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Abstract. In extreme ultraviolet (EUV) lithography, chemistry is driven by secondary elec-
trons. A deeper understanding of these processes is needed. However, electron-driven processes
are inherently difficult to experimentally characterize for EUV materials, impeding targeted
material engineering. A computational framework is needed to provide information for rational
material engineering and identification at a molecular level. We demonstrate that density func-
tional theory calculations can fulfill this purpose. We first demonstrate that primary electron
energy spectrum can be predicted accurately. Second, the dynamics of a photoacid generator
upon excitation or electron attachment are studied with ab-initio molecular dynamics calcula-
tions. Third, we demonstrate that electron attachment affinity is a good predictor of reduction
potential and dose to clear. The correlation between such calculations and experiments suggests
that these methods can be applied to computationally screen and design molecular components
of EUV material and speed up the development process. © 2020 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMM.19.3.034601]
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1 Introduction

With the introduction of extreme ultraviolet (EUV), electron-driven processes in photoresists
become relevant. In deep ultraviolet (DUV), resists operate with photochemistry." Photo-
chemistry is specific and relatively well studied,'” making function-specific engineering pos-
sible. For example, it is understood that photon absorption is only useful if it happens at the
photoacid generator (PAG). As a result, polymers are engineered to be transparent and the
UV absorption cross-sections are to be optimized to maximize quantum efficiency. In EUV, upon
photon absorption, a high kinetic energy primary electron is very likely to be produced as a
result. Such primary electrons are very unlikely to initiate chemistry immediately; instead, they
rapidly lose energy through generating a cascade of low kinetic energy secondary electrons.’ In
the context of chemically amplified resists (CARs), the PAG can be activated through internal
excitation* or low kinetic energy electron attachment,’ which is hypothesized to be the main
driver of EUV chemistry. From photon absorption to PAG activation, there are now extra steps
involving electrons. As electron interaction with matter is nondiscriminative, electrons interact
with any species. As a result, all constituents of the photoresist participate in the photon-to-
chemistry conversion. Understanding these electron processes is vital for several reasons.
Since more than one secondary electron is generated, the quantum efficiency (absorbed pho-
ton-to-acid conversion ratio) of EUV resists can be larger than unity and is currently known
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to be around 2 to 3. Leveraging our knowledge in EUV radiation chemistry processes allows
us to further improve the quantum yield, which comes with the obvious benefit of reducing dose
to clear. On top of that, optimizing the quantum yield is shown to bring us closer to the photon
shot noise limit of stochastics.” Lastly, the extra efficiency provided by increased quantum effi-
ciency enables more flexible use of contrast enhancing mechanisms such as photodecomposable
quencher.®

Individual electron processes in condensed phase are difficult to characterize. Therefore,
first-principle quantum chemistry calculations can provide insights to such processes or even
predict yield. To accurately describe the chemistry of a material, an accurate description of the
electronic structure is needed, leaving us with density functional theory (DFT)’ or wave function
methods such as coupled-cluster singles and doubles (CCSD).!° DFT-based first-principle
calculations have a few advantages. Compared to wave function-based methods such as CCSD,
it has a better resource scaling (N to N* of DFT/hybrid-DFT versus N° to N of CCSD'"),
thus making it a more viable method for studying large molecules and systems.

In this article, we demonstrate four types of DFT-based calculations. First, the primary elec-
tron energy distribution could affect the electron blur and the generation efficiency of secondary
electrons. We present our ionization calculations, which predict primary electron energy spectra.
For a PAG to be efficient, it should be able to break apart readily if it is internally excited or has
captured an extra electron. To characterize the likelihood of the PAG breaking apart, ab-initio
molecular dynamics (AIMD) calculations, which track the forces acting on each individual atom
at room temperature, were carried out to study and compare the two activation mechanisms. The
dynamics calculations address the questions regarding the outcome, provided an extra electron is
attached. The yield, however, also depends on how likely an electron attaches to the PAG. To that
end, we report that electron attachment calculations can be applied to predict reduction potential
and dose to clear.

2 lonization Calculations

Upon absorption of an EUV photon, photoionization occurs, resulting in a primary electron.'?

