical amplification reaction. After 

developing, the pattern is left on the substrate, transferred to the underlying layer by 

etching, and then the photoresist is stripped from the substrate.  

The resolution of photolithography (R) is determined by equation 1.1.5 

NA
kR

λ=                                 Equation 1.1 

Here k is a process factor, which is related to photoresist properties, stepper 

quality and mask type; λ is the wavelength of the light source, and NA is the numerical 

aperture of lens, which is defined by Equation 1.2.2,5  

)sin(αnNA =                              Equation 1.2 

where n is the refractive index of the medium between the final lens and the 

wafer, and α is the sine of the maximum half-angle captured by the limiting lens 

element.2,5 

Improving resolution—a key concern in photolithography—can be accomplished 

in various ways. One is to decrease k by enhancing the quality of the photoresist, stepper 

and phase shift mask.  Another option is to increase NA by using a bigger lens (larger 

α) or higher refractive index medium (large n). Immersion lithography is currently being 

explored as a method to increase n. Decreasing the wavelength of the light source is 

commonly tried in an attempt to improve resolution, but the smaller wavelength, bigger 

lens and more complex optical elements increases the cost of the exposure tool.2 This 

relationship has resulted in a Moore’s Law-type (exponential) relationship in exposure 

tool prices over the last two decades.5 Of greater concern is the apparent escalation of this 

trend as we push toward 50nm and beyond with NGL (next generation lithography) 

alternatives. 
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Figure 1.4 Exposure tool price as a function of time 

 

NGL alternatives include X-ray lithography, extreme UV lithography and electron 

projection lithography. Although sub-50 nm features can be patterned using NGL 

alternatives, the exposure tool is prohibitively expensive. In the case of electron 

projection lithography, it is very hard to avoid electron proximity effects. Therefore, an 

inexpensive method is needed for sub-100 nm patterning. 
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1.3. THERMAL IMPRINT LITHOGRAPHY 

Unlike optical lithography, the resolution of imprint lithography is determined by 

the resolution of the structures that can be produced in the imprinting template, rather 

than by optical issues.7, 8 By nature, the technique does not require exotic light sources or 

expensive optics to achieve feature definition. Thermal imprint lithography, a well known 

process for making compact disks, produces micron-sized patterns using compression 

molding of polycarbonate after heating past the glass transition temperature (Tg) of 

polycarbonate.3 Chou et al. adapted these compact disk manufacturing processes to 

develop nano-patterning, whereby 10 nm features have been imprinted in Poly(methyl 

methacrylate) (PMMA) on a silicon wafer using an SiO2 mold. 7, 8  

Figure 1.5 shows the thermal imprint lithography process, and the patterned 

image is illustrated in Figure 1.6.8 In thermal imprint lithography, the substrate is initially 

coated with polymer by spin coating, and then the substrate is heated about the Tg of the 

polymer. The mold, which has a small relief pattern, is pressed towards the substrate; the 

polymer fills the gap between the mold and substrate, and the substrate is then cooled 

below the Tg of the polymer and the mold is separated. As seen in Figure 1.6, Chou et al. 

have demonstrated printing 10 nm holes, and using an overlay technique they have 

produced a functional device with sub 100 nm minimum features.8-10 
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Figure 1.5 Thermal imprint lithography process 

 

 

 

 

 

 

 

 

 

Figure 1.6 SEM image of 10 nm hole patterned on PMMA8 
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However, Chou’s method requires high processing temperatures (~200 oC) and 

high imprint pressures (~1900 psi), due to the high viscosity of molten polymers. The 

time required for heating results in slow process throughput, and the high imprint 

pressures can fracture the SiO2 mold.11-13 In addition, the thermal expansion coefficient 

between mold and the substrate results in a difficult alignment problem.   
 

1.4 STEP AND FLASH IMPRINT LITHOGRAPHY 

Step and Flash Imprint Lithography (SFIL) uses UV curable low viscosity 

monomers, allowing for printing of sub-100 nm features at room temperature without 

high imprint pressures. 14, 15 Using low viscosity monomers eliminates the problems of 

thermal imprint lithography, such as bias alignment problem due to mismatch of thermal 

expansion coefficient, slow process throughput and mold fracture. In thermal imprint 

lithography, the viscosity of molten polymers results in incomplete filling in high pattern 

density.14 However, filling problems using low viscosity monomers in high pattern 

density regions are negligible.14 

Figure 1.7 shows the step and flash imprint lithography process. First, drops of an 

organosilicon photo-curable liquid are dispensed onto the substrate; then the template is 

lowered onto the substrate and the imprint liquid spreads, filling the template features and 

the template-substrate gap. The material is then illuminated through the backside of the 

quartz template by UV light to cure the monomer, generating the etch barrier. After UV 

exposure, the template is separated from the cured etch barrier. There are two etch 

processes in SFIL. Initially, the pattern is etched by a fluorocarbon and oxygen plasma to 

remove the residual layer of etch barrier, and the image is then transferred, through the 



 14 

transfer layer by an anisotropic oxygen reactive ion etch to produce a high aspect ratio 

pattern. 
 

 

Figure 1.7 SFIL process flow 
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Because fused silica is used as a photomask, the alignment techniques used in 

optical lithography, such as mask aligners and layer-to-layer alignment, can be applied to 

SFIL.  

The relief pattern on the high resolution template template is fabricated (Figure 

1.8) using e-beam lithography and a process similar to that for producing a phase-shift 

mask.16-17 In this case, a 10 nm Cr layer was deposited on fused silica using a sputtering 

system, 180 nm of e-beam resist was coated on the substrate by spin casting, and the e-

beam resist was patterned using a direct e-beam writer. The patterned resist was used as 

an etch mask, with Cr being etched by an etchant solution. Using the Cr as a mask, the 

fused silica was patterned by reactive ion etching and the e-beam resist and Cr were 

stripped from the substrate. Due to the low e-beam wavelength, the resolution is sub-20 

nm, but the process throughput is very slow. The resolution of imprint lithography, a 

parallel process that has high process throughput, is determined by the relief pattern on 

the template, so we can achieve both good resolution and high process throughput.  

One potential problem in imprint lithography is defect generation during the 

imprint process. One source of defects in imprint lithography is the strong adhesion 

between the template and cured imprint material. A release promotion method is needed 

to prevent these defects. 
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Figure 1.8 Template fabrication process16-17 
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Figure. 1.9. Template treatment procedure15: (a) Chlorosilanes migrate to the surface, 
react with water on surface, release HCl, and form silanol, (b) silanols 
condense to siloxanes and release water, (c) siloxanes form three-
dimensional comb-like structure, (d) low surface energy layer is formed  

 

  

Surface treating the template is highly effective in enhancing the release 

properties. Bailey et al. studied the surface treatment of the template, using tridecafluoro-

1,1,2,2-tetrahydrooctyl trichlorosilane as a release coating agent.15 The template 

treatment procedure is shown in Figure 1.9. Chlorosilane is very reactive with water 

adsorbed on the template surface, producing silanol and HCl. HCl is one of the most 

effective catalysts for silanol condensation reactions, which generate siloxane bonds. 
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Figure 1.10 The stepper of step and flash imprint lithography 18 

 

Choi et al. developed the multi-imprint stepper, shown in Figure 1.10.18 The 1×1 

inch square template is mounted in a holder and an eight inch wafer is used. A UV lamp 

is used to illuminate the substrate. The stepper is controlled by a LabVIEW interface, 
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and the alignment, dispensing, imprinting, exposure and separation process is fully 

automated. 
 

1.5 CONCLUSION  

Optical lithography, used in semiconductor patterning, requires increasingly 

expensive exposure tools. This has led to a push for NGL alternatives. Thermal imprint 

lithography, well known in compact disk fabrication, is an inexpensive sub-100 nm 

patterning method. The drawbacks of thermal imprint lithography include the use of high 

imprint pressure and high process temperatures due to the high viscosity of molten 

polymer. In addition, incomplete filling is a serious problem in high pattern density 

regions. However, step and flash imprint lithography (SFIL) uses a low viscosity 

photopolymerizable formulation or "etch barrier" that allows the process to proceed at 

low imprint pressure and room temperature. The relief pattern on the template is 

generated by e-beam lithography, and the template is coated with a fluorinated self 

assembled monolayer to enhance the release properties. It is quite challenging to find an 

etch barrier that meets all the processing requirements. The etch barrier formulation will 

be discussed in detail in the following section. 
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STEP AND FLASH IMPRINT LITHOGRAPHY PROCESS 

2. Acrylate formulation 

2.1. INTRODUCTION 

The etch barrier has several design requirements1: 1) low viscosity is required to deliver 

thin residual layers in short process times and to allow dispense by an automatic 

dispensing tool, 2) low volatility to maintain constant etch barrier composition during the 

time between dispensing and imprinting, 3) a high photo-curing rate to high conversion to 

provide appropriate processing throughput, 4) a low separation force between the cured 

etch barrier and the template, but a high adhesion force to the transfer layer, 5) high 

modulus, to maintain its shape after imprinting, and 6) high silicon content, to provide 

adequate oxygen etch selectivity compared with the transfer layer. It is challenging to 

find a material that meets all the requirements for the etch barrier. Acrylate based 

monomers have been investigated for etch barriers because they are commercially 

available and rapidly photopolymerize.1,2 

Previous etch barrier formulations used in SFIL are shown in Table 1.1,3  Etch 

barrier formulation 1 has low a viscosity but does not produce stable sub-100 nm 

imprinted structures. Etch barrier formulation 2 can print 30 nm features but is too 

viscous (9 cps@ 20oC) to be dispensed by the current auto-dispense tool, which was 

designed for dispensing small amounts (on the order of 100 nl) of liquid with low 

viscosities (~ 1cps). It is therefore necessary to identify improved formulations that can 

meet all the requirements for printing sub-100 nm features.  
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Table 2.1: The composition of the previous etch barrier formulations 

Etch Barrier Formulation SIA 0210.0 SIB 1402.0 n-BA Darocur 1173 

Etch Barrier Formulation 1 45 % 5 % 46 % 4% 

Etch Barrier Formulation 2  96 %  4 % 

SIA0210.0: (3-acryloxypropyltristrimethylsiloxy)silane (high silicon content acrylate) 
SIB1402.0: 1,3-Bis(3-methacyloxypropyl)tetramethyldisiloxane (silicon containing crosslinker) 
n-BA: n-Butyl acrylate 
Darocur 1173: 2-hydroxy-2methyl-1phenyl-propan-1-one (photo radical initiator) 

 

2.1 EXPERIMENTAL 

A commercial bottom antireflective coating (DUV-30J) was coated on a silicon 

wafer for the transfer layer in SFIL. Templates, prepared at the Motorola lab, were 

cleaned in an acetone ultrasonic bath, and then treated in a UV/ozone chamber (UVO-42) 

for 15 minutes. The clean templates were treated with tridecafluoro-1,1,2,2-

tetrahydrooctyltrichlorosilane to coat a fluorinated monolayer on the quartz substrate.4 

Imprinting employed the University of Texas stepper.5 Scanning electron microscopy 

(SEM) images were obtained using a Hitachi 4500 SEM. 

The viscosities of etch barrier formulations were measured with a Cannon-Fenske 

capillary viscometer using the American Societies for Testing and Materials (ASTM) 

standards. Measurements were made with the viscometer immersed in a water bath to 

minimize temperature fluctuations. The curing rate was measured by real-time Fourier 

transform infrared spectroscopy (FTIR) using a Nicolet Magna-IR 550 FTIR 

spectrometer with an external, liquid-nitrogen cooled MCT detector from Axiom 

Analytical.6 UV radiation was provided by a Novacure UV lamp from EXFO. The 
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experimental set-up, Figure 2.1, consisted of the monomer sandwiched between an 

aluminum coated silicon wafer and a NaCl salt cell. IR illumination was at normal 

incidence to the cell and used the aluminum coating to reflect the signal back to the 

detector. UV irradiation was provided at an angle of 30 degrees to the normal. The 

variations in peak height of the C=C bond at 1640cm-1 over time were used to monitor 

the reaction.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 The experimental set-up for curing rate measurement 
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Table 2.2. The chemical structure, silicon content, and viscosity of monomers used in this 
study 

Trade name/ 
Abbreviation 

Chemical Structure Silicon Content 
(wt %) 

Viscosity 
(cps@20oC) 

SIM6487.6 
(High Silicon 

content 
Methacrylate) 

 

26.57 4.50 

SIA0210.0 
(High Silicon 

content 
Acrylate) 

 

27.48 4.36 

SIB1402.0 
(Silicon Content 

Crosslinker) 
 

14.53 8.96 

EGDA 
(Acrylate 

Crosslinker) 
 

0 3.68 

MMA 
(Methacrylate 

Diluent) 
 

0 0.59 

n-BA (Acrylate 
Diluent) 

 
0 0.89 

t-BA (Acrylate 
Diluent) 

 

0 0.84 

Darocur 1173 
(Photo Radical 

Initiator) 
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Table 2.3 The compositions, silicon contents, and viscosities of etch barrier formulations 

 
SIM6487.6 

(wt%) 

SIB1402.0 

(wt%) 

MMA 

(wt%) 

Darocur 1173 

(wt%) 

Silicon 

Content  

(wt%) 

Viscosity 

(cps@20oC) 

M0 45 0 51 4 11.96 1.03 

M10 45 10 41 4 13.41 1.37 

M20 45 20 31 4 14.86 1.86 

M35 45 35 16 4 17.04 3.32 

M50 45 50 1 4 19.22 6.09 

  

 
SIA0210.0 

(wt%)  

SIB1402.0 

(wt%) 

n-BA 

(wt%) 

Darocur 1173 

(wt%) 

Silicon 

Content 

(wt%) 

Viscosity 

(cps@20oC) 

O0 44 0 52 4 12.09 1.45 

O10 44 10 42 4 13.55 1.87 

O20 44 20 32 4 15.00 2.46 

O35 44 35 17 4 17.18 4.17 

O50 44 50 2 4 19.36 6.57 

 

 
SIA0210.0 

(wt%) 

EGDA 

(wt%) 

t-BA 

(wt%) 

Darocur 1173 

(wt%) 

Silicon 

Content 

(wt%) 

Viscosity 

(cps@20oC) 

A0 44 0 52 4 12.09 1.42 

A5 44 5 47 4 12.09 1.52 

A10 44 10 42 4 12.09 1.73 

A15 44 15 37 4 12.09 1.95 

A20 44 20 32 4 12.09 2.18 
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The chemical structures, silicon content, and viscosities of each component in the 

etch barriers studied are shown in Table 3. Fifteen formulations (Table 4) were created to 

optimize the etch barrier, and their viscosities are shown in Table 4. “M” formulations 

contain only methacrylate components, and “A” formulations contain only acrylate 

components. “O” formulations are mixture of methacrylate and acrylate. 
 

