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SUMMARY

To fully enfold the significant advantage of extreme ultraviolet lithography (EUVL) in the high-volume realiza

tion of the next generation technology nodes, high sensitivity EUVL resist formulations, tailored to the elec

tron driven chemistry triggered in EUVL are essential. Here we address this by studying low energy electron- 

driven chemistry of pentafluorophenyl triflate, a neutral phenyl ester photo acid generator (PAG), i.e., a critical 

component of the commonly used chemically amplified resist (CAR) formulations. We present an experi

mental and theoretical study on dissociative electron attachment (DEA) to this compound, and we show 

that DEA rather quenches, than promotes its intended acid generation. We argue that these findings are gen

eral to currently proposed neutral ester PAGs for EUVL, and we propose an approach where this may be up

turned, and DEA may contribute significantly to the critical acid generation in CARs up on EUV exposure and 

thus the sensitivity of these resists.

INTRODUCTION

Recently extreme ultraviolet lithography (EUVL) has been intro

duced into the high-volume manufacturing of the latest genera

tion of computer chips, complementary to the conventional 

deep ultraviolet lithography (DUVL).1 This constitutes a transition 

from the typical use of 248 or 193 nm (5.0 and 6.4 eV, respec

tively) to 13.5 nm (92 eV) light, to induce the chemistry in the 

respective resist materials, that in turn enables the required 

patterning. Generating and handling light of this short wave

length is technically very challenging,1,2 but due to the direct pro

portionality of the printing resolution to the wavelength (resolu

tion ∝ wavelength/numerical aperture), the potential gain in 

resolution and thus in the transistor density is significant.3 This 

is critical in realization of new and improved chip design, specif

ically the complementary field-effect transistors, introduction of 

which would be a significant step toward the much-needed 

lower energy consumption in computer processing.4 However, 

while the chemical conversion of the resist material in DUVL is 

driven by light (photochemistry), 13.5 nm is ionizing radiation 

and the chemistry induced within the respective resist materials 

is expected to be at large electron driven.5–7 The photon energy 

at 13.5 nm is 92 eV and primary photoelectrons generated in the 

resist material through valence ionization are thus in the energy 

range of about 85–65 eV, depending on the ionization energy 

of the respective resist materials. These electrons, in turn, cause 

further secondary and tertiary ionization events, which along with 

other inelastic scattering processes lead to a dynamic second

ary electron energy distribution within the resist material that is 

non-negligible at the verge of the 0 eV threshold.5,6,8,9 In this en

ergy range electron-induced molecular fragmentation and rear

rangement reactions may take place through dissociative elec

tron attachment (DEA), dissociative ionization (DI), dipolar 

dissociation (DD), and neutral dissociation (ND).10 From these, 

DI is a non-resonant process with an onset at the respective 

thresholds and a maximum at around 50–100 eV, after which it 

gradually tails off as the energy transfer gets less efficient. 

DEA, on the other hand, is a resonant process proceeding in nar

row energy ranges below the ionization energy of the respective 

processes and is by far the most efficient in a narrow energy 

range (few meV) close to the 0 eV threshold. While the former 

leads to the formation of a positively charged ion and neutral 

fragment(s) the latter leads to the formation of a thermodynami

cally stable anionic fragment and neutral fragment(s). ND and DD 

are like DI, non-resonant processes, and are both relaxation pro

cesses proceeding from electronically excited states with an 

onset at the respective thresholds. Here the former leads to 

neutral fragments while the latter leads to the formation of the 

respective ion pair. Except for the thermochemically stable 

ions formed in these processes, the fragments formed are 
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mostly radical, reactive species, and likely to play an important 

role in the EUV-induced resist chemistry.

The photo and secondary electron energy distribution is dy

namic and material dependent, and the chemical response, 

i.e., the ND, DI, and DEA contributions and their branching ratios, 

are also material dependent and depend on the electron energy 

distribution. This makes the chemistry behind the solubility 

switching in EUVL significantly more complex than the photo

chemistry driving the patterning in DUVL, however, if well under

stood it also offers the opportunity of enhancing the sensitivity to 

EUVL exposure and directing the resulting chemistry. All these 

processes may be active and contribute to the solubility switch

ing, as has been shown in several studies,11–16 and specifically 

for DEA for the reactivity of tin-based molecular resists.16 This 

may open opportunities as DEA, due to its resonant nature and 

bond selectivity, is arguably easiest to manipulate through 

rational molecular design to increase cross sections and direct 

bond ruptures (see Ingólfsson, 201910 and references therein).

