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ABSTRACT

The development of extreme ultraviolet (EUV) lithography towards the 22 nm node and beyond depends critically
on the availability of resist materials that meet stringent control requirements in resolution, line edge roughness,
and sensitivity. However, the molecular mechanisms that govern the structure-function relationships in current
EUV resist systems are not well understood. In particular, the nanoscale structures of the polymer base and
the distributions of photoacid generators (PAGs) should play a critical roles in the performance of a resist
system, yet currently available models for photochemical reactions in EUV resist systems are exclusively based
on homogeneous bulk models that ignore molecular-level details of solid resist films. In this work, we investigate
how microscopic molecular organizations in EUV resist affect photoacid generations in a bottom-up approach
that describes structure-dependent electron-transfer dynamics in a solid film model. To this end, molecular
dynamics simulations and stimulated annealing are used to obtain structures of a large simulation box containing
poly(4-hydroxystyrene) (PHS) base polymers and triphenylsulfonium based PAGs. Our calculations reveal that
ion-pair interactions govern the microscopic distributions of the polymer base and PAG molecules, resulting
in a highly inhomogeneous system with nonuniform nanoscale chemical domains. Furthermore, the theoretical
structures were used in combination of quantum chemical calculations and the Marcus theory to evaluate electron
transfer rates between molecular sites, and then kinetic Monte Carlo simulations were carried out to model
electron transfer dynamics with molecular structure details taken into consideration. As a result, the portion
of thermalized electrons that are absorbed by the PAGs and the nanoscale spatial distribution of generated
acids can be estimated. Our data reveal that the nanoscale inhomogeneous distributions of base polymers and
PAGs strongly affect the electron transfer and the performance of the resist system. The implications to the
performances of EUV resists and key engineering requirements for improved resist systems will also be discussed
in this work. Our results shed light on the fundamental structure dependence of photoacid generation and the
control of the nanoscale structures as well as base polymer-PAG interactions in EVU resist systems, and we
expect these knowledge will be useful for the future development of improved EUV resist systems.

1. INTRODUCTION

In extreme ultraviolet (EUV) lithography, 13.5 nm light is used to induce photoacid generation that consequently
leads to dissolution of polymers. The resist chemistry in EUV exposure is markedly different from that in
photolithography utilizing 193- or 248-nm photons.»? Specifically, the absorption of high energy EUV light
leads to electron dissociation and generation of multiple electrons, and these electrons then rapidly thermalized
and react with photoacid generators (PAGs) to induce acid production. Indeed, the secondary electrons generated
by ionization of the polymer backbone is considered to play a key role in the acid generation.>* As a result,
diffusion of thermalized electrons plays a critical role in the control of resolution, line edge roughness, and
sensitivity in EUV lithography.

Despite the early recognition of the importance of electron dynamics in EUV lithography, both theoretical

and experimental mechanistic studies of EUV resist chemistry often focus on the dynamics of acid diffusion
and quenching. It is challenging to develop tools that are specifically sensitive to electronic responses in resist
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Figure 1. Chemical structures of the components in the model systems. (a) a poly(4-hydroxystyrene) (PHS) unit, (b) a
tert-butyl acrylate (TBA) unit, and (c) the TPS-Tfl salt.

matrix for effective probe of electron dynamics. Recently, Brainard and coworkers have developed a low-energy
electron scattering in solids modeling program that tracks elastic, ionization, and plasmon generation events for
high-energy electrons in resist matrix to investigate detailed electron dynamics in EUV lithography, and their
results have suggested novel resist design principles by supporting a new mechanism for acid generation in the
process.*® Clearly, a clear understanding of electron dynamics in EUV lithography is extremely critical for the
optimization of the process.