2.3 RESULT AND DISCUSSION 

The etch barrier formulation is comprised of a high silicon content material, a 

crosslinker, a diluent, and a photoinitator. SIA0210.0 and SIM 6487.6 

(Methacryloxypropyltris(trimethylsiloxy) silane) are examples of high silicon content 

monomers that provide high O2 etch selectivity to the transfer layer, and their viscosities 

are about 4.5 cps at 25 oC. SIB1402.0 and EGDA (Ethylene glycol diacrylate) are 

crosslinkers that can make a network structure in the cured polymer. Therefore, the 

stiffness of the cured polymer should be related to the amount of crosslinker. SIB1402.0, 

a difunctional silicon-containing methacrylate, simultaneously increases the stiffness and 

silicon content, but it is so viscous (8.96 cps@ 20oC) that a small amount significantly 

increases the viscosity of the etch barrier formulation. EGDA does not contain silicon, 

but its viscosity is relatively low (3.68 cps@ 20oC). MMA, n-BA, and t-BA (t-Butyl 

acrylate) are reactive diluents used to decrease the viscosity of the etch barrier 

formulation. Darocur 1173 is used as the photoinitiator; its viscosity is very high, but 

only a small amount is added for curing the etch barrier, and it affects the viscosity only 

slightly.   
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Figure 2.2: The extent of cure of M formulations as a function of exposure dose (UV 
lamp intensity: 15 mW/cm2): (a) M0 and (b) M50. 
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Figure 2.3: The imprint images of M formulation: (a) M35, (b) M50 

 

 

M formulations were slowly polymerized slowly but some produced acceptable 

images as shown in Figure 2.3. No imprint images for M0, M10, and M20 were obtained 

after 1 min exposure, due to slow polymerization. The imprint image of M50 looks good, 

but the viscosity of M50 is too high to provide a thin residual layer. 
 

 

 

(a) (b) 
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Figure 2.4: The extent of cure of O10 formulation as a function of exposure dose (UV 
lamp intensity: 15 mW/cm2). 

 

O formulations cure faster than M formulations. The stiffness of cured O10 is not 

high enough to overcome the surface tension of sub-100 nm structures. The cured O35 

and O50 are stiff enough to produce stable sub-100 nm structures, but their viscosity is 

too high to be used in an auto-dispense tool. The imprint image of O20 is good, and its 

viscosity is significantly lower than those of O35 and O50. 
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Figure 2.5: Imprint images of O formulations: (a) O10, (b) O20, (c) O35, and (d) O50 
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Figure 2.6: The extent of cure of A formulations as a function of exposure dose (UV 
lamp intensity: 15 mW/cm2): (a) A0 and, (b) A10 and (c) A20. 
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2.3, the A10, A15, and A20 formulations are useful for sub-100 nm patterning, and their 

viscosities are very low. In terms of process throughput, the A formulations are better 

than O and M formulations due to their fast curing rate.  
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Figure 2.7: The imprint images of E formulations: (a) E5, (b) E10, (c) E15, and (d) E20 
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2.4 CONCLUSION 
 

Methacrylate formulations cure more slowly than do acrylate formulations. The 

polymerization of the MMA monomer is so slow that it is not fully cured in 1 minute at 

15 mW/cm2. Increasing the amounts of crosslinker in etch barrier formulations 

accelerates the curing rate. Adding more crosslinker also enhances the structural stability 

of the cured imprint formulation. However, difunctional acrylate/methacrylate monomers 

(crosslinkers) are somewhat viscous, so the stiffness of the cured etch barrier is limited 

by the viscosity of the etch barrier formulation. The viscosity of difunctional 

methacrylate monomer (SIB 1402.0) is very high (8.96 cps), making it hard to find an 

optimum formulation that meets the structural stability requirements for sub-100 nm 

patterns and dispensability via an automatic dispense tip. The difunctional acrylate 

(EGDA) is less viscous than SIB 1402.0, which makes it easier to find an optimum 

formulation. The acrylate formulations (A10, A15, A20) combine the advantages of low 

viscosity, sub-100 nm feature stability, and a fast curing rate.   
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3. Vinyl ether formulations 

3.1. INTRODUCTION 

Acrylate-based formulations are presently used as etch barrier formulations 

because their polymerization, via radical propagation, is very fast and many silicon 

containing acrylates are commercially available. However, the acrylate formulations have 

some drawbacks. Oxygen inhibits radical polymerization.1 In the SFIL process this 

manifests itself in two ways: on the periphery of the imprint, where the monomer is in 

contact with air, the polymerization is permanently inhibited, which results in an uncured 

edge. This is a potential defect-generating source. In the bulk of the imprinting material, 

dissolved oxygen causes an induction time before polymerization can begin, which will 

reduce throughput. Furthermore, difunctional acrylate monomers, necessary to increase 

the modulus of the etch barrier in order to maintain feature fidelity, are somewhat viscous 

(>3.0 cPs). Therefore the stiffness cannot be enhanced without sacrificing viscosity in 

these formulations.  

Oxygen inhibition can be overcome with nitrogen purging, but this is 

experimentally inconvenient and an added expense in a manufacturing environment.1 A 

simple way to overcome this issue is to adopt a chemistry/propagation mechanism that is 

insensitive to oxygen, such as cationic polymerization. Vinyl ethers and epoxides are two 

widely used chemistries that are cured by cationic polymerization. In addition, cationic 

photoinitiators are available in the form of photoacid generators (PAG), which are 

already used for chemically amplified resists to make semiconductor devices. Epoxies are 

well known as structural polymers because of their excellent mechanical properties, but 

the polymerization rate is typically much slower than vinyl ethers as can be seen in 
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Figure 3.1.2, 3 Vinyl ethers are known to be very reactive cationic curable monomers, and 

their UV curing rates have been well studied.3,4 Moreover, the viscosity of vinyl ethers is 

very low. For example, ethyl acrylate (0.55 cPs@25oC) is substantially more viscous than 

the equivalent vinyl ether, ethyl vinyl ether (0.25 cPs@20oC), indicating that the ether 

functional group contributes less to the viscosity than an acrylate. One drawback of vinyl 

ethers for this application is the lack of commercially available silicon containing 

monomers in this class, so that silicon-containing vinyl ethers for this work had to be 

synthesized. 

 

 

Figure 3.1: The curing rate of vinyl ether, cyclo-epoxy and Glycidyl ether.3 
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The imprint performance of etch barrier compositions is strongly related to the 

material properties of the etch barrier. Therefore, both the synthetic method and the 

material properties are explored in this chapter. 

 

3.2 EXPERIMENTAL 

3.2.1. Materials 

t-Pentyl vinyl ether, cyclohexyl vinyl ether, and ethylene glycol divinyl ether 

were purchased from Aldrich Co. and used without further purification. The photo-acid 

generator (4,4’-bis-(t-butylphenyl) iodonium tris-(trifluoromethanesulfonyl) methide) 

was kindly provided by 3M Company. 

 

3.2.2 Synthesis of silicon containing vinyl ethers 

Figure 3.2. shows the synthetic scheme of silicon containing vinyl ethers.5,6 

 

3.2.2.1 Bis-(Acetoxymethyl)-dimethylsilane5,6  

To a 500mL round bottom flask equipped with a stir bar and condenser was added 

50.5 g (0.321 moles) of bis-chloromethyl-dimethylsilane, 78.8 g (0.803 moles) of 

potassium acetate, and 70 ml of acetic acid. The reaction mixture was heated to reflux for 

twenty-four hours, after which time it was cooled to room temperature, slowly poured 

into a 1L separatory funnel containing 400mL of saturated sodium carbonate, and the 

resulting mixture extracted three times with diethyl ether (200mL). The combined 

organic extracts were dried over MgSO4 and the solvent was removed by rotary 

evaporation. 65 g (99%) colorless liquid was obtained. 1H NMR (CDCl3) δ 0.011 (s, 6H), 

2.00 (s, 6H), 3.79 (s, 4H).  
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3.2.2.2. Bis-(Hydroxymethyl)-dimethylsilane5,6  

To a 500mL round bottom flask equipped with a stir bar and condenser was added 

400mL methanol, 20g (0.098 moles) bis-acetoxymethyl-dimethylsilane, and 1ml 

concentrated hydrochloric acid.  The reaction mixture was heated to reflux for twenty-

four hours, after which time it was cooled to room temperature and 1g sodium 

bicarbonate was added and filtered, and the solvent was removed by rotary evaporation. 

Vacuum distillation (72-82°C, 1 mm Hg)7 afforded 9.29g (79%) of a colorless liquid that 

was 99% pure by GC. 1H NMR (CDCl3) δ 0.046 (s, 6H), 3.06 (bs, 2H), 3.44 (d, 4H). 

 

3.2.2.3 Dimethyl-bis-(vinyloxymethyl)-silane  

To a dry, 1L round bottom flask equipped with a stir bar, condenser, and nitrogen 

inlet was added 700 mL ethyl vinyl ether, 26.693g (0.222 moles) bis-(Hydroxymethyl)-

dimethyl silane, 4.72g (0.0148 moles) mercuric acetate, and 3 g (0.0296 moles) triethyl 

amine.  The reaction mixture was heated to 50°C and stirred for 72 hours, after which 

time it was cooled to room temperature, poured into a 2 L separatory funnel containing 

400mL of brine, and the aqueous phase was extracted with diethyl ether (150mL). The 

combined organic extracts were dried over MgSO4 and the solvent was removed by rotary 

evaporation.  Vacuum distillation (48-52 oC, 20 mmHg)7 afforded 24.96g (65%) of a 

colorless liquid that was 99% pure by GC. 1H NMR (CDCl3):  0.15 (S, 6H),  3.39 (S, 

4H), 3.95 (d, 2H), 4.20 (d, 2H), and 6.53 (m, 2H). 

1,1,3,3-tetramethyl-1,3-bis(vinyloxymethyl) disiloxane ( 24.62 g; 68 %) was 

synthesized using same method (64-67 oC, 20 mmHg). 1H NMR (CDCl3):  0.14 (S, 

12H),  3.23 (S, 4H), 3.94 (d, 2H), 4.21 (d, 2H), and 6.53 (m, 2H). 
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Figure 3.2: The synthetic scheme of silicon-containing vinyl ethers.8.9 

3.2.3 Viscosity and Curing rate measurement of vinyl ethers 

Viscosities were measured in a Cannon-Fenske capillary viscometer using ASTM 

(The American Societies for Testing and Materials) method D 446. Viscosity is very 

sensitive to temperature, so measurements were made with the viscometer immersed in a 

water bath to minimize temperature fluctuations.  The curing rate was measured by real 

time FTIR using a Nicolet Magna-IR 550 Fourier-transform infrared spectrometer with 

an external, liquid nitrogen-cooled MCT detector from Axiom Analytical. UV irradiation 

was provided by a “Novacure” UV lamp from EXFO.3,8 The experimental set-up 

consisted of the monomer sandwiched between an aluminum coated silicon wafer and a 
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NaCl salt cell. IR illumination was at normal incidence to the cell and used the aluminum 

coating to reflect the signal back to the detector. UV irradiation was provided at an angle 

of 30 degrees to the normal. The variations in peak height of the C=C bond at 1615 cm-1 

(vinyl ethers) and 1640cm-1 (acrylates) over time were used to monitor the reaction.9  

 

3.2.4 Tensile Strength and Separation force of vinyl ethers 

The tensile strengths of vinyl ether and acrylate formulations were collected using 

an MTS Sintech 1/D under test method ASTM D882. Figure 3.3 (a) shows the sample 

preparation method and test configuration. The etch barrier formulation was introduced 

into the preset gap between the slide glasses with the aid of capillary forces. The 

sandwich samples were cured with a JBA LS65 UV lamp, using a 4.4 J/cm2 broadband 

dose to cure the thick samples. After curing, the sample was separated from the slide 

glasses using a razor blade, then measured. 

The sample preparation for separation force is illustrated in Figure 3.3 (b).10 The 

etch barrier formulation was dispensed onto a slide glass, and another slide glass, coated 

with fluorinated self assembled monolayer (FSAML), was used to sandwich the liquid.11 

This cross-shaped sample was cured using the same UV lamp, with a dose of 2.2J/cm2. 

The sample was then loaded in a modified 4-point bending setup, and then the lower slide 

glass was progressively pushed downward to separate the slides.9 The maximum load, 

referred to as separation force, was measured using the MTS Sintech 1/D.  
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Figure 3.3: The sample preparation and testing method: (a) tensile strength measurement, 
and (b) separation force measurement  
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Table 3.1: The chemicals used in this chapter.  

Chemical Name 

 

Chemical Structure 

 

Silicon 

Content 

 

Viscosity 

(cps@ 

25oC) 

Viscosity 

(acrylate 

euivalent) 

1,1,3,3-tetramethyl-1,3-

bis(vinyloxymethyl) 

disiloxane 

(BVMDSO) 

 

22.8 % 1.4  

Dimethyl-

bis(vinyloxymethyl) 

silane 

(BVMS) 

 

16.3 % 1.0  

Ethylene Glycol 

Divinyl ether 

(EGDVE) 

 
0 % 0.75 3.7 

t-Pentyl vinyl ether  

(t-PVE) 

 

0 % 0.48  

Cyclohexyl vinyl ether 

(CHVE) 

 0 % 1.1 3.0 

4,4-bis-(t-butylphenyl) 

iodonium tris-

(trifluoromethanesulfon

yl) methide (PAG) 

 

I

2

C S

O

O

CF3

3
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O Si

O
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O
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3.2.5 Imprint and SEM  

BARC (bottom antireflection coating) coated silicon wafers were provided by 

International Sematech, and templates were prepared at Motorola labs in Tempe, AZ. 

Imprinting was performed using the University of Texas stepper.12 SEM images were 

acquired using Hitachi 4500 SEM. 

 

3.3 RESULTS AND DISCUSSION 

Vinyl ether monomers are typically lower in viscosity than equivalent acrylate 

structures. For example, in Table 3.1, the viscosity of ethylene glycol divinyl ether is 0.75 

cPs, while that of ethylene glycol diacrylate is 3.7 cPs. 1,1,3,3-tetramethyl-1,3-

bis(vinyloxymethyl) disiloxane (BVMDSO) and  dimethyl-bis(vinyloxymethyl)silane 

(BVMS), synthesized above, both meet the requirements for SFIL: both contain more 

than 12 wt% silicon, with which the oxygen plasma etch rate of etch barrier is 10 times 

slower than that of the organic transfer layer.13 The viscosities of these vinyl ether 

monomers are close to that of water. If they are mixed with non-silicon containing vinyl 

ethers, such as t-pentyl vinyl ether and ethyleneglycol divinyl ether, the etch barrier 

formulation viscosity is lower than 1 cps. 
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Figure 3.4: The extent of cure of etch barrier formulations as a function of exposure dose 
(UV lamp intensity: 2.5 mW/cm2): (a) current etch barrier (acrylate), (b) 
Vinyl ether etch barrier formulation (BVMS/EGDVE/PAG= 80/18/2 wt%), 
and (c)  Vinyl ether etch barrier formulation (BVMS/t-PVE/PAG= 80/18/2 
wt%). 

