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ABSTRACT: In this study, we develop a reactive force field (ReaxFF) for a Si/O/H/F system to
perform etching simulations of SiO, with an HF etchant. Quantum mechanical (QM) training sets
from density functional theory calculations, which contain structures of reactant/product and energies
with bond dissociation, valence angle distortions, and reactions between SiO, clusters and SiO, slab
with HF gases, are used to optimize the ReaxFF parameters. Structures and energies calculated using
the ReaxFF match well with the QM training sets. Using the optimized ReaxFF, we conduct
molecular dynamics simulations of the etching process of SiO, substrates with active HF molecules.
The etching yield and number of reaction products with different incident energies of the HF etchant
are investigated. These simulations show that the developed ReaxFF offers insights into the atomistic

surface reaction of the SiO, etching process.

1. INTRODUCTION

Owing to the continuous improvement in the performance of
electronic devices, it has become more important to under-
stand plasma—surface interactions at the atomic scale in
semiconductor processing. Dry etching processes have been
developed and widely used to achieve both high aspect ratios
and selectivities in the etching process. In dry etching
techniques using remote plasma sources, defects and structure
quality degradation can be avoided." Fluorine-based etching
gases such as SF4 CF,, and SiF, are typically used in plasma
processing for etching because F atoms are the most reactive
among all halogens on Si and produce volatile products such as
SiF, after reacting with Si atoms.”~°

For plasma—surface interactions, computational studies have
been widely performed to analyze the mechanisms of various
plasma processes, such as etching and deposition. Hoshino and
Nishioka’” theoretically suggested the etching reaction
mechanism of SiO, caused by HF molecules using ab initio
quantum chemical calculations. Kang and Musgrave® con-
ducted a detailed quantum chemical investigation on the
chemical etching mechanism of SiO, with HF and H,O
etchants. Several studies based on using molecular dynamics
(MD) simulations have been performed to analyze etching
processes involving a system comprising Si and SiO, with
halogen/fluorine etchant gases. Abrams and Graves’ presented
a new empirical interatomic potential for Si/C/F systems to
simulate their etching reactions with Si and CF;*. Barone and
Graves'’ reported MD simulation results of energetic F* and
Cl" impacting Si surfaces at normal incidence. Ohta and
Hamaguchi'' performed MD simulations for Si and SiO,
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etching using energetic halogens (F and Cl) with sets of
interatomic potentials. Iwakawa et al.'” conducted Si etching
using Cl-based plasmas, including both high-energy CI* ions
and low-ener&y-neutral Cl radicals, using MD simulations.
Brichon et al.” performed MD simulations of low-energy CI*
and Cl," bombardment on Si(100) surfaces to investigate the
effect of plasma dissociation on Si etch applications. Miyake et
al."* investigated the mechanisms of SiN and SiO, etching by
fluorocarbon or hydrofluorocarbon plasmas using MD
simulations. Nakazaki et al."> performed MD simulations for
ClI" and Br" ions incident on Si(100) surfaces with Cl and Br
neutrals, respectively, to obtain a better understanding of
surface reaction kinetics during Si etching. Numazawa et al.'¢
investigated the adsorption mechanisms of F radicals on Si,
SiO,, and Si3N, surfaces during the reactive ion etching using
MD simulations and an extended Langmuir model.

Although significant studies based on MD simulations have
been reported, it is necessary to study the dynamics of the
formation and breaking of bonds to further understand the
dynamics of surface etching reactions during dry etching.
Hence, the reactive force field (ReaxFF), which allows the
formation and breaking of bonds in chemical reactions, should
be used as a force field in MD simulations.'” The ReaxFF
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Figure 1. Minimum energy difference calculated using DFT and ReaxFF of (a) bond dissociation between Si and F for SiF,, (b) valence angle
distortion between (F—Si—F) for SiF,, (c) bond dissociation between Si and F for SiO, cluster containing two Si—F bonds, and (d) bond
dissociation between Si and F for SiO, cluster containing three Si—F bonds.

method combines a bond order/bond distance relationship
with a polarizable charge description using the electro-
negativity equalization method (EEM)'® and bond-order-
dependent three- and four-body interactions. Owing to the
combination of bond/nonbond-order terms, the ReaxFF is
applicable to a wide range of materials, including covalent,"*’
metallic,”"** and multicomponent metal hydride/oxide/
carbide systems.”>>° When optimizing the ReaxFF parame-
ters, substantial quantum mechanical (QM) training sets that
contain energies of the corresponding structures and reactions
are used. As parameters are trained against QM data, MD
simulations using the ReaxFF guarantee the accuracy of density
functional theory (DFT) calculations with a larger simulation
system size and lower computational cost compared with DFT
calculations.

