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ABSTRACT

In plasma etching for microelectronics fabrication, one of the objectives is to produce a high aspect ratio (HAR) via and trench structures.
A principal contributor to the HAR feature shape is the manner in which energetic ions interact with sidewalls inside the feature. The scat-
tering angle and energy loss of ions reflecting from sidewalls determine the sidewall slope and can lead to defects such as microtrenching
and bowing. Understanding how ions interact with sidewalls can improve our control of the critical dimensions of HAR features. Ions accel-
erated in the plasma sheath arrive in the feature with energies as large as a few keV and initially strike the sidewalls at glancing angles.
These scattering events extend to the photolithographic mask. Scattering from the mask at glancing angles can produce ions incident into
the underlying feature with a broader angular distribution, leading to less desirable feature properties. In this work, results are discussed
from Molecular Dynamics (MD) simulations of glancing-angle scattering of argon ions from three materials common to HAR etch: polysty-
rene (as a photoresist surrogate), amorphous carbon (a hard mask material), and SiO2 (a common insulating material used in microelec-
tronics devices). Results from simulations reveal a transition from specular scattering to diffuse scattering as the angle of the incident ion
decreases (90� being glancing incidence) and incident energy increases. Scattering from polystyrene is more diffuse compared to amorphous
carbon and SiO2 for identical incident ion conditions.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002008

I. INTRODUCTION

As characteristic dimensions of integrated circuits approach
single atomic layers, improving device performance now depends
on combining device scale length reduction, new materials, and
new device geometries, including stacking of planar devices1 (i.e.,
three-dimensional structures). This is particularly the case in fabri-
cation of high-density memory in which up to 512 alternating
layers of, for example, SiO2 and Si3N4 form the material basis of

the device.2 Fabrication requires plasma etching of high aspect ratio
(HAR) vias through this stack. Aspect ratio (AR) is the ratio of the
height to the width of the feature. A via is a vertical, cylindrical
hole. The AR of such vias can exceed 100:1 in 3D-NAND memory
devices.3,4

The fabrication of HAR vias and trenches is typically per-
formed using plasma etching in capacitively coupled plasmas.5,6

Acceleration of ions in the plasma sheath at the surface of the
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wafer produces an anisotropic angular distribution of ions incident
onto the wafer (angular spread less than a few degrees) with ener-
gies as large as a few keV. The narrow angular distribution is
intended to enable energetic ions to exclusively strike the bottom of
the feature.7,8 However, for any finite angular spread, there will be
an AR for which ions collide with the interior sidewalls of the
feature, typically at glancing angles. (Here, a 90� angle of incidence
is glancing to the surface; a 0� angle of incidence is normal to the
surface.) Smaller angles of incidence may result from charging of
surfaces inside the feature, producing lateral electric fields that
deflect ions whose subsequent collisions with surfaces distort the
feature’s cross section profile. Near specular glancing angle scatter-
ing may produce microtrenching as ion energy is focused near the
sidewalls at the bottom of the feature.9,10 (In this discussion, an ion
refers to both the incident particle and the hot neutral particle after
an ion neutralizes upon striking a surface.) With multiple sidewall
scattering events, ion energy may be reduced to the point that
etching cannot be activated, thereby terminating the etch process at
some critical depth.11–13 Understanding how ions interact with the
sidewalls of HAR features at the glancing angle is important to
optimize plasma etching processes.

Molecular dynamics (MD) simulations have been extensively
used for investigating how ions interact with materials across a
broad spectrum of applications, spanning radiation damage in
nuclear materials,14 radiation interaction with biological systems,15

and plasma-assisted processes16 such as etching of conductors and
dielectrics. MD simulations have been used to investigate Arþ and
Clþ processes for etching silicon,17 reactive ion etching of Si and
SiO2 by fluorine-rich ion species18,19 and SFþ5 ions,20 near-surface
modification of polystyrene by argon ions,21 and the surface reac-
tion kinetics of etch by-product for SiClþx ions incident on Si(100)
surfaces.22 The emphasis has been on how energetic ions erode or
modify the material being processed as well as the synergistic inter-
action of the ions, reactive species, and plasma facing surfaces.

