|

) <

The University of Osaka
Institutional Knowledge Archive

Title Molecular Dynamics Simulation of Si02 and SiN
Etching for 3D NAND Memory Device Applications

Author(s) |Cagomoc, Donato Charisse Marie

Citation |KFRKZ, 2023, EHIHX

Version Type|VoR

URL https://doi.org/10.18910/91922

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Doctoral Dissertation

Molecular Dynamics Simulation of
S1092 and SiN Etching for 3D NAND

Memory Device Applications

Charisse Marie Donato Cagomoc

December 2022

Applied and Engineering Physics
Division of Precision Engineering and Applied Physics

Graduate School of Engineering
OSAKA UNIVERSITY






Acknowledgments

I would like to acknowledge all of the people who had been instrumental in my journey

to obtain my Ph.D. degree.

I give my sincere gratitude to Professor Satoshi Hamaguchi for accepting me in his
laboratory as a Master student. I was able to obtain my Master’s degree in engineering
through his guidance. I thank Professor Hamaguchi for allowing me to continue my
graduate studies as a Ph.D student under his tutelage. I truly appreciate all the help and
guidance he had given me, as well as, the opportunities to present my research in various
international and local conferences. Professor Hamaguchi has truly been a great sensei

to me, and has been instrumental in my efforts to obtain a Ph.D. degree.

I would like to acknowledge our collaborators, Drs. Eric Hudson and Leonid Belau
of Lam Research Corporation, for the fruitful discussion that help in the progress of
this research. I am also thankful for the support provided by the Japan Society for the

Promotion of Science (JSPS) Research Fellowship for Young Scientists.

Moreover, I would like to thank Prof. Kazuhiro Karahashi, Dr. Tomoko Ito, and
Shouichi Taira for the support with the experiments. I would also like to thank my
colleagues in Hamaguchi Laboratory especially Erin, Anjar, Nina, Sarah, Umemura-san,
Nagao-san, Nicolas, Enggar, Jomar, Pierre, Abdul, Ikuse-san, Isobe-san, Hojun, Jaber,
Ichi-kun, Kita-kun, Kotani-kun, Kawabata-kun and Fujita-kun. You all have made my
stay in Hamaguchi Laboratory fun and exciting. I hope that our connections would not

be lost after we go our separate ways.

I also thank my family in the Philippines for their unending support in my endeavours
to further my education. Even though we are miles apart, your love and support has been

a source of strength for me.

Lastly, I thank God for all the blessings and protection He had bestowed upon me as

I pursued my Ph.D. degree at Osaka University.






Abstract

As the sizes of semiconductor devices continue to shrink, fabrication of device structures
on material surfaces with high accuracy poses unprecedented challenges to process tech-
nologies employed in the manufacturing of semiconductor devices such as NAND flash
memory devices. NAND flash started as planar or 2D NAND. However, the scaling of
2D NAND was not able to keep up to the demand for higher memory capacity. As such,
2D NAND transitioned to 3D NAND. In 3D NAND, alternating films are deposited and
stacked to form the basis of the memory cell. The number of stacked layers dictates the
memory capacity. In the fabrication of such devices, hole channels with a high-aspect
ratio (HAR) are etched through these layers. The higher the aspect ratio becomes, the
more difficulties HAR etching faces. Therefore, the primary goal of this study is to under-
stand the HAR etching process through molecular dynamics (MD) simulations supported

by ion beam experiments.

To understand how energetic ions interact with the sidewalls of HAR channels during
reactive ion etching (RIE), MD simulations for the scattering of neon, argon, and xenon
ions on silicon (Si) and silicon dioxide (SiOg) surfaces were performed. The simulations
were performed at grazing-angle ion incidence to examine how the angular distribution
of reflected ions deviates from that of the ideal specular reflection, depending on the ion
mass, incident angle, and surface material and its roughness. It is found that, the higher
the ion mass is, the less grazing the ion incident angle is, or the rougher the surface is,
the larger the angular distribution of reflected ions becomes around the corresponding
specular reflection angles. Quantitative information on such reflected ions can be used to

predict the profile evolution of HAR channels in RIE processes.

Alternating films of SiOs and silicon nitride (SiN) are commonly used in 3D NAND
devices. As such, MD simulations were performed to examine the etching of SiO,, SiN,
and oxide-nitride (ON) stacked layers by energetic fluorocarbon ions. Good agreement of

etching yields obtained from the simulations and ion beam experiments was observed for
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the etching of SiO5 and SiN by CF3™ ions for the incident ion energy ranging from 200eV
to 2,000eV. As to the etching of the ON bilayer, the SiOs and SiN layers were observed
to be etched with their own etch rates at low ion incident energy. However, at sufficiently
high incident ion energy, the oxide and nitride layers were mixed by energetic ion impact
and the depth of the mixing layer exceeded the thickness of the top SiOs layer thickness,
resulting in a single etch rate limited by the etch rate of the much deeper underlying
SiN material. This suggests that, if the incident ion energy is high enough such that the
thicknesses of the multilayers are lower than the ion penetration depth, the ON stacked
layer exhibits a single etch rate determined by the mixed material of the oxide and nitride.
As such, the etch rates in ONON multilayer etching would be dependent on the thickness

of the films and the ion energy used.

Additionally, MD simulations of SiOs and SiN etched by CF3" ions and Cl* ions were
performed to provide insights on the etching with Cl-containing fluorocarbon plasmas.
To do this, interatomic potentials for the interaction of chlorine with carbon and fluorine
was first developed. Afterwards, the etching yields obtained from MD simulations were
compared with ion beam experimental etching yield. Relatively good agreement between
the simulation and experimental etching yields were obtained for the etching of Si, SiO,
and SiN by CI" ions with incident ion energy ranging from 50eV to 3,000eV. To understand
the etching with Cl-containing fluorocarbon plasmas, the simulations of the etching of
SiOy and SiN by CF3* ions with and without Cl* injected with incident ion energy
ranging from 500eV to 2,000eV at 0° and 60° were compared. It was shown that at 0°,
addition of Cl" ions has minimal and even negative effect on the etch rate of SiO, and

SiN. Only when the ions were injected at 60° did an increase in etch rate was observed.

This study also aims to understand the mechanisms of reactive ion etching processes
to form nanometer-scale holes (nanoholes) into a SiO, surface region with a carbon mask
by fluorocarbon plasmas, using MD simulation. The results showed that, in the case of
ion beam etching by CF3™ ions, the etching yield generally increased with increasing ion

energy, and etching at high ion incident energies was dominated by physical sputtering.
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Preferential removal of oxygen was also observed, which resulted in Si-rich etched hole
channel inner walls. Tapered etched hole channels were formed due to the re-deposition of
sputtered atoms. The effects of the simultaneous irradiation of CF3 radicals with CF3™)
ion injection on the etching process were also investigated. It was shown that there was

an optimum ratio of the radical to ion fluxes to maximize the etching yields.
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Chapter 1

Introduction

1.1 Flash Memory Technology

Flash memory is a non-volatile memory technology commonly used in electronic devices,
and was first introduced by Toshiba in 1980’s. The name came from the fact that the
contents of the memory cells can be erased in a flash. During this time, memory devices
were based on two different logic gates: NOR and NAND. NOR flash is generally used
for low-density, high-speed read applications. On the other hand, NAND flash is for
low-cost, high-density, data storage applications [1-3]. NAND flash memory technology
was also first developed by Toshiba to address the memory density limitation of their
Electrically Erasable Programmable Read-only Memory (EEPROM) technology [4]. Due
to its cost effectiveness, NAND flash has become the primary solution to any platforms

(e.g. smartphones, laptops, digital cameras, etc.) that requires data storage 3, 5, 6].

The structure of NAND flash was initially made by connecting floating-gate (FG)
transistors to form planar array of memory-cells (2D NAND). In such design, the memory
capacity would be limited by the number of transistors that can be integrated planarly in a
single-chip. To increase the memory capacity, the node size of transistors was continuously

miniaturized [5, 6]. Both Micron [7] and SK Hynix [8] has shown the feasibility of a
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NAND flash with 16nm node, while Samsung Electronics [9] was able to push to 14nm
node. Though major manufacturers of NAND flash has shown the feasibility of reaching
< 16nm planar node, it was no longer economically viable. The fundamental limitation
in integration of transistors to increase the memory capacity of 2D NAND has already
been reached. This led to the scaling of NAND flash memory technology to transition

from 2D to 3D [5, 6, 10].

2D NAND

> .
o 3DNAND  Stacking —>

3248 96 ...256 layers
Overlap

Design Rule

16 nm

2000 2015 2018 2020

Year

FIGURE 1.1: Design rule trend: 2D NAND vs 3D NAND |[10].

1.1.1 3D NAND Flash Memory Technology

When the scaling of 2D NAND was no longer economically viable, the research and
development on 3D NAND emerged to address the demand for higher memory capacity.
The thought behind 3D NAND is similar to the thought behind the construction of high-
rise apartments and condominiums, i.e. increase capacity vertically. By stacking memory
cells vertically, the memory density per area would increase in proportion to the number

of stacked cells [5, 6, 11]. The pioneering work on 3D NAND started with a 2 stacked
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memory cells [12] which culminated to the first cost-effective 3D NAND proposed by
Toshiba called the Bit-Cost Scalable (BiCS) shown in Fig. 1.2 [6, 13].

Bit Line
~—
(a) (C) Bit Line
n
Upper SG P Upper SG
.|
1 Control
Memory array . i Gate
Hi
42_E Control Gate 1 0 o
(b) Bit Line Lower SG ower
n+  Source
Line

Upper SG
(row select line)

]

FIGURE 1.2: (a) Bird’s-eye view of BiCS Flash memory; (b) Top-down view of BiCS
Flash memory array; (c) Cross section of BiCS flash memory string [13].

There are two different mainstream memory cell technology in 3D NAND: the con-
ventional FG cell and the charge-trap flash (CTF) cell shown in Fig. 1.3. In general, a
memory cell is comprised of a control gate, blocking layer, storage layer, tunneling layer
on the substrate. In conventional FG cell, the storage layer is called the floating-gate
made up of a conducting material. In contrast, the storage layer in CTF cell is a dielec-
tric. The control gates in these memory cells are connected by the world lines (WL). 3D
NAND with FG cells typically use polysilicon WL, while 3D NAND with CTF cells uses
tungsten WL. The drain of the memory cells are connected by the bit lines. Currently,
most 3D NAND structures uses CTF cells due to a thinner storage layer, and simpler

fabrication processes in contrast to conventional FG cells |2, 6, 11, 14, 15].

