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ABSTRACT 

The higher energy associated with extreme ultraviolet (EUV) radiation coupled with the high absorptivity of most 
organic polymers at these wavelengths should lead to increased excited state population and higher quantum yields of 
photoproducts. Polymers representative of those commonly employed in resists as well as some model polymers were 
selected for this study. Polymer photochemistry at EUV was catalogued as to the effect of absorbed 13.4-nm radiation 
on a polymer's quantum yield of chain scission (Φs) and crosslinking (Φx). In selected cases, the chain scission and 
crosslinking quantum yields were also compared to those previously determined at 157-, 193- and 248-nm. It was found 
that quantum yield values were over a magnitude greater at EUV relative to optical wavelengths.  
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1. INTRODUCTION  
Extreme ultraviolet (EUV) lithography is being developed as a potential successor to 193 nm lithography for 

printing the smallest microprocessor features.1 Resists developed for EUV lithography are typically based on 
modifications to materials or formulations developed for other lithographic exposures, specifically 248 nm, 193 nm, and 
e-beam.2 Although much is known about the actinic radiation-induced chemistry at traditional advanced lithographic 
optical wavelengths (157 to 248 nm), little work has been performed at the 13.4 nm wavelength used for EUV. We 
recently showed that with EUV exposure, the polymer matrix was found to have a significant effect on the acid 
generation efficiency of the photoacid generator (PAG) studied.3 A linear relationship exists between the absorbance of 
the resist and the acid generation efficiency implying polymer sensitization. Surprisingly, an inverse relationship exists 
between acid generation efficiency (Dill C) and aromatic content of the resist polymer that is independent of 
absorbance, which implies that additional polymer based photochemistry occurs that influences acid generation. 

We have previously developed a gel permeation chromatography (GPC) based method to determine quantum yields 
for chain scission and crosslinking of thin polymer films coated on silicon wafers. This method was applied to 
determine the polymer's quantum yield of chain scission (Φs) and crosslinking (Φx) for a number of lithographically 
significant homopolymers and copolymers at 157, 193 and 248 nm wavelengths. It was found that polymers containing 
hydroxystyrene only undergo crosslinking while acrylate and methacrylate polymers only undergo chain scission.4,5   
We are now extending this technique to determine the Φs and Φx of a series of model polymers exposed to EUV. 

Polymer photochemistry depends on photon absorption, which leads to the production of an excited electronic state 
of the polymer. If the excitation level is greater than the bond dissociation energy, the excited polymer dissociates into 
free radical fragments that can then further react to produce chain scission or polymer crosslinking. The energy 
associated with wavelengths of light commonly employed in lithography gradually increases as the wavelength is 
decreased, going from 115 kcal/mole to 147 kcal/mole to 182 kcal/mole at 248, 193, and 157 nm respectively. This 
level of energy can be compared with typical carbon-carbon bond dissociation energies of 90 to 120 kcal/mole implying 
that significant bond breaking photochemistry occurs. 

The insertion of EUV, with a 13.4 nm wavelength, into the lithographic roadmap greatly increases the energy 
available for deposition into the resist polymer to 2133 kcal/mole. The higher energy associated with EUV coupled with 
the higher absorbance for most organic polymers at EUV should lead to increased excited state population and higher 
quantum yields of photoproducts. The pathway in which different polymers respond to this light energy, be it chain 
scission or crosslinking, will determine in large part the ability of resists designed at 193 or 248 nm to operate as EUV 
resists. 
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Polymer absorbance of EUV radiation is also expected to produce low energy electrons that can interact with both 
polymer and PAG molecules. The nature of this phenomenon can be complex due to the variation in distribution of 
electron energies produced from EUV photon absorption and the different travel distances of the various energy 
electrons. In addition to direct EUV induced polymer photochemistry, there also exists the expectation of concurrent 
polymer main chain scission, side chain elimination, and crosslinking occurring from EUV-induced low energy 
electrons. The effect of the relatively large amounts of photo-induced polymer radicals on polymer photochemistry may 
lead to effective quantum yields far in excess of those reported for other optical lithographic wavelengths. 