A key issue that was mostly overlooked in previous studies of EUV resist chemistry is the heterogeneity of the
resist matrix. The theoretical modeling of electron propagation in previous studies always assume an uniform bulk
matrix.! However, the resist is composed of several components that might not mix very well in the nanometer
length scale. Recently, molecular dynamics simulations have been applied to investigate PAG distributions in a
methacrylate-type model resist system.%7 The results show significant nanoscale heterogeneity that could affect
resist properties such as resolution, line edge roughness, and sensitivity. It is expected that this issue would
become more critical as the required line width shrinks to below 10 nm. In this work, we utilize molecular
dynamics simulations and stimulated annealing to obtain structures of a simulation box containing poly(4-
hydroxystyrene) (PHS) base polymers and triphenylsulfonium (TPS) based PAGs to investigate how microscopic
molecular organizations in EUV resist could affect photoacid generations in EVU lithography. Furthermore, the
obtained atomistic structure will then be used to simulate structure-dependent electron-transfer dynamics in
a solid film model. We expect such bottom-up approach could provide rich molecular insights regarding the
heterogeneous domain distributions and electron transfer dynamics in EUV resist materials, which is critical for
advancing the technology of EUV resist lithography.

2. COMPUTATIONAL METHODS
2.1 Molecular dynamics simulations

In this study, we investigate resist systems based on PHS and tert-butyl acrylate (TBA) copolymers and a
TPS-triflate PAG (Fig. 1). Two polymer systems were constructed in this study: one is a PHS-rich model that
contains copolymers of 10 units of PHS, 10 units of TBA, and 10 units of PHS in each chain, the other one is
a TBA-rich model that contains copolymers of 10 units of TBA, 10 units of PHS, and 10 units of TBA in each
chain. The selection of the model systems aims to elucidate the effects of a PHS-rich matrix versus a TBA-rich
matrix. An extreme block-copolymer form is also adopted in this study in order to maximize the difference if
observed in the simulated results, and the total chain length of 30 units is chosen to reflect the molecular weights
of copolymers normally used in experiments. Matrix with copolymers with randomly arranged PHS and TBA
units would be a better representation of the realistic resist systems, however in that case the comparison might
be more difficult to yield useful guiding principles.
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Amorphous resist models were built with 64 copolymer chains and 128 TPS-Tfl ion pairs in a simulation box,
which represents about 20% wt. PAG density. For both types of resist matrices, the simulation box contains
> 40000 atoms. Periodic boundary condition is used in all our simulations, and the MMS3 force field suitable
for crystal packing and thermodynamics data for organic molecules is adopted for our molecular dynamics
simulations.® ' In order to examine the structures of co-polymer systems, we have simulated the equilibrium
structures of the chemical units used in this study (Fig. 1) using the MMS3 force field and confirm that the
geometries are in good agreement with those calculated using ab initio density functional theory (DFT) at the
B3LYP/6-31+G* level.

The TINKER molecular modeling software!! with the OpenMP parallelization is used to carry out molecular
dynamics simulations of the resist model systems. The initial geometries of the randomized amorphous resist
models were optimized using the steepest descent and conjugated gradient methods, and then subjected to 5
cycles of 10 ps run simulated annealing between 300K and 1000K within the NPT ensemble at 1 atm. The
Berendsen thermostat!? was used for both pressure and temperature controls. After simulated annealing, the
simulation box is compressed to reach a desired density of ~1 g/cm3, and the geometry is used as the initial
input for the equilibrium run. The equilibrium step is then performed with NPT molecular dynamics simulation
at 300K and 1 atm for 100 ps. We monitor the energy and density fluctuations to ensure that the steady state
is reached in the final 30 ps frame. Finally, production run is carried out at 300K and 1 atm for 5 ns. A total
of 5000 snapshots of the molecular dynamics trajectory are collected at 1 ps interval as the results. The same
procedures were used for both PHS-rich and TBA-rich matrices.