The fabrication process of 3D NAND is dependent on its structure which varies de-
pending on the manufacturer. However, key steps in the fabrication process remains the
same. The fabrication process starts with film stack deposition step wherein alternating

films (e.g. SiOy and SiN) are deposited on the the substrate. This step can be referred to
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FIGURE 1.3: FG Flash 3D NAND (left); CTF 3D NAND (right) [14].

as WL stacking and has been the primary scaling path of 3D NAND since the memory
capacity can be increased by increasing the number of stacked layers. The film stack
deposition is followed by the formation of the vertical channels. This is done by first de-
positing a mask and creating hole openings to proceed with the high-aspect ratio (HAR)
channel etch step. In HAR etching, the hole channels are etched through all layers of
deposited films. The next key step is the stair etch wherein the staircase shape structure
of 3D NAND is formed to create the contact pads for the WL’s. This is then followed by
the slit etch step. In this step, a hardmask is first deposited and patterned with open-
ings. The memory cell arrays are then formed by separating the hole channels with the
slit etch step. The last key step would be the formation of the bit lines that are usually
perpendicular to the WL’s [14, 16-19]. The focus in this study is the HAR etching step

in the fabrication of 3D NAND flash memory devices.

1.2 Etching Process

The fabrication process of 3D NAND discussed in the previous section showed how crucial

the etching process is in the semiconductor industry. The etching process is usually
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preceded by the lithography process. In lithography, resist or mask are deposited on top
of the films on the wafers. The desired patterns are then made on the mask. Etching
would then transfer these patterns on films by selectively removing parts of the deposited
films to create the desired circuit design. Etching is categorized as wet etching and dry
etching. In wet etching, the films or material to be etched are removed isotropically by
chemical solutions. On the other hand, dry etching removes the films anisotropically using
reactive ions or vapor phase etchant. Dry etching can generally be categorized into three
types: (1) reactive ion etching (RIE); (2) sputter etching; and (3) vapor phase etching.
This study would only focus on RIE as it is the process involve in 3D NAND fabrication
[20-22].

1.2.1 Reactive Ion Etching

RIE is a type of dry etching process that uses plasma to generate reactive ions that
would etch the material. Chen defines plasma as "a quasineutral gas of charged and
neutral particles which exhibits collective behavior” [23]. In RIE, a parallel-plate system
is generally used as shown in Fig. 1.4. In such system, the wafer is placed on the bottom
electrode, after which the entire chamber is pumped down to high vacuum conditions.
The gas with the desired chemistry would be introduced. In general, plasma is generated
by applying 13.56MHz RF power to the electrodes in the chamber containing process
gas. The gas would be ionized, and the plasma comprising of a quasineutral mixture of
ions, electrons, photons, neutrals, molecules, and atoms would be generated. Reactive
species such as radicals could react with the surface atoms on the wafer to form volatile
byproducts that would then be removed via the exhaust. This process could be referred
to as "chemical sputtering" since the reactive species induces chemical reactions that
would lead to desorption of volatile byproducts. In RIE, surface atoms could also be
etched if the generated ions have a high kinetic energy that can sputter the surface atoms
without reacting. This process could be referred to as "physical sputtering". In RIE,

chemical sputtering is isotropic while physical sputtering is highly anisotropic. As such,
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etch channels could have a non-uniform profile. It is therefore necessary to balance the
chemical and the physical aspect of RIE to have a uniform etch. In some cases, a bias
voltage is applied to the bottom electrode that hold the wafer. By applying a bias voltage,
the ions from the plasma could be directed towards the wafer which would make the RIE
highly directional and anisotropic. As such, RIE is the widely used etching process in

semiconductor industries [20-26].

«««««« Upper Electrode
Siaaels 255 ik ﬁ / Exhaust
OO Wafer ?
|

.p|asmé.f.r e RN _J A Chamber—L1

@ © 6 bo
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.
| AN
\_Lower

+ 4
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- Mask Polymer RF — O -

Radical | Removal Etching [—]
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Si

FIGURE 1.4: Schematic Diagram of RIE [20].

Fluorocarbon (FC) plasma is one of the most commonly used plasma in RIE of Si-
based materials in semiconductor industries. The basis in using FC plasma in the etching
of Si-based materials is the reaction of silicon with fluorine to form volatile by products
such as SiFy. Examples of etching gases for FC plasma are CFy, CoFy, and CyFg. In
CF, plasma, the dissociation of the gas would primarily produce CF3", CF3, F, CF3",
and F~ [27-29]. As such, the main species of interest in this research is CF3. Due to
the negative bias applied to the bottom electrode that holds the wafer, negative ions
do not contribute to the etching. On the other hand, studies have shown that the ions
and radicals are the primary contributors to the etching. However, carbon deposition
on the wafer and RIE chamber has been observed for FC plasma etching. This led to
the fluorine to carbon (F/C) ratio concept in FC plasma etching. The F/C ratio has

become an important process parameter in determining whether etching or deposition
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of a CF film would dominate the process. In general, at high F/C ratio, etching would
proceed due to the high flux of fluorine that would react with Si-based material. At low
F/C, the plasma would become fluorine-deficient and carbon would deposit. At a certain
point, the deposition of carbon would dominate over etching and lead to polymerization.
In the etching of SiOy by CF,4 plasma, Si atoms could be etched by F atoms as SiFy
species, while O atoms could be etched as CO, or COF5 species. As such, in the presence
of oxygen, the carbon deposition could be decreased. The role of the F/C ratio in FC
plasma etching has been qualitatively illustrated by Coburn and Winters as shown in

Fig. 1.5 [27, 29-34].

Loading
—
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. »
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FIGURE 1.5: The qualitative effect of the fluorine to carbon (F/C) ratio on etching
and polymerization processes in a FC plasma [32].

1.2.2 High Aspect Ratio Etching

As discussed previously, HAR etching is one of the key processes in the fabrication of

3D NAND. In this step, hole channels are etched through all the deposited films. This
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step is the focus in this study as it is the main roadblock in further scaling of 3D NAND
devices to increase its memory capacity. When the number of layers is increased, etching
a hole channel with a straight and smooth profile becomes more difficult |14, 16]. Ideally,
a straight and smooth channel is needed to have a well fabricated 3D NAND device.
However, deviations from the ideal profile could occur and these deviations fall under
the umbrella term aspect-ratio dependent etching (ARDE) phenomena. ARDE happens
in all etching process but is much more of a concern in HAR etching. In ARDE, the
etch rate decreases as the aspect-ratio increases. As the aspect-ratio increases, the flux
of reactive species reaching the bottom of the etched channel decreases, and it becomes
more difficult for the byproducts to escape. This is also referred to as RIE lag. In some
cases, etch stop could occur wherein the etched channel does not reach the substrate
[24, 25]. Incoming ions could be deflected by the mask, the sidewalls, and/or by other
species in the plasma. The deflected ions could change the direction of the etch front, thus
causing the etch channels to have non-ideal profiles such as tapered, twisted or bowed. In
a channel with HAR, the sputtered or etched atoms could have difficulty in escaping the
channel. In such cases, re-deposition of the etched or sputtered atoms onto the channel
sidewalls could occur which contributes to formation of non-ideal profiles as shown in

Fig. 1.6 [24, 25, 35-37].

1.2.3 Mass-Selected Ion Beam System

As discussed previously, parallel-plate system containing several different gas admixtures
is generally used to ignite the plasma in RIE. In such a process, the plasma would contain
various ions that would participate in etching. However, understanding the interactions
of all the ions in such a system is extremely difficult. As such, a mass-selected ion
beam system wherein the etching of a material with one type of ion has been developed
(Fig. 1.7). The details of the beam system were discussed in Ref. 38 and would not be

discussed here.
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FIGURE 1.7: Schematic diagram of the mass-selected ion beam system.

Etching is done by directing the mass-selected ion beam towards the sample with a

metal stencil mask. After ion bombardment, the difference in the height of the unetched
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(i.e. covered by the mask) and etched part of the material would be measured ez-situ
by either a contact profilometer or an inference film thickness gauge. The ion beam

experimental yield Y could then be calculated with

y =2 (1.1)

where d is the etched depth in ¢cm, n is the density of the etched material in atom/cm?,

and D is the dose in ion/cm?. The dose D is given by

I

D=
eS

(1.2)

where [ is the ion current in ampere, t is the beam irradiation time in seconds, e is the

elementary charge, and S is the beam irradiation surface area in cm?.

1.3 Classical Molecular Dynamics

The properties and behaviour of a real physical system, and reaction dynamics of various
process can be studied by molecular dynamics (MD) [39, 40]. In MD, the nucleus and
the electron of an atom can be treated as one particle due to the Born-Oppenheimer
approximation. The Born-Oppenheimer approximation approximates the motion of the
atom as the motion of the nucleus since neutrons move significantly slower than the
electrons due to the large difference in their masses [41, 42|. As such, MD is a numerical
simulation method that treats the system to be simulated as a combination of mass-point
particles interacting with each other through a defined interatomic potential function.
The interatomic potential function would define the forces that acts on any given atom
given the position of other atoms. By numerically solving Newton’s equations of motion,
how the forces calculated from the interatomic potential function affects the motion of

the atoms can be determined [39, 40, 42-44].
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The accuracy of the MD simulation is highly dependent on the interatomic potential
functions as these functions describes the atomic interactions. Atomic interactions could
be short-range, bonded interaction such a bond stretching, or long-range, non-bonded
interaction such as Van der Waals [45]. Interatomic potential functions provides only a
good approximation of true atomic interactions since atomic interactions are governed by
quantum mechanics [39, 43, 46]. Short-range interaction between two atoms is shown in
Fig. 1.8 wherein the interactions between two atoms switches from repulsive to attractive
at an equilibrium distance ro. There are many interatomic potential functions that have
been developed as the use of simulations in research has expanded. However, we would
only discuss the Stillinger-Weber potential, Moliére repulsive pair potential, and the Van
der Waals (VAW) potential as they are the basis of the potential functions used in this

study.
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FIGURE 1.8: Short-range Atomic Interaction Diagram [47]

1.3.1 Interatomic Potential Function

The Stillinger-Weber (SW) potential is a many-body potential energy function developed
by Stillinger and Weber [48] to describe the interactions in solid and liquid forms of Si. In a

system containing N particles, the potential-energy function ® describing the interactions
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among the particles can be separated into one-body Vi, two-body V5, three-body V3, until

N-body Vy contributions as shown in Eq. 1.3.