Polymers representative of those commonly employed in resists as well as some model polymers were selected for 
this study. Polymer photochemistry at EUV was catalogued as to the effect of absorbed 13.4 nm radiation on a 
polymer's propensity toward chain scission versus crosslinking. In selected cases, the chain scission and crosslinking 
quantum yields were also compared to those previously determined at 157, 193 and 248 nm. Quantum yields were 
determined by following the change in molecular weight, both number average (Mn) and weight average (Mw) 
molecular weight as a function of different absorbed doses, D, by a GPC (gel permeation chromatography) method. 
Solving Equations [1] and [2] simultaneously allows both Φs and Φx to be determined. 

    1 / Mn,D = 1 / Mn,0 + [Φs - Φx] * D / NA    (1) 

    1 / Mw,D = 1 / Mw,0 + [Φs / 2 – 2 Φx] * D / NA   (2) 

In the case where molecular weight decreases, it is important to determine if material outgassing is occurring and 
whether the outgassing occurs from small molecular weight fragments caused by chain scission or by side chain 
fragmentation. The nature of the material loss was determined for selected polymers where chain scission and material 
loss are significant. This knowledge can be used to design polymers that minimize undesired photochemical 
transformations and reduce material outgassing.  

2. EXPERIMENTAL 
The poly(hydroxystyrene-co-t-butylacrylate) polymers were obtained from DuPont Electronic Polymers6 in molar 

ratios of 65:35 poly(hydroxystyrene-co-t-butylacrylate) (Poly-E3) and 50:50 poly(hydroxystyrene-co-t-butylacrylate) 
(Poly-E2). Poly(methyl methacrylate) (PMMA), poly(t-butylacrylate) (PTBA), and poly(hydroxystyrene) ) (PHOST),  
were purchased from Aldrich Chemical.6 Polymer solutions were prepared of 6% polymer in ethyl lactate for PHOST, 
Poly-E2 and PolyE3, in PGMEA for PMMA, and in toluene for PTBA. 

All lithographic substrates were HMDS treated 100 mm silicon wafers except for samples employed for FTIR 
measurements which were 100 nm of evaporated aluminum on 100 mm silicon wafers. Polymer films were coated to 
125 nm by spin casting followed by a post apply bake of 130°C for 60 s. 

Samples were exposed to EUV radiation at Beamline 1 of the Synchrotron Ultraviolet Radiation Facility (SURF 
III) electron storage ring. The beamline is described fully in previous publications.7,8 Briefly, radiation from SURF III is 
collected by a spherical Mo/Si multilayer mirror and focused to a sub-mm spot. Downstream from this, the expanding 
beam passes through a Zr filter that is captured in the gate of a gate valve. The filter serves three purposes:  a spectral 
purity filter, eliminating DUV radiation that reflects from the mirror; a vacuum seal to prevent outgassing from the 
polymers from upstreaming and damaging critical components; and a beam-shaping aperture to ensure uniform 
exposure of the samples. 

Preliminary exposures were made to determine the appropriate dose ranges prior to making full-wafer exposures. 
For these preliminary measurements, a circular free-standing filter is used, and a 3 mm aperture is placed 5 mm in front 
of the sample. The wafer is mounted 25 mm off-center and rotated to make multiple exposures on a single wafer. Full-
wafer exposures are made using a mesh-backed triangular filter with the wafer continuously rotating. To maintain a 
reasonable throughput yet make the exposure as uniform as possible, a custom-designed mask is placed in front of the 
wafer. This makes the exposure uniform over the surface within 10% based on measurements made with an EUV-
sensitive scintillator. To determine absolute incident intensity, the power was measured behind the 3 mm aperture with a 
calibrated photodiode. The uncertainty in the photodiode calibration is 1%. The uncertainty in the machining and 
measurement of the apertures is 5%, leading to a root-sum-square uncertainty in the exposure of 11%. 

The rate of film thickness loss (FTLDose) was determined by determining the slope of a linear fit of the film 
thickness versus the exposure dose. The reported values are for an exposure dose of 100 mJ/cm2. Film thickness 
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measurements were made at least 24 hours after exposure to ensure that all material outgassing was complete.  Film 
solubility with exposure was performed by immersion in tetrahydrofuran (THF), an organic solvent, for 30 seconds.  