 

Figure 3.4. illustrates the extent of cure of vinyl ethers as a function of dose, in 

comparison with an acrylate etch barrier formulation. For a given dose, the extent of cure 

of the vinyl ether formulations is greater that that of the acrylate system. Only 25 mJ/cm2 

is required to completely cure the vinyl ethers. 
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Because tensile force is applied to the cured etch barrier during the separation 

process, feature integrity is related to the tensile strength. If the tensile strength is much 

lower than the separation force, the feature can undergo cohesive failure during 

separation. The tensile strength of acrylates increased with increasing viscosity (Figure 

3.5). Therefore, it is not easy to make etch acrylate barrier formulations with both low 

viscosity and high tensile strength. To meet the requirement for low viscosity, the tensile 

modulus of current acrylate etch barrier formulations is about 3 MPa. However, the 

viscosities of vinyl ether formulations are about 1 cps, and their tensile strength is five 

times greater than that of current acrylate etch barrier formulations. Figure 3.6 shows the 

imprint images using vinyl ether etch barrier formulations. Due to their good mechanical 

properties, 40 nm features can be patterned.  

 



 46 

 

Figure 3.5: The tensile strength of cured acrylate based etch barrier formulation 
compared with the viscosity  
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Figure 3.6: The imprint images made with vinyl ether etch barrier formulations: (a) Vinyl 
ether etch barrier formulation (BVMDSO/EGDVE/PAG= 60/38/2 wt%), (b) 
Vinyl ether etch barrier formulation (BVMS/EGDVE/PAG= 80/18/2 wt%), 
(c) Vinyl ether etch barrier formulation (BVMDSO/EGDVE/PAG= 60/38/2 
wt%), and (d) Vinyl ether etch barrier formulation (BVMS/t-PVE/PAG= 
80/18/2 wt%) 
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Although vinyl ether-based etch barrier formulations have low viscosities, rapid 

polymerization and high tensile strength, the vinyl ether system has one observed 

drawback as an etch barrier formulation in SFIL: The separation force of vinyl ethers 

appears, from experiments, to be approximately twice that of acrylates using similar 

surfaces. High separation forces are intuitively undesirable and may contribute to feature 

fidelity degradation. Although the separation force of vinyl ether formulations is twice 

that of acrylate formulations (Figure 3.7), the tensile strength of vinyl ether formulations 

is five times greater (Figure 3.4). Therefore, the feature integrity of vinyl ether 

formulations may be better than that of acrylate formulations. Nevertheless, lower 

separation forces are derivable. 
 

3.4 CONCLUSIONS 

The vinyl ether-based etch barrier formulations have lower viscosities and faster 

photo polymerization rates than the present acrylate formulations used for SFIL. In 

addition, the tensile strength of cured vinyl ether etch barrier formulations is higher than 

that of acrylate systems of similar viscosity. Using vinyl ether-based etch barrier 

formulations, 50nm features have been readily printed. The separation force of cured 

vinyl ethers from the template is higher than that of the cured acrylate etch barrier 

formulation, and future work will focus on reducing these separation forces to more 

acceptable levels. 
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Figure 3.7: The separation force of poly t-pentyl vinyl ether-co-ethyleneglycol vinylether 
as a function of crosslinker 
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4. Mass loss of imprint materials by evaporation after dispense in Step 
and Flash Imprint Lithography 

4.1 INTRODUCTION 

Although the SFIL process has shown excellent resolution, the process throughput 

of current imprint tools is much slower than that of optical lithography.1 The slow 

throughput is due mainly to the time required for the monomer to completely fill the 

template features while satisfying the constraint of a minimal residual layer thickness.1 

The filling process is accomplished by dispensing an array of small droplets, as 

opposed to one large droplet.2 The filling time is related to the number of dispensed drops 

and the imprint material viscosity.2 Reducing the imprint material viscosity and 

individual dispense droplet volume increases process throughput. As the volume of each 

drop decreases, the number of dispensed drops must increase to keep the total dispense 

volume constant. The dispense drop size is typically from 200 nl to 80 pl per drop, and 

the drops are dispensed from an ink jet head.  

Imprint material evaporation needs to be managed as a processing variable, and 

this becomes more critical as the droplet size decreases. Indeed, most of the t-butyl 

acrylate, which was used as an imprint diluent in early formulations, evaporated in 40 

seconds from an 18 nl drop.3 

The loss of imprint material through evaporation can cause several problems that 

lead to process variability. The drop composition can change due to differences in 

component volatility, altering the mechanical properties of the cured film, the viscosity of 

imprint material, and the silicon content of the imprinted material. 
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Acrylates and vinyl ethers have been used as imprint monomers in SFIL due to 

their low viscosity and high reactivity.4-5 In this chapter, we present a method for 

predicting the volume loss of various drop sizes for acrylate and vinyl ether monomers so 

that a formulation and process can be chosen to minimize evaporative material loss. 
 

4.2. METHODS 

4.2.1 Materials 

t-Butyl acrylate(t-BA), ethylene glycol diacrylate (EGDA), lauryl acrylate (LA), 

t-pentyl vinyl ether (t-PVE), ethylene glycol divinyl ether (EGDVE), 1,4-butanediol 

divinyl ether (BDDVE) and triethylene glycol divinyl ether (TEGDVE) were purchased 

from Aldrich Co., and hexyl acrylate was obtained from Acros Organics Co. These 

chemicals were used without further purification. Table 4.1 shows the chemical 

composition of acrylate and vinyl ether chemical structures. 
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Table 4.1. The chemical structures of acrylate and vinyl ether monomers used in this 
study. 
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4.2.2. Vapor pressure prediction 

Knowledge of the vapor pressure of each monomer is required to predict 

evaporation rates. Lee and Kesler proposed a method for predicting vapor pressure, 

which is shown in Equation 1-4.6-7 The vapor pressure of a monomer at a given 

temperature can be predicted by the relationship between boiling point, critical 

temperature and critical pressure. This relationship is defined in Equation 4.1, where the 

terms are given in Equation 4.2-4.4. 6-7 

 

Equation 4.1    )()(ln )1()0(
rrvpr TfTfP ϖ+=  

Equation 4.2    6)0( 169347.0ln28862.1
09648.6

92714.5)( rr
r

r TT
T

Tf +−−=  

Equation 4.3    6)1( 43577.0ln4721.13
6875.15

2518.15)( rr
r

r TT
T

Tf +−−=  

Equation 4.4    
61

61

43577.0ln4721.136875.152518.15

169347.0ln28862.109648.692714.5ln

θθθ
θθθϖ

+−−
−++−−

= −

−
cP

 

Here, Pvpr and Pc are the vapor pressure and critical pressure in atmospheres, 

respectively, θ is the ratio of boiling point temperature to critical temperature, and Tr is 

the reduced temperature (T/Tc). 

The critical pressure and temperature can be estimated by the Joback-Reid’s 

method.13 If the boiling point temperature of the monomer (at 1 atm) is unknown, Joback-

Reid’s method can predict the temperature. The method uses group contribution theory, 

as shown in Equation 4.5-4.7.8 The contribution of each group to the normal boiling point 

temperature, critical temperature and critical pressure is shown in Table 4.2.8  
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Table 4.2. The group contributions to predict  normal boiling point temperature (Tb), 
critical temperature (Tc)and pressure (Pc). 

9 

 Tb
g Tc

g Pc
g 

 
CH3 

 
23.58 0.0141 -0.0012 

 
H2
C  
 
 

22.88 0.0189 0 

 

C

 
 

18.25 0.0067 0.0043 

 
CH2 

 
18.18 0.0113 -0.0028 

 
C
H  
 

24.96 0.0129 -0.0006 

 

C O

O

 
 

81.10 0.0481 0.0005 

 
O  
 

22.42 0.0168 0.0015 
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Equation 4.5    ∑+= g
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4.2.3. Vapor pressure, viscosity and contact angle measurement 

The vapor pressure of some monomers was measured using a vapor pressure 

measurement chamber consisting of a metal cylinder, vacuum pump, thermometer and 

vacuum sensor (MKS capacitance manometer 121AA-00100B). The sample was 

introduced into a metal cylinder, and the chamber was evacuated three times (< 0.5 torr) 

to purge the system. The temperature and vapor pressure were recorded after equilibrium 

was reached.  

The viscosity of the monomers was measured with a Cannon-Fenske capillary 

viscometer using the American Society for Testing and Materials (ASTM) D-446 

method. The viscosity measurement was performed in a water bath to minimize 

temperature fluctuations. 

Contact angles of acrylate and vinyl ether monomers on a silicon wafer were 

measured using a Rame-Hart m100 Contact Angle Goniometer. 
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Figure 4.2. The structure that was simulated 

 

4.2.4. Evaporation rate prediction  

Figure 4.2 is a schematic of the evaporation model. If diffusion of air into the 

dispense drop is negligible, Equation 4.8 can be applied.9-10  

Equation 4.8    ∫ ∂
∂= dA
n

c
DW AB

m)(  

W(m) is the evaporation rate (mol/s), A is the surface area of a dispensed drop 

(cm2), DAB is the mass diffusivity of the monomer in the air (cm2/s), c is the vapor 

concentration of monomer (mol/cm3), and c∂ / n∂  is the concentration gradient 

(mol/cm4). Equation 4.8 was used as the basis for determining volumetric loss of a 

dispensed spherical-cap droplet. In the case of constant contact angle during evaporation, 

Equation 4.9 can be applied. The derivation of this equation is shown in Appendix A. 
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Equation 4.10    
θ

θθθ
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Here, rb0 is the initial contact radius at the solid liquid interface (cm), and θ is the 

contact angle of the monomer. Cf is a total molar concentration of gas (mole/cm3) derived 

by the ideal gas law, and xA0 is the mole fraction of the monomer in the gas at the liquid-

gas interface, which can be calculated from the monomer vapor pressure. M and ρ are the 

molecular weight and density of the monomer, respectively, and t is the time elapsed after 

dispensing a drop (seconds). The ambient temperature was assumed to be 20 oC for all 

calculations.  

Slattery and Bird found that self-diffusion of dilute gases can be determined from 

the principles of corresponding states.16 From their theory, the binary-diffusion 

coefficient of a monomer (DAB) can be calculated by Equation 4.11.9-10 

Equation 4.11    
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In Equation 4.11, TcA, PcA, MA are the critical temperature, critical pressure and 

molecular weight of the monomer, respectively. In this case, TcA and PcA were estimated 

using the Joback-Reid method.8 TcB, PcB, MB represent critical temperature, critical 

pressure and molecular weight of air, respectively. T and P are the pressure and 

temperature of the system.  

 The evaporation time, defined as the time required to evaporate the entire 

monomer droplet, was derived from Equation 4.9.  

Equation 4.12    
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4.2.5. Evaporation rate measurement 

Acrylate and vinyl ether formulations were dispensed on natural oxide on Si(001) 

on a sensitive balance (Mettler Toledo AB 204-S). Both the initial mass of the monomer 

and the time required to evaporate all of the dispensed monomer were recorded.  
 

4.3. RESULTS AND DISCUSSION 

4.3.1 Vapor pressure and binary diffusion coefficient prediction 

The normal boiling point temperature, critical temperature and critical pressure 

were calculated by using the Joback-Reid method, as shown in Table III. The vapor 

pressures measured from the vacuum sensor are close to those calculated from the Lee 

and Kesler method (Table 4.4). The result is within 15 % and the average absolute error 

for 4 monomers is 10 %.  

Typically, increased viscosity is correlated with a decrease in vapor pressure.  

The monomers analyzed in this study were consistent with this trend, as can be seen in 

Table 4.5. The acrylate and vinyl ether monomers described here wet natural oxide, 

displaying contact angles less than 25 o. The binary diffusion coefficients for vinyl ethers 

and acrylates are similar, ranging from 0.041 to 0.061 cm2/s. Therefore, the evaporation 

rate is dominated by the vapor pressure (Equation 4.9). 
 

 

 

 

 



 61 

Table 4.3. The material properties of acrylate and vinyl ether monomers used in this 
study. 

 Tb (K) Tc (K) Pc (atm) M (g/mol) ρ (g/cm3) 

t-BA 394.15 574.27 29.67 128.17 0.875 

HA 460.42 662.94 23.84 156.22 0.888 

EGDA 492.44 668.64 27.57 170.16 1.094 

LA 597.70 727.62 14.48 240.38 0.884 

t-PVE 379.15 559.90 28.97 114.19 0.783 

EGDVE 399.15 582.48 32.46 114.14 0.914 

BDDVE 439.15 617.44 21.11 142.20 0.898 

TEGDVE 516.15 685.87 21.12 202.25 0.990 
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Table 4.4. The calculated from equation and measured vapor pressures of acrylate and 
vinyl ether monomers. 

Name 

Calculated  

vapor pressure 

(mbar at 23 oC) 

Measured  

vapor pressure 

(mbar at 23 oC) 

Absolute 

Error 

(%) 

t-BA 19.22 21.70 11.4 

t-PVE 42.11 37.09 13.5 

EGDVE 13.75 13.20 4.2 

BDDVE 3.17 3.57 11.2 
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4.3.2 Evaporation prediction 

The measured evaporation times for vinyl ether and acrylate monomers are very 

close to these predicted by Equation 4.11, as illustrated in Table VI. On average, the 

predicted values deviate from the measured values by less than 25 %. Thus, Equation 

4.11 effectively predicts the evaporation rate of acrylate and vinyl ether monomers.  

An operational goal was set for internal use, in which the dispensed monomers 

should lose less than 5 % of their initial mass by evaporation in 5 sec. Figures 4.3, 4.4 

and 4.5 show the predicted drop volume as a function of time after dispensing 200 nl, 1 nl 

and 80 pl drops of acrylate monomer. From Figure 4.3, 200 nl of t-BA evaporates in 50 

seconds, but 70 % (140 nl) of HA remains after 100 s. There are negligible volume 

changes for 200 nl drops of EGDA and LA drops after 100 s; 5 % of HA evaporates in 33 

seconds (Figure 4.3). If the time between dispensing and imprinting is less than 30 

seconds, HA, EGDA and LA are all applicable in a 200 nl per drop dispense process. t-

BA and HA are not workable in a 80 pl dispense process. Finally, 5 % of EGDA 

evaporates in 10 sec (Figure 5), so EGDA and LA are appropriate for an 80 pl per drop 

dispense process. 