(L., N)=> Vi(i)) + > _Va(ij)+ > Va(i,j, k) + ... + V(L,..,N) (1.3)
' i2j 235

Eq. 1.3 is simplified by assuming that the one-body V; contribution that describes the
external forces acting on the system is zero. Additionally, the Vjy contribution is also
assumed to converge to zero with increasing number of N for Eq. 1.3 to be useful in
computational simulation. The total potential ® can therefore be assumed as a linear
combination of the two-body V5, and three-body V3 interactions as shown in Eq. 1.4
[48, 49].

Oy, ) 2y Vali,j) + Y Va(i g k) (1.4)

i<j i<j<k

SW-type potential functions for Si-O-Cl and Si-O-F systems were derived by Ohta and
Hamaguchi [45, 50]. In this SW-type potential, all atoms are considered charge-neutral.
Eq. 1.4 was parameterized by first defining the two-body V5 contribution into the repulsive

Vx and attractive or bonding Vg interaction between two atoms.

c
VR = ar P exp ( )
r—re

d
Vg = —br %exp ( )

r—="Te

(1.5)

If we assume that Vi is linearly dependent on the square of Vi (p = 2¢ and ¢ = 2d), the

two-body V5 interaction for the i** and j* atoms would be

ar~24 exp (—_2d > — br~%exp ( ,d ) , it <o

Tij—Tc Tij—Tc

Va(i,j) = (1.6)

O, if’f’ij ZTC

where a, b, d, ¢, and r. are parameters with r. being the interatomic cutoff distance

45, 50, 51].



Chapter 1. Introduction 13

The three-body V3 interaction describes the angular dependencies of the i**, 7' and

k™ atoms given by

Va(i, 7, k) = hjir(Tijs Tike, Ogi) + P (T30, Tk Oijie) + Ping (Tis Thj, Oikj)- (1.7)

The h function in Eq. 1.7 is dependent on the angle between three atoms 6 (the vertex
atom is denoted by the center subscript), and the distances r of the two atoms from the

vertex atom given by

Yk fii(rig) fin () (1.8)

Rk (Tji, Tk, Oijie) = Kiji|cos 055 — Oijk

where k, ©, and ~ are parameters. The f function in Eq. 1.8 prevents the overestimation

of the angular dependency, and is dependent on V5 given by

17 r S T'min,
fij(r) = “anil, Tnin < T < Te, (1.9)
0, r>re,

where r,,;, is the distance between the ¢th and jth at the minimum two-body interaction

energy Vo |45, 50, 51].

The parameters for two-body V5 and three-body V3 potential functions are determined
by Levenberg-Marquardt nonlinear fitting of the potential energy curve of various atomic
configurations. The potential energy curves are obtained from ab initio quantum mechan-
ical calculations based on density functional theory (DFT) using the software Gaussian

52].

The interatomic potential function used in this study to describe the short-range
interactions of the system of interest excluding interactions with noble gases is based on

this parameterized SW potential function. The short-range interactions with noble gases
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are described by the Moliére [42] repulsive pair potential given by

A —0.37;; —1.27;; —6.0r;;
V(rij) = i€ (0.35 exp ( am) + 0.295 exp (TT]) +0.10exp ( ar] )
1

47T€07’Z'j

with

a = 0.885a0(Z;* + 2)/%) 7%

where Z; and Z; are the atomic numbers, and ag = 5.29177249 x 107! is the Forsov

screening length and Bohr radius [42, 50].

Long-range interactions among the atoms are also considered in the simulation, and

are described by Van der Waals potential given by

46{ (%)12 . (%)G}GXP (Ti_lcl _ Ti_QQ) if Co <1 <y,

0, otherwise

VVdW(T’) = (1-11)

where € = 0.0108 ¢V, 0 = 35 A, d; = dy = 0.1 A, ¢; = 8.0 Aand ¢, = 3.5 A. The
repulsive interaction of the Van der Waals is not included since the repulsive interaction
of the atoms is already accounted by the two-body V5 potential that describes covalent
bonding. Also, the minimum bond energy in Van der Waals interactions is extremely

small (== 102 eV) in comparison to typical covalent bonds (several eV) [50, 53].

1.3.2 Integration Algorithm of Newton’s Equations of Motion

With a relatively accurate interatomic potential, the motion of the atoms that are treated
as classical particles can be determined by numerically solving Newton’s equations of
motion. For a system containing N particles interacting by a potential ®(7;), Newton’s

equation of motion is given by

(1.12)
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with

Di=m; 1

where ¢ = 1, 2 ... N, m; is the mass of particle 7, and 7 and 7 are the first and
second derivative respectively at position 7; with respect to time ¢. To have an accurate
representation of the interactions of the atoms in the system, 7; should be evaluated at
small time steps At [44]. The differential equations to be solved would increases as the
system to be simulated gets larger. As such, various integration algorithms has been
developed to integrate Newton’s equations of motion. One of the common integration
algorithm is the Verlet algorithm [44, 54| given by

Rt AL) = 27(8) — 7(t — At) + — B ()(At)? (1.13)

m;

where the new position at time (¢ + At) is calculated from the position and force at time
t, and the position at time (¢t — At). The velocity can be derived from Eq. 1.13 and is

given by
o mi(t + At) — 73 (t — At)
e 2At

(1.14)

Another integration algorithm is the Leapfrog algorithm. This algorithm is a modi-
fication of the Verlet algorithm wherein the new particle position is calculated from the
next half-step At/2 velocity given by the velocity the leaps over the coordinate, thus the

name leapfrog [44].

2 2 m;
At (1.15)
7t + At) = 75(t) + 7 (t + 7) At

The velocity can be derived from Eq. 1.15 and is given by

. At (4 — At
1—}»‘1':’01(25—’_2)—;/01(7f 2). (116)
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1.3.3 Statistical Mechanical Ensembles and Thermostat Algo-

rithms

The instantaneous positions and velocities of all particles in the system can be obtained
by integrating Newton’s equations of motions. However, properties of the system cannot
be determined with just the positions and velocities of the particles. Statistical mechanics

must be used to obtain relevant macroscopic properties from MD simulation [39].

In this study, the microcanonical NV E ensemble is used. An NV FE ensemble describes
an adiabatic process wherein the total energy of the system Eroiai = Epotentiat + FKinetic
is conserved in which the number of the atoms / particles N and the volume of the
system V' are constant. With an NV E ensemble, the system is allowed to evolve under
microcanonical conditions. Other statistical ensemble are NPT and NVT. An NPT
ensemble describes an isothermal-isobaric system wherein the number of particles IV, the
pressure P and temperature 1" are kept constant. On the other hand, NVT is an ensemble
with the number of particles N, the volume of the system V', and the temperature 1" are

kept constant [39, 44, 45].

In MD simulations, the system is first allowed to evolve under microcanonical NV E
ensemble. After which, the system would be cooled down to room temperature (300 K)
through thermostat algorithms. One of the most common thermostat algorithms is the
Nose-Hoover thermostat algorithm. The Nose-Hoover thermostat was proposed by Nose
and extended by Hoover wherein the temperature of the system is controlled by coupling

it to a heat bath [55, 56].

For the simulations done in this study, the temperature of the system is cooled down by
decreasing the velocities of all atoms through Langevin thermostat [44, 57]. In Langevin
dynamics, the Newton’s equation of motion is modified to describe the movement of a
particle in a viscous system. This is done by adding the noise term f_; that describes

Brownian motion, and a friction constant I'; that determines the rate of temperature
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relaxation given by

m; Ty = F, —mD 7+ (). (1.17)

Aside from Langevin thermostat, another thermostat algorithm called Berendsen
Weak-Coupling algorithm was employed in the MD simulations. In the Berendsen ther-
mostat [58], a heat bath with a predefined temperature Ty is weakly coupled to the system.
When the temperature of the system 7" fluctuates from Ty, T is corrected by re-scaling
the velocities of all particles at the rate of the time constant 7 by the scaling factor x
where At is the defined time step. Continuous velocity scaling causes the kinetic energy
from high-frequency motion (i.e. bond stretching, angle bending) to be repressed, while
kinetic energy from low-frequency motion (i.e. global translation, global rotation) are
increased. This causes the system to exhibit an unphysical phenomenon called the ‘flying
ice cube’ wherein the system is frozen in a single conformation that translates or rotates
in space [44, 58, 59]. As such, Berendsen thermostat is only employed for the last 100fs

in all simulations.
dT B T,—T
dt N TT

At [Ty 1/2
=[5 (7))

1.3.4 MD Simulation Conditions

(1.18)

The etching process is simulated in MD by injecting a predefined impact particle referred
to as ’ion’ on the material to be etched referred to as substrate. All simulations in this
study was done with MDsurf simulation code developed in the Hamaguchi Laboratory

that has been used in several studies [45, 53, 60-72].

In the beginning of the MD simulation, the substrate is first created by replicating
its defined unit cell in all directions until the desired initial dimensions of the substrate

is attained. The initial velocities of the particles were randomly assigned based on the
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relation

kT

v =

(1.19)

m

where T; is the initial temperature at 300 K, k; is the Boltzmann constant, and m is
the particle mass [39, 45]. Periodic boundary conditions are applied in the horizontal
directions. As such, an actual surface can be simulated. A 0.5 nm layer of atoms at the
bottom of the substrate are fixed (v = 0) to prevent lateral displacement of the simula-
tion box. This layer is referred to as ’anchor’. The anchor is continuously added under
two conditions: (1) atoms reached passed the bottom; and (2) the volume-averaged tem-
perature Ty, of the substrate exceeds the defined maximum temperature T, (usually
1,700 K). With such conditions, the height of the substrate is theoretically infinite, and
would only be defined once the simulation has been stopped. Before injecting the ions,
the substrate is relaxed at 300K for 10,000fs to relieve substrate stress. The substrate is

also relaxed whenever an anchor is added.