The polymer quantum yield for both polymer chain scission and polymer crosslinking were determined from a 
slope of a least squares fit of inverse polymer molecular weight (both Mn and Mw) as a function of absorbed dose. The 
organic film of interest was spin cast to approximately 125 nm onto the silicon wafer followed by exposure of the entire 
wafer with EUV at the desired dose. Typically 9 wafers were exposed at different equally spaced doses ranging from 0 
to 200 mJ/cm2 for PMMA, 0 to 100 mJ/cm2 for PHOST, 0 to 48 mJ/cm2 for Poly-E2, and 0 to 32 mJ/cm2 for PTBA and 
Poly-E3. After exposure the resist was stripped off the wafer in THF and the resulting solution concentrated to dryness. 
The dry film was resolubilized in 0.15 ml of THF and the molecular weight of the polymer was determined by gel 
permeation chromatography (GPC) relative to poly(methyl methacrylate) or polystyrene standards as appropriate. All 
molecular weights were determined in duplicate runs.  

EUV absorbance was calculated from the Center for X-Ray Optics at Lawrence Berkeley National Laboratory web 
site by inputting the calculated polymer molecular formula and assuming a polymer density of 1.19 for the hydrocarbon 
polymers. EUV reflectance was assumed to be 0.1% for all samples based on previously published measurements of 
PMMA reflectivity.9 Calculated values used for polymer absorbance (in base 10) are PHOST (1.78), Poly-E3 (1.88), 
Poly-E2 (1.92), PTBA (1.99), and PMMA (2.35). 

Fourier transformed-infrared (FT-IR) measurements were made with a Bruker Equinox 55 FT-IR6 employing an 
IRscope II in reflectance mode through a grazing angle objective. Polymer thickness was 125 nm on aluminum coated 
silicon wafers, spectral resolution was 4 cm-1 and typically 64 spectra were averaged from each exposure measurement. 
The Bruker Opus software which controlled the spectrometer data acquisition and IRscope II allowed one to measure a 
predetermined matrix of locations, which in our case corresponded to the location of the EUV exposure. The FT-IR 
reference signal was subtracted from the exposed area signal and integrated from 1710 cm-1 to 1750 cm-1.  

3. RESULTS AND DISCUSSIONS 
Polymers representative of those commonly employed in 193 or 248 nm resists were selected for this study. 

General chemical structures of the polymers used are shown in Figure 1. Poly(hydroxystyrene) and poly(t-butyl 
methacrylate) were selected as a model polymers due to the use in many 248 nm based resists. Poly(methyl 
methacrylate) was selected as a model polymer for 193 nm resists. In addition to the above mentioned homopolymers, 
the quantum yields of several copolymers of hydroxystyrene and t-butyl acrylate were also determined. 

The polymers selected for this study can undergo a number of potential photochemical transformations that lead to 
radical formation through either bond scission or hydrogen abstraction. Examples of these photochemical 
transformations are shown in Figure 2. Acrylate and methacrylate based polymers can undergo both Norrish Type 1 and 
Norrish Type 2 bond cleavage. A Norrish Type 1 cleavage occurs when the ester carbonyl is cleaved adjacent to the 
polymer main chain. This type of cleavage gives rise to an initial carbon radical on the polymer main chain which can 
then undergo further reactions that lead to polymer crosslinking. A Norrish Type 2 cleavage occurs when the polymer 
main chain cleaves leading to two new polymer chains of decreased molecular weight. Methacrylate polymers tend to 
favor Norrish Type 2 cleavages while acrylate polymers favor Norrish Type 1 cleavage. In addition, both polymer types 
are known to undergo ester elimination which may be followed by subsequent loss of carbon dioxide. Styrene based 
polymers normally undergo a bond scission reaction which leads again to an initial carbon radical on the polymer main 
chain which can then undergo further reactions that lead to polymer crosslinking.  