The kinetic energy carried by these electrons might have implications on the resolution and
dose of a resist. Intuitively, with a higher kinetic energy, an electron takes more space to deposit
energy but generates fewer secondary electrons. Currently, the electron blur has been estimated
to be in the order of a few nanometers’® while the kinetic energy of primary electrons in typical
polymer material has been identified to be between 80 and 85 eV."* At the current node, in CARs,
electron blur is still small compared with acid blur. However, in other platforms, effective elec-
tron blur might be a major contributor to resolution.

The kinetic energy of a primary electron is the excitation energy (92 eV) minus the binding
energy of the electron. Before ionization, electrons reside in molecular orbitals. The binding
energy of an electron is calculated by taking the total energy difference in the molecule between
the ground state and the excited hole state resulted from ionization. By calculating such an
energy difference for electrons from different orbitals, the binding energy spectrum, thus primary
electron kinetic energy spectrum, can be calculated. Ionization calculations are implemented
with the package Q-Chem 5.1.2'* running on Scientific Linux 7 based computing cluster.
The total energies are obtained using DFT. The PBEO hybrid functional and the Ahlrich’s
triple-zeta basis set with polarization and diffuse functions (def2-TZVPD) are used. The excited
hole energy was calculated with the maximum overlap method.'>'® All computations are carried
out at the Nano cluster at Lawrence Berkeley Laboratory’s Laboratory Research Computing
facility (LBL-LRC) using a single node (each with two 4-core Xeon X5550 processors and
24 GB of memory).

For polymer-based resists, engineering of low kinetic energy primary electrons has been
investigated by incorporating halogens. Kostko et al.'” demonstrated that, by incorporating
bromine or iodine into prototypical monomers, low kinetic primary electrons are measured in
gas-phase photoemission experiments. On top of that, a series of halogenated polymers were
investigated, and their primary electron energy spectra were measured with gas-phase photo-
emission. We perform ionization calculation on these halogenated methylphenols. In Fig. 1,
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Fig. 1 (a) Experimental primary electron energy spectrum from Ref. 18. (b) Theoretical prediction
from binding energy calculations. Low kinetic energy (<40 eV) features are broadened by 0.5 eV
and high kinetic energy features (>40 eV) are broadened by 3 eV.

the experimental spectra measured in Ref. 17 are adapted and presented in the upper row. In the
lower row, our theoretical predictions are presented. The binding energies of orbitals are discrete.
In reality, there are thermal broadening and finite instrumental resolution. The finite lifetime of
the excited hole also leads to broadening. The discrete peaks are therefore broadened to account
for these effects. Electrons with high kinetic energy (>40 eV) are shallowly bounded (low bind-
ing energy), and they are sensitive to temperature effects. A broadening of 3 eV is applied to
them. Electrons with kinetic energy lower than 40 are semicore in nature and are not very sus-
ceptible to thermal effects so they are only broadened by 0.5 eV to emulate the finite resolution
of the detector and the finite lifetime of the excited hole.

As can be seen in Fig. 1, the energy positions of the features line up reasonably well between
theoretical and experimental spectra. The feature near 85 eV is captured by all calculations. The
low kinetic energy generated by brominated and iodinated monomers is also well predicted by
our calculations.

The only input needed for these calculations is molecular structures. The agreement between
experiments and theoretical calculations indicates that density functional-based ionization
calculation is a useful tool for predicting the energy of primary electrons.

However, we note that there are features that the ionization calculations cannot explain. First
of all, in iodinated monomers, experimentally, the intensity of the low kinetic energy feature is
much stronger than their high kinetic energy counterpart. This is not captured in the calculation
because the matrix element is not calculated. Our current framework for ionization only provides
information as to where the electrons are in terms of energy. To accurately reproduce the spec-
trum, the probability that an electron is ejected from a given orbital is also needed. Such prob-
ability is different for different orbitals and can be predicted with matrix element calculation.'®
The current implementation of Q-Chem presents difficulties for such calculations at EUV
excitation energy. However, custom implementation of matrix element calculations with EUV
excitations can be explored in open-source packages.

The other unexplained feature in the iodinated monomer is the broad features at low kinetic
energies. Those electrons have been demonstrated to be Auger electrons.'” Auger electron spec-
trum can be predicted with many-body wave function methods.