Figures 4.6, 4.7 and 4.8 demonstrate the predicted volume as a function of time 

after dispensing 200 nl, 1 nl and 80 pl drops of vinyl ether monomers, respectively. From 

Figure 6, it can be seen that 200 nl of t-PVE and EGDVE evaporate in 17 and 55 seconds, 

respectively, and 5 % (10 nl) of 200 nl BDDVE evaporates in less than 5 seconds. 

Therefore, only TEGDVE can be used in a 200 nl per drop dispense process. In the 1 nl 

and 80 pl dispense systems, t-PVE, EGDVE and BDDVE evaporate in less than 4 
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seconds. However, 5 % of 1 nl and 80 pl drops of TEGDVE evaporate in 43 and 8 

seconds respectively, so TEGDVE is also applicable to a 1 nl and 80 pl dispense process.  

 

Table 4.5. The material properties of acrylate and vinyl ether monomers for evaporation 
equation. 

 

Calculated 

vapor pressure 

(mbar at 20 oC) 

Measured 

Viscosity 

(cp at 25 oC) 

Contact angle 

(o) 

Calculated DAB 

(cm2/s at 20 oC) 

t-BA 16.17 0.63 15.1 0.059 

HA 1.21 1.3 7.3 0.050 

EGDA 0.028 3.0 21.4 0.052 

LA 5.56 × 10-5 4.1 1.0 0.041 

t-PVE 36.04 0.48 9.3 0.060 

EGDVE 11.47 0.75 6.8 0.061 

BDDVE 2.61 1.1 1.3 0.050 

TEGDVE 0.016 3.5 11.9 0.042 
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Figure 4.3. The predicted drop volume as a function of time after dispensing 200 nl drops 
of acrylate monomers at 20 oC: (a) t-BA, (b) HA, (c) EGDA and (d) LA 
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Figure 4.4. The predicted drop volume as a function of time after dispensing 1 nl drops of 
acrylate monomers at 20 oC: (a) t-BA, (b) HA, (c) EGDA and (d) LA. 
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Figure 4.5. The predicted drop volume as a function of time after dispensing 80 pl drops 
of acrylate monomers at 20 oC: (a) t-BA, (b) HA, (c) EGDA and (d) LA. 
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Figure 4.6. The predicted drop volume as a function of time after dispensing 200 nl drops 
of vinyl ether monomers at 20 oC: (a) t-PVE, (b) EGDVE, (c) BDDVE and 
(d) TEGDVE. 
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Figure 4.7. The predicted drop volume as a function of time after dispensing 1 nl drops of 
vinyl ether monomers at 20 oC: (a) t-PVE, (b) EGDVE, (c) BDDVE and (d) 
TEGDVE. 
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Figure 4.8. The predicted drop volume as a function of time after dispensing 80 pl drops 
of vinyl ether monomers at 20 oC: (a) t-PVE, (b) EGDVE, (c) BDDVE and 
(d) TEGDVE. 
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4.4. CONCLUSION 

The ability to predict the rate of monomer evaporation is critical to the design of 

materials and process that are suitable for SFIL. The evaporation rate depends directly on 

vapor pressure, surface area and diffusion coefficient. The vapor pressures of acrylate and 

vinyl ether monomers can be estimated using the methods of Joback-Reid and Lee-

Kessler. For the examples studied, the predicted vapor pressures are within 15 % of the 

measured values. For small dispense drop volumes (80 pl), only low vapor pressure 

monomers, such as so EGDA, LA and TEGDVE, are suitable, due to the high 

evaporation rate and high surface/volume ratio. The vapor pressure of a material can 

generally be lowered by increasing molecular weight, but this typically increases the 

viscosity of the material–undesirable for SFIL, as this also increases the feature filling 

time.  
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5. Thermal analysis of etch barrier formulation 

5.1 INTRODUCTION 

Highly reactive imprint materials, such as acrylates and vinyl ethers, are carefully 

chosen to enhance process throughput.1 Since the polymerization of these systems is 

exothermic, there is a possibility that the imprint material may decompose due to rapid 

heat generation from the reaction.2 A large temperature increase in imprinted materials 

could result in several problems, including: (1) Safety concerns associated with rapid heat 

generation; (2) Thermal decomposition that can weaken the tensile strength and modulus 

of the imprinted material, which are related to feature integrity; and (3) Thermal 

expansion mismatch that may generate bias of critical dimension and overlay error.    

In this chapter, we present a simulation of the temperature profile during curing in 

order to investigate the severity of the heat generated by the exothermic polymerization.    

 

 

Figure 5.1. The simulated structure used in the finite element method 
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Table 5.1. Material properties used in the temperature simulation of acrylate 
formulations. 

 Density 

(g/cm3) 

Heat Capacity 

(J/gK) 

Thermal 

Conductivity 

(W/mK) 

Imprint material 1.02 1.91 0.153 

Transfer Layer 1 1.7 0.18 

Fused Silica 2.64 0.705 1.46 

Silicon 2.33 0.703 124 

Stainless Steel 7.87 0.450 15 
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Table 5.2. Material properties used in the temperature simulation of vinyl ether 
formulations. 

 Density 

(g/cm3) 

Heat Capacity 

(J/gK) 

Thermal 

Conductivity 

(W/mK) 

Imprint material 0.914 2.05 0.132 

Transfer Layer 1 1.7 0.18 

Fused Silica 2.64 0.705 1.46 

Silicon 2.33 0.703 124 

Stainless Steel 7.87 0.450 15 
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Figure 5.2. Extent of cure of acrylate formulation (16 mW/cm2): (a) experimental data 
obtained from RTIR, (b) simplified curve for simulation 
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5.2. FINITE ELEMENT MODELING 

Finite element analysis provides an efficient means of simulating the generation 

and dissipation of heat in unique geometries during photo curing. The finite element 

analyses were made of 3D thermal elements. All analyses were done using Cosmos M 2.5 

software from Structural Research & Analysis Corp. Figure 5.1 reveals the model used in 

the simulation. Tables 5.1 and 5.2 summarize the material properties of the acrylate and 

vinyl ether imprint formulations that were used in the model.3-7 The heat of 

polymerization of the acrylate and vinyl ether imprint materials are 508 J/g and 593 

J/g.8,9,10 The complete curing times of the acrylate and vinyl ether imprint materials used 

in the finite element analysis were measured using real time Fourier transform infrared 

(RTIR) spectroscopy at various UV lamp powers.1,11,12 Figure 5.2 (a) shows an example 

conversion curve taken by RTIR of the acrylate formulation. To simplify these data for 

modeling purposes, two linear fits were used to capture the times scales of 

polymerization, as shown in Figure 5.2 (b). 

In addition to the heat generated from UV curing, the temperature may increase 

due to UV absorption by the imprint material. UV/Vis spectra of vinyl ether and acrylate 

imprint material were collected using an HP 8452A diode-array UV-Visible 

spectrophotometer to determine the rate of UV absorption by the imprint material. The 

UV lamp (Oriel 6281 Hg-Arc lamp) power spectrum was obtained from Oriel 

Instruments. 
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Figure 5.3. The transmittance spectra of a 200 nm thick acrylate film 
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Figure 5.4. The transmittance spectra of a 200 nm thick vinyl ether film 
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Figure 5.5. The UV lamp intensity spectrum used in imprint lithography 
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5.3. RESULTS AND DISCUSSION 

5.3.1 Heat generation from UV absorption 

Figures 5.3 and 5.4 show the transmittance spectra of a 200 nm thick acrylate and 

vinyl ether films, respectively. Vinyl ether and acrylate formulations are very transparent 

between 190 nm to 820 nm, and the loading of photo acid generator and photo radical 

initiator is very low in vinyl ether and acrylate formulations: The transmittance in the 

regions between 190 nm to 290 nm is approximately 0.99, implying that only 1 % of light 

is absorbed. The transmittance above 290 nm is more than 0.999. The Hg-Arc lamp used 

for curing generates energy mainly above 290 nm, as shown in Figure 5.5. To determine 

the amount of energy absorbed by the film, the lamp spectrum, and film absorption must 

be convolved in Equation 5.1. 

 

Equation 5.1     

 

Here, T, P and A represent the transmittance of the imprinted material, UV lamp 

power, and absorbed power during UV exposure respectively. If the thickness of imprint 

material is 200 nm, the acrylate and vinyl ether formulations absorb 0.047 and 0.055 % of 

the incident light. 

Acrylates can be polymerized completely in 3 seconds at 74 mW/cm2 UV lamp 

irradiance.12 If, for example, the area and the thickness of imprint material are 1 cm2 and 

200 nm respectively, then the heat generated during photo-polymerization is 10 mJ.8 

Compared with this value, the heat from UV absorption is insignificant (0.01 mJ). In the 
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case of vinyl ether formulations, the ratio of heat generated from UV absorption to that 

from polymerization is only 0.14%.9-11 

The mismatch between monomer absorbance and the light intensity spectrum and 

the low loading of photo acid generator and photo radical initiator results in insignificant 

heat generated by UV absorption. The energy from UV absorption is less than 1% of that 

from the heat of polymerization. Therefore, the heat from UV absorption is negligible.  

 

5.3.2 Temperature increase in imprinted materials 

If the imprint process were adiabatic, the temperature increase during 

polymerization would be about 300 oC, which could decompose the polymer. However, 

simulation indicates that the temperature increase is very small, as seen in Figure 5.6. In 

fact, in all acrylate formulations in this simulation, the maximum temperature increase 

was less than 0.04 oC during a curing time of 3 seconds. The vinyl ether system used in 

SFIL polymerizes more rapidly than the acrylate system and therefore releases heat 

faster.1, 11 The maximum temperature decreases with decreased lamp intensity, since the 

heat has more time to dissipate. In the vinyl ether system, the maximum temperature 

increase at 30 mW/cm2 is less than 0.05 oC over a curing time of 1 second, as shown in 

Figure 5.7. 



 83 

 

 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0 5 10 15 20

Time (s)

T
em

p
er

at
u

re
 in

cr
ea

se
 (K

)

 

Figure 5.6. Simulation results of the maximum temperature increase of acrylate 
formulation during UV exposure: (a) UV lamp intensity: 74 mW/cm2, (b) 
UV lamp intensity: 31 mW/cm2 and (a) UV lamp intensity: 16 mW/cm2. 
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Figure 5.7. Simulation results of the maximum temperature increase of vinyl ether 
formulation during UV exposure: (a) UV lamp intensity: 30 mW/cm2, (b) 
UV lamp intensity: 17 mW/cm2 and (a) UV lamp intensity: 2.5 mW/cm2. 
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Figure 5.8. The temperature profile of vinyl ether imprint materials after 1 second 
exposure of 30 mW/cm2 UV lamp. 
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Figure 5.8 shows the simulated temperature profile of a vinyl ether formulation at 

30 mW/cm2 intensity after 1 second of exposure. Note that the imprinted material is much 

thinner than the silicon wafer and the fused silica mold, and the interfacial area (1 inch2) 

generated by the imprinted material, the fused silica, transfer layer, and silicon wafer is 

much greater than the thickness of the imprinted materials (100-300 nm) and transfer 

layer (300 nm). In addition, the thermal conductivity of the silicon wafer is about 800 

times that of the imprinted material, which results in rapid heat dissipation through the 

silicon wafer. The thermal conductivity of the fused silica is approximately 5 times 

higher than that of the imprint materials, so heat dissipation through the fused silica mold 

can also reduce the temperature in the imprinted materials. As a result, the temperature 

increase in the imprinted material during UV curing is very small.  

The temperature rise of a single imprint was investigated. Imprinting is a step and 

repeat process, so the temperature rise for multi-imprint processing is important. 

Although fresh imprint material is dispensed on the substrate, the fused silica template is 

used for each imprint. Figure 5.9 shows the temperature rise for the multi-imprint 

process. To simulate the worst-case temperature rise, the time delays of dispense, imprint 

and separation were excluded. The vinyl ether formulation at 30 mW/cm2 UV lamp 

irradiation (curing time: 1 s) was used in the multi-imprint temperature simulation. The 

maximum temperature rise of the 5th imprint is very close to that of the 1st imprint, as 

seen in Figure 5.9. Because most heat dissipates to the silicon wafer, the heat stored in 

the template does not contribute to the temperature increase in the imprint material. This 

temperature rise (0.044 K) is very small, but it is enough to require consideration by tool 

design engineers who must control overlay and alignment to a few nanometers in the 

future.  
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Figure 5.9. Simulation of the maximum temperature increase of the vinyl ether 
formulation during multi-imprint (UV lamp intensity: 30 mW/cm2). 

 

5.4. CONCLUSION 

The primary source of heat generation during the imprinting stage of SFIL is due 

to the heat of polymerization. This heat is rapidly dissipated to the surrounding template 

and substrate, resulting in a negligible temperature rise in the film (0.05 oC). Although 

polymerization reactions of the imprinted materials are rapid, the temperature rise during 

photopolymerization in this application is very small but sufficient to require the attention 

of engineers who are designing imprint tools for future device manufacturing. 
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6. Densification of etch barrier formulation 

6.1 INTRODUCTION 

Step and flash imprint lithography utilizes photopolymerization to generate 

patterns. Imprint material is densified during polymerization, which leads to contraction 

due to the change from Van der Waals bonds to covalent bonds.1 Table 6.1 shows several 

examples of bulk volume change during polymerization.2  Imprint material contraction 

leads to changes in feature size and shape, which can in turn lead to bias in critical 

dimensions and alignment errors. 
  

 

Table 6.1. Volumetric change of monomers after polymerization2 

Monomer Volume Change (%) 

Vinyl Chloride 34.4 

Acrylonitrile 31.0 

Vinylidene chloride 28.7 

Methyl acrylate 22.1 

Vinyl acetate 21.6 

Methyl methacrylate 20.6 

Styrene 14.5 
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Finite element modeling (FEM) is a powerful tool that can simulate the change of 

feature size and shape resulting from external and internal forces such as applied loads, 

pressure and shrinkage. FEM utilizes continuum mechanics to predict the spatial changes 

of a feature due to environmental changes, such as temperature.1,3,4 FEM was used to 

investigate the extent of feature change due to shrinkage during imprinting. Although 

finite element modeling is an excellent tool for predicting feature change after shrinkage, 

SEM characterization was also performed to verify the FEM predictions.  
 