The final photochemical reaction products will depend on the product of the reaction quantum yield and the amount 
of absorbed incident dose. The amount of polymer backbone chemistry can vary considerably between the three optical 
lithographic wavelengths, as both higher absorbance and increased quantum yield at lower wavelengths act in concert to 
yield an increased level of polymer backbone chemistry. At the EUV wavelength, the absorbance of all five of the 
model polymers are similar ranging from 1.78 to 2.35 µm-1 so that polymer absorbance will not be as significant of a 
driver of polymer photochemistry as it is at optical wavelengths. Instead at the EUV wavelength, the degree in which 
different polymers respond to this light energy and the pathway in which the photochemical reaction leads, be it chain 
scission or crosslinking, will determine the final photochemical reaction products. And it is these photochemical 
reaction products and their effect on resist properties such as deprotection kinetics and film dissolution that in large part 
determine the ability of polymers designed for 193 or 248 nm resists to be employed in EUV resists. 
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3.1 Polymer thickness change with EUV exposure 

In order to determine the proper exposure dose range for determining the polymer quantum yield a set of 
preliminary experiments were performed in which a 125 nm thick polymer film was exposed to EUV at a series of 
doses up to 200 mJ/cm2 and the film thickness remaining as a function of exposure dose was determined both after 
exposure and after immersion in THF. Figure 3 shows the resulting film thickness both after exposure and after 
exposure and THF development for poly(hydroxystyrene) and poly(methyl methacrylate). The poly(hydroxystyrene) 
shows virtually no film thickness loss up to 200 mJ/cm2 while the poly(methyl methacrylate) exhibits about 9 nm of 
film loss with a 200 mJ/cm2 exposure dose. The film loss of PMMA is consistent with some combination of radical 
induced ester elimination and Norrish Type 2 bond cleavage with the expectation that the less favored Norrish Type 1 
bond cleavage will not predominate with methacrylate based esters. 

Figure 3 also shows the retained polymer film thickness after THF development. The lack of retained film for 
PMMA with a 200 mJ/cm2 exposure dose shows that no polymer crosslinking occurs up to this dose. This is contrasted 
with the results for PHOST where 40% of the film is retained at an exposure dose of 150 mJ/cm2. The presence of any 
level of retained film strongly implies that crosslinking is occurring during exposure and that with exposure doses 
greater than 100 mJ/cm2 the crosslinking is so great that the film is no longer soluble in THF. As THF is the solvent 
employed for GPC analysis, this limits the exposure dose that can be used on PHOST films exposed for GPC analysis to 
no greater than 100 mJ/cm2.  

A similar set of experiments was performed for the three other model polymers except that the exposure dose range 
was increased to a series of doses up to 330 mJ/cm2 and the film thickness remaining as a function of exposure dose 
determined both after exposure and after immersion in THF. Figure 4 shows the resulting film thickness both after 
exposure and after exposure and THF development for poly(t-butyl acrylate) and two copolymers of t-butyl acrylate and 
hydroxystyrene in different monomer ratios, Poly-E2 and Poly-E3. All three polymers show film loss with exposure 
with the PTBA having the greater loss while the two copolymers have approximately equal film loss throughout the 
exposure range.  

Figure 4 also shows the retained polymer film thickness after THF development. All three t-butyl acrylate 
containing polymers exhibit THF insolubility at much lower doses than the PHOST polymer. The PTBA and Poly-E3 
are insoluble after only 44 mJ/cm2 of EUV exposure while the Poly-E2 is insoluble after 66 mJ/cm2 of EUV exposure. 
This limits the exposure dose range for all three polymers to values lower then the dose that first gives film insolubility. 
It is surprising that PTBA and the t-butyl acrylate containing copolymers become insoluble in THF at much lower doses 
than PHOST. This could be explained by two possible mechanisms. The t-butyl acrylate containing polymers can either 
have a very high quantum yield for crosslinking with EUV exposure or ester cleavage followed by carbonyl loss could 
be leading to a nonpolar polyethylene-like polymer that is not soluble in THF. The following section will investigate 
these possibilities. 

3.2. Polymer quantum yield of chain scission and crosslinking with EUV exposure 

The polymer quantum yield for chain scission and crosslinking were determined by coating 125 nm of the polymer 
film on a silicon wafer. The absorbances of the films at EUV, shown in Table 1, were such that the average optical 
density was about 0.25. This leads to a small nonuniformity in available dose as a function of depth into the polymer as 
the polymer at the silicon interface receives approximately three quarters of the dose as the polymer at the film surface. 
Although we calculate the total dose absorbed in the film, taking into account the change in absorbance as a function of 
film depth, the change in molecular weight determined by GPC is a change based on the average exposure dose. This 
will introduce some line broadening into the GPC molecular weight determination, but should not greatly affect the 
molecular weights determined. 