Optimizing the fabrication of HAR vias and trenches requires
an understanding of how ions propagate through these HAR fea-
tures. Ion bombardment of the mask material causes mask erosion.
Consecutive scattering events with the sidewalls can modify both the
trajectory and energy of the ion as it moves deeper into the HAR
feature. The selectivity between etching the underlying material and
the mask defining the feature is finite (typically from 5 to 20). As a
result, mask materials may themselves have AR of 5–20 in order that
they do not erode prior to finishing etching an AR ¼ 100 feature in
the underlying materials. The AR of the mask is large enough that
ion scattering may occur from the sidewalls of the mask before the
ions reach the underlying materials. These sequential sidewall scat-
terings from both the mask and from the feature material will
broaden the angular distribution and lower the ion energy. Of partic-
ular interest is the evolution of ion trajectories and energies from the
mask where erosion may produce sloping sidewall angles and/or the
mask intentionally has a sidewall slope.

Profile simulators (models that predict the evolution of fea-
tures given the incident reactive fluxes from the plasma) address
scattering from sidewalls inside features with varying degrees of
sophistication, accounting for specular and diffusive scattering, and
energy loss. A better understanding of these scattering processes,
incorporated into profile simulations, will improve predictions of

the energy and angle distributions of ions as they traverse HAR fea-
tures. Profile simulations will then have improved capability to
predict fabrication of HAR features and so guide process develop-
ment. In the results discussed in this paper, molecular dynamic
simulations were employed to study these glancing angle scattering
processes to improve this predictive capability and guide the evolu-
tion of HAR process conditions for increasingly challenging aspect
ratio features.

A typical HAR feature consists of a mask layer and an etch
layer. The mask layer may consist of a top layer of photoresist (PR),
typically a radiation-sensitive hydrocarbon polymer that is used to
establish patterns in optical or beam-driven lithographic processes23

(see Fig. 1). The PR may sit on top of a dielectric intended to miti-
gate light reflection during optical lithography patterning of the
polymer layer (an anti-reflection coating) or on top of a more
etch-resistant “hard mask” that provides additional definition to the
etch layer during pattern formation.24 The etch layer is the material
in which the feature is being fabricated, generally classified as dielec-
tric (e.g., SiO2 and Si3N4) and/or conductor (e.g., Si and Ge).25 In
3D devices, such as NAND memory, the etch layer can consist of
layers of different materials such as silicon dioxide and silicon nitride
that are used to eventually form vertical stacks of memory cells.26

Materials used in MD simulations are typically either the
actual material or a surrogate material that has well-understood
atomic scale properties while being representative of the composi-
tion and properties of the actual material. For example, previous

FIG. 1. Cross section view of a typical HAR feature with a multilayer structure.
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modeling efforts16,21,27 used polystyrene (PS) as a representative
material of 248-nm photoresist for its simpler chemical composi-
tion and for being well studied in MD community. Amorphous
carbon (AC) is a common hard mask material in microelectronics
manufacturing processes while also having reliable mechanical,
chemical, and electronic properties.28,29 Dielectrics in plasma
etching often contains silicon compounds6 such as SiO2 and Si3N4

both of which have well-validated atomic scale models for molecu-
lar dynamic simulations.30

In this paper, we discuss results from MD simulations of
glancing-angle scattering of ions from materials of interest to HAR
plasma etching processes. Specifically, PS (as a surrogate for photo-
resist), AC (as a hard mask candidate), and SiO2 (as a dielectric
etch layer) were investigated. Validation of computationally synthe-
sized material structures for the simulations was performed by
comparing structural and thermodynamic properties of the materi-
als with previous computational and experimental studies with
there being overall good agreement. Results of the simulations
showed a transition from nearly elastic specular scattering to inelas-
tic diffuse scattering as the incident angle of the ions became more
normal to the surface and as the incident energy of the ion
increased. Overall, more diffuse scattering occurred for scattering
from PS surfaces compared to AC and SiO2. The MD simulations
were performed using the Large-scale Atomic/Molecular Massively
Parallel Simulator31 (LAMMPS). The computational methods and
procedures are discussed in Sec. II. Validation and results for ion
scattering results are discussed in Secs. III and IV. Conclusions are
summarized in Sec. V.

II. COMPUTATIONAL METHODS

In performing MD simulations, the material to be investigated
must be prepared. This means that computational atoms compos-
ing the material (e.g., Si and O atoms for SiO2) must be arranged
in a manner that produces the desired stoichiometry and topology
(e.g., crystalline vs amorphous, defect free or with defects). In this
section, the methods and procedures for computationally preparing
the materials and performing ions scattering simulations are
discussed.