2.2 Electron transfer rates

Withe the structures obtained from the molecular dynamics simulations, we could then simulate photo-induced
reactions in the resist matrix in a fully atomistic level. Recent studies have shown that several mechanisms, such
as hole-initiated chemistry, electron trapping, internal excitation, could be involved in acid production in EUV
resist chemistry.®*® Different mechanisms of acid productions will lead to different conditions in simulations,
nevertheless, transfer of thermalized electrons in the polymer matrix is a key step shared by all the proposed
mechanisms. As a result, we aim to focus on the nanoscale structures of the polymer matrix and the consequent
effects on the electron transfer events. To simplify the photo-induced dynamics, we adopt the electron trapping
mechanism of acid generation, and therefore we shall simulate electron transfer dynamics and calculate the
amount of electrons reaching the PAG sites. Therefore, we consider all PhOH molecules and TPS molecules
as potential sites that each can harbor an excess electron. Moreover, for each PhOH site, having a hole is also
possible. To this end, we need to calculate electron transfer rates between PhOH units and between PhOH and
TPS molecules based on the structures obtained from the molecular dynamics simulations.

We follow the quantum chemical parameterization of electron transfer rates that were very success in modeling
electron and hole transport in organic photovoltaic materials.!> 17 The electron transfer rate can be calculated
using the Marcus theory

f 27r|v 2 1 . {—(AGJF/\)T
= — X
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where Vp4 is the electron coupling between the electron donor and acceptor, A is the reorganization energy,
and AG is the free-energy difference. The electron couplings between PhOHs and between PhOHs and TPS
molecules were calculated using the Q-Chem quantum chemistry software package by the direct method and the
B3LYP/6-31+G* density functional theory.!® 19 In addition, A and AG are also calculated at the B3LYP/6-
31+G* level of theory based on the procedures outlined by Cornil et al.’4 Note that in the resist matrix we
consider the TPS molecule as a pure electron acceptor, and the PhOH can be in one of the anionic, neutral,
and cationic states. The anionic PhOH is an electron donor, the cationic PhOH is a hole donor and electron
acceptor (resulting in electron-hole recombination), whereas the neutral PhOH is either an electron acceptor or
a hole acceptor. Because all these PhOH states have different electron energies that can be estimated from their
molecular orbital energies, we can calculate separate rates for electron transfer, hole transfer, and electron-hole
recombination processes. As a result, we can construct a rate matrix connecting all pairs of potential electron
donors and acceptors using structure-based quantum chemistry calculations.
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Figure 2. Simulation box of the (a) PhOH-rich matrix and the (b) TBA-rich matrix. Each box contains 64 copolymer
chains and 128 TPS-Tfl PAG ion pairs. Periodic boundary condition is used in the simulations.

Because the electronic couplings between a donor molecule and a acceptor molecule depend on the relative
distance and molecular orientations, the rates are structure-dependent. In addition, electrons on different chem-
ical species exhibit different free energy, leading to different rates for electron transfer, hole transfer, and charge
recombination. In general, for neighboring molecules the rates follow the trend were observed: electron transfer
from PhOH to TPS > electron transfer from PhOH to PhOH > hole transfer from PhOH to PhOH >> charge
recombination on two PhOH sites.

2.3 Kinetic Monte Carlo simulations

Using the prescription outlined above, we may construct a rate matrix for a given structure of the resist matrix.
The rate matrix is then used in a standard kinetic Monte Carlo method'® 172921 jmplemented in a in-house code
to simulate electron dynamics in the resist matrix. For simplicity, in this work we neglect the EUV absorption
and electron cascading processes and simulate the dynamics of a number of thermalized electrons and holes
distributed around the center of the simulation box. Therefore, we assume independent thermalized electron
and hole distributions, and weak electron-hole Coulomb interactions due to dielectric screening. For the location
of electron and holes, our models consider rigid polymer structures and localized electrons and holes on PhOH
molecules. Our Monte Carlo simulations describe electron and hole diffusion, electron-hole recombination, and
electron transfer to TPS. Note that quenching of electron by electron quenchers is not considered in this study.