In this study, we conducted MD simulations of SiO,
substrates using active HF molecules. First, we optimized the
ReaxFF parameters of the Si/O/H/F system against QM
training sets using DFT calculations. Next, we conducted MD
simulations of the etching process of an a-cristobalite SiO,
substrate using HF molecules and our optimized ReaxFF
parameters. Finally, simulation results with different incident
energies of the HF molecules were analyzed for a systematic
study of the system.

2. COMPUTATIONAL METHODS

2.1. ReaxFF Parameter Optimization. In the ReaxFF
simulation, the total energy of the system is expressed as

Esystem = Ebond + Eover + Eunder val + Evch

+E, +E

+E Coulomb
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where E, 4 is the bond energy calculated from the bond order,
E,.. is the correction term for overcoordination, E, 4., is the
correction term for undercoordination, E;, is the lone-pair
energy, E,, is the valence angle energy, E, 4 is the nonbonded
van der Waals interaction energy, and Ec,yomp is the
nonbonded Coulomb potential associated with the charge of
the system. The van der Waals interaction energy E 4w
contains short-range Pauli repulsion and long-range dispersion
terms. The Coulombic potential Ecgyomp Of the system was
calculated using a geometry-dependent charge distribution
from the EEM.

The system of interest includes etching of the SiO, layer
using high-energy HF gas. Therefore, the ReaxFF should
capture chemical reactions between Si/O/H/F atoms for the
etching simulation, where F ions participate in reactions as
anions in the etching process. Previously, the ReaxFF, which
included Si/O/H/F atoms, was developed to simulate Kapton
polyimide, polyhedral oligomeric silsesquioxane (POSS), silica,
and Teflon to investigate the surface chemistry of these
materials when exposed to oxygen.26 However, to utilize the
previously developed ReaxFF, the parameters for Si/O/F must
be modified to capture the etching of SiO, and the formation
of SiF,. Based on the previously developed ReaxFF parameters
for Si/O/H/F atoms, we reoptimized parameters for Si/O/F
and bond parameters for Si—F and H—F, and the valence angle
parameters for F—Si—F and F—Si—O against QM resulted in
the training sets, which included the structures and energies of
reactions using the covariance matrix adaptation evolution
strategy (CMA-ES) technique.””** Each CMA-ES step was
iteratively conducted to improve a multivariate normal
distribution in the parameter space to identify a distribution
that minimizes the objective function or cost function.
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Figure 2. Four subsequent reactions forming SiF, using the SiO, cluster model: HF reacting with (a) Si;O,H,, (b) F—Si,O.Hs;, (c) F,—Si,OH,,

and (d) F;—Si,O4Hs,.

Figure 1 shows a comparison of the energies of the SiF, and
SiO, clusters (Si,O;oH, containing two or three Si—F bonds)
with respect to the bond length and valence angle using DFT
and our optimized ReaxFF. DFT calculations were conducted
using the Amsterdam density functional program™”*° with a
generalized gradient approximation in the Perdew—Burke—
Ernzerhof Grimme DFT-D3 dispersion exchange—correction
functional form and triple zeta with two polarization function
basis sets for all atoms. In Figure la,b, the energy differences
from the equilibrium using DFT and the ReaxFF between Si
and F in SiF, are shown as functions of Si—F distance and
valence angle, respectively. The bond distance between Si and
F changed from 1.3 to 2.3 A, and the valence angle of F—Si—F
changed from 89.5 to 129.5°. Energy differences using DFT
and the ReaxFF near the equilibrated bond lengths of SiO,
clusters containing SiF, and SiF; are shown in Figure Ilc,d,
respectively. In general, the energy difference plots using the
ReaxFF showed good agreement with the results from DFT
calculations.