6.2. EXPERIMENTAL 
 

6.2.1 Materials 

Ethylene glycol diacrylate (EGDA),n-Butyl acrylate (n-BA) and lauryl acrylate 

were purchased from the Aldrich Company, and hexyl acrylate (HA) was obtained from 

Arco Chemical Co. The photo radical initiator (Darocur 1173, 2-hydroxy-2-methyl-1-

phenyl-1-propanone) was donated by Ciba Specialty Chemicals Inc. The chemical 

structures of the monomers used in this chapter are shown in Figure 6.1. To find the 

impact of volumetric shrinkage on the imprinted feature dimensions, four formulations 

(Table 6.2) were made, and these bulk volumetric shrinkages are shown in Table 6.2. 
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6.2.2. Volumetric shrinkage measurement 

The volumetric shrinkage of cured imprint materials were measured using a 

method based on Archimedes’ principle.1 The method determines the density of the cured 

imprint material using the ratio of the submerged sample weight to the combined weight 

of the dry sample weight and the submerging liquid (Equation 6.1). The shrinkages were 

calculated using the difference in the density of the cured versus uncured material, as 

shown in Equation 6.2. 

Equation 6.1          
dry

submerged
liquidpolymer W

W
ρρ =  

Equation 6.2          
polymer

monomerpolymerV
ρ

ρρ −
=∆  

Wdry is the weight of the cured polymer film and Wsubmerged is the weight of the 

cured polymer when submerged in liquid. ρpolymer, ρliquid and ρmonomer are the density of 

cured polymer, submerging liquid, and monomer, respectively.  
 

Table 6.2. The composition and shrinkage of formulations in this chapter 

Formulation 

Label 

t-BA 

(wt%) 

HA 

(wt%) 

LA 

(wt%) 

EGDA 

(wt%) 

Darocur 1173 

(wt%) 

Shrinkage 

(%) 

S1 0 0 66 30 4 10 

S2 0 66 0 30 4 14 

S3 66 0 0 30 4 16 

S4 0 0 0 96 4 20 
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Figure 6.1. The chemicals used in this chapter: a) n-butyl acrylate, b) hexyl acrylate, c) 
lauryl acrylate, d) ethylene glycol diacrylate and e) Darocur 1173 
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Samples were made by photopolymerizing the imprint formulation in a preset gap 

between two glass slides. The imprint formulation was introduced between the slides 

using capillary force. The samples were polymerized using a JBA LS65 UV lamp (4.4 

J/cm2). After polymerization, the cured materials were separated from the slides.  

The mass of the prepared samples were measured with a balance (Mettler Toledo 

AB 204-S) before and after being submerged in ethanol. Using Equations 6.1 and 6.2, the 

shrinkage of the cured imprint materials (Table 6.1) was calculated. 
 

6.2.3. Finite element modeling (FEM) 

Finite element modeling was used to investigate imprinted feature changes from 

shrinkage by photo curing. Figure 6.2 shows the schematic inputs of the FEM model: the 

feature dimension, shrinkage, Poisson’s ratio, and Young’s modulus. The finite element 

modeling, which used Cosmos/M 2.5 software from Structural Research & Analysis 

Corp., involved several assumptions: 1) the shrinkage of the imprinted materials is 

isotropic, 2) the interface between the imprinted material and substrate is fixed and 3) all 

the imprinted material polymerizes at the same time and then shrinks. The vertical, 

horizontal and total displacements were measured at 10, 14, 16 and 20 % volumetric 

shrinkage. 
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6.2.4 Imprinting and SEM 

Four formulations in Table 1 were imprinted on a Molecular Imprints Imprio-100 

at Motorola Labs in Tempe, AZ. Cross-section SEM images were acquired using a 

Hitachi 4500 SEM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2. The inputs for FEM analysis: Line width at base: 120 nm, Line width at top: 
100 nm, Feature height: 50 nm, Modulus: 100 MPa and Poisson’s ratio: 0.38 
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(c) 

 

Figure 6.3 Finite element model of A10 imprinted lines (scale nm): (a) total 
displacement, (b) horizontal displacement and (c) vertical displacement 
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6.3. RESULT AND DISCUSSION 

Figure 6.3 shows the simulated displacement of S1 imprinted lines. The shape 

represents the pattern without shrinkage, and color shows the displacement due to 

shrinkage. Displacements occur primarily over the top of the feature (Figure 6.3 (a)). 

Since the imprint material sticks to the substrate, the freedom of movement at the 

substrate is zero. In contrast, there is no constraint at the top of the feature. 

The major horizontal displacement happens at the edge of the top of the feature 

(Figure 6.3 (b)), but the horizontal displacement at the base is negligible (0.6 nm). The 

horizontal shrinkage (∆CD) depends on the residual layer thickness. The thinner the 

residual layer, the smaller the horizontal displacement. Because critical dimension (CD) 

is usually determined by the width at the base of the feature, CD bias due to the shrinkage 

is not significant.  

Shrinkage due to curing is largely accounted for by vertical displacement. 

Therefore, the most significant impact is a decrease in feature height, whereas the CD 

change is insignificant.  
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Figure 6.4. Maximum horizontal displacement of 100 nmimprinted lines as a function of 
imprint material shrinkage from FEM 
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Figure 6.5: Maximum horizontal displacement of 50 nm thick imprinted lines on 50 nm 
of base layer as a function of imprint material shrinkage from FEM 
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Figure 6.6. The sidewall angles of the imprinted feature as a function of imprint material 
shrinkage from FEM. In this example, the template was assumed to have a 
68 o wall angle 
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(c) 

 

(d) 

Figure 6.7. SEM of 100 nm dense lines of variable imprint materials printed with the 
same template: (a) S1, (b) S2, (c) S3 and (d) S4 
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Figures 6.4 and 6.5 show the maximum horizontal and vertical displacements as a 

function of the imprint material shrinkage from FEM. The maximum horizontal and 

vertical displacements increase almost linearly as the bulk shrinkage increases. Feature 

shrinkage leads to decreased height and top width, resulting in a decreased sidewall angle 

of the imprinted feature. As maximum horizontal and vertical displacements increase, the 

sidewall angle of the imprinted feature decreases linearly with imprint material shrinkage 

(Figure 6.6).  

Figure 6.7 shows imprinted dense lines for all four formulations using the same 

template. The shrinkages are different, ranging from 10 to 20 %. As the shrinkage 

increases, we expect reduced feature height and top width, but no differences in feature 

height, top width or sidewall angle can be detected within the SEM's measurement 

resolution.  

The acrylate can be used as a electron beam resist, so electron beam exposure also 

induce shrinkage of acrylate films.5 Electron beam exposure of acrylate produces volatile 

products and causes shrinkage of the film. This phenomenon generates error in the SEM 

analysis. This is an interesting macroscopic example of the Heisenberg principle which 

states that the more accurately you make the measurement, the greater the error! I was not 

possible to guaranty the error in this experiment. In the future, SEM measurements 

should be accompanied by AFM measurements, which will allow quantification of the 

error. 

 

6.4. CONCLUSION 

Finite element modeling was used to predict the effect of imprint material 

contraction on the final feature size and shape. The shrinkage occurs primarily in the 

vertical direction, while the base width changes insignificantly. With increased imprint 
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material shrinkage, the maximum vertical and horizontal displacements increase linearly, 

causing a linear decrease in sidewall angle. Experimental results show that the feature 

size and shape are independent of material type, so further study is needed. 
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7. Release enhancement in the imprint process 

7.1 INTRODUCTION 

Incomplete separation is a major defect source in Step and Flash Imprint 

Lithography (SFIL). Figure 7.1 illustrates the impact of incomplete separation on SFIL; 

clearly, minimizing the separation force is essential. The separation process is related to 

adhesive fracture mechanics.1 Fracture stress, which is related to separation force, 

depends on the mechanical and surface properties of the cured imprint material and 

template. Various methods have been used to change these mechanical and surface 

properties, for example, non-stick coating of the template (CVD and self assembled 

monolayer coating) and including additives in the imprint materials.2-8 M. Bender et al. 

found that fluorinated additive can migrate to the template/imprint material interface, 

reducing the surface energy of the imprint material, and enhancing the release properties.2 

Methods for incorporating fluorinated additives will be discussed in detail in the next 

chapter.  

The most commonly used method for release is non-stick coating on a substrate. 

Polytetrafluoroethylene or Teflon is a well known coating material. PVD and CVD 

methods are used to generate a fluorocarbon coating on the template surface, but that 

fluorocarbon coating is not sufficiently durable for imprint lithography.3-4  
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Figure 7.1. Examples of good and bad imprint after separation of template from substrate 
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Bailey et al. developed a method for coating the template with a fluorinated self 

assembled monolayer (FSAM) using a vapor phase reaction with tridecafluoro-1,1,2,2-

tetrahydrooctyltrichlorosilane as a release agent (TFCS).9 FSAM-treated templates have 

good release properties.9   

The TFCS release agent generates a fairly durable FSAM layer on the template 

surface due to network structure formation. However, localized inverse micelles can form 

when the ratio of water to release agent concentration is high.10 In the case of inverse 

micelle formation, the surface is covered with reactive Si-OH on FSAM, leading to a 

higher surface energy than that of the fluorocarbon.11 A low ratio of water to release 

agent results in an incomplete FSAM network structure, and this generates unreacted 

dangling Si-OH on the fluorocarbon coating and template surface. It is not easy to insure 

an exact ratio of water to release agent stoichiometry on the entire template surface. 

Figure 7.2 shows the ideal FSAM and inverse micelle structures. The circle represents 

trichlorosilane, which reacts with Si-OH on the template surface, and the stick represents 

a fluorocarbon, which reduces surface energy. As a result, the surface energy of the 

FSAM-treated template is much lower (22.3 dyne/cm) than that of an untreated template 

(49.7 dyne/cm).11 



 108 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 The ideal FSAM and inverse micelle structures from tridecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane. 
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The vinyl ether formulation shows good mechanical properties, low viscosity and 

rapid polymerization. 12 However, one drawback is that it has a higher separation force 

than that of the acrylate formulation. 12 Vinyl ethers are cured by cationic 

polymerization,13 in which strong acids are used as initiators and carbocations are 

generated after the initiation reaction. A carbocation reacts with the double bond of the 

vinyl ether and generates a new active carbocation.13 The Si-OH is more reactive with 

carbocations than vinyl ethers,14 so they can bond covalently to the template during vinyl 

ether polymerization. Therefore, an imperfect FSAM coating is a significant problem. 

An ideal FSAM is defined as one in which the fluorocabon coating is fully 

covered and there is no remaining, reactive Si-OH on the FASM coating and template 

surface, Figure 7.2. An ideal FSAM layer can be achieved using the monochlorosilane 

release agent ((heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethylchlorosilane). 15 

Monochlorosilane has one reactive site, resulting in a dimer byproduct that is easily 

removed by rinsing. The one drawback of monochlorosilane is lack of durability: it 

cannot generate a network structure. 

It is very important to select the proper treatment method and release agent. The 

effects of the treatment method (gas- and solution-based treatments) and the type of 

chlorosilane (monochlorosilane and trichlorosilane) on separation force are reported in 

this chapter.  
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7.2. EXPERIMENTAL 
 

7.2.1 Materials 

t-Pentyl vinyl ether (t-PVE) and ethylene glycol divinyl ether (EGDVE) were 

purchased from the Aldrich Company. (Tridecafluoro-1,1,2,2-tetrahydrooctyl) 

trichlorosilane and (heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethylchlorosilane were 

acquired from Gelest Company. The photo acid generator (PAG, 4,4-bis-(t-butylphenyl) 

iodonium tris-(trifluoromethanesulfonyl) methide) was kindly provided by the 3M 

Company. The chemical structures of the monomers used in this chapter are shown in 

Figure 7.1. 
 

7.2.2 Surface treatment 

All the glass slides used in this experiment were cleaned in an acetone ultrasonic 

bath for 15 min, followed by UV/ozone treatment for 15 min. 
 

7.2.2.1. Solution based treatment of (heptadecafluoro-1,1,2,2-tetrahydrodecyl) 
dimethylchlorosilane 15 

The clean glass slides were immersed in 2.0 wt% (heptadecafluoro-1,1,2,2-

tetrahydrodecyl) dimethylchlorosilane in xylene for 20 min to generate the fluorinated 

self assembled monolayer (FSAM), and they were rinsed with xylene, isopropyl alcohol, 

acetone and water.9 
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Figure 7.3.The chemicals used in this chapter: a) t-PVE, b) EGDVE, c) PAG, d) 
(heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethylchlorosilane and e)  
(Tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane. 
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7.2.2.2. Vapor based treatment of (heptadecafluoro-1,1,2,2-tetrahydrodecyl) 
dimethylchlorosilane  

The clean glass slides were treated by vapor exposure to (heptadecafluoro-1,1,2,2-

tetrahydrodecyl) dimethylchlorosilane at 760 Torr (precursor plus nitrogen) for 2 hours, 

followed by annealing at 100 oC for 15 min. They were rinsed with isopropyl alcohol, 

acetone and water. 

 

7.2.2.3. Solution based treatment of (Tridecafluoro-1,1,2,2-tetrahydrooctyl) 
trichlorosilane16 

The clean glass slides were placed in a 100 % relative humidity chamber at room 

temperature for 20 minutes. They were removed and immediately immersed in 2.0 wt% 

(heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethylchlorosilane in xylene for 20 min. 

They were rinsed with xylene, isopropyl alcohol, acetone and water. 
 

7.2.2.4. Vapor based treatment of (Tridecafluoro-1,1,2,2-tetrahydrooctyl) 
trichlorosilane 9 

The clean glass slides were treated in a vapor exposure (Tridecafluoro-1,1,2,2-

tetrahydrooctyl) trichlorosilane at 760 Torr (precursor plus nitrogen) for 2 hours, 

followed by annealing at 100 oC for 15 min. They were rinsed with isopropyl alcohol, 

acetone and water. 
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7.2.3 X-ray photoelectron spectroscopy analysis 

The ratios of fluoride to carbon on FSAM-treated glass slides were measured by 

X-ray photoelectron spectroscopy (XPS) using a Physical Electronics PHI ESCA system 

with an Al monochromatic source (Al Kα radiation).  
 

7.2.4. Separation force measurement 

The etch barrier formulation, shown in Table 7.1, was dispensed onto clean glass 

slides. The FSAM-treated glass slides were used to sandwich the liquid. This cross-

shaped sample, as described in Chapter 3, was cured using a JBA LS65 UV lamp with a 

dose of 2.2 J/cm2. The sample was loaded in a modified 4 point bending set-up, and then 

the lower slide glass was pushed downward.6 The maximum load, or separation force, 

was recorded using an Instron 3340. Three identical samples were measured, and average 

values were reported as the separation force.  
 