In the last decade significant effort has been directed toward 

the evaluation of existing resist materials and their modifications, 

as well as development of new materials and concepts to pro

vide suitable EUVL resist formulations. Specifically, it is desirable 

to enhance the sensitivity of the resist material and achieve the 

desired resolution without compromising linewidth roughness 

and line edge roughness (LER) of the printed patterns.17 In 

this context the introduction of metallic and non-metallic sensi

tizers has been investigated, with chemically amplified resists 

(CARs),18–21 polymeric non-CARs,22,23 and hybrid resist mate

rials.24–26 Much attention has also been given to inorganic, metal 

oxide based photoresists containing Sn, Zr, Zn, or Hf27–34, and 

rare-earth ion doped and heterometallic tin oxo-clusters have 

been studied.35,36 More exotic materials such as metal-organic 

frame works,37,38 polypeptides,38 sugars,39 and fullerene-con

taining polymers40 have also been explored. Furthermore, for 

increased photon absorption and thus increased sensitivity, 

direct fluorination of polymeric resist materials, photo acid gen

erators (PAGs) in CARs, and of the ligand structure in metallic 

oxo-clusters has been probed in a number of studies.41–46 In 

CARs, the PAG plays a determining role by dissociation and gen

eration of a strong acid upon exposure. The so-formed acid cat

alyzes the desired reactions within the resist material, which, in 

turn, changes its solubility in the exposed area. In EUVL, the 

quantum yield is considerably lower than in DUVL, due to lower 

absorbance, while the number of available photons in an EUV 

scanner has also decreased significantly compared to the DUV 

technology. Sensitivity enhancement has therefore been one of 

the main goals in the development of new resist formulations. 

A number of approaches have been taken in this direction, 

including higher PAG loads or the application of higher EUV 

absorbant PAGs as potential pathways for the design of high- 

performance CARs for EUVL.47–49 Currently, ionic PAGs are 

the most common, but neutral PAGs like oxime sulfonates, aryl 

sulfonates, and polymeric PAGs50–52 are also being explored 

as they allow a higher PAG concentration in the photoresist ma

terial without phase separation due to the polarity differences 

between polymers and ionic PAGs,53–55 and may thus lower 

the EUV dose needed for the respective solubility switching.49

Furthermore, as the absorption cross-section of fluorine at 

13.5 nm is more than five times that of carbon and 130 times 

higher than that of hydrogen; higher degree of fluorination of 

the respective PAGs may be a way to further decrease the 

required load.41,51,56 To move forward in the development of 

high performance EUVL resist materials it is important to under

stand the chemistry induced upon exposure and eventually use 

that understanding to design higher sensitivity and better per

forming EUVL resist materials.

In this context, aryl and allyl trifluoromethanesulfonates (tri

flates) have been studied as potential pathways for neutral 

PAGs for generation of the strong trifluoromethanesulfonic acid 

(triflic acid). In crossed beam and flowing afterglow Langmuir 

probe studies, it was shown that DEA at low incident electron en

ergies leads predominantly to formation of the triflic anion from 

its acid and allyl esters.57,58 In photoionization of phenyl triflate 

at 92 eV photon energy,59 on the other hand, the main fragmen

tation channels were associated with sequential SO2, CF3, CO, 

and C2H2 loss, and potential precursors for the triflic acid were 

not observed. Consistent with these observations, EUV expo

sures of an epoxy-based cross-linking photoresist with perfluori

nated phenyl triflate as a PAG showed no enhancement of the 

degree of polymerization.47

Perfluorination of phenyl triflate, however, is expected to 

enhance its electron attachment cross section and thus have 

the same effect for DEA and may also alter the fragmentation ef

ficiency and the branching ratios upon photo and/or electron 

ionization.