A typical experiment to determine polymer quantum yield is shown in Figure 5 when the number average (Mn) and 
weight average (Mw) molecular weights of PMMA are plotted versus EUV exposure dose. All molecular weights were 
determined in duplicate runs. The PMMA Mn and Mw decrease rapidity with increasing dose, a result typical of that 
observed when chain scission is occurring. The molecular weight versus dose plot is then transformed to a plot of 
inverse molecular weight versus dose in photons per gram which is shown in Figure 6. The slope of the linear fit of 
inverse molecular weights, for both Mn and Mw, versus dose is determined and substituted into Equations 1 and 2 to 
determine the quantum yields of chain scission and crosslinking with EUV exposure. The quantum yields for chain 
scission and crosslinking for the five model polymers, including a duplicate determination of quantum yields for 
PHOST, are shown in Table 1.  

Proc. of SPIE Vol. 7639  76390A-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/09/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

 

 Table 1. Summary of EUV absorbance, slope of inverse molecular weight versus dose, and quantum yields of polymers. 

  Slope v. dose    

Polymer A (µm-1) 1/Mn 1/Mw ΦS ΦX FTL100 (nm/mJcm-2) 

PMMA 2.35 0.950 0.305 1.064 0.114   4.31 

PHOST 1.78 -0.064 -0.136 0.005 0.072   0.22 

PHOST 1.78 -0.139 -0.158 0.000 0.061  

Poly-E3 1.88 -0.148 -0.268 0.000 0.130   1.71 

Poly-E2 1.92 -0.151 -0.214 0.000 0.092   2.62 

PTBA 1.99  0.006 0.005 0.089 0.019 12.62 

 

PMMA has an exceedingly high quantum yield of chain scission of 1.064 and a surprisingly high quantum yield of 
crosslinking of 0.114. A chain scission value approaching or greater than 1.0 often implies a radical chain mechanism to 
account for the high quantum yield value, although with the known propensity of EUV to generate secondary electrons 
in organic films, the possibility can not be ruled out that secondary electrons are responsible for the high quantum yield 
value for chain scission. The high value of crosslinking for PMMA is more difficult to explain in that methacrylate 
polymers are expected to undergo only chain scission and not undergo crosslinking. One can only speculate that the 
very energetic EUV photons are initiating sufficient bond breaking that some termination steps result in crosslinking 
events. It is noted that the combination of a very high level of chain scission coupled with the lower level of 
crosslinking for PMMA does not lead to a THF insoluble material but instead will give a lower molecular weight 
PMMA polymer that contains a high degree of branching. 

PHOST has an expected moderately high value for the quantum yield of crosslinking with values of 0.072 and 
0.061 determined in two separate experiments. PHOST is expected to crosslink and the results confirm that only 
crosslinking is occurring. PHOST is not expected to undergo chain scission and the two values for the quantum yield of 
chain scission at 0.005 and 0.000 are consistent with that expectation. Quantum yield values of less than 0.01 can be 
effectively considered zero so that both values determined for chain scission are consistent in showing that no chain 
scission of PHOST occurs under EUV exposure. 

PTBA shows both a moderately high value of chain scission and also that crosslinking occurs with EUV exposure. 
This is surprising in that most acrylate based polymers undergo crosslinking and not chain scission. A possible 
explanation for this observation resides in the nature of GPC molecular weight determination. The GPC technique relies 
on the hydrodynamic volume of the polymer being related to the polymer molecular weight. This relationship holds true 
if the only photo-induced reactions are those that lead to molecular weight changes, but it breaks down if other photo-
induced reactions occur that change the hydrodynamic volume of the polymer. If a sufficient amount of t-butyl ester 
elimination was occurring to change the hydrodynamic volume of the polymer, the GPC could erroneously measure a 
molecular weight decrease associated with chain scission and lead to incorrect determination of chain scission and 
crosslinking quantum yields. We believe that this is occurring and will present evidence for a large degree of ester 
elimination.  