3. RESULTS AND DISCUSSIONS
3.1 Structure of polymer matrix

Representative equilibrium structures of the model resist systems are shown in Fig. 2. The size of the box
after stimulated annealing is about 8x8x8 nm?®. Molecular dynamics simulations clearly show highly disordered
polymer matrix and PAG distributions. An inspection of the 5 ns trajectory indicates low mobilities for all the
components, including the smaller PAG ions. Our simulations using significantly larger simulation cell confirm
the semi-quantitative observations reported in previous molecular dynamics simulations.% 7

To assist the visualization of the heterogeneous structures in the simulated polymer EUV resist models, we
depict different components in the simulation box using different colors in the representative structures shown in
Fig. 3. Separated domains of phenol (PhOH) groups and TBA groups can be clearly observed in the equilibrium
structures, and the nonuniform distribution of PAG molecules is also evident. PhOH domain sizes of ~ 2 nm
and 71 nm for the PhOH-rich and TBA-rich polymers, respectively, were determined using a k-mean clustering
algorithm based on distance between the centers of phenyl rings. The radius of gyration of the co-polymer chains
is determined to be about 1 nm for both copolymer systems. It is interesting to note that the PhOH domain
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Figure 3. Domain separation in the (a) PhOH-rich matrix and (b) TBA-rich matrix. TBA groups are depicted as red
spheres, TPS-Tfl molecules are shown in yellow, and the PhOH groups are shown as semi-transparent spheres.
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Figure 4. Radial distribution function between phenoxyl oxygens in the (a) PhOH-rich matrix and the (b) TBA-rich
matrix.

size is noticeably larger than the radius of gyration for the PhOH-rich copolymer chains. This indicates that
the intermolecular interactions between PHS groups on different chains play an important role in the nanoscale
heterogeneous aggregations of PhOH groups in the polymer matrix.

To quantitively determine the structural characteristics of the model resist matrix systems, 5000 structure
snapshots sampled from the 5 ns trajectory were used to calculate various radial distribution functions for each
copolymer system. In Fig. 4, we show radial distribution function between phenoxyl oxygens in the PhOH-
rich and TBA-rich polymer systems. This radial distribution function characteristics the distance distribution
between two PhOH groups. Figure 4(a) shows that the PhOH-rich polymer matrix exhibits a clear structure
with a close contact between PhOH groups in about 3 A, however, the PhOH peak at 3 A in the TBA-rich matrix
is relatively weak (Fig. 4(b)). The radial distribution functions confirm that the PhOH-rich matrix leads to
strongly aggregated PhOH domains, whereas the PhOH domain structure in the TBA-rich matrix is disrupted.

Regarding the distribution of the PAGs, we first show the radial distribution functions between TPS and
triflate sulfur atoms in Fig. 5. The dominating peak structure at about 3.5 A is the result of the extremely strong
Coulomb attraction between the TPS cation and the triflate anion. Therefore, TPS-triflate ion-pair interactions
dominate the distributions of PAGs, in agreement with the observations reported in previous molecular dynamics
simulations.% 7

More details of the PAG distribution can be determined from inspecting the arrangements of PAG molecules
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Figure 5. Radial distribution function between TPS and triflate sulfur atoms in the (a) PhOH-rich matrix and the (b)
TBA-rich matrix.

relative to either PhOH groups or TBA groups. The radial distribution functions between TPS sulfur atom and
TBA cabonyl oxygen shown clear peaked structures ( Figs. 6(a) and 6(b)), which indicate that the TPS cations
exhibit strong interactions with the cabonyl group. In contrast, the radial distribution functions between TPS
sulfur atom and PhOH phenoxyl oxygen do not exhibit any structure ( Figs. 6(c) and 6(d)), which shows that
the TPS cations do not interact specifically with the PhOH group. Moreover, the gradual change in the radial
distribution functions in Figs. 6(c) 6(d) suggests that the TPS cations do not mix very well with the PhOH
aggregated domain, and most likely TPS cations tend to stay in the TBA domains. We suspect this is due to
the size effect of the TPS molecule and the relatively hydrophobic contacts between phenyl rings in the PhOH
domain.