In optimizing the ReaxFF parameters, reaction paths
including transition states and their associated energies
(enthalpy changes and activation energies of reactions using
DFT) that produce Si—F bonds or SiF, gases were included in
the training sets. The main reaction between SiO, and HF
molecules that produce SiF, gas is as follows

(8i0,), + 4HF — (Si0,),_, + SiF, + 2H,0

To simulate the etching mechanism, we assumed that four
Si—F bonds were subsequently formed to produce SiF, from
the previously suggested subsequent reaction mechanism of
SiO, etching.”® Using the previously explained SiO, cluster
model (Si,O,oH, containing a number of Si—F bonds), we
calculated the enthalpy changes and activation energies of four
subsequent reactions forming SiF,, and the molecular
illustration of each state (initial, transition, and final state in
each reaction) is presented in Figure 2. The transition state
location and activation energy for each reaction were
calculated using both the nudged elastic band (NEB) method
and dimer method.’"** Using the NEB method, one can easily
determine the intermediate states of the reaction because the

16011

NEB method conducts energy calculations in many molecular
images. The transition state search process is as follows: first,
30 iterations of geometry relaxation were conducted using the
generated images from linear interpolation. Next, the saddle
point was searched using the climbing image NEB method.*
When the energy diverged, we converged the force in the
image of the latest step using the dimer method. To implement
the NEB and dimer methods, the Vienna Ab-initio Software
Package was used’* >’ with the projector augmented wave
pseudo-potential and the exchange—correlation function
described by the Perdew—Burke—Ernzerhof functional. The
plane-wave energy cutoff was set to 400 eV. The structures
were fully relaxed until the energy difference in the self-
consistent field cycle was lower than 1077 eV and maximum
force acting on each atom was lower than 0.02 eV/A in ionic
steps.

For further optimization, we calculated the enthalpy change
and activation energy of the additional reactions using the SiO,
slab model shown in Figure S1. Additional reactions occurred
are in the relatively early stage of the etching process, where
HF reacted with a slab containing either no or one Si—F bond.
For the reaction of HF with a SiO, slab containing one Si—F
bond, two different paths are possible depending on the
location of the additional Si—F bond from the reaction. For the
reaction where an additional Si—F bond is formed at the same
Si atom containing the Si—F bond, additional O—H bonds are
formed at neighboring Si atoms, as shown in Figure Sl1b.
Meanwhile, when an additional Si—F bond is formed at the
neighboring Si atom, H,O is produced, as shown in Figure Slc.
Despite the mismatches of enthalpy change and activation
energy in some reactions, both the ReaxFF and DFT results
demonstrated consistency in general.

2.2. MD Simulation Using Optimized ReaxFF. The box
for the MD simulation was set to 2.1 nm X 1.1 nm X 6.5 nm,
which included an a-cristobalite SiO, substrate measuring 2.1
nm X 1.1 nm X 2.4 nm. The initial geometry of the SiO,
substrate was optimized using a limited Broyden—Fletcher—
Goldfarb—Shanno minimization method and a convergence
criterion of 1.0 (kcal/mol)/A, followed by a relaxation process
with an NVT ensemble for 100 ps with a time step of 0.25 fs.

https://doi.org/10.1021/acsomega.1c01824
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Figure 3. Images of the etching process simulation with an incident energy of 40 eV at (a) t = 0, (b) £ = 100 ps, and (c) ¢ = 300 ps. Insets of (b)
show images of Si—F bond formation at t = 1.075 ps, O—H bond formation at t = 6.075 ps, and SiF, formation at t = 39.425 ps.
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Figure 4. Final images of each etching simulation with different incident energies: (a) 20, (b) 30, (c) 40, and (d) 80 €V.

(2)

(b)

07
06 o 4 L
S £
S <
Sos | S
S = 3
© € =
S o4} o 2T
o C
k] £
O o3l &
02 n 1 1 1 i 1 o i 1 1 1 1 1
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

Incident energy (eV)

Incident energy (eV)

Figure S. (a) Dissociation fraction and (b) etching initiation time with respect to the incident energy of the HF molecule.