In context to the potential of this pathway, and perfluorinated 

phenyl triflate as PAG in CARs for EUVL, we have undertaken a 

comprehensive study on the fragmentation of this compound 

upon electron attachment (DEA). In the current contribution, 

we present experimental and theoretical data on the fragmenta

tion of pentafluorophenyl triflate upon electron attachment. The 

fragmentation pathways are discussed in context to the underly

ing resonances and the calculated thermochemical thresholds 

for the respective processes. The findings are clear and general 

in context to the potential of neutral ester PAGs in EUVL CARs 

and provide guidelines for possible molecular modifications 

that may be expected to improve the performance of this group 

of PAGs in EUVL.

RESULTS

Negative ion formation from pentafluorophenyl triflate

Figure 1 shows a cumulative negative ion mass spectrum of pen

tafluorophenyl triflate. The spectrum is the sum of mass spectra 

recorded with 10 meV intervals in the energy range from 0 to 

10 eV and covers the m/z range from 25 to 330. For clarity the 

linear formula of the fragments and the respective m/z ratio is 

shown at the individual peaks, and the molecular structure of 

pentafluorophenyl triflate optimized at the B3LYP/def2-TZVP 

level of theory is shown as an inset.

The most significant contributions are observed at m/z 183, 

149, and 133. From these, we attribute the m/z ratios 183 and 

133 to the complementary ions C6F5O− and CF3SO2
− , formed 

through rupture of the S–OC bond of the sulfonic ester, with 

charge retention on the aromatic moiety and the sulfonyl rest, 

respectively. The m/z ratio 149, on the other hand, is attributed 
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to rupture of the SO–C sulfonic ester bond with charge retention 

on the trifluoromethanesulfonate, i.e., formation of the triflate 

anion CF3SO3
− . Further fragments are observed at the m/z ratios 

117, 83, and 69, though with orders of magnitude lower inten

sities. In accordance with the corresponding isotope distribution 

(shown in Figure S1), these are attributed to the formation of 

C5F3
− , FSO2

− , and CF3
− , respectively.

High intensity DEA fragments from pentafluorophenyl 

triflate

Figure 2 shows the ion yield curves for the high intensity frag

ments formed in DEA to pentafluorophenyl triflate in the energy 

range from around 0–12 eV; CF3SO3
− , m/z 149 (A), CF3SO2

− , 

m/z 133 (B), and C6F5O− , m/z 183 (C). The respective structures, 

optimized at the B3LYP/def2-TZVP level of theory are shown as 

insets. Table 1 shows the threshold energies (ETh) for all frag

ments observed in DEA to pentafluorophenyl, calculated at the 

B3LYP/def2-TZVP level of theory as the difference of the total 

energy of the neutral parent and the fragments formed, 

computed at the same level of theory. Also shown is the vertical 

electron affinity of pentafluorophenyl triflate, calculated at the 

same level of theory. Total energies, zero-point energies, thermal 

corrections, and entropy contributions of the neutral parent and 

all relevant fragments are given in Table S1. The threshold values 

for m/z 117 (C5F3
− ) and m/z 83 (FSO2

− ), shown in Table 1, are for 

the lowest energy rearrangement reactions found in the current 

calculations (see Table S2), while all other threshold values are 

calculated for the respective single bond rupture processes.

As DEA is a resonant process the threshold values represent 

the lowest energy at which the respective fragment may be 

formed if there are no reaction barriers. The actual appearance 

in the ion yield is, however, determined by the resonance transi

tion probability and decay dynamics.10 Thus, only exothermic 

processes may proceed through the close to 0 eV resonances, 

Figure 1. Cumulative negative ion mass 

spectrum of pentafluorophenyl triflate 

The m/z ranges 25–125, 125–140 and 155–330 are 

amplified ×50, ×5, and ×20, respectively. The 

peaks at m/z 35 and 37 are the Cl− isotopes from 

residues of the CCl4 calibration gas.

where the attachment cross section is 

the highest and the autodetachment 

rate the lowest, hence, where dissocia

tion is an effective relaxation channel. 

Correspondingly, the minimal prerequi

sites for a PAG to be activated by DEA 

in the EUVL process are that the res

pective dissociation process is exoth

ermic and that the MO structure supports 

resonant electron capture at very low 

energies.

As may be seen from Table 1, the for

mation of all three high-intensity frag

ments observed in DEA to pentafluoro

phenyl triflate is found to be exothermic 

at the B3LYP/def2-TZVP level of theory, 

and the main contribution for all three is through a narrow peak 

with a maximum at about 0.1 eV incident electron energy. 