A. Materials preparation

Amorphous SiO2 was prepared using a quenching proce-
dure.32 A system of 1000 Si atoms and 2000 O atoms were ran-
domly distributed in a (35:1Å)

3
cubic box corresponding to a

density of 2:307 g=cm3. Before quenching, the system was heated to
5000 K using an NPT (isothermal–isobaric) ensemble at 0 pressure
for a total of 300 ps using the Nose–Hoover thermostat and the
barostat.33–35 The NPT ensemble is a concept in statistical mechan-
ics that describes a system where the number of particles (N), the
pressure (P), and the temperature (T) of the system are kept cons-
tant. The temperature and pressure of the simulation cell are

FIG. 2. Equilibrated state of amorphous SiO2 at 300 K and the final size of the

simulation box is (35:18 Å)
3
, corresponding to a density of 2:288 g=cm3.

FIG. 3. Examples of C atoms deposited on a Si substrate: (a) initial Si sub-
strate, (b) 1000 C deposited, and (c) 2000 C deposited. The computational

domain is 23� 23� 120 Å
3
.
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constrained by adjusting particle velocities and domain dimensions,
respectively. After the system was thermodynamically equilibrated,
it was quenched to 300 K with a cooling rate of 1 K/ps. The system
was then relaxed in an NPT ensemble to enable the system to freely
expand or shrink, reducing both the internal stresses and energies.
The final state of amorphous SiO2, when the thermodynamic
parameters have reached a steady state condition, is shown in
Fig. 2. The simulations were performed with periodic boundary
conditions using an integration time step of 1 fs. For SiO2, we used
the interatomic potential developed by Munetoh et al.,32 which is a
Tersoff potential36 parameterized specifically for the Si-O system.

For AC, the simulation cell was prepared following the proce-
dure used in a previous work37 by growing an AC layer. The AC
growth was simulated with a carbon deposition procedure on a
23� 23� 59:7Å

3
silicon(100) crystal substrate. With a lattice

constant of 5:4307Å, a Si substrate structure was first simulated
using 1584 Si atoms. The substrate was equilibrated at 300 K in an
NVT [canonical, same as the NPT ensemble except volume (V) is
kept constant instead of pressure (P)] ensemble for 30 ps.
Following equilibration, 2000 carbon atoms were deposited ran-
domly and sequentially on the top of the silicon substrate surface.
C atoms were directed onto the surface at normal incidence with
an energy of 1 eV. During deposition, the substrate was maintained
at 300 K using a time step of 0.5 fs in an NVT ensemble. The time
interval between launching C atoms was 2 ps to allow the substrate
to fully relax after the previous atom interacted with the substrate.
The sequential deposition of C atoms is shown in Fig. 3. To simu-
late a semi-infinite large substrate, periodic boundary conditions
were enforced along lateral directions while the bottom two layers
of silicon atoms were fixed. The interatomic potential used in this
Si–C system was developed by Erhart and Able,38 which is a
Tersoff potential36 parameterized specifically for silicon, carbon,
and silicon carbide system.

PS is somewhat more complex to model. The Transferable
Potentials for Phase Equilibria-United Atom (TraPPE) force field39

was used to describe this hydrocarbon polymer. The values of

parameters in the TraPPE force field used in this work were taken
from Refs. 40 and 41. Due to limitations in LAMMPS, a harmonic
bond potential42 was used in the place of fixed-length bonds as
used in the original work.39 With TraPPE force fields, bonds,
angles, and dihedrals interactions are explicitly defined. The carbon
atoms are connected to the neighboring hydrogen atoms to form
macroatoms as shown in Fig. 4. The system was constructed with
10 chains of PS with each chain containing 40 monomers so that
the molecular weight of the polymer chain is consistent with com-
mercial photoresists and published results.21,40,41,43

The chains were randomly placed and oriented in a box with
periodic boundary conditions.44 Several postprocessing steps were
needed to properly define the united-atom model and topology
required by the TraPPE force field. The initial size of the simulation
box was (51:7Å)

3
(51:7Å on a side), which corresponds to a

density of �0:5 g=cm3. The system was then heated to 600 K using
an NPT ensemble at atmosphere pressure, maintaining temperature
and pressure for 4 ns using a timestep of 2 fs. After equilibration,
the system was steadily cooled to 300 K and further equilibrated for
2 ns. The final system was stable and denser than prior to equilibra-
tion with a density closely matching typical PS (�1:0 g=cm3). The
final state of the polymer system is shown in Fig. 5.