Once the substrate is created, the injection cycle is started by placing the ion at
random z and y directions. The ion is then injected towards the substrate at the defined
incident angle and ion energy. In all MD simulations, the electrical charges of the ions are
not considered as part of the interatomic forces. As such, though the impact particles are
referred to as ions, the ions are treated as neutral species having the same kinetic energies.
This approximation is based on the assumption that charged species in the plasma are
neutralized at the moment of impact on the surface by the Auger effect [73, 74]. Upon
ion injection, the kinetic energy of the ion is transferred to the substrate, then collision
cascade occurs. This step is referred to as the energy preservation step since the system
is allowed to evolve under constant total-energy conditions (NV E ensemble). The energy
preservation step generally lasts for 300fs. Due to the kinetic energy transfer from the ion,
the temperature of the system increases. As such, the system is artificially cooled down to
prevent unrealistic heating. This is done by decreasing the velocities of all atoms with a
Langevin thermostat for about 1600fs. Berendsen thermostat was then employed for the

last 100fs of the injection cycle. Berendsen thermostat is only applied for 100fs to suppress
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the ‘flying ice cube’ effect. A variable time step from 0.2fs to 0.5fs was used which would
be adjusted depending on the fastest calculated velocities of the particles. The time step
is small enough for good conservation of total energies of isolated systems. Except for
the duration of the Berendsen cooling, the duration of the steps in the injection cycle can
be varied as necessitated. In general, one injection cycle lasts for 2,000fs. The injection
cycle is repeated for more than 1,000 times to have statistical accuracy in calculating

macroscopic properties of the etching process such as etch yield and etch rate.

Injection Cycle
.| Relaxation for ] — i
[ Start ]—> Create substrate = 10,0006 ol Tonincidence e
s
Ton
Add anchor penetrates passed

the substrate?

Energy-preservation
calculation (NVE)

yes

Tlotal = Tmax

no

Cooling

\ 4

Remove desorbed
species

All cycles
completed?

FIGURE 1.9: Flow chart of the MD simulation
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1.4 Objectives

The primary objective of this research is to provide insight in the mechanism of the high
aspect ratio etching step in the fabrication of 3D NAND devices through MD simulations
supported by beam experiments. As HAR etching is a complex problem, the research has

been divided into four main sections.

In Chapter 2, ion scattering simulations on smooth and rough surfaces of Si and SiO,
by Ne®, Ar", and Xe" ions were performed. The ions were injected at glancing angle
to represent how ions interacts with the sidewalls of HAR channels. By doing this, the
effects of atomic scale roughness on ion scattering could be inferred. In Chapter 3, etching
simulations of SiO,, SiN, and oxide-nitride multilayer by CF3" ions were performed. This
was done to understand how the etching mechanism changes when etching through differ-
ent materials. In Chapter 4, etching simulations of SiO,, and SiN by CF3" ions and Cl"
ions were performed to provide insights on the etching with Cl-containing fluorocarbon
plasmas. To do this, interatomic potentials for the interaction of Cl with fluorocarbon
were first developed. Simulation etch yields were compared with ion beam experiments
to validate the MD simulation. In Chapter 5, etching simulations of SiOy with carbon
masks by CF3" ions were performed. This was done to understand the mechanisms of
reactive ion etching processes to form nanometer-scale holes (nano-holes) into a SiOs

surface region with a carbon mask by fluorocarbon plasmas.



Chapter 2

Inert-gas Ion Scattering at Grazing
Angle Incidence on Si and SiO»

Surfaces

2.1 Introduction

Semiconductor devices with higher integration have been continuously developed to ad-
dress the demand for high-speed information processing and communication. NAND
flash memory technology [6, 16, 17, 75] has been the leading solution to any platform
that requires data storage. Manufacturing of 3D NAND devices requires the formation
of extremely deep holes with relatively small cross-section diameters. Their aspect ratio
(i.e., the ratio of the depth to the diameter) has continued to increase to accommodate
more memory cells along the sidewalls of deep high-aspect-ratio (HAR) holes or chan-
nels. Plasmas are widely used to etch material surfaces in semiconductor manufacturing
processes [27, 28, 76-79]. Simultaneous irradiation of energetic ions and chemically reac-

tive species generated in a plasma can efficiently etch a material surface, which is called

21
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reactive ion etching (RIE) [20, 80]. RIE to form HAR channels is considered to be one

of the most challenging processes in 3D NAND manufacturing [81-84].

In RIE processes to form HAR channels (i.e., HAR etching), some energetic ions hit
the sidewalls at grazing incidence and get reflected [61, 85, 86]. Most of such ions are
considered to be reflected specularly on the sidewalls. However, depending on the side-
wall materials (i.e., chemical compositions) and surface roughness, they may be reflected
differently. Due to the difficulty of ion scattering experiments at grazing incidence, most
studies on ion scattering on trench or hole sidewalls have been performed with numerical
simulation. For examples, Van Nguyen et al. [87] and Dalton et al. [88] showed that ion
scattering from the sidewalls greatly affected the mechanisms of trench etching. Abrams
and Graves [89] modeled the scattering of low energy argon (Ar) ions (< 200 eV) on sili-
con dioxide (SiOs) surfaces and showed that incident angle less than 85° from the surface
normal roughened the surface, which consequently affected the reflection characteristics
of the ions incoming at glancing angles. Cagomoc et al. [90] showed incident fluorocar-
bon ions colliding with the SiO, sidewalls at glancing angles during hole channel etching

preferentially sputtered off oxygen (O) atoms.

While few experimental studies seem to have been published so far of grazing angle
scattering on silicon (Si)-based material surfaces, some studies examined ion scattering on
carefully prepared smooth and pristine metal surfaces. Romney and Anderson performed
molecular beam experiments to study the scattering of 0.05 eV-5 ¢V Ar from silver (Ag)
(111) surfaces [91]. They reported that the scattering distributions of Ar at all energies
peaked at/near specular angles. Hays et al. extended the energy range to 20 €V, wherein
they also observed specular reflection [92]. Scattering experiments of 3 keV noble gas
atoms and ions from a copper (Cu) (111) surface under grazing incidence by Pfandzelter

et al. showed polar-angle distributions that peaked at the specular reflection [93].

The goal of this study is to understand the effect of atomic-scale roughness of HAR
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channel sidewalls on the ion scattering. For this purpose, we performed molecular dy-
namics (MD) simulations [43, 94, 95] to obtain angular distributions of ions scattered on
smooth and rough Si and SiO, surfaces at grazing incidence. Quantitative information
on such scattered or reflected ions can be used to predict the profile evolution of HAR

channels in RIE processes [96-106].

2.2 MD Simulation

MD simulation was used to simulate the scattering of Ar", neon (Ne™), and xenon (Xe™)
ions on a 4.3 nm x 4.3 nm Si surface or 4.2 nm x 4.2 nm SiO, surface. Two types of
surface morphology were defined for each material: (1) pristine or smooth surface; and (2)
rough surface wherein the roughness was artificially created by placing around 1 nm-high
protrusions on the surface, as shown in Fig. 2.1. The horizontal size of each protrusion is

also about 1 nm x 1 nm.

The modeled roughness was selected to be sufficiently smaller than the typical rough-
ness of etched structures but slightly larger than atomic scales. For example, figures of
the sidewall striations in HAR etching of hole channels with a diameter of 100 nm re-
ported by Omura et al. [83] indicate that such roughness is over 10 nm in height. The
line edge roughness (LER) of Si fin structures reported by Dixit et al. [107] is around 4
nm. The goal of this study is to clarify the effects of roughness smaller than "observable"
roughness (e.g., about 10 % of the minimum dimension of the structure to be etched)
on ion scattering. This is because, in typical profile simulation models, such observable
roughness can be directly modeled as part of the surface structures that reflect incident
ions in certain directions. Effects of surface roughness smaller than the size of such an
observable surface structure may appear as distributed angles of scattered ions around
the specular angle. In this study, we attempt to understand such angular distributions of
scattered ions on seemingly flat Si or SiO, surfaces as functions of the small-scale surface

roughness and incident ion species.
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FIGURE 2.1: Atomic-scale surface models used in the MD simulations of this study.
Here (a) and (b) represent smooth and rough crystalline Si surfaces and (c) and (d)
represent smooth and rough SiOy surfaces. To model the scattering phenomena of
incident ions on the sidewall of a HAR channel (as schematically depicted on the left),
the top surfaces of (a)-(d) represent small areas of the nearly vertical sidewall surfaces of
the HAR channel, into which energetic ions are at grazing incidence. The depth of each
surface model here is depicted as relatively thin but, in MD simulations of high-energy
ion impact, sufficiently thick surface models were employed, as discussed in the main
text. The orientation of the top Si surface of (a) is (100).

The atomic interactions among Si and O atoms used in this study given by Stillinger-
Weber potential functions [48, 49, 108], as discussed in Refs. 45, 109, 110. All interactions
with nobles gases (Ar, Ne, and Xe) were described by the Moliére repulsive pair potential
[42, 45|. Though the injected particles were referred to as ions, the MD code treated

the injected ions as fast neutrals based on the assumption that incident ions would be

neutralized near the surface |73, 74]. The scattering simulation code used in this study had



Chapter 2. Inert-gas Ion Scattering at Grazing Angle Incidence 25

been extensively used in previous studies of plasma etching and deposition simulations

53, 60, 63, 74, 111-117].

The model surface represents a part of the sidewall of a Si or SiO5 channel. Although
the area that the model represents may be small compared with the deep trench or
hole scale, it is assumed to be large enough on the atomic scale. Therefore, periodic
boundary conditions were imposed in the horizontal directions of the model surface (i.e.,
the directions of the sidewall surface). The depth of the model surface is taken to be
sufficiently deep and the positions of the atoms in the bottom layer were fixed to prevent
the downward drift of the surface model during the simulation. If the incident ion or
a recoiled atom of the material reaches the bottom layer of the surface model during
the simulation, additional layers of the same material were added to the surface model
from the bottom, making the depth of the surface model theoretically infinite. In our

simulation, the initial surface model was in thermal equilibrium at 300 K.