From these, the CF3SO3
− (m/z 149) ion yield, is markedly asym

metric toward higher energy but with no further structured con

tributions in this low energy range. We assign this asymmetry 

of the 0.1 eV CF3SO3
− (m/z 149) peak to two distinct resonant 

contributions, the first being associated with single electron 

occupation of the lowest unoccupied molecular orbital 

(LUMO), and the second with single electron occupation of the 

LUMO+1 and/or LUMO+2 of the neutral. This is signified in 

Figure 3A, which shows a combined fit to the low energy 

CF3SO3
− (m/z 149) ion yield, composed of a normal Gaussian, 

representing the low energy contribution (LUMO) and a skewed 

Gaussian representing the higher energy contribution (LUMO+1/ 

LUMO+2). For the complementary ions C6F5O− (m/z 183, 

Figure 3B) and CF3SO2
− (m/z 133, Figure S2), the third low en

ergy contribution peaking at about 1.25 eV is also fitted with a 

skewed Gaussian. As an initial guess for the peak positions, 

the experimental values of 0.1 and 1.25 eV were taken for the 

lowest and highest energy contribution, and for the LUMO+1/ 

LUMO+2 contribution the average of their relative orbital en

ergies with respect to the LUMO (0.45 eV) was taken as the initial 

guess, assuming a 100 meV shift toward lower energy with 

respect to the calculated relative orbital energies. This fitting 

approach is taken, as we expect the autodetachment rate to 

play a significant role at higher energies, making these contribu

tions more significant in their low energy range10 (see the method 

section).

When comparing the relative peak cross sections for the for

mation of these three fragments, it is clear that dissociation 

through single electron occupation of the LUMO predominantly 

leads to the formation of CF3SO3
− (m/z 149) and CF3SO2

−

(m/z 133). In fact, the formation of CF3SO3
− (m/z 149) is the 

most significant channel, appearing with more than an order of 
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magnitude higher intensity than CF3SO2
− (m/z 133), which in turn 

appears with an order of magnitude higher intensity than the cor

responding aromatic rest C6F5O− (m/z 183). The formation of 

C6F5
− (m/z 167) is endothermic with Eth = 0.36 eV at the 

B3LYP/def2-TZVP level of theory and thus not accessible at 

this low energy and is only observed with marginal intensities 

through a higher lying resonance peaking at about 7.8 eV (see 

Figure S3).