By combining ionization Auger electron calculations, the primary electron energy spectrum
can be predicted accurately. Such spectra can be used to generate realistic primary electron
energy distribution in Monte Carlo trajectory simulations.

3 Internal Excitation

Internal excitation as a PAG activation mechanism has been shown to be present in EUV resists.*
As Narasimhan et al.* suggested, however, the quantum efficiency is only on the order of 0.1.
Understanding internal excitation at a fundamental level could allow us to identify strategies to
improve the quantum efficiency of this process in EUV materials.
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Fig. 2 Schematic for the computational method used for internal excitation.

Internal excitation is a process through which a molecule (in the context of CARs, a PAG) is
promoted to an excited state by an electron that propagates nearby. The propagating electron
generates a time-varying electric field as observed by a stationary PAG. The PAG is essentially
subjected to broadband electromagnetic radiation. If the spectrum of the radiation overlaps with
the absorption spectrum of the PAG, the PAG can be excited optically (Fig. 2). The PAG is not
ionized nor is the electron captured by the PAG in the process. In an excited state, the PAG
molecule becomes unstable and becomes susceptible to breaking apart. To study this effect, time-
dependent DFT calculations are used. The forces acting on each atom in a molecule can be
evaluated for each excited state, thus the motion of the molecule can be calculated. Such cal-
culations are implemented with the AIMD module of Q-Chem. In an excited state, a molecule
has a finite chance of transitioning into another excited state.'® To account for such transitions,
fewest switches surface hopping (FSSH) coupling is included in the dynamics calculations. All
calculations are carried out using a single-node Vulcan cluster (each with two 4-core XEON
E5530 processors and 24 GB of memory) at LBL-LRC.

We hope to achieve two goals with our excited state dynamics calculations. First, to repro-
duce certain known chemistry to validate our dynamics calculations. Second, because measure-
ments of yield are seldom direct,>*° such calculations can provide a clean way of characterizing
the propensity of a PAG to break apart upon excitation.

Triphenyl sulfonium (TPS) triflate (-OTf) is well studied and has very well-understood
chemistry at DUV.>?*?! Upon optical excitation, cleavage of a sulfur-carbon (S—C) bond was
demonstrated to be the immediate outcome.>?* As demonstrated in Ref. 4, internal excitation is
very similar to optical excitation. We, therefore, anticipate that S—C bond cleavage as a direct
result of internal excitation as well.

AIMD-FSSH calculations with excited states are extremely expensive. With the presence of
light atoms such as hydrogen, the largest achievable time step was 241 attosecond, requiring around
1000 steps to study bond-breaking processes that typically take hundreds of femtoseconds.”?
To keep computation time reasonable, the anion is ignored as chemistry is driven by the TPS cation.
On top of that, we use a smaller basis set—the double zeta cc-pVDZ basis set in conjunction with
the functional PBEO. Mechanical properties, such as geometry, were demonstrated to be less
sensitive to basis size.”* Moreover, with the absence of the anion, the subject is a cation with tightly
bound orbitals, rendering diffuse functions unnecessary.

At room temperature, the molecule is subjected to thermal perturbations. That has to be fac-
tored into the initial geometry and velocity of the simulation. Also, as the reaction continues,
such perturbation has to be included in the evolution of the molecule. To acquire an ensemble of
realistic initial conditions, the molecule is first allowed to evolve at room temperature. About 50
geometries/velocity were then taken from that evolution and used as initial conditions for the
dynamics calculation. We promote the molecule to its first and 11" excited states to understand
its evolution upon excitation. And in all cases, the TPS PAG is simulated for 241 fs.

Our simulations indicate that there are two possible outcomes, either the TPS PAG remains
intact or a S—C bond is cleaved and a phenyl ring is ejected. With this knowledge, we can
characterize the reaction with the S—C (of the phenyl ring that ends up the furthest away from
the sulfur) bond length.

The bond length is around 1.7 to 1.8 A in all initial configurations and its distribution is
represented with blue bars in Fig. 3. We use 2 A as a cutoff for bond cleavage. After the evo-
lution, the distribution of S—C bond length is shown with orange bars. In 49 out of 50 initial
conditions, cleavage occurs if the PAG is promoted to its first excited state. By promoting the
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Fig. 3 Results for internal excitation AIMD calculations. The cleavage of C—S bond is shown in
(a) with the red dashed arrow indicating the bond length. The distributions of bond lengths before
and after evolutions initiated in the first and the 11th excited states are shown in (b) and (c). The
charge carried by the departing benzene in the two initial conditions is shown in (d) and (e).