In actual etching processes to form HAR 3D NAND channels through a stacked
film of dozens — or even over a hundred — of pairs of thin SiO,/silicon nitride (SiN)
or SiOy/polycrystalline Si layers, [81, 84, 117| reactive ions and charge-neutral radicals
generated in fluorocarbon or hydrofluorocarbon plasmas are used with masks made of
carbon-based materials [38, 118-122|. However, this study used noble-gas species instead
as injected ions to focus on simple physical scattering phenomena and removed possible
effects of chemical reactions. It should be noted that Ne has an atomic mass close to
those of C and F and Ar has a mass close to that of Cl, i.e., reactive species widely used

in plasma processing.

The scattering phenomenon was simulated by injecting ions with an incident angle
0; and following the ion trajectories as the ions were scattered by the surface [86]. The
reflection angle (6,) and azimuthal angle (¢,), as defined in Fig. 2.2, of each reflected ion

were recorded for analysis. The incident angle and the reflection angle are measured from
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90°

FIGURE 2.2: Definitions of the angles of incident and scattered ions relative to the
surface normal and the direction of ion incidence. The side and top views of the surface
model are given on the left and right. The blue sphere represents the incident ion and the
broken lines and arrows represent the ion paths and their directions. The incident angle
is 0;, the reflection angle, i.e., angle of the reflected or scattered ion (or the corresponding
charge-neutral atom after charge exchange on the surface) measured from the surface
tangent is denoted as 6,, and the azimuthal angle of the reflected ion is denoted as ¢,.
Note that, for specular reflection, 8, = 90° — 0; and ¢, = 0.

the surface. The azimuthal angle of the reflected ion path is defined as the azimuthal

angle around the axis normal to the surface at the location of impact.

As the simulation was performed to study the scattering on the sidewalls of HAR
structures, the ions were initially injected at oblique angles from 5°— 20° with an ion
energy (E;) of 1,000 eV. Additional scattering simulations for Ar" with incident angles

from 5°to 90° and ion energy of 100 eV were also performed to supplement the results.

In each ion-injection simulation cycle, an ion is injected into the clean initial surface
with the predefined angle of incidence and kinetic energy. The initial position of the
incident ion is slightly above the material surface and its horizontal position is randomly
selected. The MD simulation of each ion injection cycle lasts for 2,000 fs. The simulation
is performed under the microcanonical conditions, i.e., with the total energy being con-
stant, for the first 300 fs. Subsequently, the system is gradually cooled by the Langevin
thermostat [43, 57] for 1,600 fs and then by the Berendsen thermostat [58] for the re-
maining 100 fs, so that the material temperature is brought back to 300 K, i.e., the initial

surface temperature, at the end of the ion-injection simulation cycle.
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This ion injection cycle was repeated up to 10,000 times for statistical accuracy. In
each injection cycle, the simulation is performed with the same initial surface given in
Fig. 2.1 and no self-consistent change in the surface morphology due to the ion bombard-
ment was considered. Because a reflected ion, if there is any, typically leaves the surface
well before the cooling process starts (i.e., ¢ < 300 fs with ¢ being the simulation time in a
single cycle.), the cooling process employed in the simulation is unlikely to affect the ion
reflection properties examined in this study. However, the cooling process was performed
to ensure that thermally desorbed ions (or the corresponding inert-gas atoms after charge
neutralization) can be captured even if the injected ion is trapped in the material for an
extended period. In the simulation, the injected ion is considered to be reflected when
the z component of its velocity, v,, is positive and escapes the surface at the end of the

ion-injection cycle.

2.3 Results and Discussion

2.3.1 Angular distributions of reflected ions

We denote the probability of a reflected ion having kinetic energy E, reflection angle 6,
(0° < 6, < 90°), and the azimuthal angle ¢, (—180° < ¢, < 180°) by f(F,0,, ¢,) such

90° 180°
/ dE/ d9/ déo f(E,0,, ¢,) =1
0° —180°

Due to the system symmetry, we have f(E,0,,¢,) = f(E,0,, —d,).

that

The reflection-angle distribution F(6,) is defined as

180°
o) =~ [ dE / d6a f(E,0r b0) .

180°

where N, and N;, denote the number of incident ions reflected on the surface and the

number of incident ions. It should be noted that incident ions may be trapped in the
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FIGURE 2.3: Reflection-angle distributions F(6,.) of Net (green), Ar" (red) and Xe™ (blue) ions reflected on the smooth and rough Si

and SiO9 surfaces defined in Fig. 2.1. The ion incident energy is 1,000 eV and angles of incidence are 5°, 10° and 20°. The vertical black

dashed line indicates the specular angle in #,.. At 5°and 10°, the curves for Ar and Ne nearly overlap. Note that incident ions may be
trapped in the material.
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material and the integral of F'(6,) over the entire reflection-angle domain represents the
ion reflection probability. The reflection-angle distributions for 1,000 eV noble-gas ion

incidence on the smooth and rough Si and SiO, surfaces of Fig. 2.1 are plotted in Fig. 2.3.

For the smooth surface, the specular reflection is likely to take place. Indeed the
reflection-angle distributions peaked at 5° and 10° on smooth Si and SiO, surfaces for all
incident ion species examined here when the incident angles were 5° and 10°. Regardless of
the incident ionic species or surface conditions, the reflection-angle distribution broadens
with a decreasing ion incident angle. For a smaller incidence angle (i.e., an angle closer
to the normal incidence), the incident ion is more likely to penetrate the material, rather

than to be scattered on the material surface.

It is seen that the reflection-angle distribution on SiO, is broader than that on the
Si surfaces under the otherwise same conditions. This can be attributed to the fact that
the smooth SiO, surface has a small measure of roughness in comparison to the nearly
perfectly smooth crystalline Si surface at 300 K. Introducing a 1 nm surface roughness
to both Si and SiOy further broadens the 6, distributions. Additionally, a narrower 6,
distribution for Xe™ ion incidence was observed in comparison to those for Ar™ or Ne™
ion incidence due to the much larger mass of Xe. At the same kinetic energy, a heavier
ion has a higher momentum and its path is less likely to be disturbed by the collision

with lighter Si atoms.

The azimuthal-angle distribution G(¢,), which is defined as

N’r 00 90°
Glon) = 5= [ ap [ o, p(E0.00)

of reflected ions for 1,000 eV noble-gas ion incidence on the smooth and rough Si and SiO,
surfaces are plotted in Fig. 2.4. It is seen that all azimuthal-angle distributions peak at
¢a = 0, i.e., the direction of forward scattering. It should be noted that |¢,|< 90° indicates

the forward scattering. It is seen that, at an incident angle of 20°, a relatively large number
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of Ne™ and Ar" ions may result in backward scattering (i.e., |¢.|> 90°). In general, the
larger the angle of incidence (i.e., the smaller the grazing angle) becomes, the narrower the
azimuthal-angle distribution becomes. This is consistent with the observation of F'(6,)
above that, at a lower angle of incidence, the reflection is more specular. It is also seen
in Fig. 2.4 that the rougher the surface is, the wider the azimuthal-angle distribution
becomes. The ion mass effect is also seen; the azimuthal-angle distribution of Xe™ ions
is narrower than that of Ar™ or Ne™ ions. The heavier mass of an ion and therefore the
higher momentum that the ion carries minimizes the deflection of the ion path when it

hits a rough surface.

The mean kinetic energy E of reflected ions is defined by

. 00 90° 180°
E:/ dE/ dHT/ doo E f(E, 6, ¢a)
0 (e} —

180°

The mean kinetic energies of reflected ions from the smooth and rough surfaces of Si
and SiO, are plotted as functions of the ion incident angle in Fig. 2.5. The incident ion
energy is 1,000 eV. The mean kinetic energy of reflected ions is seen to increase with the
increasing incident angle in all cases. Especially at 5° on the smooth surface, the energy
loss is relatively small since the interaction time is limited between the ion at grazing
incidence and surface atoms. In general, lighter ions tend to lose less energy than heavier
ions when they are reflected. Furthermore, ions reflected on the smooth surface tend
to lose less energy than those reflected on the rough surface because incident ions tend
to collide with a larger number of surface atoms when they are reflected on the rough
surface. However, it is seen that, at 20°, the kinetic energies of reflected Xe*t ions are
less affected by the surface roughness probably because, even on the smooth surface, they
tend to penetrate the material more deeply than in the cases of larger incident angles and

interact with surface atoms for a more extended period.
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FIGURE 2.5: Mean kinetic energies of Ne™ (green), Art (red), and Xet (blue) ions

reflected on smooth (represented by circles) and rough (squares) Si and SiOg surfaces

defined in Fig. 2.1, as functions of the angle of incidence. The ion incident energy is
1,000 eV.

2.3.2 Reflection probabilities

The reflection probability is defined as the ratio of the number of reflected ions to the total
number of injected ions. The reflection probabilities of injected inert-gas ions are plotted
as functions of the incident angle in Fig. 2.6, where the incident ion energy is 1,000 eV. It
is seen that, at a lower incident angle of 5°or 10°, all ions have similar or nearly the same
reflection probabilities on each surface and the surface roughness somewhat decreased
the reflection probabilities. However, at 20°, the surface roughness hardly affected the

reflection probabilities and the reflection probabilities are significantly lower than those
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at lower angles. This is because, at 1,000 eV incident energy with an incident angle of
20°, significant sputtering takes place and incident ions are more likely to be embedded

in the surface material.
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FIGURE 2.6: Reflection probabilities of Net (green), Ar™ (red), and Xe*t (blue) ions
reflected on smooth (represented by circles) and rough (squares) Si and SiOg surfaces
defined in Fig. 2.1, as functions of the angle of incidence. The ion incident energy is
1,000 eV. The data for Ne™ and Ar* ions at 20° for the smooth and rough Si surfaces
overlap. Similarly the data for Ne™ and Ar™ ions at 20° for the smooth and rough SiO,
surfaces nearly overlap. At low incident angle (i.e., 5° or 10°), all ions have the same or
similar reflection probabilities for each surface. The dotted and dashed lines are guides
for the eye.