B. Ions scattering

After producing the three etching-layer structures for SiO2,
PS, and AC, ion scattering was simulated from the top surface of
each material, as shown schematically in Fig. 6. Ions with energy
Ein were incident on the surface of the MD generated structure at

FIG. 4. Monomer of PS shown in (a) a typical model with both C and H atoms
and (b) a united atom model.

FIG. 5. Equilibrated state of the simulated PS system at 300 K, with 10 chains
each containing 40 monomers. The chains are colored separately.
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an angle of incidence θin defined as the angle between the surface
normal and incident ion velocity vector. The exit energy Eout and
exit angle θout for the scattered ions were recorded. Some modifica-
tions to the computational domain were also made to facilitate
these scattering simulations. The boundary condition in the z (ver-
tical) direction was changed from periodic to finite to allow
reflected ions to leave the simulation domain. The boundary condi-
tions in the x and y directions (horizontal) were kept periodic. A thin
layer was removed from the top of the material to smooth the surface.
The atomic positions in the bottom layers of the simulation cell
(�20% of the total volume) were fixed to simulate a semi-infinite
large substrate. A final equilibration step was then performed to
ensure that the simulation cell was stable. The equilibrated structures
used for ion scattering are shown in Fig. 7.

This study focuses primarily on physical ion interactions more
so than reactive surface modifications that would be more impacted

by ion selection, particularly a reactive species such as chlorine.
Thus, singly ionized argon ions were used to investigate
glancing-angle scattering. The Ziegler–Biersack–Littmark (ZBL)
screened nuclear repulsion potential45 was used to describe the
interaction between the argon ions and the target atoms (Ar–Si,
Ar–O, and Ar–C). The ZBL potential has been widely used in ion-
induced modification of materials and is commonly combined with
other interatomic potentials such as EAM, SW, and Tersoff.46–48,59

The ZBL potential between two particles i and j is given by

EZBL
ij ¼ 1

4πϵ0

ZiZje2

rij
f(rij=a)þ S(rij), (1)

where ϵ0 is the permittivity of vacuum, Zi and Zj are the atomic
numbers, e is the elementary charge, rij is the interatomic distance,
f is a screening parameter defined by a scale length a, and S(rij) is
a switching function for smoothly transitioning the whole function
to 0 after the cutoff distance. For PS, the total atomic number of
each macroatom is used in the ZBL potential. It can be seen from
Eq. (1) that no electronic charge term was included in the ZBL
potential, so ions and neutrals will be treated the same from an
interatomic force standpoint. This can be justified by assuming that
the incident ion will neutralize by Auger recombination prior to
actually striking the surface. This is assumption is consistent with
published MD works18,49 in plasma etching.

Ions are introduced at random (x, y) positions along a plane
parallel to the surface at a distance that exceeds the cutoff of the
ZBL potential. 2000 Ar ions are directed toward the surface for
each incident energy Ein and angle θin. The target material was
allowed to equilibrate between collisions. To minimize the effect of
cumulative damage to the surface, the target configuration was
reset to its initial state after every 10 collisions. In a typical plasma
etching process, the surface conditions will be affected by several
surface processes such as chemical etch, polymer deposition,
roughening, striations, mask reticulation, etc. In this work, we
chose to focus on pristine surfaces to generate ions scattering data
relatively independently. The results from this work could be
further incorporated in the future into profile simulators where the
surface damage effect has been included. The energy and angle of
each scattered ion (Eout and θout) were recorded after the scattered
ion leaves the simulation domain.

The parametric study consisted of θin ranging from 65� to 89�

(every 2�) and Ein ranging from 10 to 5000 eV using 10 energies
evenly spread on a log scale for Ein. The results from each individ-
ual (Ein, θin) were then used to construct a two-dimensional distri-
bution of (Eout, θout).

III. VALIDATION OF THE MATERIAL PROPERTIES

In this section, the methods for validating the prepared target
materials are discussed. The structural and thermodynamic proper-
ties were validated with those from previous studies and compari-
son to published experimental data. Overall, the current results
show good agreement with the published data.

The structures for SiO2, AC, and PS were validated using the
radial distribution function (RDF). For SiO2, the amorphous struc-
ture was benchmarked against previous simulation data32 using

FIG. 6. Schematic showing the ion scattering geometry.