After the SiO, substrate was relaxed, the SiO, etching process
was performed for 300 ps, which is enough time to investigate
various etching properties in our simulation. For the etching
process, incident HF molecules were added to the system with
incident energies of 20, 30, 40, and 80 eV. Each HF molecule
was added from the top surface of the simulation box with
randomly selected x- and y-coordinates every 250 fs, and 200
molecules were inserted over 50 ps. In each insertion step, the
initial velocity of the inserted HF molecule contained only the
z-direction component with the associated incident energy to
simplify the zero-incident-angle system. After 200 HF
molecules were inserted, additional simulations were con-
ducted for 50 ps without further insertion of the HF molecule.

Subsequently, gas molecules produced such as H,, H,O, O,,
and SiF, were removed to simulate the purge process. This
entire simulation procedure was repeated three times, resulting
in a total simulation time of 300 ps. All MD simulations with
an optimized ReaxFF were conducted at T = 308.15 K using a
Berendsen thermostat with a damping constant of 100 fs.

3. RESULTS AND DISCUSSION

Figure 3 shows images of the etching process simulation with
an incident energy of 40 eV at t = 0, 100, and 300 ps. At t = 0
in Figure 3a, the stable structure of the SiO, film is clearly
depicted. However, incident HF molecules collided with the
SiO, surface, and the H—F bond of the HF molecule

16012 https://doi.org/10.1021/acsomega.1c01824
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Figure 6. (a) Numbers of generated SiF,, (b) H,0, and (c) byproduct molecules with respect to time for four incident energies.

dissociated and created a new Si—F bond at the SiO, surface,
as shown in the inset of Figure 3b at t = 1.075 ps. The O—H
bond was created with a left H atom near the previously
formed Si—F bond (inset of Figure 3b at t = 6.075 ps), as
suggested in the NEB calculation results. When a sufficient
number of Si—F bonds were created in a single Si atom, SiF,
was formed, as shown in the inset of Figure 3b at t = 39.425 ps,
after the dangling Si—O bond was dissociated when an
additional O—H bond was formed or the incident HF
molecule collided with the dangling Si—O bond. At t = 100
ps, the produced gas molecules were purged and additional
insertion of active HF was repeated, as previously explained. At
the final stage of the simulation at t = 300 ps, a single layer of
SiO, was removed, and it is expected that more SiO, layers will
be etched as the simulation time progresses.

For the systematic study of incident energy dependence on
etching, we conducted additional simulations with incident
energies of 20, 30, and 80 eV. Images of the final structure of
all the simulations are presented in Figure 4. As shown, the
amount of etched SiO, increased with the incident energy. To
analyze the effect of the incident energy of each HF molecule
on the local chemical reaction at the SiO, surface, we
calculated the dissociation fraction as a function of the incident
energy, as shown in Figure Sa. The dissociation fraction is the
probability of incident HF dissociating at the SiO, surface
upon collision, and it is calculated by counting undissociated
HF molecules during the purge process. As shown in Figure Sa,
the dissociation fraction is an incremental function of the
incident energy of HF. For a better understanding, we
calculated the etching initiation time as a function of the
incident energy, as shown in Figure Sb. The etching initiation
time was defined as the moment when the first S—F bond was
formed at the SiO, surface. Based on Figure Sb, we can
conclude that the earlier initiation of etching with higher
incident energy resulted in more chemical reactions at the SiO,
surface during the etching process.

To provide a comprehensive explanation of the etching
process for each simulation with different incident energies of
HF molecules, we counted the number of SiF, (x = 4, 5, and 6)
and H,0 molecules produced in the systems with different
incident energies with respect to time, as shown in Figure 6a,b,
respectively. Although SiF, was the primary volatile gas among
the SiF, gases that contributed to the etching process, SiFs~
and SiF¢’~ were also produced from unreacted active HF
reacting with SiF,. It is noteworthy that the numbers of SiF,
and H,0 molecules from ¢ = 50 to 100 ps, t = 150 to 200 ps,
and t = 250 to 300 ps did not show significant changes because
no incident HF molecules were added to the system in the
corresponding time steps for all cases with different incident
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energies. As shown in Figure 6ab, more SiF, and H,O
molecules were produced through the etching reaction with
higher incident energy of HF molecules. Additionally,
undesired byproduct molecules such as HF;OSi, HF;Si, and
HEF,Si, other than SiF, and H,O, were present prior to the
purge process. However, the amounts of these byproducts were
relatively low, and some of these byproducts dissociated
naturally prior to the purge process, as shown in Figure 6¢;
hence, they did not significantly affect the entire etching
process.