Next, we inspect the distribution of triflate ions in the matrix using the radial distribution functions between
triflate sulfur atom and TBA cabonyl oxygens (Figs. 7(a) and 7(b)) and that between triflate sulfur atom
and PhOH phenoxyl oxygen (Figs. 7(c) and 7(d)). Generally speaking, the triflate anions do not show strong
interactions with the TBA group, and only exhibit weak interactions with the PhOH groups. In particular,
the triflate anions show a weak tendency to interact with PhOH phenoxyl oxygens at a distance of about 4
A, which is consistent with a triflate anion interacting with the phenol -OH group though a hydrogen bond.
Therefore, electrostatic interactions between phenol protons and anionic triflate ions play a role in controlling
the distribution of anions around the PhOH groups.

Interestingly, Figures. 6 and 7 indicate that the TPS cations interact preferentially with the TBA domain,
while the triflate anions interact preferentially with the PhOH domain. Considering the dominant ion-pair
interactions between the TPS and triflate, this observation logically leads to the conclusion that the PAG ion
pairs should preferentially arrange at the boundary between the PhOH domain and TBA domain. To confirm
this phenomenon, we show the distributions of molecular components in a 2-nm slice of the simulation box in Fig.
8. The cross section clearly shows nanoscale domains in the matrix and distribution of PAG molecules between
the domains. Furthermore, we note that since TPS do not interact strongly with PhOH, the relative position of
TPS to PhOH groups (i.e. preferred electron donors) is controlled by how the anions drag TPS cations towards
the PhOH domain. This observation offers an explanation of the counter ion effects in EUV resist properties.

3.2 Electron transfer dynamics

Kinetic Monte Carlo simulations were carried out based on the electron transfer rates determined from equilibrium
positions of PhOH groups and TPS molecules to model electron transfer dynamics with molecular structure
details taken into consideration. For simplicity, we ignore the electron cascading dynamics and focus on the
diffusion of thermalized electrons in the polymer matrix by considering an initial Gaussian distribution of electrons
and holes both with ¢ = 1 nm at the center of the box, and then use kinetic Monte Carlo to follow the
consequent electron diffusion, electron-hole recombination, and electron trapping by TPS (TPS activation) events.
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Figure 6. Distribution of TPS in the matrix. We show radial distribution functions between TPS sulfur atom and (a)
TBA cabonyl oxygen in the PhOH-rich matrix, (b) TBA cabonyl oxygen in the TBA-rich matrix, (¢) PhOH phenoxyl
oxygen in the PhOH-rich matrix, and (d) PhOH phenoxyl oxygen in the TBA-rich matrix.
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Figure 7. Distribution of triflate ions in the matrix. We show radial distribution functions between triflate sulfur atom
and (a) TBA cabonyl oxygen in the PhOH-rich matrix, (b) TBA cabonyl oxygen in the TBA-rich matrix, (c) PhOH
phenoxyl oxygen in the PhOH-rich matrix, and (d) PhOH phenoxyl oxygen in the TBA-rich matrix.
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(b) TBA-rich matrix.
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Figure 9. Electron diffusion in the model PhOH-rich matrix using a low excitation density initial condition. We show (a)
time-dependent distribution of electrons and (b) distribution of activated PAGs.
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Figure 10. Electron diffusion in the model PhOH-rich matrix using a high excitation density initial condition. We show
(a) time-dependent distribution of electrons and (b) distribution of activated PAGs.