PAG into its 11™ excited state, the outcome is qualitatively the same—S—C bond cleavage is
found to be the only chemical outcome and the yield is nominally 100%.

The charge carried by the ejected phenyl ring was also calculated using the Mulliken pop-
ulation analysis.> By exciting a TPS PAG to a higher excited state, the benzene ring is more
likely to be positively charged. While this is consistent with previous experimental work,”’ the
difference is too small to be conclusive with 50 trajectories.

4 Postattachment Dynamics

The main driver of EUV chemistry is low kinetic energy electron attachment.?® The efficiency of
this process depends on the likelihood of the PAG to break apart after electron attachment. AIMD
calculations can be used to understand the dynamics of the PAG subsequent to electron attach-
ment as well.

As in internal excitation, 50 realistic initial geometries and velocities were prepared for the
TPS cation. For each of these conditions, an extra electron is added. Assuming the incident
electron is almost thermalized, the molecule is assumed to be in ground state. With ground state
as a starting point, FSSH coupling is not needed. AIMD calculations are again made with PBEQ
functional and the double zeta cc-pVDZ basis.

Similar to internal excitation, there are only two possible outcomes—the PAG either remains
intact or ejects a phenyl ring by S—C cleavage. The outcome is characterized similarly. Figure 4
shows the initial and final distributions of carbon-sulfur (C—S) bond length. After 240 fs of
evolution, with a 2-A cutoff, a S—C bond breaks in 47 out of the 50 initial conditions, indicating
that the yield is around 94%. Compared to internal excitation, the distribution of final C—S bond
length in postattachment dissociation is broader yet the expectation value of the bond length is
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Fig. 4 The distributions of bond lengths before and after evolutions initiated with electron
attachment at ground state.
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larger. The charge carried by the ejected phenyl ring is found to be zero in all initial conditions.
Although this result suggests that electron attachment does not lead to heterolysis, we would like
to point out that the simulations take place in vacuum. Real resists are likely dielectric media.
Therefore, a logical extension of this study will be incorporating dielectric medium into molecu-
lar dynamics calculations.

5 Reactions after S—C Bond Cleavage

In the broader context of TPS PAG chemistry, the cleavage of S—C bond, the subject of the study,
is merely the beginning of a series of chemical reactions. Due to the volatile nature of the imme-
diate products of S—C bond cleavage, they react readily. The in-cage or cage escaped products
previously reported”*? are understood to be results of the fragments reacting with each other or
the substrate, suggesting that S—C bond cleavage initiates the entire process.>**** This work
demonstrates that the cleavage of the S—C bond can be predicted with AIMD calculations.
However, the formation of products further downstream, such as in-cage produces where the
phenyl fragments recombine, involves environment-dependent reactions. For example, the life-
time of the ejected phenyl depends on the density and moiety of the surrounding. To accurately
predict the outcome of these reactions, an accurate description of the environment is needed.
Therefore, the size of the system would have to be increased dramatically. Further investigations
into methods specialized for large systems are required for scalable investigations of the inter-
action of the active species in their surroundings.

6 Electron Attachment

Electron affinity and its effect on PAG performance have been studied”’ showing that, if a PAG
can be reduced more easily in a cyclic voltammetry, resists consisting of that PAG have a lower
dose to clear.”®

To estimate the electron affinity computationally, we compute the lowest unoccupied
molecular orbital (LUMO) energy of the four onium PAGs used in Ref. 28 and use it as a proxy
for electron attachment affinity. In Ref. 28, the reduction potential is measured with the PAGs
dissolved in acetonitrile while in condensed phase, the PAGs are tightly bound to their nonaflate
counter anion.

Vertical electron affinity computations are inherently unstable for neutral species due to the
presence of orthogonal discretized continuum (ODC) states.” Since onium PAGs in polymer
resists are tightly bound to their counter anion, a method suitable for neutral species should
be used. The aforementioned issues with ODC states can be systematically mitigated but doing
so is computationally costly. Instead, we seek to empirically identify the most predictive func-
tional/basis combinations that are the least susceptible to ODC states.