Finally, we plotted the etching yield, which refers to the
number of removed SiO, molecules from the initial SiO,
substrate per incident HF molecule, as shown in Figure 7. We

0.12
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Figure 7. Etching yield of SiO, by an HF molecule as a function of
ion incident energy.

discovered that the etching yield of the high-energy HF on the
SiO, substrate increased with the incident energy, which is
consistent with previous explanations regarding the effect of
incident energy on the dissociation fraction and etching
initiation time. During etching, physical sputtering of the
substrate occurred when the incident energy exceeded 100 eV.
Therefore, because the incident energy of the etchant was less
than that of the physical sputtering regime, we believe that our
optimized ReaxFF can well describe the incident energy
behavior of SiO, dry etching with incident HF molecules.
Under the incident energy level where physical sputtering can
be disregarded, the simulation results suggest that more
etching reactions occurred when the incident energy of the
etchant molecules increased. We believe that our simulation
study will enable the systematic study of the dry etching
process and that the model used can be expanded to other
chemical etching processes for various applications in the
semiconductor industry.
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4. CONCLUSIONS

In summary, we conducted an intermediate-size etching MD
simulation using newly optimized ReaxFF parameters for a Si/
O/H/F system. The ReaxFF was developed by training against
DFT data for energies of geometries and associated reactions
in SiO, clusters and SiO, slabs (surface) for the etching
process using HF molecules as an etchant. To validate the
newly optimized ReaxFF parameters, we compared the
calculated results using the ReaxFF and DFT, which indicated
good agreement. Using this optimized ReaxFF, MD simu-
lations of the etching process of the SiO, surface using HF
molecules were conducted. Because physical sputtering was
accompanied by etching reactions with incident energies
exceeding 100 eV, simulations with etchant incident energies
of less than 100 eV were performed to investigate the chemical
reactions between the SiO, substrate and HF molecules. In the
SiO, etching process with an HF incident energy of 40 eV and
a simulation runtime of 300 ps, we discovered that a single
layer of SiO, substrate was removed and SiF, gases were
produced from etching reactions. By performing a systematic
study based on different incident energies of 20, 30, and 80 eV,
we observed a faster initiation of the etching reaction and
higher dissociation fractions with higher incident energies. The
SiO, etching simulation with an HF etchant using the ReaxFF
potential developed in this study facilitates a more
comprehensive understanding of the computational chemical
modeling of the etching process using Si-related surfaces with
halogen/fluorine etchants.

B ASSOCIATED CONTENT

® Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c01824.

Enthalpy changes and activation energies of early-stage
reactions using the SiO, slab model and optimized
ReaxFF parameters (PDF)

B AUTHOR INFORMATION

Corresponding Authors

YongJoo Kim — School of Advanced Materials Engineering,
Kookmin University, Seoul 02707, Republic of Korea;
Email: ¢jyjee@kookmin.ac.kr

Won Bo Lee — School of Chemical and Biological Engineering,
Institute of Chemical Processes, Seoul National University,
Seoul 08826, Republic of Korea; © orcid.org/0000-0001-
7801-083X; Email: wblee@snu.ac.kr

Authors

Dong Hyun Kim — School of Chemical and Biological
Engineering, Institute of Chemical Processes, Seoul National
University, Seoul 08826, Republic of Korea; © orcid.org/
0000-0001-6886-1323

Seung Jae Kwak — School of Chemical and Biological
Engineering, Institute of Chemical Processes, Seoul National
University, Seoul 08826, Republic of Korea

Jae Hun Jeong — School of Chemical and Biological
Engineering, Institute of Chemical Processes, Seoul National
University, Seoul 08826, Republic of Korea

Suyoung Yoo — Samsung Electronics, Hwaseong, Gyeonggi
18448, Republic of Korea

Sang Ki Nam — Samsung Electronics, Hwaseong, Gyeonggi
18448, Republic of Korea

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c01824

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This study was supported by a National Research Foundation
of Korea (NRF) grant funded by the Korean government
(Creative Material Discovery Project, NRF-
2018M3D1A1058633) and Samsung Electronics.

B REFERENCES

(1) Jung, J.-E.; Barsukov, Y.; Volynets, V.; Kim, G.; Nam, S. K.; Han,
K.; Huang, S.; Kushner, M. J. Highly selective Si3N4/SiO2 etching
using an NF3/N2/02/H2 remote plasma. II. Surface reaction
mechanism. J. Vac. Sci. Technol,, A 2020, 38, 023008.