The reflection probabilities of low-energy injected inert-gas ions are plotted as func-
tions of the incident angle in Fig. 2.7 for comparison, where the incident ion energy is
100 eV. It is seen that, at the oblique incident angles examined here, the reflection prob-
abilities of all ions are near unity regardless of the surface conditions. This is because
the incident energy is too small for the incident ions to penetrate the material. The
reflection-angle and azimuthal-angle distributions for 100eV noble-gas ion on smooth and

rough Si and SiO, surfaces are shown in Appendix A.
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FIGURE 2.7: Reflection probabilities of Net (green), Ar™ (red), and Xe*t (blue) ions

reflected on smooth (represented by circles) and rough (squares) Si and SiO9 surfaces

defined in Fig. 2.1, as functions of the angle of incidence. The ion incident energy is

100 eV. The reflection probabilities of all ions on each smooth surface overlap and are

nearly unity. The reflection probabilities of all ions reflected on each rough surface also
nearly overlap. The dotted and dashed lines are guides for the eye.

It should be noted that such reflection of low-energy incident ions on a material
surface typically results from their multi-body collisions with the tightly bonded surface
atoms. For example, Fig. 2.8 shows the reflection probabilities of Ne™, Art, and Xe™
ions reflected on a smooth Si surface as functions of the angle of incidence, obtained from
MD and "Stopping and Range of Ions in Matter" (SRIM) [123-126] simulations. SRIM
is a binary-collision-based simulator for atomic motions. MD simulation results are the
same as those in Figs. 2.6 and 2.7 with Ar™ data being extended to 90°. It is seen that
the reflection probabilities obtained from SRIM are nearly the same between the cases
of 100 eV and 1,000 €V ion incident energies. Furthermore, the reflection probabilities
obtained from SRIM are significantly lower than those from MD simulations, especially

at low incident energy or large incident angles. This is because, in SRIM, the incident
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FIGURE 2.8: Reflection probabilities of (a) Ne™, (b) Ar™, and (c) Xe™ ions reflected
on a smooth Si surface as functions of the angle of incidence, obtained from MD and
SRIM simulations with ion incident energies of 100 and 1,000 ¢V. MD simulation results
are the same as those in Figs. 2.6 and 2.7 with Ar" data being extended to 0°. The
obtained reflection probabilities are seen to differ significantly between MD and SRIM
simulations, especially at low incident energy or large incident angles. In each case,
SRIM data at 100 eV and 1,000 eV nearly overlap. As discussed in the main text, the
MD simulation results are considered to be more reliable than the SRIM simulation
results.

ion only interacts with a single atom on the surface with which it is about to collide and
does not interact with other neighboring atoms on the surface simultaneously. Therefore,
the incident ion in SRIM simulations does not "see" the surface, i.e., an array of tightly
bonded atoms, and it penetrates the material unless it makes a backward scattering with
this collision. On the other hand, MD simulation can handle multi-body collisions and,
therefore, the incident ion interacts with multiple atoms on the surface simultaneously,
which may collectively prevent the incident ion from penetrating the material. The binary
collision assumption for ion injection into a material is typically valid only when the
colliding atom has sufficiently high kinetic energy. For this reason, the MD simulation
is considered to represent the surface collision and reflection processes more accurately

than the SRIM simulation.
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2.4 Conclusions

Molecular dynamics simulation of the scattering of Ne™, Art, and Xe™ ions at grazing
incidence (i.e., with the angle of incidence < 20°) on smooth and rough Si and SiO,
surfaces were performed to evaluate their scattering properties. The ion incident energy
used in this study was 1,000 eV in most cases. The study was motivated to understand how
energetic ions interact with the sidewalls of HAR channels when they hit the sidewalls at
grazing incidence during RIE processes to form such channels. In RIE processes, incident
ions are typically reactive ions such as fluorocarbon ions. However, in this work, we

limited our interest to inert-gas ions to focus on the effects caused by physical impact.

It is found from the MD simulations that the angular distributions of reflected ions
broaden more when the ion mass is lower, the incident angle is closer to the normal
incidence, or the surface is rougher. The mean kinetic energy of reflected ions increases
with the ion incident angle. Especially when the surface is smooth, the ion mass is
low, or the incident ion grazing angle is small, the mean kinetic energy of reflected ions
becomes close to the incident ion energy and the reflection becomes nearly specular. The
surface roughness reduces the mean kinetic energy of reflected ions, especially at grazing
incidence. In general, a crystalline Si surface is smoother than a typical smooth SiOq
surface at the atomic level. Therefore, on a smooth crystalline Si surface, the angular
distribution of reflected ions is slightly less broad and the mean kinetic energy of reflected
ions is slightly higher than those on a smooth SiOs surface. The reflection probability
also increases as the angle of incidence increases. Especially, the reflection probabilities
of all ions examined in this study scattered on a flat surface are close to unity at an ion
incident angle of 5°. When the incident ion energy is as low as 100 eV, the reflection
probabilities of all incident ions are close to unity as the incident ions do not have enough

energy to penetrate the material.

The reflection probabilities evaluated with SRIM simulations are typically much smaller

than those obtained from MD simulations. Because SRIM is based on a binary collision



Chapter 2. Inert-gas Ion Scattering at Grazing Angle Incidence 37

model, the incident ion in SRIM simulation interacts only with a single atom on the ma-
terial surface and cannot be repelled collectively by the surrounding surface atoms even if
its incident kinetic energy is not sufficient to pass through the narrow interatomic space

of the material surface.

It should be noted that all data obtained in this study were those on the surfaces
defined in Fig. 2.2; the surface morphologies and other conditions were not modified self-
consistently by the incident ion impact for the sake of simplicity. For practical applications
of our interest, i.e., scattering of chemically reactive incident ions such as fluorocarbon ions
on sidewall surfaces of HAR channels, the surfaces are modified by not only the incident-
ion impact but also the redeposition of chemically reactive species arriving from the
plasma or other areas of the sidewalls as sputtered or desorbed species. The present study
is the first step toward a more comprehensive understanding of such complex scattering

phenomena of chemically reactive species.






Chapter 3

Molecular Dynamics Simulation of
Oxide-Nitride Bilayer Etching with

Energetic Fluorocarbon lons

3.1 Introduction

The 3D NAND flash memory technology emerged when the scaling of planar NAND
devices can no longer address the demand for larger memory storage [6]. The idea behind
3D NAND devices is to stack memory cells vertically to increase the memory density per
area. There are various 3D NAND structures developed in the industry today such as the
Terabit Cell Array Transistor (TCAT) and the Bit-Cost Scalable (BiCS). The fabrication
of 3D NAND devices starts with the deposition of alternating thin films on the substrate.
The types of deposited films depend on the design of the device; for example, a multi-layer
stack of alternating silicon dioxide (SiOy) and silicon nitride (SiN) layers is known as an
ONON layer. The number of deposited layers in such a stack determines the memory
capacity of the fabricated 3D NAND devices [6]. After the formation of a multi-layer

stack, the next process is high-aspect-ratio (HAR) etching to form deep holes through

39
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the stack. The HAR etching is preceded by the deposition of a hard mask patterned
with holes to allow the etching of deep hole channels [17]. The purpose of HAR etching
is to create hole channels with smooth and straight sidewall profiles. The HAR etching
is the main roadblock in 3D NAND device fabrication due to the increasing difficulty
in maintaining ideal hole channel profiles and avoiding issues, e.g., bowing, tapering,
twisting, and incomplete etch, with increasing aspect ratios [24]. The goal of this study
is to understand the fundamental properties of the ONON layer etching by energetic
reactive ions. Reactive ion etching (RIE), i.e. etching of materials by energetic ion
impact combined with surface chemical reactions |20, 80] is used for HAR etching in the
fabrication of 3D NAND devices. Energetic ions used for RIE are typically generated
in chemically reactive plasmas [27, 28, 76-79]. To achieve this goal, we use molecular
dynamics (MD) simulation |94, 95, 127] to study the interaction of incident chemically

reactive ions with surface atoms.

Fluorocarbon or carbon fluoride (CF) plasmas are typically used in SiOy and SiN
etching. It has been known that CF-containing surface-material layers (which we call
“mixing layers”) are formed on the material surface during such etching processes and can
facilitate surface etching reactions by forming silicon fluorides (SiFy) and other volatile
molecular species. For example, with MD simulations, Abrams and Graves showed MD
simulation results of Si etching by CF3* (< 200eV) ions wherein a fluorocarbosilyl layer
forms on the Si surface [128]. Smirnov et al. showed that SiOs etching proceeded with and
without CF-polymer layer formation by low-energy ions [129]. Rauf et al. demonstrated
MD simulation of layer-by-layer etching of Si and SiO, by fluorocarbon and Ar™ ions
[130]. Miyake et al. found that the electronegativity of fluorine (F), which weakens the
carbon (C) —carbon bond and strengthens the carbon-fluorine bond of C-C-F or C=C-F
structures strongly affects the nature of polymer deposition and, therefore, the formation

of the mixing layer during etching [60].

Mass-selected ion beam experiments have been used to characterize the etching prop-

erties of SiO,, SiN, and other materials [38]. For example, Karahashi et al. presented
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the sputtering yields of SiOy by F* and fluorocarbon ions as functions of the incident ion
energy [119] and Yanai et al. presented those of SiN [120]. Tto et al. examined hydrogen
effects in CF-based etching of SiN [121].

In this study, we focus on the etching of SiOy and SiN by CF3" ions with a high
energy range (up to 2000eV). Specifically, we are interested in the etching of a SiO, and
SiN (ON) bilayer, which represents a part of the ONON multilayer used in 3D NAND
devices, and how the etch rate changes as the etch front passes the bilayer interface. From

such simulations, we aim to understand how the multi-layer structure can affect the final

etched profiles of HAR deep holes.

3.2 Methodology

In this study, we employed classical MD simulation to study the RIE of SiO,, SiN, and
Si0,-SiN bilayers by CF3" ions at various incident ion energies ranging from 200eV to
2000eV. In classical MD, Newton’s equations of motion are numerically integrated to
determine the orbits of all atoms in the system [94, 127]. The interatomic potential
functions that we used for this study atoms are based on Stillinger-Weber potentials
[48, 49] which were modified to include all necessary two-body and three-body interactions
for the Si-O-N-C-F system. The modified potentials have been used in earlier studies
[45, 53, 60-72].