A realization of the stochastic trajectory of electron distributions under a low-excitation intensity initial condition
(i.e. number of initial electrons less than 20% of the phenol groups in the excitation volume) is shown in Fig.
9(a). There, the diffusion of electrons can be seen in the spreading of the electro distribution, and the reduction
of the number of electrons represents the electron loss through electron-hole recombination and electron trapping
by TPS. In Fig. 9(b), the distribution of activated TPS sites is shown as a function of time. In this case most
electrons are successfully trapped by TPS (ratio of the number of electrons reaching TPS over the number of
total initial electrons > 90%), which is attributable to the significantly lower electron-hole recombination rate in
comparison to the electron transfer and TPS trapping rates.

We have also simulated the electron dynamics at higher initial electron densities (Fig. 10). In this case, initial
electron density and hole density are both high, therefore the initial electron dynamics are dominated by electron-
hole recombination. As a result, the quantum yield of TPS activation (the number of electrons reaching TPS
over the number of total initial electrons) decreases as the initial electron intensity increases. Higher excitation
intensity does not generate more activated TPS molecules. Our simulations suggest that quantum yield of
PAG activation in EUV resist materials could exhibit highly nonlinear dependence on excitation intensity due to
electron-hole recombination processes. Note that here we do not make direct connection between the thermalized
electron density and the EUV light intensity, since the absorption and electron cascading processes are not
considered in this preliminary study. A quantitative investigation that incorporate more realistic excitation
conditions and additional electron dynamical channels is currently a work in progress.
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4. CONCLUSIONS

We have applied a combination of molecular dynamics simulations and kinetic Monte Carlo modeling to provide
structural and electron transfer properties of model resist systems in EVU lithography. Simulations of HOStyr-
TBA copolymers with TPS-triflate additives (720% wt.) have been carried out for a PHS-rich and a TBS-rich
resist models, respectively. We show that the copolymer matrix exhibits segregations of nanoscale PHS and TBA
domains, and the PAG distributions are also highly heterogeneous in the nanometer length scale. More detailed
analysis indicates that the ion-pair interactions dominate the distributions of PAG molecules. Furthermore, the
TPS cations interact preferentially with the TBA domain, while the triflate anions interact preferentially with
the PhOH domain, resulting in a preferential distribution of PAG molecules at the interfaces of the PHS and
TBA domains. Our model indicates that the relative position of TPS to PhOH groups is controlled by how
the anions drag TPS cations towards the PhOH domain, which offers an explanation of the counter ion effects
in EUV resist properties. Finally, we study density inhomogeneity in HOStyr-TBA-TPSTfl copolymer systems,
and strong inhomogeneity in the 1 nm length scale can be determined.

The simulated equilibrium geometries of the PhOH-rich resist model were utilized to estimate electron trans-
fer rates by using quantum chemical calculations. We then use these rates to simulate diffusion of thermalized
electrons in 16-nm box to yield distributions of electrons and activated PAGs (TPS). Electron dynamics depen-
dence on electron density was studied to show highly nonlinear behavior due to electron-hole recombinations
at high initial electron densities, which suggests that quantum yield of electron transfer to PAG in EUV resist
materials could depend on excitation intensity. Furthermore, anomalous diffusions of electrons along the poly-
mer longitudinal direction were observed, which could significantly change the electron (acid) profile in the resist
matrix. As a result, limiting electron transfer along the polymer chain might be an effective method to stop
unintended long-range electron transfer events.

In summary, our preliminary results indicate that molecular dynamics simulations and quantum chemistry
calculations could be combined to provide molecular-level simulations of electronic dynamics in EUV resist
systems, and the nanoscale heterogeneity could critically affect the developments of patterns in EUV lithogra-
phy. The theoretical framework demonstrated in this work could be combined with models for electron genera-
tion/cascading! % and acid production /diffusion to enable a molecular-level understanding of EUV photo-induced
physics and chemistry in various resist systems. Such bottom-up elucidation of structure-function relationships
for resist systems could play important roles in the advancement of EUV resist lithography.
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