(2) Tinck, S.; Neyts, E. C.; Bogaerts, A. Fluorine—silicon surface
reactions during cryogenic and near room temperature etching. J.
Phys. Chem. C 2014, 118, 30315.

(3) Ty, Y.-Y,; Chuang, T. J.; Winters, H. F. Chemical sputtering of
fluorinated silicon. Phys. Rev. B 1981, 23, 823.

(4) Winters, H. F.; Houle, F. A. Gaseous products from the reaction
of XeF2 with silicon. J. Appl. Phys. 1983, 54, 1218.

(5) Winters, H. F.; Coburn, J. W. Surface science aspects of etching
reactions. Surf. Sci. Rep. 1992, 14, 162.

(6) Fortufio, G. Study of reactive ion etching of Si and SiO2 for
CFxCl4—x gases. Plasma Chem. Plasma Process. 1988, 8, 19—34.

(7) Hoshino, T.; Nishioka, Y. Etching process of SiO2 by HF
molecules. J. Chem. Phys. 1999, 111, 2109.

(8) Kang, J. K; Musgrave, C. B. The mechanism of HF/H20
chemical etching of SiO2. J. Chem. Phys. 2002, 116, 275.

(9) Abrams, C. F.; Graves, D. B. Molecular dynamics simulations of
Si etching by energetic CF+3. J. Appl. Phys. 1999, 86, 5938.

(10) Barone, M. E.; Graves, D. B. Molecular-dynamics simulations of
direct reactive ion etching of silicon by fluorine and chlorine. J. Appl.
Phys. 1995, 78, 6604.

(11) Ohta, H.; Hamaguchi, S. Molecular dynamics simulation of
silicon and silicon dioxide etching by energetic halogen beams. J. Vac.
Sci. Technol, A 2001, 19, 2373.

(12) Iwakawa, A,; Nagaoka, T.; Ohta, H,; Eriguchi, K; Ono, K.
Molecular Dynamics Simulation of Si Etching by Off-Normal Cl
+Bombardment at High Neutral-to-Ion Flux Ratios. J. Appl. Phys.
2008, 47, 8560.

(13) Brichon, P.; Despiau-Pujo, E.; Joubert, O. MD simulations of
low energy Clx+ ions interaction with ultrathin silicon layers for
advanced etch processes. J. Vac. Sci. Technol, A 2014, 32, 021301.

(14) Miyake, M; Ito, T.; Isobe, M.; Karahashi, K.; Fukasawa, M.;
Nagahata, K; Tatsumi, T.; Hamaguchi, S. Characterization of
polymer layer formation during SiO2/SiN etching by fluoro/
hydrofluorocarbon plasmas. Jpn. J. Appl. Phys. 2014, 53, 03DDO02.

(15) Nakazaki, N.; Takao, Y.; Eriguchi, K; Ono, K. Molecular
dynamics simulations of Si etching in Cl- and Br-based plasmas: Cl+
and Br+ ion incidence in the presence of Cl and Br neutrals. J. Appl.
Phys. 2018, 118, 233304.

(16) Numazawa, S.; Machida, K; Isobe, M.; Hamaguchi, S.
Molecular dynamics study on fluorine radical multilayer adsorption
mechanism during Si, Si02, and Si3N4 etching processes. J. Appl.
Phys. 2016, SS, 116204.

(17) van Duin, A. C. T; Dasgupta, S.; Lorant, F.; Goddard, W. A,
III Reaxff: a reactive force field for hydrocarbons. J. Phys. Chem. A
2001, 105, 9396.

(18) Yang, W.; Mortier, W. J. The use of global and local molecular
parameters for the analysis of the gas-phase basicity of amines. J. Am.
Chem. Soc. 1986, 108, 5708.