FIG. 7. Front view of simulation cells prior to ions scattering: (left) SiO2 with
width 35:18 Å, (middle) AC with width 23 Å, and (right) PS with width 40:27 Å.
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classical MD, as well as with experiment data50 obtained from
neutron scattering, as shown in Fig. 8. The location of the first two
major peaks in the RDF, corresponding to the Si-O and O-O sepa-
ration distances, respectively, in a [SiO4] tetrahedral structure,
match the two reference results. The second peak in the simulations
shows a split, which is a signature of a disordered structure. The
location of the third and fourth peaks also agree with nearly the
same magnitude. The partial RDFs (not shown) also have good
agreement with the reference results.32 The density calculated from
the simulations is 2:288 g=cm3, which is close to the experimental
value of 2:203 g=cm3. Overall, the interatomic potential used in the
simulation is able to predict the amorphous state of silica well.

Similarly, the RDF was used for validating the properties of
AC. As shown in Fig. 9, the RDF of the simulated structure agrees
well with that from previous ab initio MD results51 as well as with
experiment data from electron microscopy. Both the peak locations
and the overall shape of the RDF are in reasonable agreement with
the reference results. The first and second peaks are sharper in sim-
ulations while they are more diffuse in the experiments. The simu-
lated results are in better agreement with the ab initio MD data.
Note that the simulated density of 2:25 g=cm3 is larger than the
experimental value of 1:55 g=cm3. It is known that carbon atoms
can form numerous atomic structures with densities ranging from
below 1 g=cm3 to above 3 g=cm3. Previous research52 showed that
although the density of AC does not affect the shape of the RDF
significantly, the locations of the RDF peaks shift slightly to the
right with increasing density.

In addition to the RDF, the fraction of carbon atoms with sp3

hybridization was also evaluated for validation. The sp3 fraction is
generally positively correlated to the density of the system. In one
study,52 it was reported that a density of 2:0 g=cm3 corresponds to
a sp3 fraction of 6.4% while a density of 2:6 g=cm3 corresponds to
43.2%. The estimated sp3 fraction of 13.3% with a density of
2:25 g=cm3 obtained from the current work is consistent with these

previous estimates. In another study,51 a lower density (below
1:6 g=cm3) was shown to correspond to less than 10% sp3 fraction.
This estimate is also in agreement with the data obtained in this
work.

For PS, additional validation was performed due to the more
complex structure of the polymer. A parametric study of tempera-
ture, ranging from 300 to 800 K with a step of 50 K, was conducted
using an NPT ensemble, and the density, dimensions, and diffusion
constant of the system were calculated. The density of the PS and
the length of the periodic simulation box are plotted as a function
of temperature in Fig. 10(a). A typical experimental value for the
density of PS is 1:05 g=cm3 at room temperature, and results from
simulations agree with this value. The computed linear thermal
expansion coefficient is

αL ¼ 1
L
dL
dT

, (2)

where L is the length of the simulation box and T is the tempera-
ture. Results from the model produce αL ¼ 270� 10�6 K�1 while
typical experimental measurements54 have a range of
(30�210)� 10�6 K�1, indicating that the simulated PS is softer.
The diffusion constant is plotted as a function of reciprocal temper-
ature on a semilog plot in Fig. 10(b), which is intended to show an
Arrhenius relationship. An Arrhenius relationship describes the
temperature dependence of a transport coefficient or a rate cons-
tant, k, in terms of an activation energy, Ea, as follows:

k ¼ A exp � Ea
RT

� �
, (3)

where R is the universal gas constant, T is the temperature, and A
is a constant. The derived diffusion coefficient shown in Fig. 10(b)
indicates single activation energy (straight line) and diffusion is a

FIG. 8. Radial distribution function g(r ) for SiO2 glass (this work, simulation
results from Ref. 32 and experimental data from Ref. 50).

FIG. 9. Radial distribution function g(r ) for AC (this work, simulation results
from Ref. 51 and experimental data from Ref. 53).
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simple linear process. The simulated RDF for PS is compared with
previous MD simulation results40 using the same TraPPE
united-atom model in Fig. 10(c). Both the overall shape and the
positions of the peaks obtained from these simulations match pre-
vious results.