The predictive power of our method is studied empirically, as shown in Figs. 5 and 6.
The first vertical electron affinities of 30 hydrocarbons®* and four deoxyribose nucleic acid
nucleobases* have been reported. A total of 34 molecules are included. Their molecular geom-
etries are optimized with the PBEO functional and def2-SVPD basis. The LUMO energies of the
molecules are then calculated using various combinations of functionals and basis sets. Two
metrics are used to assess the predictive power. First, correlation between experimental values
and the LUMO energies is compared for each combination is used. Second, the root-mean-
square error (RMSE) is reported for each method. The same procedure is repeated with the
DNA nucleobases removed (Fig. 5) to understand the robustness of the methods.

The functionals PBE, PBEO, B3LYP, B2PLYP, PBE-QIDH, and wB97X-D were tested.
PBEO, B3LYP, and wB97X-D are found to be the best compromise. Three functionals are
selected altogether to ensure there is a qualitative agreement between them. As shown in
Fig. 6 and Table 1, the improvements in statistical correlation from PBE to PBEO indicate that
inclusion of exact exchange® improves prediction. Double hybrids (B2PLYP/PBE-QIDH)
incorporate MP2 electronic dynamic correlation, which does not improve performance signifi-
cantly. Yet the computational time scaling is increased by an order of magnitude (from Np,q* of
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Fig. 5 Example of assessment of predictive power of a single functional/basis combination. Each
of the blue crosses and red circles represents a molecule. Linear regression is performed with
(green dotted line) and without (black dotted line) DNA bases to infer the robust of the combination.
R?, which is identical to correlation coefficient squared in linear regression, is 0.9785 (hydrocar-
bons only) and 0.9792 (hydrocarbons and DNA bases).
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Fig. 6 Predictive powers of different functional/basis combinations. Coefficient of correlation
between experimental data and predictions is shown in (a). RMSE (regression slope) is shown
in (b). Two colors represent two different datasets used for regression.

B3LYP/PBEO to Ny,;> of B2PLYP/PBE-QIDH).!" Moreover, as shown in Fig. 6 and Table 1,
double hybrid functionals are very basis sensitive in terms of their performance.

All electron affinity calculations are carried out at the Nano or Etna cluster at LBL-LRC
using the package Q-Chem 5.1.2. A single Etna node (with 2 12-core Xeon E5-2670 v3 pro-
cessors and 64 GB of memory) or three Nano nodes (each with 2 4-core Xeon X5550 processors
and 24 GB of memory) were used for functional assessment. For PAG molecules, given their
sizes, either two Etna nodes or four Vulcan nodes (each with 2 4-core XEON E5530 processors
and 24 GB of memory) are used.

For the three selected functionals, it is consistent that def2-SVPD is more robust than def2-
TZVP. The latter is supposedly a bigger basis set that provides better descriptions of molecules.
The superiority of the former indicates the importance of diffuse functions in such calculations.
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Table 1 Parameters for linear model between experiments and DFT for various functionals.
The linear model is Ecyperiment = MEprr + C. The coefficients of correlation and RMSE are also
included.

Functional/basis Slope (m) Intercept (C) R? RMSE (eV)
wB97X-D/def2-SVPD 0.9589 -0.1774 0.9792 0.0975
B2PLYP/def2-TZVP 0.9944 0.0990 0.9718 0.1137
PBE-QIDH/def2-TZVP 0.9504 —-0.4156 0.9717 0.1139
PBEO/def2-SVPD 0.9803 1.5328 0.9689 0.1192
B3LYP/def2-SVPD 1.0187 1.7800 0.9665 0.1239
wB97X-D/def2-TZVP 0.9268 -0.1837 0.9576 0.1393
PBEO/def2-TZVP 0.9703 1.4788 0.9490 0.1528
B3LYP/def2-TZVP 0.9967 1.7139 0.9488 0.1531
PBE/def2-SVPD 1.0162 2.5272 0.9360 0.1711
B2PLYP/def2-SVPD 1.1811 0.0900 0.9136 0.1989
PBE/def2-TZVP 1.0022 2.4603 0.9084 0.2048
PBE-QIDH/def2-SVPD 1.1865 -0.5701 0.8898 0.2245
@ gR R (b) of b () (d)