The model of a SiO, film (Fig. 3.1a) was created by placing Si and O atoms to
form a pseudo cristobalite structure [74] in a rectangular box with a surface area of
17.5nm? (4.19nm x 4.19nm). The initial depth was set to optimize the computational
time, depending on the incident energy of ions injected into the film, e.g., 3.49nm for
200eV to 5.58nm for 2000eV. The periodic boundary conditions were imposed in the
horizontal directions, such that the model represented an infinitely wide thin layer of a

SiO, film. The model of a SiN film was also formed similarly with a stoichiometry of
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(b)

FIGURE 3.1: Sideview images of the (a) SiO2, (b) SiN, and (c) oxide-nitride bilayer

model surface materials. In (c), it should be noted that the bottom nitride layer is

assumed to be infinitely thick. As the etching simulation proceeds, more materials are
added from the bottom.

SizNy (Fig. 3.1b) by placing Si and N atoms in a rectangular box with a surface area
of 15.7nm? (4.04nm x 3.88nm) and an initial depth of 2.25nm. The periodic boundary
conditions were also imposed in the horizontal directions. Both SiO5 and SiN films were

then thermalized at 300K.

The model of a SiO2-SiN bilayer (Fig. 3.1¢), which we referred to as an ON bilayer,
was then created by placing a 4.85nm thick SiOs on top of a 2.25nm thick SiN layer with
a stoichiometry of SisNy in a rectangular simulation box with a surface area of 15.7nm?
(4.04nm x 3.88nm). These layers are thinner than those typically used in 3D NAND
ONON structures [14], to enable MD simulations with reasonable computation times.
The periodic boundary conditions were imposed in the horizontal directions. The SiOq
layer was originally formed on a surface area of 4.19nm x 4.19nm, as discussed above,
and then placed in the rectangular simulation with a bottom area of 4.04nm x 3.88nm,
with slight compression in the horizontal directions initially. The ON bilayer model film

was then thermalized at 300K for 10ps, resulting in a film with a total depth of 6.63nm.

The atoms of the bottom 2 mono layers of each model film were fixed in position
(which we call an anchor layer) to prevent a downward drift of the model film during
the simulation of ion injection. During the simulation, an additional material layer was
added to the model film from the bottom when the film was deemed to be too thin.
The atoms in the anchor layer before the addition of the bottom material layer also

served as the binding sites for the atoms of the added layer and were then allowed to
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move according to the interatomic forces. The new anchor layer was then created at
the bottom of the added new layer. The model film was deemed too thin when incident
ions and/or knocked-on material atoms reach the region near the anchor layer, or the
thermal energy of the material becomes higher than the predetermined value after an ion
injection. This is because the model film to be etched by ion impact has to be sufficiently
wide and deep, such that the momentum and energy transferred from an injected ion are
transported unimpeded by phonons and thermal conduction away from the position of
impact. Whenever a new bottom layer is added during simulation, the entire film model

was again thermalized at 300K.

The etching simulation consists of a series of injection cycles. Each injection cycle
begins by injecting a CF3™ ion at normal incidence into a random horizontal position
on the material surface with predetermined kinetic energy. In our MD simulation, as in
earlier studies of MD simulation of etching, we do not consider the electrical charges of
ions as part of interatomic forces and treat energetic ions as the corresponding neutral
species having the same kinetic energies. This is because we assume that charged species
are neutralized on the surface by the Auger effect at the moment of impact. To save
simulation time, the ion is injected from a position just above the material surface where
the incident ion is not interacting with surface atoms. Typically, in each injection cycle,

we inject only a single CF3™ ion.

Each injection cycle is typically 2000fs long. For the first 300fs, the total system
(i.e., material surface and the injected ion) is allowed to evolve under the microcanonical
(NVE) conditions, where the number of all atoms, the simulation volume, and the total
energy of the system are conserved. In this period, the kinetic energy transfer from
the ion to the material and the subsequent collision cascade occur. The positions and
velocities of the atoms are calculated using the velocity-Verlet algorithm [131, 132] with a
variable timestep of 0.2 — 0.5fs. The timestep is varied depending on the fastest calculated
velocity and selected to be small enough for good conservation of the total energy of

the system. Following the 300fs NVE conditions, the system is artificially cooled to
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300K by gradually decreasing the velocity of all atoms for 1600fs using the Langevin
thermostat [57] and for 100s using the Berendsen thermostat [58, 59]. This artificial
cooling represents the process of energy dissipation in the system. Because we use a
small model surface material, the total energy is conserved under the NVE conditions.
In reality, the surface is much wider and deeper, so all energy and momentum transfer
from the incident ion to the surface material is transported and dissipates from the
position of impact to the outer region, so the material around the location of impact
cools down gradually until it is subject to another ion impact. For a small area used for
our simulation, it typically takes microseconds to milliseconds for the next ion to hit the
same area. In our simulation, we shortened this slow cooling or thermal relaxation period

to 1700fs to achieve computational efficiency.

At the end of a single injection cycle, all atoms that are above the surface and not
bonded with the surface atoms are removed as desorbed species. The etching yield or
sputtering yield of a specific species (such as Si), i.e., the average number of the desorbed
or reflected species by a single ion impact, is evaluated from the number of such desorbed
species. After the removal of desorbed species, a new injection cycle starts using the ion
irradiated material surface of the present cycle. In this way, the time evolution of the sur-
face conditions during the etching process is also self-consistently simulated. For typical
etching simulations, the injection cycles are repeated for thousands of cycles, such that
statistical averages of physical quantities of our concern (such as etching yields) can be
taken and compared with experimentally observed values of the corresponding quantities.
Unless otherwise specified, we continue the simulations until the system reaches steady
state, where the averaged etching yields of all atomic species and surface conditions no

longer change as the ion dose increases.
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3.3 Results and Discussions

3.3.1 Etching of SiO,; and SiN

MD simulations of the etching of SiO, and SiN model surfaces by CF3" ions were per-
formed to evaluate the etching yields and the formation of CF-containing mixing layers.
Here we define the etching yield for each species, e.g., Si, O, C, and F in the case of SiOq
etching by CF3" ions, more specifically as the average number of removed or reflected
atoms from the surface per ion injection. In the case of SiO5 etching by CF3™ ions, if the
system is in steady state, the etching yields of Si and O are positive and those of C and

F are 1 and 3 so that no accumulation of C or F atoms occurs on the surface.

Figure 3.2 shows the instantaneous etching yields of (a) SiO2 and (c¢) SiN by 500eV
CF3" ions for all atomic species of the systems and the corresponding changes in depth
for (b) SiO4 and (d) SiN as functions of the ion dose obtained from MD simulations with
the model surfaces of Fig. 3.1(a) and (b). The angle of ion incidence is normal to the
film surface. Here the instantaneous etching yield is defined as the running average of
the removed or reflected atoms from the surface over 50 ion injections into the model
material surface. The steady-state etching is seen to be attained after 0.5x10'® ions/cm?,
wherein the average removed C and F corresponds to the numbers of injected atoms per
cycle, i.e., 1 and 3. Furthermore, we define the “etch rate” of the surface material as the
etched depth per unit ion dose, i.e., the slope of the etched surface position as a function

of the ion dose, as shown in Fig. 3.2(b) and (d).

The etching yields of SiO, and SiN for Si atoms obtained from MD simulation are
plotted as functions of the ion incident energy in Fig. 3.3. The etching yields are evaluated
in steady state. For comparison, etching yields of SiO, [119] and SiN [120] by CF3™ ions
obtained from ion beam experiments are also shown in Fig. 3.3. It is seen that the
simulation and experiment yields are in good agreement for both SiO, and SiN, which

corroborates the relevance of the interatomic potential functions used in this study.
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FIGURE 3.2: Instantaneous etching yields (a) SiO2 and (c) SiN by 500eV CF3™ ions for

all atomic species of the systems and the corresponding changes in depth for (b) SiOq

and (d) SiN as functions of the ion dose obtained from MD simulations. The angle of
ion incidence is normal to the film surface.
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FIGURE 3.3: The etching yields of SiOs and SiN in steady state for Si atoms by
CF3" ions as functions of incident ion energy obtained from MD simulations and ion

beam experiments. The experimental yield values are taken from Ref. 119 for SiO5 and
Ref. 120 for SiN.
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The etch rates of SiOy and SiN obtained from MD simulations are also plotted as
functions of the ion incident energy in Fig. 3.4. It is seen that the etch rate for SiO, is
higher than that of SiN even though Fig. 3.3 shows that the Si etching yield of SiN is
higher than that of SiO,. This is because the atomic density of SiN is higher than that of

Si0s; it is required to remove more Si atoms to etch the same thickness of SiN as SiOs.

Sl
o 6.0¢ § |
HS vl e [ ]
>< ..................

v40_ ______ ¢ |
£ .

S, s

§200 4 .
= o « 50

2 0.0— | . I I
= 0.05 500 1000 003000

Energy [eV]

FIGURE 3.4: The etch rates as functions of the ion energy for the etching of SiO9 and
SiN by CF3™ ion irradiation obtained from MD simulation. The etch rate is defined
here as the etched depth per unit ion dose and given in units of nm/(10'% ions/cm?).

Figure 3.5 shows the depth profiles of atomic densities of SiO; (a) — (d) and SiN (e) —
(h) etched by CF3" ion irradiation at an ion dose of 4.0x10'® ions/cm? for both materials.
The depth is measured from the position of the top surface of the model material before
etching. Note that the scales of vertical axes of Fig. 3.5 are not the same among different
depth profiles. It is seen that much of C and F is deposited near the top surface. This
layer, where C and F atoms coexist with surface Si and O or N atoms, is the mixing layer,
as stated earlier. In this layer, chemical reactions take place during the etching process,
which may facilitate the etching of SiOy and SiN by forming volatile species. It is seen
in Fig. 3.5 that the mixing layer is typically a few nanometers thick, and its thickness
varies with the ion incident energy and surface material. It is observed that the densities

of accumulated C and F atoms in SiO5 and SiN decrease with increasing ion energy. This
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is because, at sufficiently high incident ion energy, the etching of the material surface
supersedes the deposition of C and F atoms. Especially at 200eV, as seen in Fig. 3.5 (a)
and (e), the C and F densities near the top surface are much higher than the Si and O
or N densities, indicating the deposition of a CF polymer layer on top of the SiO5 or SiN
surface. At higher ion energies, however, CF polymer is hardly seen, especially in SiOs,
as the density of C atoms remaining in the surface region decreases with the increasing

ion energy.