Cell size tests were also performed for all the MD systems
described in this work. The total number of atoms for SiO2 was
varied from 3000 to 10 000 while keeping the same Si:O ratio. For
AC, the horizontal dimension of the crystalline silicon and the
number of deposited carbon atoms were scaled up with the same
ratio (from 1.0 to 2.0). The number of chains for PS was also
varied from 10 to 20. The size of the simulation box was adjusted
accordingly. The results show that the RDFs are invariant with
respect to system sizes over the range investigated, indicating that
the chosen system sizes (described in Sec. II) for all the three mate-
rials were adequate for generating accurate MD results.

IV. ANGULAR DISTRIBUTION OF ION SCATTERING

In this section, results from the simulations for glancing-angle
scattering of argon ions from PS, AC, and SiO2 are discussed. A
parametric study of incident angle θin (75�–89�) and incident
energy Ein (10–5000 eV) was conducted. The after scattering proba-
bility distribution fEin ,θin (Eout, θout) for angle θout and energy Eout
were collected on a grid of 20� 20 equal-size bins in a range of
[0, 90�]� [0, Ein]. fEin ,θin (Eout, θout) was normalized so that the
probability distributions integrate to unity. These fEin ,θin (Eout, θout)
are shown in Fig. 11 for a constant incident energy Ein ¼ 316 eV at
θin ¼ 75�, 79�, 85�, and89� (left to right) for SiO2, AC, and PS (top
to bottom). Results are also shown for constant incident angle
θin ¼ 79� at Ein ¼ 20, 79, 316, and1257 eV (left to right) for SiO2,
AC, and PS (top to bottom).

The distributions fEin ,θin (Eout, θout) generally peak at the posi-
tion of (Ein, θin) and extend to the lower right half of the domain,
which shows a transition from specular, elastic reflection to diffuse
reflection with a commensurate loss in energy. The scattering is
more specular for larger values of θin and lower values of Ein and
more diffusive otherwise. A low-energy tail in after scattering distri-
bution occurs in highly diffusive cases, especially for PS. This is
because in such cases the close-to-normal scattering with high inci-
dent energy results in large fraction of ions penetrating the material
and then exiting the material after many collisions and scattering
events, resulting in substantial energy loss compared to Ein.

The distributions fEin ,θin (Eout, θout) shown in Fig. 11 can be
summarized by their first and second moments as a function of
incident ion parameters. The fractional retained energy of the scat-
tered ions as a function of Ein and θin is shown in Fig. 12. The
solid lines are the 50% quantile (median) of normalized Eout with
the shaded areas extending from the 25% quantile to the 75%
quantile. The incident energy is mostly retained for ions having
larger values of θin and lower values of Ein. For example, for
θin ¼ 89�, the incident energy was nearly 100% retained for all
materials across the incident energy range. For incident ions at
θin ¼ 75� and Ein . 1000 eV, more than 50% of the ions lost at
least half of their incident energy regardless of the material. In
some generally more diffuse cases, the fractional retained energies
seem to have minimum values as a function of Ein. One possible

FIG. 10. Structural and thermodynamic studies of PS: (a) density and length (of
simulation box) as a function of temperature; (b) diffusion constant as a function
of temperature reciprocal in a semilog plot; and (c) radial distribution function
g(r ) (this work and simulation results from Ref. 40).
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FIG. 11. Comparison of fEin ,θin (Eout, θout) for different materials, incident energies and incident angles (xaxis ! θout, yaxis ! Eout, colorscale ! magnitude), presented
in the matrix form: (Upper matrix) Constant incident energy Ein ¼ 316 eV at θin ¼ 75�, 79�, 85�, and89� (left to right) for SiO2, AC, and PS (top to bottom); (Lower
matrix) Constant incident angle θin ¼ 79� at Ein ¼ 20, 79, 316, and1257 eV (left to right) for SiO2, AC, and PS (top to bottom).
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explanation is that it is expected to see more surface damage in
such cases even after a few ion incidences, which could affect scat-
tering distributions. Another possible reason is that the span of the
incident energy for the last few data points is much wider and the

number of collected reflected ions is much smaller in such cases,
which could lead to overall significant statistical errors.

