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ABSTRACT 

Our studies of second generation immersion fluid candidates are moving beyond the discovery phase, and into 

addressing issues for their commercial application.  Thus, we continue work to examine and fundamentally understand 

fluid transparency and refractive index, to fully optimize these properties.  At the same time, we are now examining 

other process concerns, including index variation with temperature, new imaging performance studies, fluid handling 

considerations, and fluid property maintenance with active recycle during lithographic exposure.  The systems and 

procedures we have developed in these areas continue to show our fluids’ promise for sub-45nm immersion lithography 

applications.    
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1. INTRODUCTION 

Immersion lithography with high index fluids is now demonstrating its potential to surpass water’s capabilities 

for advanced lithographic applications.  For example, 32nm half-pitch (1:1) lines and spaces have now been patterned 

using immersion interference lithography with second generation immersion fluids, effectively printing with a numerical 

aperture NA=1.5, and a k1 of 0.25.1,2  Water – the first generation fluid intended for 193nm immersion lithography at the 

45nm half pitch node – is not suitable for single-exposure immersion lithography for finer features (38nm half pitch 

node and below).  In researching higher index immersion fluids, several groups have explored water with additives as 

second generation immersion fluid candidates.3-8 The additives include surfactants, inorganic salts, mineral acids, and 

particles.  To date, these water-based fluids show refractive indices of 1.55 or less at 193nm1 – improvements over 

water, but not high enough for 38nm or 32nm half-pitch feature-size lithography.  We have turned our attention to 

organic fluids, for which there are many candidates with encouragingly high refractive indices.   



2. ABSORBANCE AND REFRACTIVE INDEX 

2.1. Hydrocarbon alkanes  as low absorbance and high index immersion fluids 

Transparency is a key requirement1 for immersion fluids for three major reasons: 1) to maximize the incident 

light on the photoresist, 2) to minimize photoinduced fluid degradation, and 3) to minimize the photoinduced fluid 

temperature increase.  Almost all organic functional groups are reported to be opaque at wavelengths shorter than 210 to 

220nm, due to p to p* optical transitions 

and electronic excitations of carbon double 

bonds (i.e., C=C) and n (non-bonding) to p* 

and n to s* electronic transitions.9,10  In 

general, the energy gap – and therefore the 

optical transition energy – between the �  

and � * electron orbitals of carbon single 

bonds (i.e., C-C) is larger than the energy 

gap between p and p* or between n and p* 

or n and s* electron orbitals.  Therefore, the 

optical transitions and absorption peaks due 

to �  �  � * excitations should appear at 

shorter wavelengths (i.e., higher energies) 

than those resulting from n �  p*, n �  s* 

or p �  p* transitions.  Thus, saturated 

hydrocarbons with only �  bonds should be 

intrinsically more transparent at 193 nm 

than organic fluids with functional groups.  

However, saturated hydrocarbons have been 

reported to be transparent only for 

wavelengths longer than 210nm.10,11,12 We 

have examined a number of commercial 

saturated hydrocarbons and their 

absorbances (A/cm) at 193nm ranged from 

2 to greater than 100 – too absorbing for 

immersion fluid applications.   

We have developed many saturated 

hydrocarbons compositions which can have 
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Figure 1.   Examples of high transparency saturated hydrocarbons 



high transparency.  These saturated hydrocarbons shown in Figure 1 – linear and branched alkanes, cyclic alkanes, and 

multiple cyclic alkanes – include cyclopentane, cyclohexane, cycloheptane, n-decane, n-dodecane, n-tetradecane, n-

hexadecane, 2-methylpentane, 3-methylpentane, 2,2-dimethylbutane, 2,3-dimethylbutane, 2-ethylnorbornane, 1,1’-

bicyclohexyl, octahydroindene, decahydronaphthalene, cis-decahydronaphthalene, trans-decahydronaphthalene, and exo-

tetrahydrodicyclopentadiene.  After extensive research we were able to obtain fluid compositions which have 

absorbances < 1/cm, and many have absorbances < 0.5/cm; the best ones have absorbances < 0.15/cm.   

The above saturated hydrocarbons can be sufficiently transparent for 193nm immersion lithography 

applications.  A second key requirement is refractive index: higher than both pure water (1.436 at 193nm) and water with 

additives (<1.55 at 193nm).1  A general trend for saturated linear alkanes is that refractive index increases with chain 

length; however, increasing chain length to achieve higher index is limited by viscosity concerns.  Cyclic alkanes have 

higher indices than linear alkanes of the same carbon number.  For example, Kaplan and Burnett reported an index of 

1.493 for hexane at 193nm13, while we have measured an index of 1.55 for cyclohexane at 193nm.  Therefore, we 

focused our attention on cyclic alkanes.  Since monocyclic alkanes with 12 or more carbon atoms are typically solids, we 

further narrowed our approaches to multicyclic alkanes, where we have identified candidates having refractive indices at 

193nm above 1.6.  These multicyclic alkanes include decahydronaphthalene, cis-decahydronaphthalene, trans-

decahydronaphthalene, exo-tetrahydrodicyclopentadiene, 1,1’-bicyclohexyl, 2-ethylnorbornane, and octahydroindene.  

We have achieved absorbances < 0.15/cm at 193nm for selected members of this group of fluids.   

2.2. Refractive index and its temperature variation 

In addition to fluid absorbance and index requirements, the temperature coefficient of the refractive index is a 

key parameter.  In cooperation with Simon Kaplan and John Burnett of NIST,13 we have used the NIST Hilger-Chance 

refractometer to determine the thermo-optic coefficient (dn/dT) by measuring the index change versus temperature at 

two different laser wavelengths: 632.8nm 

and 193.4nm.  A standard uncertainty 

analysis (1 sigma) was used to determine the 

dn/dT measurement variance.  The Hilger-

Chance refractometer consists of a glass “V” 

block, with fused glass side plates, to form a 

cell for fluid containment; the block is 

surrounded by a metal jacket in which 

controlled-temperature water is circulated.  