Table. 7.1 The etch barrier formulation used in this chapter 

 t-PVE EGDVE PAG 

wt % 78 20 2 
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7.3. RESULT AND DISCUSSION 

The separation force of untreated glass slides (7.15 lb) is very high, so that the 

slide often is broken during the measurement. However, the separation force of the 

FSAM-treated glass slides (2- 3 lb) is much lower. Although the release agent and 

surface treatment methods are different, the separation forces of the four different FSAM-

treated samples are very similar (Figure 7.4). 

The fluoride/silicon ratio of the monochlorosilane solution-treated glass slide is 

almost the same as that of the trichlorosilane vapor-treated glass slide. In the case of 

inverse micelles, the fluoride/silicon ratio of the FSAM-treated glass slide increases. 

Therefore, inverse micelle formation of trichlorosilane is negligible.   
 

7.4. CONCLUSION 

Four different surface treatment methods show similar separation force reduction, 

although they use different release agents and treatment methods. The fluoride/silicon 

ratio of the trichlorosilane-treated samples is the almost same as the monochlorosilane-

treated samples, indicating that only a monolayer of fluorinated material coats the 

surface, and the inverse micelle formation of trichlorosilane is negligible. Because the 

various surface treatments do not significantly reduce the separation force, a different 

method is needed. One such approach, the use of a fluorinated additive, is described in 

the next chapter. 
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Figure 7.4 The separation force of FSAM-treated glass slide: U (untreated), MS (Mono-
chlorosilane- solution based reaction), MV (Monochlorosilane- vapor based 
reaction), TS (Trichlorosilane- solution based reaction) and TV 
(Trichlorosilane- solution based reaction) 
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Table 7.2. The fluoride/silicon ratio of FSAM treated glass slide 

 Fluoride/silicon ratio 

Monochlorosilane- solution based reaction 1.167 

Trichlorosilane- Vapor based reaction 1.160 
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8. Separation force reduction with the addition of surfactant 

8.1 INTRODUCTION 

Defect generation is a major concern with imprint lithography, since it is a contact 

process. Defect formation in imprint lithography is strongly related to the adhesive force 

between the template (glass mold) and cured etch barrier. In addition, large separation 

forces associated with removing the template from the imprinted material can result in 

cohesive failure of the etch barrier material and distort alignment.1,2 Therefore, the use of 

a release promoter in vinyl ether formulations is necessary. One approach is to form a 

self-assembled monolayer of (heptadecafluoro-1,1,2,2-tetrahydrodecyl)dimethyl-

chlorosilane on the template to lower its surface energy. One can also manipulate the 

surface energy of the cured etch barrier by adding fluorinated compounds to the etch 

barrier liquid.3 

Introduction of fluorinated compounds into a photopolymerizable monomer 

formulation usually results in a lower energy surface; this lowering is generated by the 

fluorocarbon coating on the surface.4-6 Bongiovanni et al. found that adding fluorinated 

monomer to a photopolymerizable resin can significantly increase the water contact angle 

because most of the fluorinated material congregates near the surface.5 Bender et al. 

found that the addition of a fluorine-based additive (1H, 1H, 2H, 2H – perfluorooctyl-

triethoxysilane) reduced the surface energy of UV cured imprint material, and this 

modification enabled multiple imprints (50 times) without mold cleaning.6 We report the 

addition of polymerizable and nonpolymerizable fluorinated compounds to vinyl ethers 

and show a lowering of surface energy and adhesion. 
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Figure 8.1. The chemical structures of chemicals used in this chapter: (a) cyclohexyl 
vinyl ether (CHVE), (b) ethylene glycol divinyl ether (EGDVE), (c) 4,4-bis-
(t-butylphenyl) iodonium tris-(trifluoromethanesulfonyl) methide (PAG), (d) 
(heptadecafluoro-1,1,2,2-tetrahydrodecyl) Vinyloxymethyloxy 
dimethylsilane (flouorinated vinylether, FVE) and (e) Methyl 
perfluorooctanoate (FA). 
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8.2. EXPERIMENT 

8.2.1 Materials 

Cyclohexyl vinyl ether, ethylene glycol monovinyl ether, and ethylene glycol 

divinyl ether were purchased from the Aldrich Company. Methyl perfluorooctanoate 

(FA) was purchased from Fluorochem USA, and (heptadecafluoro-1,1,2,2-

tetrahydrodecyl) dimethylchlorosilane was purchased from Gelest Company. The photo 

acid generator (4,4-bis-(t-butylphenyl) iodonium tris-(trifluoromethanesulfonyl) methide) 

was provided by 3M Company. The chemical structures of the monomers used in this 

article are shown in Figure 8.1. The glass slides (Microscopic Slides 12-549) were 

purchased from Fisher Scientific International Inc. 
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Figure 8.2. The synthetic scheme of fluorinated vinyl ether 
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8.2.2 Synthesis of (heptadecafluoro-1,1,2,2-tetrahydrodecyl) Vinyloxymethyloxy 
dimethylsilane (flouorinated vinylether, FVE) 

Figure 8.2 shows the synthetic scheme used to form the fluorinated vinyl ether. 

To a 1 L round bottom flask equipped with a stir bar and nitrogen inlet was added 25 g 

(0.022 mol) of (heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethylchlorosilane, 5.14 g 

(0.051 mol) of triethyl amine and 300 mL of tetrahydrofuran. A solution of 4.27 g (0.049 

mol) of ethylene glycol monovinyl ether and 50 mL of tetrahydrofuran was added 

dropwise. The reaction mixture was stirred for 3 hr, then filtered to remove salt. The 

solvent was removed by rotary evaporation. Vacuum distillation (98-102 oC, 1.1 mmHg) 

left 20.6 g (73.3 %) of a colorless liquid that was 95 % pure by GC. 1H NMR (CDCl3): 

0.16 (S, 6H), 0.81 (m, 2H), 2.10 (m, 2H), 3.74 (m, 2H), 3.81 (m,2H), 3.99 (d, 1H), 4.16 

(d, 1H), and 6.45 (m, 1H) 

 

8.2.3 Surface treatment of glass slides 

The glass slides (75×15×1 mm) used in this experiment were cleaned in an 

acetone ultrasonic bath for 15 min, followed by UV/ozone treatment for 15 min. The 

clean glass slides were immersed in 2.0 wt% (heptadecafluoro-1,1,2,2-tetrahydrodecyl) 

dimethylchlorosilane in xylene for 20 min to generate a fluorinated self assembled 

monolayer (FSAM) on the surface, and were rinsed with xylene, isopropyl alcohol, 

acetone and water.   
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8.2.4 Separation force measurement 

The five etch barrier formulations shown in Table I were dispensed onto the clean 

glass slides. The FSAM-treated glass slide was used to sandwich the liquid formulation 

against the glass slide substrate. This cross-shaped sample was cured using a JBA LS65 

UV lamp with a dose of 2.2 J/cm2; UV light was transmitted through the treated glass 

slide. The sample was then loaded in a modified 4 point bend set-up, and the lower 

untreated glass slide was pushed downward.7 The maximum load, which defines the 

separation force, was recorded by an Instron 3340. Three identical samples were 

measured, and average values are reported as the separation force. 

 

8.2.5 Tensile modulus measurement 

The tensile moduli of five formulations were collected with an Instron 3340 using 

test method ASTM D882. The etch barrier formulation was introduced into the preset gap 

between the glass slides with the aid of capillary forces. The sandwich samples were 

cured using a JBA LS65 UV lamp at 4.4 J/cm2 broadband dose to cure the thick samples. 

After curing, the sample was separated from the glass slides using a razor blade. 
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Table 8.1. The etch barrier formulation, Fluoride/Carbon (F/C) ratio and tensile modulus 
of cured films in this experiment 

 
 Control FVE1 FVE2 FA1 FA2 
 

CHVE 
 

68 wt % 66 wt % 63 wt % 66 wt % 63 wt % 

 
EGDVE 

 
30 wt % 30 wt % 30 wt % 30 wt % 30 wt % 

 
FVE 

 
NA 2 wt % 5 wt % NA NA 

 
FA 

 
NA NA NA 2 wt % 5 wt % 

 
PAG 

 
2 wt % 2 wt % 2 wt % 2 wt % 2 wt % 

 
Calculated 

Bulk F/C 

 

0.0045 0.0140 0.0289 0.0169 0.0363 

 
Tensile 

Modulus of 

cured film 

(MPa) 

 

817 819 807 809 818 
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8.2.6 Water contact angle measurement and XPS analysis 

After separation force measurement, water contact angles of cured etch barriers 

attached on the untreated glass slide were measured by a Rame-Hart m100 contact angle 

Goniometer. Water contact angle is related to the surface energy, which will vary 

depending on the amount of fluorocarbon on the surface.  

The concentration of fluorine and carbon on the cured etch barrier remaining on 

untreated glass slide was measured by X-ray photoelectron spectroscopy (XPS) using a 

Physical Electronics PHI ESCA system equipped with a monochromatic Al source to 

generate Al Kα radiation. X-ray photoelectron spectra were obtained at 15o and 75o take-

off angles. To minimize the contribution of fluorocarbon transferred from the FSAM on 

the glass slide, the treated slide was imprinted 5 times before the data were acquired. 

Previous work has shown that no measurable fluorocarbon transfer after 5 imprints.8 
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8.3. RESULTS AND DISCUSSION  

The contact angles of water on the cured etch barrier formulations after the 

separation force measurements are shown in Figure 8.3. The water contact angle 

increases with an increase in fluorinated vinyl ether (FVE), which indicates that the 

addition of FVE makes the surface more hydrophobic. The FVE decreased the surface 

energy of the cured etch barrier formulation.  

The XPS results in Figure 8.4 corroborate the results found using contact angle 

measurements. The fluorinated vinyl ether, which has low surface tension, has a tendency 

to migrate to the interface to minimize surface energy.3 The cured FVE1 and FVE2 show 

about 15 times higher ratios of fluorine to carbon at a 15o take-off angle than that of the 

calculated bulk ratios (FVE1: 0.0140, FVE2: 0.0289). The penetration depth of the 15o 

take-off angle is about 2 nm, and that of the 75o take-off angle is 7 nm.9 The ratio of 

fluorine to carbon at 15o is about twice that at 75o, indicating that a very thin fluoride rich 

layer is generated on the surface. 
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Figure 8.3. The water contact angle of the cured formulation as a function of fluorinated 
vinyl ether concentration 
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Figure 8.4. F/C atomic ratio calculated from the F 1s and C 1s XPS features as a function 
of fluorinated vinyl ether concentration at different take-off angles: (a) 15 
and (b) 75 
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FVE contains a vinyl ether functional group, so it can polymerize with other vinyl 

ether monomers in the formulation. In general, the modulus of the cured film depends on 

crosslink density, degree of crystallinity, the pendant group length of monomers, and the 

plasticizer concentration. In general, the modulus of a cured film decreases with an 

increase in the pendant group length of the monomer. Although the FVE pendant group 

length is longer than that of CHVE, the FVE additions of FVE1 and FVE 2 are very small 

(2 and 5 wt %, respectively). Therefore, the modulus of cured FVE1 and FVE2 can be 

very close to that of the cured control. Unfortunately, there is a lack of commercially 

available FVE, so it must be synthesized.  

FA is commercially available, but it does not contain a vinyl ether functional 

group. The cured film can be softened by the addition of liquid, which acts as a 

plasticizer. Therefore, the addition of FA to the formulation can decrease the modulus. 

However, FA is very effective at reducing the separation force, so only a small quantity 

of FA is necessary. Therefore, the modulus decrease can be minimized.  

Figure 8.5 demonstrates the ratio of fluorine to carbon as a function of fluorinated 

additive concentration at a 15o take-off angle. Although the fluorinated additive 

concentration of formulation FA1 is the same as that of formulation FVE1, the ratio of 

fluorine to carbon in FA1 is a little bit higher than that of FVE1 because the fluorine to 

carbon ratio of FA (1.67) is higher than that of FVE (1). The bulk fluorine/carbon ratios 

for a homogeneous mixture are listed in Table 8.1. A comparison of these bulk values to 

the data in Figure 8.5 reveals a surface enrichment of the fluorinated additive. 
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Figure 8.5. F/C atomic ratio calculated from the F 1s and C 1s XPS features as a function 
of fluorinated additive concentration at 15o take-off angle: (a) fluorinated 
vinyl ether and (b) methyl perfluorooctanoate. 
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Figure 8.6. Separation force of cured vinyl ether formulation as a function of fluorinated 
additive concentration: (a) fluorinated vinyl ether and (b) methyl 
perfluorooctanoate. 
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The separation force is reduced substantially by the addition of fluorinated 

monomer to the vinyl ether formulation (Figure 6). FA is more efficient than FVE at 

reducing separation force. Adding 5 % FVE reduces the separation force by about 20 %, 

but the addition of only 2 wt% FA to the etch barrier reduces the separation force to half 

that of the pure etch barrier.  

Griffith found that the fracture strength of an elastic material depends on a pre-

existing crack, and he also found that the fracture strength (σ) is related to fracture 

energy, modulus and the crack tip radius.10,12 This relationship is defined in Equation 

8.1.10-12 Williams showed that cohesive fracture analysis can apply to the adhesive 

fracture that is separation (adhesion) force.11-12 

Equation 8.1                
2/1









=

a

GE

π
σ  

Here, E and a are modulus and crack tip radius. G is fracture energy, which is 

related to the interfacial energy and plastic energy. There are three possible ways to 

reduce separation force: 1) decrease the modulus of the film, 2) decrease the fracture 

energy (interfacial energy and plastic energy) and 3) increase the crack tip radius. Due to 

fluorine migration to the interface between the FSAM-treated glass slide and the cured 

vinyl ether, adding FVE to the etch barrier decreases the interfacial energy and leads to a 

reduction in the fracture energy (G) between the FSAM-treated slide glass and the cured 

etch barrier and consequent reduction in the separation force. The FA addition also 

reduces fracture energy, but FA cannot be polymerized with vinyl ether. The modulus (E) 

of the FA rich thin interface layer between the FSAM-treated glass slide and the cured 

etch barrier is reduced. However, the bulk tensile modulus changes from the small 

amount of fluorinated additive are negligible, and they are all higher than standard UT 
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acrylate formulations (100 MPa), which can print sub-50 nm features.1 The addition of 

FA to the etch barrier reduces fracture energy and the modulus of the interfacial layer. 

Therefore, FA is a more effective additive than FVE at reducing separation force. 