Figure 4 shows contour plots of the lowest lying MOs of the 

neutral and anionic pentafluorophenyl triflate presented with a 

contour value of 0.05 au. The LUMO, LUMO+1, and LUMO+2 

of the ground state neutral pentafluorophenyl triflate are shown 

in the first line, and the corresponding highest occupied molec

ular orbital (HOMO) (singly occupied molecular orbital [SOMO]), 

LUMO, and LUMO+1 of the ground state pentafluorophenyl tri

flate anion are shown in lines two and three. The latter are shown 

for the anion in the frozen geometry of the neutral ground state 

(second line) and for the anionic ground state after geometry 

relaxation (third line). This is shown as we find the relaxed ground 

state geometry of the anion to be unstable at the B3LYP/def2- 

TZVP level of theory, dissociating by rupture of the S–OC bond 

of the sulfonic ester. The LUMO of the neutral parent is found 

to be of π* character and largely located on the benzene ring, 

i.e., corresponding to the b1 (π*) of C2v-substituted benzene as 

assigned by Jordan et al.60 Similarly, the LUMO+1 of the neutral 

is also of π* character, corresponding to the a2 (π*) of C2v- 

substituted benzenes, while the LUMO+2 is the lowest lying un

occupied σ* orbital of the neutral. Hence, the π*/σ* inversion, 

observed due to the strong inductive effect of the fluorines in per

fluorinated benzenes,61,62 is not apparent here. We also found 

this to be the case in a recent study on DEA to pentafluoroben

zoic acid,63 and similarly, we attribute this here to strong 

coupling of the sulfonic substituent with the π-system of the aro

matic ring, i.e., a mesomeric effect mainly stabilizing the b1 π* 

LUMO but also the a2 π* LUMO+1 with respect to the σ* 

LUMO+2 of the neutral. In the parent anion, the influence of 

the stabilizing mesomeric effect is apparently reduced. In the 

frozen geometry the singly occupied HOMO of the anion 

(LUMO of the neutral) is still the b1 π*; however, the LUMO 

(LUMO+1 of the neutral) is found to be of a σ* character while 

the LUMO+1 of the anion (LUMO+2 of the neutral) is the a2 π* 

orbital in the C2v notation. We however note that according to 

our B3LYP/def2-TZVP calculations the energy difference be

tween these orbitals, the LUMO+1 and LUMO+2 of the neutral, 

is only about 50 meV.

In good agreement with our experimental data the HOMO 

(SOMO) of the anionic ground state of pentafluorophenyl triflate 

is antibonding along the S–OC coordinate, and in fact the geom

etry relaxation of the ground state anion leads to rupture of this 

bond. We thus anticipate that the dominating, close to 0 eV con

tributions in the CF3SO3
− , CF3SO2

− , and C6F5O− ion yields, are 

provided through initial transition to the ground state anion, i.e., a 

single electron occupation of the LUMO of the neutral ground 

state pentafluorophenyl triflate. We further anticipate that the 

apparent discrepancy of the computed relaxation leading to 

Figure 2. Ion yield curves for the high intensity DEA fragments from 

pentafluorophenyl triflate 

(A) C6F5O− (m/z 183), (B) CF3SO2
− (m/z 149), and (C) CF3SO2

− (m/z 133) (also 

see Figure S2).

Table 1. Threshold energies (ETh) for all fragments observed in 

DEA to pentafluorophenyl triflate

m/z Product(s) ETh (eV)

316 M–: [C6F5O–S(O)2CF3]– 

Vertical attachment energy

− 0.30

183 [C6F5O]– + CF3SO2 − 1.61

167 [C6F5]– + CF3SO3 0.36

149 [CF3SO3]– + C6F5 − 1.53

133 [CF3SO2]– + C6F5O − 1.93

117 [C5F3]– + CF2O + CF3SO2 1.85

83 [FSO2]– + C6F5 + CF2O − 1.78

69 [CF3]– + C6F5OSO2 0.45
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CF3SO2
− (m/z 133) while the CF3SO3

− (m/z 149) is the highest in

tensity fragment observed from the ground state, is due to effec

tive vibrational coupling of the π* HOMO of the anion with the 

SO–C antibonding σ* LUMO. I.e., such dynamic coupling is not 

provided in the 0 K geometrical relaxation of the anion while it 

is provided through vibrational states occupied at the 298 K of 

the experiments.10,64 The higher energy contribution providing 

the asymmetry of the CF3SO3
− 0.1 eV peak, on the other hand, 

is attributed to direct dissociation from the SO–C antibonding 

σ* LUMO of the anion, though initial occupation of the (a2) π* 

LUMO+1 of the neutral (LUMO+2 of the anion) may also 

contribute.

Low intensity DEA fragments from pentafluorophenyl 

triflate

In addition to the high intensity contributions close to 0 eV, a sig

nificant contribution is observed to the complementary CF3SO2
−

(m/z 133) and C6F5O− (m/z 183) yields, with peaks at around 

1.25 eV. This contribution is also significant in the lower intensity 

ion yields for the formation of CF3
− (m/z 69) and FSO2

− (m/z 83) 

but is absent in the C5F3
− (m/z 117) ion yield. This may be seen in 

Figure 5, which shows the ion yield curves for the lower intensity 

fragments from DEA to pentafluorophenyl triflate in the energy 

range of 0–12 eV, i.e., CF3
− , FSO2

− , and C6F5O− , along with their 

lowest energy structures optimized at the B3LYP/def2-TZVP 

level of theory. As the formation of all fragments through this 

resonance are associated with bond ruptures within the triflate 

substituent, this resonance is most likely associated with single 

electron occupation of a molecular orbital strongly located on 

the triflate group. Correspondingly, we tentatively assign these 

contributions to single electron occupation of the LUMO+3 of 

the neutral (LUMO+2 of the anion), where this is the case for 

the relaxed anion (see Figure S4). This also matches relatively 

well with the 1.7 eV LUMO/LUMO+3 energy difference calcu

lated at the B3LYP/def2-TZVP level of theory.