The Poly-E3 and Poly-E2 behave similarly in that both exhibit relatively high quantum yield values for crosslinking 
and show no chain scission. Past work has shown that the presence of aromatic groups in the polymer will inhibit chain 
scission3,4 and this effect is also seen with EUV exposure. The value for quantum yield for crosslinking between 
PHOST, PTBA, and the two copolymers shows no trend as to the relative amount of either hydroxystyrene or t-butyl 
acrylate in the polymer. 

An indication that significant ester cleavage is occurring can be seen in Table 1 where the film thickness loss at 100 
mJ/cm2 (FTL100) is calculated for all five polymers. The film thickness loss is likely predominately caused by ester 
cleavage either at the ether linkage or by complete decarboxylation of the ester and should be a good indicator of the 
degree of ester cleavage. The PHOST has the lowest FTL100 of 0.22 while PMMA, which is known to decarboxylate, 
has a relatively high FTL100 value of 4.31. The PBTA has the highest value at 12.62 showing significant film loss and 

Proc. of SPIE Vol. 7639  76390A-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/09/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

expected ester decarboxylation. Interestingly, the two copolymers show FTL100 values intermediate of those of the 
homopolymers although much suppressed compared to what would be predicted simply by the relative amount of t-
butyl acrylate in the copolymer although the copolymer having the higher level of aromatic content gives the lower 
amount of film loss. 

3.3 Polymer photochemistry monitored by FTIR  

In order to further elucidate the degree of polymer decarboxylation with EUV exposure, the carbonyl absorbance of 
ester based polymers was determined by FTIR as a function of EUV exposure dose by integrating the FTIR spectra 
from 1710 cm-1 to 1750 cm-1. The highest level of exposure dose employed, either 200 mJ/cm2 for PMMA or 330 
mJ/cm2 for the acrylate containing polymers, did not give full removal of the carbonyl absorbance. This did not allow 
the determination of a baseline integration value for the 1710 cm-1 to 1750 cm-1 region with complete removal of 
carbonyl and as such the normalized amount of carbonyl present could not be determined, so only the relative integrated 
values of carbonyl absorbance are reported. 

Figure 7 shows the FTIR spectra of PMMA with different levels of EUV exposure (the different spectra are offset 
for clarity). The FTIR absorbance peak of most interest occurs between 1710 cm-1 to 1750 cm-1 and is associated with 
the carbonyl absorbance of the methyl ester. It can be seen that the peak height decreases with increasing EUV dose 
although even at the highest EUV dose investigated a strong carbonyl peak is still present. Although peak height is an 
indicator of concentration, the preferred measure of concentration from FTIR is peak area integration and Figure 8 
shows the integrated area absorbance from 1710 cm-1 to 1750 cm-1 as a function of exposure dose. 

The value of the integrated absorbance decreases with increasing exposure dose for PMMA indicating that ester 
decarboxylation is occurring as a function of exposure dose although as stated earlier the actual amount of ester 
decarboxylation can not be determined since a baseline absorbance value for complete ester removal was not 
determined. A second observation is that the level of decarboxylation appears to occur in two distinct regions.  A linear 
fit of integrated absorbance to exposure dose does not fully describe the change in integrated absorbance. Instead the 
decarboxylation appears to have two distinct regions depending on the exposure dose. At exposure values from 0 to 20 
mJ/cm2, a relatively steep slope is observed which decreases at exposure doses greater than 20 mJ/cm2. This could 
imply that two decarboxylation mechanisms are occurring under EUV radiation. 

Figure 9 shows the 1710 cm-1 to 1750 cm-1 region integrated absorbance for the three acrylate containing polymers 
with EUV exposure. Again, the level of decarboxylation appears to occur in two distinct regions, with a higher slope 
region occurring between 0 to 50 mJ/cm2 and a low slope region occurring after 50 mJ/cm2. It is clear from the results 
shown in Figures 8 and 9 that significant decarboxylation occurs in the methacrylate and acrylate polymers at relatively 
low EUV doses and that this decarboxylation will fundamentally change the nature of the polymer and its associated 
dissolution characteristics.  