 

8.4. CONCLUSION 

The addition of fluorinated additives to the etch barrier makes the surface more 

hydrophobic due to migration of the additive to the surface. The presence of a thin 

fluorine-rich surface layer was verified by XPS. The addition of FA or FVE decreases the 

separation force between the cured material and a FSAM-treated slide glass. Because FA 

cannot be covalently polymerized to the vinyl ether network, the modulus of the thin 

surface layer decreases significantly. This leads to further reduction of the separation 

force. In terms of separation force reduction, FA is more effective than FVE. Inclusion of 

the additives enables the vinyl ether formulation to be separated at a lower force than the 

acrylate formulations. 
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CONCLUSION 

9. Conclusion 

9.1 VINYL ETHER FORMULATION OPTIMIZATION 

It is quite difficult to find materials that meet all the requirements for imprint 

resists. Acrylate monomers have traditionally been used to formulate imprint resists 

because of their high reactivity. However, vinyl ether imprint formulations have lower 

viscosity, faster curing rates and higher tensile strength than acrylate formulations, and 

they do not exhibit oxygen sensitivity.1-2 One drawback of vinyl ethers is the lack of 

commercially available silicon-containing monomers, which are critical for providing 

oxygen etch resistance.2 Therefore, several silicon-containing vinyl ether monomers were 

synthesized and tested.  

In general, finding a material with low viscosity and low vapor pressure is 

challenging. As seen in chapter 4, the vapor pressure must be less than 0.04 mbar for an 

80 pL dispense drop. The vapor pressure of acrylates and vinyl ethers without silicon 

atoms can be quite accurately predicted using Joback-Reid and Lee-Kesler methods. In 

order to predict the vapor pressure of a monomer at a given temperature in this way, the 

boiling point, critical temperature and critical pressure are required. The Joback-Reid 

method cannot predict the boiling point for the new monomers because it does not 

account for Si.3 Although Stein and Brown expanded Joback-Reid’s method to predict 

the boiling point of molecules containing Si, P, B, Se and Sn,4 they did not develop a way 

to predict their critical pressures and temperatures.3,4 Lydersen, however, developed a 

method for predicting the critical pressure and temperature of silicon containing 
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materials.5,6 Using a combination of the Joback-Reid, Stein-Brown, Lydersen and Lee-

Kessler methods, we estimated the vapor pressures of silicon containing vinyl ether were 

estimated; these data are presented in this chapter.3-7   

The best silicon-containing vinyl ether for use with the 80 pL dispense was found 

by comparing the viscosity and predicted vapor pressure of a range of silicon-containing 

vinyl ethers. The mechanical properties, separation force and imprint performance of 

optimized vinyl ether formulations based on these monomers are described in this 

chapter. 
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Figure 9.1. The structures of the chemicals used in this chapter; (a) Dimethyl-
bis(vinyloxymethyl)-silane (BVS), (b) 1,1,3,3-tetramethyl-1,3-
bis(vinyloxymethyl)-disiloxane (BVMDS)), (c) 1,3- bis(vinyloxyethoxy)-
tetramethyldisiloxane(BVEDS), (d) 1,5- 
bis(vinyloxyethoxy)hexamethyltrisiloxane (BVETS), (e) 1,7- 
bis(vinyloxyethoxy)-octamethyltetrasiloxane (BVETTS), (f) 
cyclohexanedimthanol divinyl ether (CHDVE), (g) triethylene glycol 
divinyl ether (TEGDVE), (h) 4,4-bis-(t-butylphenyl) iodonium tris-
(trifluoromethanesulfonyl) methide (PAG) and (i) methyl 
perfluorooctanoate 
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9.2. EXPERIMENTAL 
 

9.2.1 Materials 

Bischloromethyldimethylsilane, 1,3-bischloromethyl-1,1,3,3-tetramethyl-

disiloxane, 1,3-dichlorotetramethyldisiloxane, 1,5-dichlorohexamethyltrisiloxane and 

1,7-dichlorooctamethyltetrasiloxane were purchased from the Gelest company and used 

as received. From these silanes, five different silicon containing monomers were 

synthesized. Ethylene glycol monovinyl ether, 1,4-Cyclohexanedimethanol divinyl ether 

and triethylene glycol divinyl ether were purchased from Aldrich company. Methyl 

perfluorooctanoate (FA) was purchased form Fluorochem USA. The photo acid generator 

(4,4-bis-(t-butylphenyl) iodonium tris-(trifluoromethanesulfonyl) methide) was provided 

as a generous gift by 3M Company. The chemical structures of the monomers and PAG 

used are shown in Figure 1. The synthetic routes to BVMS and BVMDSO were 

described in Chapter 3.  
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Figure 9.2 The synthetic scheme of BVEDS 
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9.2.2 Synthesis of 1,3- bis(vinyloxyethoxy)-tetramethyldisiloxane (BVEDS) 

Figure 9.2 shows the synthetic route to BVEDS. To a 1 L round bottom flask 

equipped with a stir bar and nitrogen inlet was added 26.52 g (0.1305 mol) of 1,3-

dichlorotetramethyldisiloxane, 29.05 g (0.287 mol) of triethyl amine, and 600 mL of 

tetrahydrofuran. A solution of 24.14 g (0.274 mol) of ethylene glycol monovinyl ether 

and 100 mL of tetrahydrofuran was added dropwise. The reaction mixture was stirred for 

3 hours after the addition was complete, then filtered to remove salt. The solvent was 

removed by rotary evaporation. Vacuum distillation (83-88 oC, 1.0 mmHg) provided 

30.76 g (70 %) of a colorless liquid that was 95 % pure by GC. 1H NMR (CDCl3): 0.12 

(S, 12H), 3.76 (m, 4H), 3.88 (m, 4H), 4.13 (d, 2H), 4.19 (d, 2H) and 6.46 (m, 2H) 

BVETS and BVETTS were synthesized using the same procedure. In BVETS, 1H 

NMR (CDCl3): 0.12 (S, 12H), 3.76 (m, 4H), 3.88 (m, 4H), 4.13 (d, 2H), 4.19 (d, 2H) and 

6.46 (m, 2H). In BVETTS, 1H NMR (CDCl3): 0.12 (S, 12H), 3.76 (m, 4H), 3.88 (m, 4H), 

4.13 (d, 2H), 4.19 (d, 2H) and 6.46 (m, 2H).  
 

9.2.3 Vapor pressure prediction of silicon containing vinyl ether 

Lee and Kesler proposed the method shown in Equation 4.1-4.4 for predicting 

vapor pressure.6-7 The boiling points of the silicon-containing monomers were predicted 

using Joback-Reid’s method.2-3 The critical temperature and critical pressure were 

predicted by Lydersen’s method.5-6 Both these methods are based on group contribution 

theory, as shown in Equations 9.1-9.3.3-6 The contribution of each group to the boiling 

point and critical pressure is shown in Table 9.1.3-6 
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Table 9.1 The group contributions to predict boiling point temperature (Tb), critical 
temperature (Tc) and pressure (Pc). 3-6 

 
 

Tb
g 

 

 
∆T 
 

∆p 

 
CH3 

 
23.58 0.020 0.227 

 
H2
C  
 

22.88 0.020 0.227 

 
CH2 

 
18.18 0.018 0.198 

 
C
H  
 

24.96 0.018 0.198 

 
O  
 

22.42 0.021 0.16 

 

Si

 
 

10.05 0.03 0.54 
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Equation 9.1         ∑+= g
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M
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Here, Tb
g, ∆T and ∆P are group contribution elements to the boiling point, critical 

temperature and critical pressure, as shown in Table 9.1.3-6 M is the molecular weight of 

monomers. 

 

9.2.4 Vapor pressure and viscosity measurement 

The vapor pressure of BVMS was measured using a vapor pressure measurement 

chamber consisting of a metal cylinder, vacuum pump, thermometer and vacuum sensor 

(MKS capacitance manometer 121AA-00100B). The sample was introduced into the 

metal cylinder, and the chamber was evacuated three times (< 0.5 torr) to purge the 

system. The temperature and vapor pressure were recorded after equilibrium was 

reached.  

The viscosity of the monomers was measured using a Cannon-Fenske capillary 

viscometer by the American Society for Testing and Materials (ASTM) D-446 method. 

The viscosity measurement was performed in a water bath to minimize temperature 

fluctuations. 
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9.2.5 Separation force and tensile modulus measurement 

The glass slides (75×15×1 mm) used in this experiment were cleaned in an 

acetone ultrasonic bath (Cole-Parmer 8891) for 15 min, followed by UV/ozone (UVO-

Cleaner 42, Jelight Company) treatment for 15 min. The clean glass slides were 

immersed in 2.0 wt% (heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethylchlorosilane in 

xylene for 20 min to generate a fluorinated, self assembled monolayer (FSAM) on the 

surface, and were rinsed with xylene, isopropyl alcohol, acetone and water.8    

The etch barrier formulations shown in Table 2 were dispensed onto the clean 

glass slides. The FSAM-treated glass slide was used to sandwich the liquid formulation 

against the glass slide substrate. This cross-shaped sample was cured using a JBA LS65 

UV lamp with a dose of 2.2 J/cm2 by exposure through the treated glass slide. The sample 

was loaded in a modified 4 point bending set-up, and then the lower, untreated glass slide 

was pushed downward.9 The maximum load, which defines the separation force, was 

recorded by an Instron 3340. Three identical samples were measured, and average value 

was reported as the separation force. 

The tensile modulus and strength of formulation 1 in Table 9.2 were collected 

using an Instron 3340 using test method ASTM D882. The etch barrier formulation was 

introduced into a preset gap between the glass slides with the aid of capillary forces. The 

sandwich samples were cured using a JBA LS65 UV lamp using 4.4 J/cm2 broadband 

dose. After curing, the sample was separated from the glass slides using a razor blade and 

measured. 
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Table 9.2 The vinyl ether formulations used in this chapter 

 1 2 

BVMDSO 66 wt% 66 wt% 

CHDVE 18 wt% 16 wt% 

TEGDVE 20 wt% 20 wt% 

PAG 2 wt% 2 wt% 

FA 0 wt% 2 wt% 

 

 

9.2.6 Imprint and SEM 

BARC (bottom antireflection coating) coated silicon wafers were generously 

provided by International Sematech, and templates were prepared at Motorola 

Laboratories, Phoenix AZ. Imprinting was performed using a Molecular Imprints Imprio 

55. SEM images were acquired using a Hitachi 4500 SEM. 
 

9.3 RESULTS AND DISCUSSION 

The boiling point, critical temperature, critical pressure and vapor pressure at 20 

oC, were calculated using the Joback-Reid’s, Lyderson’s and Lee-Kessler’s methods, as 

shown in Table 9.3. As seen in Chapter 4, the average absolute error of vapor pressures 

of vinyl ether and acrylate monomers is 10 %. The predicted vapor pressure of BVMS at 
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23 oC is 2.05 mbar, and its measured vapor pressure is 2.47 mbar. The absolute error is 

15 %.  
 

Table 9.3 The predicted material properties and viscosity of silicon-containing vinyl 
ethers 

 Tb (K) Tc (K) Pc (atm) 

Predicted  

vapor pressure  

(mbar at 20 oC) 

Viscosity  

(cP at 25 oC) 

BVMS 432.29 583.53 20.49 1.7 1.0 

BVMDSO 511.92 654 15 0.011 1.4 

BVEDS 602.52 747.18 13.19 1.1 × 10-5 2.0 

BVETS 682.15 835.09 10.64 9.1 × 10-8 2.5 

BVETTS 761.78 939.59 8.93 1.6 × 10-8 2.8 

 

As seen in chapter 4, the vapor pressure must be less than 0.04 mbar for an 80 pL 

dispense drop. This requirement precludes BVMS from use. As seen in Table 9.3, use of 

vinyl ethers with low vapor pressure comes at the cost of increased viscosity,6 yet low 

viscosity is important for reducing filling time during imprinting.15 BVMDSO is the vinyl 

ether with the lowest viscosity that meets the vapor pressure requirement for 80 pL 

dispense droplet.  

The tensile strength and modulus of the cured film are related to feature integrity 

after the separation process. Addition of the CHDVE monomer to the aliphatic 

terminated vinyl ethers significantly increases the tensile strength and modulus.16 The 
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predicted vapor pressure of CHDVE, calculated using Joback-Reid’s and Lee-Kessler’s 

methods, is 0.020 mbar at 20 oC.3,6,7 However, because the viscosity of CHDVE is 5.06 

cP, and the PAG is insoluble in a mixture of BVMDSO and CHDVE, it was necessary to 

add a low viscosity PAG soluble vinyl ether to the formulation. The PAG is soluble in 

TEGDVE, and its viscosity (3.48 cP at 25 oC) is lower than that of CHDVE, but the 

addition of the TEGDVE monomer to aliphatic terminated vinyl ethers decreases tensile 

strength and modulus.10 Therefore, both CHDVE and TEGDVE were used in the imprint 

formulation. 

Oxygen etch selectivity requires the imprint formulation to contain at least 12 

wt % silicon. Increasing the silicon content has the added effect of lowering the 

formulation viscosity, since the viscosity of BVMDSO is lower than that of CHDVE and 

TEGDVE. Formulations 1 and 2 meet the requirement of high silicon content and low 

viscosity (Table 2). The difference between formulations 1 and 2 is the addition of a 

surfactant (FA) in formulation 2 in order to decrease the separation force. The stress 

strain curve of cured formulation 1 is shown in Figure 9.3. The tensile strength and 

modulus are 26 MPa and 0.91 Gpa, respectively, both much higher than the standard 

acrylate formulation (3 MPa and 0.1 GPa).4 The separation force of formulation 1 is 1.71 

± 0.26 lb. The addition of 2 wt% FA to the vinyl ether formulation decreases the 

separation force significantly, and the change of tensile modulus is negligible. The 

separation force of formulation 2 is 0.83 ± 0.11 lb. Images imprinted in formulation 2 are 

shown in Figure 9.4; even the smallest features, 30 nm, in the template were accurately 

printed (Figure 9.4 (d)). 
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Fig. 9.3 The stress strain curve of cured imprint formulation 1 
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(a) 

 

(b) 
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(c) 

 

(d) 

Figure 9.4 The imprint images of formulation 2 
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9.4 CONCLUSION 

Five different silicon-containing vinyl ethers were synthesized and their 

properties characterized to determine their appropriateness for SFIL. Modified versions 

of Joback-Reid’s, Lyderson’s and Lee-Kesler’s methods were used to predict the vapor 

pressures of these silicon-containing vinyl ethers. Although BVMS has the lowest 

viscosity (1cPs) of the synthetic silicon containing vinyl ethers, its vapor pressure is 

much higher than 0.04 mbar, the maximum acceptable vapor pressure for an 80 pL 

dispense drop. The vapor pressure and viscosity of BVMDSO are low (0.011 mbar and 

1.4 cps). Additional compounds were added to optimize the imprint formulation. CHDVE 

was added because of its excellent mechanical properties. TEGDVE is a good solvent for 

PAG, and it helps to offset the increase in viscosity resulting from the addition of 

CHDVE. The formulations of BVMDSO, CHDVE and TEGDVE show good tensile 

strength (26 MPa) and modulus (0.91 GPa). The modulus change resulting from 2 % 

addition of FA is negligible, but it lowers the separation force (0.83 lb). Therefore, the 

vinyl ether formulation with 2 % FA successfully printed 30 nm lines. 
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APPENDICES 

Appendix A: Evaporation Equation 

A.1 DERIVATION OF EVAPORATION EQUATION 

Evaporation rate in this article is described by Equation A.1. 1-2  

Equation A.1       ∫ ∂
∂= dA
n

c
DW AB
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If the shape of the dispensed drop is a spherical cap, the surface area A, the volume V and 

the height are known to be 
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The concentration gradient is known to be 
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The mole fraction of monomer in the air (xA∞) is negligible. The effective radius, 

reff, is defined as the average of rb (contact radius) and h (drop height) 
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Differentiating Equation A.2, results in Equation A.7. 
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Combining Equation A.1, A.5, A.6 and A.7, and then integrating results in 
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Equation A.8       
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The molar evaporation rate (mol/s) is converted to a volume evaporation rate 

(ml/s) by multiplying W(m) by the ratio of molecular weight to density (M/ρ). 
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Differentiating Equation A.3 with respect to rb gives Equation A.10, so 

Equation A.10       bb drfrdV )(2 θπ=   

Combining Equations A.9 and A.20, rearranging and integrating gives Equation 

A.11. 
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Solving Equation A.11 and rearranging the solution gives Equation A.12. 
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Combining Equation A.22 with Equation A.3, one obtains the volume expression, 

Equation 4.9. 
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Appendix B. Thermoresist 

B.1 INTRODUCTION 

Direct write electron beam lithography has been used for some time as a mask-

making technique due to the excellent resolution capabilities of electron beams. 