For the formation of CF3
− through single bond rupture, we find 

a threshold of 0.45 eV. This is also apparent in the CF3
− ion yield, 

where this contribution is shifted to higher energy as compared 

to CF3SO2
− (m/z 133) and C6F5O− (m/z 183). The FSO2

− ion yield 

through this resonance, on the other hand, peaks at about 

1.3 eV. The formation of this fragment requires significant rear

rangement, and assuming the formation of the neutral difluoro 

formaldehyde (F2CO) in this reaction, as has been shown for 

other complex rearrangement reactions in DEA,65 we find the 

threshold to be – 1.78 eV (see Table 1). This is also apparent in 

the higher FSO2
− ion yield through this resonance as compared 

to CF3
− , reflecting the inverse energy dependence of the autode

tachment rate.

Finally, there are fairly broad low intensity contributions in the 

ion yields from about 3 to 5 eV and 6–9 eV. At the B3LYP/def2- 

TZVP level of theory we find the HOMO-LUMO gap to be about 

6 eV (see Figure 4), and we thus anticipate that the former are due 

to shape resonance(s) in this energy range while the latter is likely 

to be from higher energy core-excited resonance(s). Interestingly 

C5F3
− is formed through the lower lying resonance(s) with a high 

relative intensity. We attribute that to a rearrangement reaction 

leading again to the formation of neutral F2CO, but now through 

fragmentation of the aromatic ring and the formation of the 

lowest energy configuration of the anion. Complete account of 

all thresholds calculated and the respective structures, including 

values for different isomers and alternative reaction paths to 

other fragments, are given in Table S2.

DISCUSSION

Here we have conducted a combined experimental and theoret

ical study on DEA to pentafluorophenyl triflate; CF3SO2–O–C6F5, 

a compound belonging to a group of neutral esters under consid

eration as PAGs, hypothesized to enhance the sensitivity of CAR 

formulations for their use in EUVL. These neutral PAGs are spe

cifically of interest to enable higher PAG loads without phase 

separation, as both the quantum yield and photon count is low 

in EUVL as compared to the conventional DUVL scanners.48,49

In pentafluorophenyl triflate the trifluoromethanesulfonate (tri

flate) group constitutes the acid precursor, and homolytic 

Figure 3. Combined fit to the highest low-energy DEA yields from 

pentafluorophenyl triflate 

(A) CF3SO3
– (m/z 149) and (B) C6F5O– (m/z 183). The normal Gaussian peaking 

at 0.1 eV and the skewed Gaussians peaking at 0.43 eV about 1.2 eV represent 

the contributions attributed to occupation of the LUMO, LUMO+1/LUMO+2 

and LUMO+3 of the neutral, respectively (also see Figure S3).
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rupture of the ester bond to the phenyl group leads to the forma

tion of the triflate radical. This radical then extracts a hydrogen 

from other components of the resist formulation, to form the 

strong protic trifluoromethanesulfonic acid.49 In DEA to penta

fluorophenyl triflate we find the main channels to be the forma

tion of CF3SO3
− , CF3SO2

− , and C6F5O− at very low electron inci

dent energies, while lower intensity fragments are formed 

through shape and core excited resonances at higher energies. 

The prerequisite for pentafluorophenyl triflate to act as acid 

generator in EUVL CARs, however, is the electron-induced gen

eration of the CF3SO3 radical as a precursor for the respective 

acid formation. Contrary to this, the current study shows clearly 

that DEA to pentafluorophenyl triflate predominantly forms 

CF3SO3
− , the closed-shell, neutral complimentary base to the 

triflic acid, and no signs of the formation of the triflic radical inter

mediate, leading to the targeted formation of the very strong 

triflic acid are observed.