(19) Chenoweth, K.; van Duin, A. C. T.; Goddard, W. A., III Reaxff
reactive force field for molecular dynamics simulations of hydro-
carbon Oxidation. J. Phys. Chem. A 2008, 112, 1040.

https://doi.org/10.1021/acsomega.1c01824
ACS Omega 2021, 6, 16009—16015


https://pubs.acs.org/doi/10.1021/acsomega.1c01824?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01824/suppl_file/ao1c01824_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="YongJoo+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:cjyjee@kookmin.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Won+Bo+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7801-083X
https://orcid.org/0000-0001-7801-083X
mailto:wblee@snu.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Hyun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6886-1323
https://orcid.org/0000-0001-6886-1323
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seung+Jae+Kwak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jae+Hun+Jeong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suyoung+Yoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang+Ki+Nam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01824?ref=pdf
https://doi.org/10.1116/1.5125569
https://doi.org/10.1116/1.5125569
https://doi.org/10.1116/1.5125569
https://doi.org/10.1021/jp5108872?ref=pdf
https://doi.org/10.1021/jp5108872?ref=pdf
https://doi.org/10.1103/physrevb.23.823
https://doi.org/10.1103/physrevb.23.823
https://doi.org/10.1063/1.332202
https://doi.org/10.1063/1.332202
https://doi.org/10.1016/0167-5729(92)90009-z
https://doi.org/10.1016/0167-5729(92)90009-z
https://doi.org/10.1007/BF01016928
https://doi.org/10.1007/BF01016928
https://doi.org/10.1063/1.479480
https://doi.org/10.1063/1.479480
https://doi.org/10.1063/1.1420729
https://doi.org/10.1063/1.1420729
https://doi.org/10.1063/1.371637
https://doi.org/10.1063/1.371637
https://doi.org/10.1063/1.360482
https://doi.org/10.1063/1.360482
https://doi.org/10.1116/1.1385906
https://doi.org/10.1116/1.1385906
https://doi.org/10.1143/jjap.47.8560
https://doi.org/10.1143/jjap.47.8560
https://doi.org/10.1116/1.4827016
https://doi.org/10.1116/1.4827016
https://doi.org/10.1116/1.4827016
https://doi.org/10.7567/jjap.53.03dd02
https://doi.org/10.7567/jjap.53.03dd02
https://doi.org/10.7567/jjap.53.03dd02
https://doi.org/10.1063/1.4937449
https://doi.org/10.1063/1.4937449
https://doi.org/10.1063/1.4937449
https://doi.org/10.7567/jjap.55.116204
https://doi.org/10.7567/jjap.55.116204
https://doi.org/10.1021/jp004368u?ref=pdf
https://doi.org/10.1021/ja00279a008?ref=pdf
https://doi.org/10.1021/ja00279a008?ref=pdf
https://doi.org/10.1021/jp709896w?ref=pdf
https://doi.org/10.1021/jp709896w?ref=pdf
https://doi.org/10.1021/jp709896w?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01824?rel=cite-as&ref=PDF&jav=VoR

ACS Omega http://pubs.acs.org/journal/acsodf

(20) Goken, E. G; Joshi, K. L.; Russo, M. E., Jr; van Duin, A. C. T.;
Castleman, A. W, Jr Effect of formic acid addition on water cluster
stability and structure. J. Phys. Chem. A 2011, 115, 4657.

(21) Ojwang’, J. G. O.; van Santen, R.; Kramer, G. J.; van Duin, A. C.
T.; Goddard, W. A, III Predictions of melting, crystallization, and
local atomic arrangements of aluminum clusters using a reactive force
field. J. Chem. Phys. 2008, 129, 244506.

(22) LaBrosse, M. R; Johnson, J. K; van Duin, A. C. T.
Development of a transferable reactive force field for cobalt. J. Phys.
Chem. A 2010, 114, 5855—5861.

(23) Chenoworth, K.; van Duin, A. C. T.; Persson, P.; Cheng, M,;
Oxgaard, J.; Goddard, W. A, III Development and application of a
reaxff reactive force field for oxidative dehydrogenation on vanadium
oxide catalysts. J. Phys. Chem. C 2008, 112, 1464S.

(24) Aryanpour, M.; van Duin, A. C. T.; Kubicki, J. D. Development
of a reactive force field for iron—oxyhydroxide systems. J. Phys. Chem.
A 2010, 114, 6298.

(25) Kim, S.-Y,; van Duin, A. C. T. Simulation of titanium metal/
titanium dioxide etching with chlorine and hydrogen chloride gases
using the reaxff reactive force field. J. Phys. Chem. A 2013, 117, 5655—
5663.