The decarboxylation can also affect the molecular weight determinations performed by GPC in that the GPC 
technique relies on the hydrodynamic volume of the polymer being related to the polymer molecular weight. The t-butyl 
ester elimination that occurs can change the hydrodynamic volume of the polymer leading to an erroneously measured 
molecular weight decrease and resulting in higher levels of measured chain scission than actually occur. 

3.4 Comparison of polymer photochemistry at different wavelengths  

The quantum yields and film thickness loss of the model polymers can be compared to values previously 
determined at more traditional optical wavelengths of 157, 193, and 248 nm. Table 2 summarizes the quantum yields of 
scission and crosslinking from previously published work along with the values reported herein.4,5 It can be seen that 
PMMA does have a propensity to undergo crosslinking at EUV although not at other wavelengths and that the level of 
chain scission is greatly increased relative to the optical wavelengths. PHOST undergoes only crosslinking at EUV but 
again at rate far greater then seen at optical wavelengths. The three acrylate containing polymers generally behave 
similarly at EUV and optical wavelengths although again the EUV quantum yields are often an order of magnitude or 
more greater than at optical wavelengths. Thus EUV radiation not only greatly increases the magnitude of the polymers 
propensity toward chain scission or crosslinking, but unlike optical wavelengths, it also shows crosslinking with non-
aromatic homopolymers. 
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 Table 2. Summary of quantum yield of chain scission and crosslinking at different lithographic wavelengths. 

 13.4 nm 157 nm 193 nm 248 nm 

Polymer ΦS ΦX ΦS ΦX ΦS ΦX ΦS ΦX 

PMMA 1.064 0.114 0.019 0.000 0.014 0.000 0.032 0.000 

PHOST 0.005 0.072 0.000 0.012   0.000 0.006 

PHOST 0.000 0.061 0.000 0.012   0.000 0.006 

Poly-E3 0.000 0.130 0.000 0.009   0.000 0.001 

Poly-E2 0.000 0.092 0.000 0.006     

  PTBS 0.089 0.019 0.005 0.000 0.003 0.000 0.003 0.000 

 

Figure 10 shows the normalized film thickness loss of PMMA exposure with different wavelengths plotted against 
the number of absorbed photons instead of the traditional method of plotting versus energy dose. This method is 
preferred when comparing wavelengths of such differing photon energies and film absorbencies in that it only addresses 
the number of photons that actually are absorbed in the polymer film. Figure 10 clearly shows that the three optical 
wavelengths have similar slopes indicating that the film loss generally follows the degree of absorbed photon. This is 
not surprising given the similar energies of the photons ranging from 115 to 182 kcal/mole. What is surprising is that 
the much more energetic EUV photon, 2133 kcal/mole, gives a much shallower slope showing that many times more 
absorbed photons are required to give film loss presumably via ester elimination and decarboxylation. 

Figures 11 and 12 show similar trends in that the slopes of the three optical wavelengths are much steeper than that 
of the EUV slope when tracking normalized film loss versus absorbed photons for the acrylate containing polymers. 
Again many times more photons are required with EUV to give film loss than with optical wavelengths. It could be 
argued that EUV with its ability to generate secondary electrons would be expected to give a greater amount of film loss 
per absorbed photon due to any additional film loss resulting from secondary electrons, but this is clearly not the case 
that is observed.  

Instead one can speculate that at optical wavelengths where the photon absorption occurs primarily in functional 
groups, such as the ester carbonyl, the energy is deposited directly in the functional group that will undergo the 
photochemical transformation. This could lead to a higher ester elimination reaction, possibly at the expense of chain 
scission or crosslinking. EUV absorbance can be considered atomic absorbance and will be distributed throughout the 
atoms of the polymer and not localized on the functional groups. This could account for the lower film loss at EUV and 
also the significantly higher quantum yields due to energy deposition directly onto the main polymer chain although 
secondary electrons could also assist in increasing both chain scission and croslinking quantum yields. 

4. CONCLUSIONS 
We have extended our technique for determining quantum yields of chain scission and crosslinking of polymer 

films coated on silicon wafers to EUV wavelengths. Model polymers selected to represent those commonly employed in 
193 nm resists, PMMA, or 248-nm resists, PHOST and TBA, were selected for this study as were two copolymers of 
hydroxystyrene and t-butyl acrylate. It was shown that, except for PHOST, significant film loss occurs with exposure 
doses between 20 and 50 mJ/cm2 and that the film loss is primarily the result of ester elimination and subsequent 
decarboxylation. It was also shown that less film loss occurs with EUV than with optical wavelengths per absorbed 
photon. It was speculated that the reason for this is that the atomic absorbance of EUV was less likely to deposit energy 
into the carbonyl group than the functional group absorbance of the optical wavelengths. 