Moreover, from the observed ion yields and computed MO 

structures and thermochemistry, we show that this may be ex

pected to be general for DEA to asymmetric neutral ester 

PAGs. In DEA, the bond rupture is generally homolytic, however, 

the products in a single DEA bond rupture process are a radical 

and a closed-shell anionic fragment. Furtheremore, charge reten

tion in such DEA processes is generally on the more electroneg

ative fragment. This in turn constitutes the acid precursor when 

considering neutral ester PAGs, i.e., the triflate group in the cur

rent case. Hence, DEA to neutral ester PAGs, leads to the forma

tion of the closed shell anion of the acid precursor, which consti

tutes the pH neutral, complementary base of the strong acid 

whose generation is targeted. DEA thus blocks the pre-acid of 

such neutral ester PAGs from further hydrogen abstraction and 

thus from the formation of the respective ‘‘photoacid’’. This ap

plies in general and is very apparent in the current study where 

the dominating fragment is the thermochemically stable closed- 

shell CF3SO3
− , i.e., the triflic acid anion, instead of the corre

sponding radical needed for the acid generation.49 Furthermore, 

no potential neutral radicals that could act as acid precursors 

were found to be formed through DEA in the current study. 

Thus, DEA of this group of PAGs quinces the acid formation, 

rather than promoting it as is the intention in CARs for EUVL. In 

EUVL, this is bound to lower the photon-to-acid conversion yield 

of these PAGs significantly, and viable paths to include the highly 

efficient DEA process in the acid generation, providing significant 

improvement of the performance of these PAGs, are needed.

In this context a potential path to tailor an effective neutral acid 

generator that is triggered through DEA, would be to combine 

two strongly electronegative pre-acids in such a way that a single 

bond rupture through DEA would lead to formation of both the 

closed shell anion and the neutral radical of the respective pre- 

acid(s). Potential candidates for such compounds would be 

neutral derivatives of the peroxydisulphuric acid such as the 

peroxy dimer of the triflate, the trifluoromethane-sulfonic perox

yanhydride (CF3S(O)2–O–O–S(O)2CF3). To our knowledge, this 

compound is, however, not commercially available, but consid

ering that the ester bond rupture through DEA in the current ex

periments is significant on both the S–O and the O–C side of the 

Figure 4. Contour plots of the lowest lying MOs of the neutral and anionic pentafluorophenyl triflate (also see Figure S4) 

First line: LUMO, LUMO+1, and LUMO+2 of the geometry relaxed ground state neutral. Second line: the singly occupied HOMO, the LUMO, and LUMO+1 of the 

ground state anion in the frozen geometry of neutral ground state. Third line: the singly occupied HOMO, the LUMO, and LUMO+1 of the ground state anion after 

geometry relaxation.
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ester, with CF3S(O)2
– being a significant fragment, the commer

cially available trifluoromethanesulfonic anhydride (CF3S(O)2–O– 

S(O)2CF3) is a candidate worthwhile looking at. At the B3LYP/ 

def2-TZVP level of theory we find the formation of the CF3SO3 

radical to be exothermic for both these compounds through sin

gle bond rupture, leading to CF3SO3
− and CF3SO2

− as the 

respective counter ions. Furthermore, similar to pentafluoro

phenyl triflate, geometry relaxation of the parent anions of both 

these compounds, at the same level of theory, leads to rupture 

of the respective bonds relevant to the CF3SO3 radical formation, 

i.e., the O–O peroxy bond of the sulfonic peroxyanhydride and 

one of the O–S bonds of the sulfonic anhydride, respectively. 

Both these compounds may thus be considered good candi

dates for the formation of the CF3SO3 radical through DEA (see 

Figures S5 and S6; Tables S3 and S4).

It should, however, be kept in mind that the secondary elec

tron energy distribution in EUV exposure of resist materials is 

dynamic. Hence for every electron active in the very low energy 

DEA range, at least one ionization process has taken place as 

well as several other inelastic scattering processes, including 

electronic excitations. Thus, DI and ND are also bound to play 

a role, providing a complex scenario of the combination of the 

branching ratios and cross sections for the individual 

processes.

Limitations of the study

The current study focuses on the fundamental, chemical pro

cesses of EUVL resist components in direct relation to the ex

pected performance of the respective resist formulations. 