(26) Rahnamoun, A, van Duin, A. C. T. Reactive molecular
dynamics simulation on the disintegration of Kapton, POSS
polyimide, amorphous silica, and Teflon during atomic oxygen impact
using the reaxff reactive force-field method. J. Phys. Chem. A 2014,
118, 2780.

(27) Hansen, N. The CMA evolution strategy: A comparing review.
In Towards a New Evolutionary Computation; Lazano, J. A., Larranaga,
P, Inza, I, Bengoetxea, E., Eds.; Springer: Berlin, Heidelberg, 2006;
pp 75—102.

(28) Trnka, T.; Tvaroska, I; Koca, J. Automated training of reaxff
reactive force fields for energetics of enzymatic reactions. J. Chem.
Theory Comput. 2018, 14, 291.

(29) SCM. ReaxFF 2019.3, Theoretical Chemistry; Vrije Universiteit:
Amsterdam, The Netherlands, http://www.scm.com.

(30) SCM. ADF 2019.3, Theoretical Chemistry; Vrije Universiteit:
Amsterdam, The Netherlands, http://www.scm.com.

(31) Jonsson, H.; Mills, G.; Jacobsen, K. W. Nudged elastic band
method for finding minimum energy paths of transitions. In Classical
and Quantum Dynamics in Condensed Phase Simulations; Berne, B. J.,
Ciccotti, G., Coker, D. F., Eds.; World Scientific Publishing Company,
1998; pp 385—404.

(32) Henkelman, G.; Jénsson, H. A dimer method for finding saddle
points on high dimensional potential surfaces using only first
derivatives. J. Chem. Phys. 1999, 111, 7010.

(33) Henkelman, G.; Uberuaga, B. P.; Jénsson, H. A climbing image
nudged elastic band method for finding saddle points and minimum
energy paths. J. Chem. Phys. 2000, 113, 9901.

(34) Kresse, G.; Hafner, J. Ab initio molecular dynamics for liquid
metals. Phys. Rev. B: Condens. Matter Mater. Phys. 1993, 47, 558.

(35) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 1996, 77, 3865.

(36) Kresse, G.; Hafner, J. Norm-conserving and ultrasoft
pseudopotentials for first-row and transition elements. J. Phys.:
Condens. Matter 1994, 6, 8245.

(37) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B: Condens. Matter
Mater. Phys. 1999, S9, 1758.

16015

https://doi.org/10.1021/acsomega.1c01824
ACS Omega 2021, 6, 16009—16015


https://doi.org/10.1021/jp1110746?ref=pdf
https://doi.org/10.1021/jp1110746?ref=pdf
https://doi.org/10.1063/1.3050278
https://doi.org/10.1063/1.3050278
https://doi.org/10.1063/1.3050278
https://doi.org/10.1021/jp911867r?ref=pdf
https://doi.org/10.1021/jp802134x?ref=pdf
https://doi.org/10.1021/jp802134x?ref=pdf
https://doi.org/10.1021/jp802134x?ref=pdf
https://doi.org/10.1021/jp101332k?ref=pdf
https://doi.org/10.1021/jp101332k?ref=pdf
https://doi.org/10.1021/jp4031943?ref=pdf
https://doi.org/10.1021/jp4031943?ref=pdf
https://doi.org/10.1021/jp4031943?ref=pdf
https://doi.org/10.1021/jp4121029?ref=pdf
https://doi.org/10.1021/jp4121029?ref=pdf
https://doi.org/10.1021/jp4121029?ref=pdf
https://doi.org/10.1021/jp4121029?ref=pdf
https://doi.org/10.1021/acs.jctc.7b00870?ref=pdf
https://doi.org/10.1021/acs.jctc.7b00870?ref=pdf
http://www.scm.com
http://www.scm.com
https://doi.org/10.1063/1.480097
https://doi.org/10.1063/1.480097
https://doi.org/10.1063/1.480097
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1103/physrevb.47.558
https://doi.org/10.1103/physrevb.47.558
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1088/0953-8984/6/40/015
https://doi.org/10.1088/0953-8984/6/40/015
https://doi.org/10.1103/physrevb.59.1758
https://doi.org/10.1103/physrevb.59.1758
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01824?rel=cite-as&ref=PDF&jav=VoR