There is material dependence on scattering distributions, par-
ticularly for PS compared to AC and SiO2. The scattering distribu-
tions fEin ,θin (Eout, θout) are more diffuse for PS compared to either
SiO2 or AC. This can be explained by estimating the total inter-
atomic force an incident ion will experience as well as the structural
uniformity for different materials. The ZBL potential was used to
describe the interatomic forces between Ar ions and the target
atoms. The ZBL potential differentiates atoms only by their atomic
numbers [see Eq. (1)]. SiO2 and AC have similar amorphous struc-
ture, and the number density of SiO2 (0:0689Å

�3
) is 50% lower

than AC (0:1133Å
�3
), while the atomic numbers of Si(14) and O

(8) atoms are higher than for C(6) atoms. Thus, it is expected to
see the same level of interatomic forces being experienced by the
ions when interacting with those two materials, therefore giving
similar scattering results. The structure of PS contains multiple
molecular chains, producing a structure less uniform and more
anisotropic compared to the amorphous structure for SiO2 and AC.
This nonuniformity affects the surface roughness at an atomic level
and makes the scatterings significantly more diffuse.

The rate of reflection was also investigated as a function of Ein
and θin, with the results shown in Fig. 13. The rate of reflection
was estimated by the total number of ions leaving the simulation
box through the top boundary. The remaining ions were either
embedded into the material or the ions slowed due such a degree
that they did not leave the simulation domain within the simulation
time (�5 ps for the last incident ion). These slow ions typically
have energies below the thresholds for etching. The rate of reflec-
tion follows the transition from specular, elastic reflection to diffuse
reflection. Those ions with larger values of θin (more parallel to the
surface) and lower values of Ein are more likely to be reflected. This
suggests that for an ion interacting with a surface at these glancing
angles, the transition from specular to diffuse reflection is related
to the number of target atoms the ion collides with. For ions with
higher incident energy and lower incident angle, the depth into the
material that the ion can penetrate is larger and the number of
target atoms the ions can interact with increases. These interactions
are cumulative resulting in greater energy loss and deviation from
the angle of incidence. For the same incident (Ein, θin), more ions
are embedded into PS than SiO2 and AC, which is consistent with
PS (1:05 g=cm3) having a lower mass density than SiO2

(2:288 g=cm3) and AC (2:25 g=cm3).
These results were compared with published data17,55 by

Graves et al. They have performed MD simulations of Arþ and Clþ

impacting onto Si and SiO2 surfaces, with incident energies below
200 eV and with a wide range of incident angle. Apart from the
incident energy, there are differences between their work and our
simulations. First, their SiO2 was initially crystalline, with ion bom-
bardment being used to increase roughness. In this work, we used
amorphous SiO2 with the top surface being smoothed prior to ion
scattering. Second, Graves et al. simulated scattering of 300–800
ions while retaining the material damage during the scattering
process. In this work, the material was restored to its initial smooth
state after every 10 incidence ions, which was intended to reduce
the effect of material damage induced by high energy ions.
Therefore, it is expected to see more specular scattering for the

FIG. 12. Fractional retained energy vs Ein for SiO2, AC, and PS (top to
bottom). The data presented are quantiles of Eout normalized by Ein : solid line is
median (50% quantile) and shaded area (colored correspondingly) is from 25%
quantile to 75% quantile.
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same incident conditions in this work than in the results of Graves
et al. Qualitatively, the shape of the distribution fEin ,θin (Eout, θout)
for θin of 75� and 85� with Ein below 200 eV and the transition
from diffuse to specular scattering when increasing θin are

consistent with Graves et al. The reflection rates in their work for
θin of 75� and 85� and Ein of 100 eV are about 0.8 and 1.0, respec-
tively, which are slightly lower than the rate in this work as
expected. A low energy tail was also observed in their work for
normal incidence. In this work, the low energy tail appeared for
high incident energies while the mechanism behind is the same.

V. CONCLUSIONS

In this work, we have performed MD simulations of
glancing-angle scattering on different sidewall materials typically
exposed to energetic ions during HAR processes, including SiO2,
AC, and PS. The results of this study indicate a transition from pre-
dominantly specular scattering to more diffusive scattering as the
incident ion angle becomes more normal and as the incident ion
energy increases. This transition to diffusive scattering is accompa-
nied by increased ion energy loss and a higher likelihood of
implanting into the material or a near-total ion energy loss. The
angles over which this transition occurs are very relevant for typical
HAR processes, particularly when the faceting of the mask due to
ion erosion is considered. These trends in scattering are consistent
with current practice in HAR processing in which greater incident
ion energies are used to achieve higher aspect ratios. These trends
also suggest that ion energy loss could contribute to RIE (reactive
ion etching) lag and etch stop at higher aspect ratios where a large
number of sidewall collisions are expected as the ion traverses from
the top to the bottom of an HAR feature.
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