Though the induced chemistry is fundamental to the perfor

mance of the resist material, and a prerequisite for its applica

bility, systematic evaluation of properties and performance pa

rameters such as solvent compatibility, coating quality, and 

patterning performance in terms of resolution, LER, and sensi

tivity is necessary to transform this chemistry to resist formula

tions applicable in industrial EUVL processes.
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STAR★METHODS

KEY RESOURCES TABLE

METHOD DETAILS

Experimental

The current measurements were performed with a crossed electron-molecular beam apparatus consisting of a trochoidal electron 

monochromator (TEM) coupled with ToF-MS in an orthogonal geometry, described elsewhere.66 Briefly, a quasi-monoenergetic 

electron beam is generated from the TEM, with a resolution of about ∼200 meV. The electron current is monitored by an amperemeter 

connected to a faraday plate and is found to be ∼40 nA at ∼0eV. The anions formed are extracted by a weak electrical field (∼1V/cm) 

into an ion guide and further mass analysed with a ToF-MS and detected with a multi-channel plate detector. The energy scale of the 

ion yield curves was calibrated with CCl4 by setting the lowest energy Cl– formation as 0 eV. The data acquisition and data analysis 

were performed with home-made LabVIEW and python programmes, respectively. The sample was purchased from Sigma Aldrich, 

with 97% purity. The liquid sample was purified by passing through 4 freeze-pump-thaw cycles. The molecular vapor was introduced 

in the chamber and the experiments were carried out at 3.5×10-4 Pa.

Quantum chemical calculations

All quantum chemical calculations were conducted utilizing the ORCA software package (version 5 and 6.1)67 and ChemCraft - 

graphical software vas used for visualization of MO contours. The geometries of molecules were optimized, and corresponding 

single-point energy calculations were performed using density functional theory (DFT) employing the Becke three-parameter Lee– 

Yang–Parr hybrid functional (B3LYP)68–71 together with the def2-TZVP valence triple-zeta polarization basis set.72 Closed-shell mo

lecular systems were treated with the restricted Kohn-Sham (RKS) formalism, whereas open-shell systems were described using the 

unrestricted Kohn-Sham (UKS) formalism. Harmonic vibrational frequency calculations were executed at the same theoretical level 

to verify that optimized structures represented a true minimum on the potential energy surface (characterized by the absence of imag

inary frequencies). These vibrational analyses were also used to obtain zero-point vibrational energies (ZPVEs) and thermal correc

tions for both neutral parent molecules and ionic fragments at 298 K.

Threshold energies associated with potential fragmentation pathways corresponding to experimentally observed mass-to-charge 

(m/z) ratios were computed by subtracting the sum of the calculated single-point energies of product fragments from the energy of 

the neutral precursor molecule. All reported threshold energies include the ZPVEs and thermal energy corrections determined at the 

DFT level of theory.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fittings to the CF3SO2
–, CF3SO3

– and C6F5O– ion yields were performed with Python, using the SciPy library with an initial guess of 

the mean for the lowest energy contribution of 0.1 eV and for the highest of 1.25 eV both from the experimental values. For the 

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Pentafluorophenyl triflate; Sigma-Aldrich CAS Number: 60129-85-3

Carbon tetrachloride anhydrous 

(For energy calibration)

Sigma-Aldrich CAS Number: 56-23-5

Deposited data

Experimental raw data This paper https://doi.org/10.5281/zenodo.16761593

Output files, Quantum 

chemical calculational, Orca

This paper https://doi.org/10.5281/zenodo.16761422

Software and algorithms

ORCA software package 

(version 5 and 6.1)

On line https://orcaforum.kofo.mpg. 

de/app.php/portal

ChemCraft - graphical software for 

visualization of quantum chemistry 

computations. Version 1.8.

On line https://www.chemcraftprog.com

PythonTM Version 3.13 On line https://www.python.org
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LUMO+1/LUMO+2 contribution the initial guess was 0.45 eV, allowing for about 100 meV shift to lower energy from the average of the 

calculated LUMO-LUMO+1 and LUMO-LUMO+2 values, thus accounting for the inverse energy dependence of the autodetachment 

lifetime. For CF3SO2
– (m/z 133) and CF3SO3

– (m/z 149) a free fit with these initial guesses gave a RS value of 0.9972 and 0.9999, 

respectively, with peak values of 0.1, 0.47 and 1.23 eV, and 0.1 and 0.43 eV, respectively. For C6F5O– (m/z 183) the mean of the first 

gaussian was fixed at 0.1 and for the second skewed gaussian the skewness factor was fixed at 3. This gave peak values of 0.43 and 

1.24 eV for the two higher energy Gaussian fits with an RS value of 0.9910.
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