038" C" 7 CFy 058" 7"C" 7 CFs od ¢ o
F2 o 2 038" C" " CFs 058 % c % cr,

Fig. 7 The four onium PAGs investigated. (a) Diphenyliodonium nonaflate, (b) bis (4-tert-
butylphenyl)iodonium (BTBPI) nonaflate, (c) TPS nonaflate, and (d) tris(4-tert-butylphenyl)sulfo-
nium nonaflate.

In Ref. 28, the reduction potential and dose to clear of four onium PAGs (Fig. 7) were
reported. In the reduction potential measurement, the PAG is dissolved in acetonitrile, resulting
in ionic dissociation. In actual resist, the PAG is likely to be bound to its counter anion. The two
cases need to be treated separately.

To make accurate predictions about onium PAGs in acetonitrile, two factors have to be
accounted for. First, as a result of ionic dissociation, the counter anion is no longer in the vicinity
of chemically active onium ion. Second, the presence of acetonitrile has to the accounted for.
The vertical electron affinity of the onium ions is calculated in conjunction with polarizable
continuum model (pcm), which captures the physics of polar solvents’' and is implemented
in the Q-Chem package.

In all three hybrid functionals, the experimental reduction potential and the computation
vertical electron affinities, calculated from the molecular LUMO energies, form a linear relation-
ship (Fig. 8). Additionally, all three functionals give qualitatively similar results, meaning that
the correlation between the two is not theory dependent and thus we expect the calculations to be
robust. As the data points lie close to the line of the best linear fit, the regression line can be used
to predict the experimental reduction potential from computational vertical attachment energies
with reasonable confidence.

We move on to calculate the vertical electron affinities of the onium triflates in the presence
of the counter anion, which is representative of their behavior in condensed phase. As shown in
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Fig. 8 Computational vertical electron affinity of four onium PAG cations calculated in conjunction
with pcm versus experimentally measured reduction potential reported in Ref. 29. Dashed lines
are linear fits.
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Fig. 9 Computational vertical electron affinities of four onium PAGs versus dose to clear reported
in Ref. 29. Dashed lines are quadratic fits.

Fig. 9, the vertical attachment energies correlate well with the experimental dose to clear. In this
case, however, a quadratic function is a better fit.

It has been reported that using another computational approach, the AM-1 semiempirical
method, the correlation between vertical electron affinity and dose to clear was not identified.?”’
In Ref. 27, the effect of electron affinity was studied with a different series of molecules. The
most notable difference is that the engineered electron grabbing species are heterocyclic—they
have two of the three phenyl rings connected. As the efficiency of dissociative electron attach-
ment depends on both the attachment of the electron and the likelihood of dissociation, having
the immobilized aryl groups could impede dissociation, offsetting the benefits of lower vertical
electron affinity.

Subsequent molecular dynamics study is being explored to investigate the effect of hetero-
cyclic aryl groups in TPS, such as onium PAGs, to understand the trade-off between attachment
affinity and dissociation impedance.

7 Conclusion

In summary, four electron processes in EUV exposure radiation chemistry were studied by den-
sity functional-based calculations. First, it was demonstrated that primary electron energies of
prototypical monomers can be accurately predicted with ionization calculations. Second, AIMD
calculations were shown to reproduce the immediate outcome of internal excitation. Moreover,
the yield of bond cleavage could be predicted with such calculations. Third, molecular dynamics
calculations can also be used to predict the outcome of low kinetic energy electron attachment. It
was shown that, upon electron attachment, the chemical outcome is similar to internal excitation
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and the bond cleavage probability is around 90% to 95%. Finally, vertical electron affinity taken
from calculations made with proper assumptions about the environment predicts reduction
potential well. With the series of onium PAG with unconnected ligands, the dose to clear cor-
relates with the vertical electron affinity of the PAG very well.

In the context of CARs, a combination of such calculations can be used to further understand
PAG processes and ultimately improve their performance. The processes studied also take place
in other resist platforms, and the relevant calculations can be adapted to other systems with
minimal effort.
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