The refractive indices are measured from the 

angle through which the emergent rays have 

been refracted, and can be determined with 

an accuracy of one unit in the fourth decimal 

Table 1.   Index and dn/dT results for Gen. 2 Immersion Fluids measured at NIST 

Fluid   Index at  
632.8 nm 

632.8 nm 
 dn/dT 

 (ppm / K) 

Index at 
193.4 nm 

193.4 nm 
 dn/dT  

(ppm / K) 

IF131 
1.4689  

± 0.0002 - 420 ± 20 1.6388  
± 0.0003 - 570 ± 30 

IF132 
1.4778  

± 0.0002 - 420 ± 20 1.6439  
± 0.0003 - 550 ± 30 

IF138 
1.4572  

± 0.0003 - 590 ± 30 1.6104  
± 0.0006 - 690 ± 70 

IF169 
1.4869  

± 0.0002 - 450 ± 20 1.6550  
± 0.0003 - 560 ± 30 

Distilled  
Water 

1.3320 
 ± 0.0002 - 90 ± 10 1.4366 

 ± 0.0002 - 93 ± 10 



place.  The refractive index and the thermo-optic coefficient of distilled water were also measured to check instrument 

accuracy and repeatability; the results agreed with published data.  The measured changes in refractive index with 

temperature for four of our immersion fluids are shown in Table 1.   

3.  INTERFEROMETRIC IMAGING PERFORMANCE 

EVALUATION WITH IMEC 

 We have previously demonstrated imaging of 32nm 1:1 lines and 

spaces using IF131 and IF1321, and more recently with IF169.14   

 We have also done interference imaging with Janko Versluijs15 and 

Eric Hendrickx16 of IMEC, using optics for printing 36nm 1:1 lines and 

spaces, to directly compare interference imaging with water and IF132 as the 

immersion fluids.  In these experiments, we used IMEC’s ASML 193 nm 

Immersion Interference Printer for single exposure printing of 72nm pitch (36 

nm 1:1) line/space patterns, using a standard IMEC process (ARC29A bottom 

antireflection coating, PAR817 photoresist, and Tilc019 top coat).  The fluid 

layer thickness was optimized for both water and IF132, to assure proper 

overlay of the two interfering images.  The fluid layer thickness was greater for IF132, since its higher refractive index 

resulted in less deviation in light propagating from the optic into the fluid, and from the fluid into the topcoat.  We 

determined the exposure latitude by automated CD-SEM measurements of line width (CD) versus exposure dose, and 

thus established the exposure latitude (EL) for 10% CD variation for 72 nm pitch imaging with both water and IF132.  

The exposure latitude uncertainty is about 1% EL, depending on outlier treatment in the analysis.  For water imaging, the 

exposure dose to size was 3.87 mJ/cm2 (uncalibrated exposure dose), and the EL was 14.6%, with typical EL values 

being in the range from 15% to 16%.  For IF132 

imaging, we observed a lower exposure dose of 3.3 to 

3.5 mJ/cm2, and the measured EL of 18% was larger 

than for water.  The imaging results for the 36nm 

lines and spaces (72nm pitch) were comparable for 

water and IF132, as shown in Figure 2 and Figure 3, 

respectively.   

4. FLUID HANDLING AND ACTIVE 

RECYCLE 

Besides optical properties and imaging 

performance, a practical immersion fluid must meet 

 

Figure 2.  72nm Pitch Imaged with Water 

 

Figure 3.   72 nm Pitch Imaged With IF132 

 

 

Figure 4.  Prototype showerhead showing fluid containment under 

active flow 



various fluid handling criteria; for non-aqueous immersion fluids, recycle during use is an additional requirement. 

4.1. Showerhead fluid handling 

Second generation immersion fluid candidates have lower contact angles with various materials than water, and 

designing an appropriate showerhead is necessary to address this issue.  We have developed a prototype showerhead 

with both fluid supply and fluid return, and have demonstrated that the fluid can be contained under the showerhead with 

an open meniscus, during active fluid flow (Figure 4).   

4.2. Active recycle system performance 

In an immersion lithography scanner, a second generation immersion fluid will be recycled during use, and any 

photoinduced absorption must be removed to ensure fluid transparency.  To meet this requirement, we have developed 

an active recycle system to maintain the fluid’s low optical absorbance during use.  For example, in Figure 5 we show the 

total cell absorbance (i.e., fluid plus two windows) for a 1 mm thick cell.  The fluid is circulating through both the active 

recycle system and the irradiation cell, with a 193nm laser energy density of 0.9 mJ/cm2.  The cell’s optical absorbance 

is maintained at a low value throughout this radiation durability experiment.  In contrast, the absorbance of the 

recirculating fluid was found to increase substantially in the absence of the active recycle system.   
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Figure 5.  Total cell absorbance versus exposure dose for a fluid using an active recycle system. 



5. CONCLUSIONS 

We have developed a series of saturated hydrocarbons as candidates for second generation immersion 

lithography applications, with multicyclic alkanes showing particular promise.  Refractive index and its temperature 

variation has been defined for select fluids, and their 193nm imaging performance continues to give encouraging results.  

We have developed procedures for managing the fluid during its flow and recycle, including both fluid containment and 

transparency maintenance.  We are continuing to examine and refine these and other issues for the fluids’ commercial 

application.  We are also using our understanding of these second generation fluids to develop concepts and candidates 

at still higher refractive indices, to further extend immersion lithography’s capabilities to meet more advanced industry 

requirements.   
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