The quantum yield of chain scission and crosslinking were considerably higher with EUV versus optical 
wavelengths. In addition some polymers exhibited photochemistry not observed at optical wavelengths. PMMA and 
PTBA both showed crosslinking at EUV that was not seen at the optical wavelengths. Finally, the polymer 
photochemistry differences at EUV must be considered when designing resists for EUV based on polymers originally 
designed for optical wavelengths. The unexpected high level of crosslinking seen with PMMA at EUV could portend 
even higher levels of crosslinking with the common methacrylate based polymers employed in 193 nm resists. Equally 
disturbing is the high level of the decarboxylation reaction that occurs at EUV, which will fundamentally change the 
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nature of the polymer and its associated dissolution characteristics. Thus EUV initiated polymer photochemistry much 
be considered in EUV resist design. 
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Figure 1. Chemical structures of homopolymers and copolymers. 
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 Figure 2. Photochemical bond cleavages that can occur with polymethyl methacrylate, polyhydroxystyrene and poly-t-butyl 
 acrylate. 
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Figure 3. Film thickness loss with EUV exposure 
before and after THF development for poly(methyl 
methacrylate) and poly(hydroxystyrene) 

Figure 4. Film thickness loss with EUV exposure 
before and after THF development for poly(t-butyl 
acrylate) and two ESCAP copolymers. 
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Figure 5. Change in molecular weight of 
poly(methyl methacrylate) as a function of EUV 
exposure dose. 

Figure 6. Determination of quantum yield of 
chain scission and crosslinking for poly(methyl 
methacrylate) with EUV exposure. 
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 Figure 7. FTIR spectra of poly(methyl methacrylate) at different EUV doses showing a decrees of the carbonyl peak height  
 with increasing dose. 
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Figure 8. Integrated absorbance of the  carbonyl peak 
of poly(methyl methacrylate)  with EUV exposure 
dose and linear fit of absorbance v. dose. 

Figure 9. Integrated absorbance of the carbonyl 
peak of poly(t-butyl acrylate) and two ESCAP 
copolymers with EUV exposure dose. 

 
 

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 50 100 150 200

PMMA Film Loss with Wavelength

PMMA (13.4 nm)
PMMA (157 nm)
PMMA (193 nm)
PMMA (248 nm)

N
or

m
al

iz
ed

 F
ilm

 T
hi

ck
ne

ss

Absorbed Photon (x 10-16)

0.2

0.4

0.6

0.8

1

0 50 100 150 200

PTBA Film Loss with Wavelength

PTBA (13.4 nm)
PTBA (157 nm)
PTBA (193 nm)
PTBA (248 nm)

N
or

m
al

iz
ed

 F
ilm

 T
hi

ck
ne

ss

Absorbed Photon (x 10-16)

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 50 100 150 200

PMMA Film Loss with Wavelength

PMMA (13.4 nm)
PMMA (157 nm)
PMMA (193 nm)
PMMA (248 nm)

N
or

m
al

iz
ed

 F
ilm

 T
hi

ck
ne

ss

Absorbed Photon (x 10-16)

0.2

0.4

0.6

0.8

1

0 50 100 150 200

PTBA Film Loss with Wavelength

PTBA (13.4 nm)
PTBA (157 nm)
PTBA (193 nm)
PTBA (248 nm)

N
or

m
al

iz
ed

 F
ilm

 T
hi

ck
ne

ss

Absorbed Photon (x 10-16)
 

 
Figure 10. Normalized film loss with absorbed 
photon for poly(methyl methacrylate) with 
different lithographic exposure wavelengths. 

Figure 11. Normalized film loss with absorbed 
photon for poly(t-butyl acrylate) with different 
lithographic exposure wavelengths. 
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 Figure 12. Normalized film loss with absorbed photon for Poly-E3 with different lithographic exposure wavelengths. 
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