However, this technique suffers from exceptionally slow throughput, making it 

impractical for on-line wafer processing. To increase productivity, many people have 

attempted to use an electron beam projection method in which a broad parallel electron 

beam is passed through a mask onto the substrate. However, the tendency for electrons to 

scatter after hitting the active material makes it difficult to control feature critical 

dimension (CD) using this technique due to the so-called “proximity effects” of scattered 

electrons from nearby irradiation sites.1-2 Proximity effect correction methods are 

available to mitigate the problems from electron scattering, but the amount of data 

processing necessary to meet sub-100 nm feature imaging requirements is too great to be 

practical. The design and implementation of resist materials that could operate without 

being affected by proximity issues would represent a significant step toward making 

electron beam-based alternatives attractive. One is the use of a thermo-resist, where the 

latent image from previous exposure can be completely removed through heat 

dissipation, thereby significantly reducing proximity problems.            

Traditional photoresists and electron beam resists are designed to exhibit a 

cumulative radiation response to multiple exposures; the resist captures each exposure 

and sums them to form a latent image. When the sum of the exposures reaches the resist’s 

threshold, the resist becomes either soluble (for a positive tone material) or insoluble (for 

a negative tone material) in a developer. This cumulative response makes features written 
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in electron beam resists sensitive to proximity effects, such as those from forward and 

back scattering. Proximity effects make it impossible to maintain a constant feature 

exposure dose, due to the absorption of scattered electrons from nearby pattern density, 

which is, of course, variable for each pattern area. 

Resist materials with a thermally activated solubility switch offer a potential 

method to eliminate such proximity effects, since these materials should not exhibit a 

cumulative dose response, provided sub-critical thermal doses are allowed to dissipate 

over sufficient time. Therefore, while a resist material heated to the threshold value will 

experience a change in solubility, regions of the resist not heated to their threshold value 

undergo no reaction, exhibit no change in solubility, and retain no memory of sub-

threshold irradiation. If adjacent images are allowed to cool between exposures, one 

could, in principle, write closely packed features in thermal resists without complications 

due to electron scattering.      

Thermal resist materials must meet a number of requirements for use as electron 

beam resists. Most critically, an effective thermal resist must exhibit sensitivity to 

changes in solubility when heated directly by the electron beam, but not when irradiated 

from proximity scattered electrons. At the same time, a thermal resist must also have all 

the mundane characteristics of a photoresist, such as an acceptable shelf life, substrate 

adhesion, and etch resistance.   

Hydrogen Silsesquioxane (HSQ) has been studied both as an electron-beam resist 

and as a thermally cured low dielectric material.3-4 HSQ is an attractive thermal resist 

candidate because of its effectiveness as an electron beam resist and its ability to be 

thermally cured.5 In addition, due to its high silicon content, HSQ can be used as an etch 

mask in a bi-layer resist system, which can be used to generate high aspect ratio features 

with RIE plasma etching. 
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Simulation of resist temperatures during electron-beam exposure allows one to 

define a target range of sensitivities for thermal resists. Given the bounds of sensitivity 

and storage life, one can define an acceptable range of activation energies and Arrhenius 

pre-exponential coefficients for practical thermal resist materials. 

The objective of this chapter is to study temperature profiles from electron beam-

induced heating, investigate the appropriate electron beam conditions for the thermoresist 

to deliver both sensitivity and storage life, and determine whether HSQ is an appropriate 

material for use as a thermoresist from these temperature simulations. 

 

B.2 TEMPERATURE SIMULATION METHOD 

Finite element analysis modeling provides an efficient means of simulating resist 

temperatures during electron-beam exposure. Equation B.1 below describes the transient 

thermal response of a system to a distributed heat source.6 

 

Equation B.1 
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ρ and G represent heat source power and Green’s function, respectively. The first 

term represents thermal energy in the system with the convolution integral of heat source 

power and Green’s function. The second term describes the boundary conditions of the 

system and is applicable when simulating steady-state systems.7 The third term indicates 

the initial conditions of the system. Solving equation B.1 yields the temperature of the 

system as a function of position and time. 
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Green’s function uses system geometry, material properties, and electron beam 

energy deposition rate to determine the temperature of the system when heated by a point 

source. The modified Bethe’s equation describes charge loss rate in an electron beam 

passing through media.8-9 Equation B.2 is derived from the modified Bethe’s equation 

and describes the rate of energy deposition in the resist. 

 

Equation B.2     )
'

166.1
ln(7850

J

E

AE

Z

ds

dE ××=− ρ
     (keV/µm)  

 

Ηere, ρ, Z, and A represent the density, atomic number, and atomic weight of the 

resist. The modified ionization potential J’ is defined as J’=J/(1+kJ/E) where E is beam 

voltage.10 The mean ionization potential J is defined as J=13Z.11 k is proportional to the 

atomic number of the target and is defined as k=0.734Z0.037.11 Table B.1 lists the thermal 

conductivity, heat capacity, and density of each material in a bilayer resist stack.12-16 

 

 

Table B.1: Material properties in temperature simulation.12-16 

 Thermal Conductivity 
(W/m K) 

Heat Capacity 
(J/g K) 

 

Density 
(g/cm3) 

HSQ (Ref.. 24, 26, 27) 0.37 1.46 1.4 

Novolac (Ref. 25, 26) 0.2 1.5 1.285 

Chromium (Ref. 25, 28) 93.7 0.4605 7.15 

Quartz (Ref. 25, 28) 1.46 0.75 2.635 
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Figure B.1: Top surface temperature of 150 nm HSQ film cast on 400 nm novolac film 
written with 4kV, 100 A/cm2, 40 µC/cm2, 100 nm FWHM electron beam 

 

Solving equation (1) yields the temperature in the resist and substrate as a 

function of location and time. Figure B.1 shows a typical temperature profile generated 

using this method. Green’s function was calculated using finite element analysis software 

(Cosmos/M). An electron beam with a Gaussian power distribution was solved in 

MathCAD. 
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B.3 TEMPERATURE SIMULATION RESULT 

Figure B.2. (a) illustrates the photomask structure modeled in these simulations: a 

resist layer, a chromium layer, and a quartz substrate. An additional novolac film was 

sometimes added between the resist and chromium to insulate the resist from the highly 

thermally conductive chromium layer. The insulator layer enables higher resist 

temperatures during exposure and promotes more uniform resist temperatures. The 

oxygen etch rate of novolac is higher than that of HSQ, so a high aspect ratio features 

could potentially be obtained by an oxygen etch through the novolac insulating layer.5 

Figure B.2 (b) shows resist and insulator films covering standard chromium on a quartz 

photomask blank.   

 

 

 

 

 

 

 

Figure B.2:  Simulated photomask structures: (a) photomask without insulating layer (b) 
photomask with novolac insulating layer. 
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Figure B.3:  Temperature profile of HSQ without insulator layer.  150 nm HSQ layer 
cast on a 400 nm novolac layer cast on a chromium on quartz photomask 
blank.  Written with a 4 kV, 100 A/cm2, 100 nm FWHM electron beam; (a) 
HSQ top surface, (b) 50 nm below top surface, (c) 100 below top surface, 
(d) HSQ bottom surface. 

 

Figure B.3 shows the temperature of the top surface of a HSQ film cast on a 

quartz photomask blank. As illustrated in Figure B.3(a), The film was imaged with a 4 

kV 100 A/cm2 100 nm FWHM electron beam. The electron beam current density is 

typically smaller than 100 A/cm2.2,17 The chromium layer conducts heat away from 

imaged portions of the resist, so the top surface of the HSQ film reaches a temperature 

twenty times higher than the bottom surface. This disparity in temperature through the 

resist film would make it difficult to control the extent of conversion throughout the resist 
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film thickness. In addition, the temperature rise is too small (less than 50 K) in spite of 

high electron beam current density (100 A/cm2) 
 

Figure B.4: Effect of insulating layer on resist temperature.  150 nm HSQ layer cast on a 
400 nm novolac layer cast on a chromium on quartz photomask blank.  
Written with a 4 kV, 100 A/cm2, 100 nm FWHM electron beam; (a) HSQ 
top surface, (b) 50 nm below top surface, (c) 100 below top surface, (d) 
HSQ bottom surface. 

Figure B.4 demonstrates the effect of an insulating layer on the resist temperature 

profile: the temperature through the resist is more uniform with the addition of the 

insulator layer. The temperature rise of the resist with an insulating layer is much higher 

than that without an insulating layer. One should note that in this assignment the 

temperature at the bottom of the HSQ film is higher than the temperature at the top of the 
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film, due to a higher energy deposition rate in the bottom of the film as electrons are 

slowed and the low thermal conductivity of the insulator film. 

 

Figure B.5: Effect of beam size on resist temperature. 150 nm HSQ layer cast on a 400 
nm novolac layer cast on a chromium on quartz photomask blank.  Written 
with a 4 kV, 100 A/cm2 electron beam; (a) 100 nm spot area, (b) 50 nm spot 
area, and (c) 10 nm spot area. 

Figure B.5 shows that the maximum resist temperature scales dramatically with 

spot size. Babin et. al. have studied the relationship between the resist surface 

temperature and electron beam size, and our results are similar.17 The intensity gradient 

in the small electron beam is steeper than that in a larger electron beam, which enhances 

the heat dissipation from the beam center.   
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Figure B.6:  Effect of accelerating voltage on resist temperature. 150 nm HSQ layer cast 
on a 400 nm novolac layer cast on a chromium on quartz photomask blank.  
Written with am 100 A/cm2 100 nm FWHM electron beam; (a) 4 kV e-beam 
voltage, and (b) 10 kV e-beam. 

Figures B.6 and B.7 illustrate the effect of beam voltage and current on film 

temperature. As the accelerating voltage increases, a larger percentage of the energy in 

the electron beam is deposited in the substrate, and the temperature of the HSQ film 

decreases. As beam current increases, resist temperature increases. Although electron 

beam heating systems are capable of running at low voltages and high currents, high 

current density causes image blurring due to coulombic repulsion between electrons. In 

addition, high current system requires a high vacuum system (less than 3 µPa), and the 
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lifetime of high current electron beam sources is very short (500 h).18 A current density of 

1000 A/cm2 is exceptionally high, so it is in applicable for high resolution patterning by 

heating.18 From equation B.2, the electron beam penetration decreases considerably with 

a reduction in electron voltage. The penetration depth of a l kV electron beam is below 20 

nm. The decrease in electron beam voltage requires a reduction in initial resist thickness, 

which reduces total etch resistance. For 150 nm resist thickness, 4 kV is a suitable 

electron voltage. 

 

Figure B.7: Effect of beam current on resist temperature. 150 nm HSQ layer cast on a 400 
nm novolac layer on a chromium on quartz photomask blank.  Written with 
a 4 kV, 100 nm spot area; (a) 100 A/cm2 (b) 500 A/cm2 (c) 1000 A/cm2. 
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B.4 HYDROGEN SILSESQUIOXANE (HSQ) AS A THERMAL RESIST 

Siew et. al. have studied the conversion of Si-H bonds to Si-O bonds during the 

thermal curing of HSQ.4 Between 250 and 350 oC, reaction 1 proceeds at the highest rate. 

As soluble H2SiO is converted to SiO2, the film becomes insoluble in aqueous base 

developers and organic solvents. Above 350 oC, reactions 2 and 3 dominate. As silane 

and hydrogen are produced, the film becomes insoluble in aqueous base developers and 

organic solvents. 3  

Reaction 1 

2HSiO3/2 H2SiO + SiO2 

Reaction 2 

2H2SiO 2H2
+ Si Si

O O n  

Reaction 3 

2H2SiO SiO2SiH4 +
 

 

The dissociation of the Si-H bond of silicon H2SiO is the rate-determining step in 

reactions 2 and 3 and has an activation energy of 2.83 eV.19 Bremmer et. al. show a half-

life of 1 hour for dissociation of Si-H at 400 oC.15 Figure 8 shows the half life of Si-H 

bonds based on these data. To achieve a half-life on the order of microseconds, the HSQ 

must be heated to 900 C. From Figure B.8, HSQ resists can be used for feature sizes as 

small as 100 nm in case of 1000 A/cm2 electron beam current density. However, based on 

these results, in sub-100 nm features, it does not seem possible to use HSQ as a thermal 

resist with currently available or envisioned e-beam tools. 
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Figure B.8: Half-life of the Si-H bond in HSQ as a function of temperature. 

 

B.5 CONCLUSION 

In conclusion, e-beams with voltages greater than 4 kV deposit the majority of 

their energy into the substrate rather than into the resist. As e-beam spot size shrinks, 

resist heating also drops significantly. At small feature sizes, it becomes increasingly 

difficult to obtain the required temperature rise for a thermal switch to occur. HSQ resist 

is inapplicable as a thermal resist for sub 100 nm patterning with current available e-

beam tools. High resolution thermal printing by e-beam exposure appears not to be 

practical. 
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