In contrast to the densities, the thickness of the mixing layer increases with increasing
ion energy. This is because, the higher the energy is, the deeper the ions can penetrate.
The mixing layer thicknesses in SiO5 and SiN at the onset of steady-state etching measured
at ion doses of 0.57x10'® ions/cm? and 0.64x10'% ions/cm?, respectively, are plotted as

functions of the ion energy in Fig. 3.6.

Figure 3.7 and 3.8 show the depth profiles of bond densities of SiO, and SiN re-
spectively etched by CF3" ion irradiation at an ion dose of 4.0x10'® ions/cm? for both
materials. The bond density profiles correspond to the atomic density profiles in Fig. 3.5.
Bonds whose densities are negligibly small such as carbon-carbon double bonds (C=C)
are not plotted here. It is observed in Fig. 3.7(a) that, at 200eV, the deposited C and F
atoms on SiO, are comprised primarily of those of C-F, C-C, C-O, and Si-F bonds. The
dominance of the C-C and C-F bonds near the top of the surface shows the formation of
a CF polymer layer there. As the ion energy increases further, the C-C and C-F bond
densities decrease, which is consistent with the low C densities at such high ion energies
observed in Fig. 3.5. At such high energies, deposited F atoms are mostly bonded with

Si atoms.

The results for SiN are similar to those for SiOy except that more C tends to remain
in SiN than in SiOs, especially at higher energies, as we saw in Fig. 3.5. In SiN, the Si-C
bond density increases with the increasing ion energy whereas, in SiOs, it decreases with

the increasing ion energy beyond 500eV.
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FIGURE 3.5: The depth profiles of atomic densities during steady-state etching of (a)
— (d) SiO9 and (e) — (h) SiN by CF3" ion irradiation with incident energies of 200eV,
500eV, 1000eV, and 2000eV, obtained from MD simulation. The depth profiles were
taken at an ion dose of 4.0x10'6 ions/cm? for both SiOy and SiN. The origin of the
vertical axis is the position of the material’s top surface prior to etching. Note the scale
and position of the vertical axis vary among different profiles. Except for the absolute
values of the depth, the relative positions of the atomic density profiles and their shapes
hardly change during steady-state etching.
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FIGURE 3.6: The mixing layer thicknesses as functions of the ion energy for SiOy and

SiN etched by CF3™ ion irradiation with incident energies of 200eV, 500eV, 1000eV, and

2000eV, obtained from MD simulation. The thickness was measured from the depth

profiles at the onset of steady state etching, i.e., at the ion dose of 0.57x10'6 ions/cm?
for SiO2 and 0.64x10'¢ ions/cm? for SiN.

As seen in Fig. 3.5(a) — (d), the O density near the top surface decreases with the
increasing incident ion energy and becomes close to the Si density, indicating preferential
sputtering of O from the SiO, surface. This is consistent with the increase of the Si-Si
bond density in SiO5 as the incident ion energy increases. Similarly, as seen in Fig. 3.5(e)
— (h), the N density near the top surface decreases with the increasing incident ion energy
and becomes close to or even lower than the Si density, indicating preferential sputtering
of N from the SiN surface. This is also consistent with the increase of the Si-Si bond

density in SiN as the incident ion energy increases.

The desorbed species or etched products of the SiO5 and SiN model materials by CF3™
ion etching were also studied. From the desorbed species, we could infer the surface
chemical reactions that occur during etching. The number of specific species removed
from the surface per ion injection is counted and normalized by the total number of all
removed species per ion injection. These ratios of all desorbed species accumulated up
to a dosage of 4.0x10% ions/cm? for both SiO, and SiN are plotted as percentages in

Fig. 3.9. Here the dominant desorbed species under some conditions are explicitly listed
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FIGURE 3.7: The depth profiles of bond densities during steady-state etching of SiOq

by CF3" ion irradiation with incident energies of (a) 200eV, (b) 500eV, (c¢) 1000eV, and

(d) 2000eV, obtained from MD simulation. The bond depth profiles were taken at an

ion dose of 4.0x10'% ions/cm? and the origin of the vertical axis is the position of the
material’s top surface prior to etching, as in Fig. 3.5.
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FIGURE 3.8: The depth profiles of bond densities during steady-state etching of SiN

by CF3" ion irradiation with incident energies of (a) 200eV, (b) 500eV, (c¢) 1000eV, and

(d) 2000eV, obtained from MD simulation. The bond depth profiles were taken at an

ion dose of 4.0x10'% ions/cm? and the origin of the vertical axis is the position of the
material’s top surface prior to etching, as in Fig. 3.5.
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while the species whose ratios are less than 3.2% under all conditions examined are listed

as “others.”

For the etching of SiO,, Si atoms are primarily removed as monoatomic Si or SiF, (1
< x < 4) while O atoms are primarily removed as monoatomic O, Oy, CO, or CO,. Tt
is observed that the desorption of Si, SiO, SiO,, O, and O, increases with increasing ion
energy. At 2000eV, 60% of the total desorbed species that contain atoms from the etched
material (i.e., Si or O) are monoatomic species (i.e. atomic Si and O) and diatomic
species (i.e. Og, CO, and SiF). This suggests the dominance of physical sputtering at
higher incident ion energies. However, it is also seen that the desorption of SiF, (1 < x
< 4), CO, and CO; increase up to 500eV and then decrease as the incident ion energy
further increases. This observation is consistent with that of the beam study of SiO,
etching with CF3" ions by Toyoda et al., where the desorption of SiFy and CO increased
with the increasing ion energy, though their study was limited to 400eV [133|. Among all
desorbed species observed in the SiO2 etching simulation, volatile molecules, i.e., species
with no dangling bonds, were Oy, Fy, OFy, CO, CO,, COF,y, CF4, CoFy, CoFy, CsFg,
and SiFy, which may be considered “stable” or hardly redeposit (or redeposit with low
sticking probabilities) when they interact with a material surface. In our simulation, such
volatile molecules accounted for 32%, 34%, 29% and 26% of the total desorbed species
for SiO, etched by 200eV, 500eV, 1000eV, and 2000eV CF3" ions, respectively. All other
desorbed species with dangle bonds are likely to deposit with high sticking probabilities

if they interact with a material surface.

Additionally, among the desorbed SiFy (1 < x < 4), at 200eV ion irradiation, the
amount of desorbed species satisfies SiF, > SiF3 > SiFy > SiF while, at 2000eV, SiF, <
SiF3 < SiFy < SiF. Figure 3.7(a) shows that, at 200eV, the Si-F bond is concentrated
just below the CF polymer layer. As Si atoms desorb through the polymer layer, the
polymer layer may act as a steady source of F atoms and allows the desorbing Si atoms
to be bonded with more F atoms. The presence of the CF polymer may also account

for the fact that there are more sputtered or desorbed F, Fy, CF, and CF5 species at
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FIGURE 3.9: The ratios of desorbed species from (a) SiOo and (b) SiN surfaces etched by CF3" ion irradiation with incident energies

of 200eV, 500eV, 1000eV, and 2000eV, obtained from MD simulation. The ratios of desorbed SiFy (1 < x < 4) species from (c) SiO2 and

(e) SiN, and desorbed CFy (1 < x < 4) from (d) SiO2 and (f) SiN are also plotted. The ratio of a specific desorbed species is defined

as the total number of the specific desorbed species indicated in the horizontal axes divided by the total number of all desorbed species
during the simulation.
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200eV than at higher ion energies. This is also consistent with the study of Toyoda et al.
showing that the desorption of CF; radicals decreases with the increasing ion energy [133].
As the ion energy increases from 500eV to 2000eV, the Si-F bond density (Fig. 3.7(b) —
(d)) decreases. Specifically, at 500eV or higher energies, the C-F bonds hardly exist.
Therefore, the desorption of highly fluorinated SiF, and CF, becomes less probable as

the ion energy increases.

For the etching of SiN, Si atoms are primarily removed as monoatomic Si or SiFy (1
< x < 4) while N atoms are primarily removed as monoatomic N, Ny, NF,, (1 < x <
3), and CN. It is observed that the desorption Si, SiyNy (1 <x < 3,1 <y <4), N, and
N, increases with the increasing ion energy. Also at 2000eV, monoatomic species and
diatomic species such as N, Ny, CN, Si, and SiF accounted for 52% of the total desorbed
species. However, the desorption of SiF, (x < 4) and CN increases up to 500eV but then
decreases above 500eV while the desorption of NF, (x < 3) decreases with the increasing
ion energy. Among all desorbed species observed in the SiN etching simulation, volatile
molecules (i.e., species without dangling bonds) were Fy, Ny, NF3, CFy, CoFy, CoFy4, CoFy,
and SiF,, which accounted for 12%, 14%, 16%, and 19% of the total desorbed species
for the ion energies of 200eV, 500eV, 1000eV and 2000eV ion energy, respectively. Unlike
in the case of SiO, etching, the percentage of these species increases with increasing ion
energy in the case of SiN etching. This increasing trend was primarily caused by the

increasing amount of Ny desorption with the increasing ion energy.

Similar to the case of SiOy etching, among the desorbed SiFy (1 < x < 4), at 200eV
ion irradiation, the amount of desorbed species satisfies SiFs > SiF, > SiFy > SiF while,
at 2000eV, SiF > SiF, > SiF3 > SiF, for SiN etching. The desorption of F, Fy, CF, and
CF, are also higher at 200eV than at higher ion energies for SiN etching. These facts
indicate that the etching of SiN becomes more physical sputtering than chemical etching

as the ion energy increases, as in the case of SiOs.
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3.3.2 Etching of an Oxide-Nitride Bilayer

3.3.2.1 Etching Yields and Etch Rates

MD simulation of the ON bilayer etching with CFs" ions was performed to examine
the etching process through a material interface. The instantaneous etching yields for all
removed or reflected atomic species are plotted as functions of the ion dose in Fig. 3.10(a)
— (d) and the corresponding changes in the position of the top surface are also plotted as
functions of the ion dose in Fig. 3.10(e) — (h). The origin of the vertical axis of Fig. 3.10(e)
— (h) represents the top surface position of the ON bilayer prior to etching. In Fig. 3.10(e)
— (h), the location of the SiO, — SiN interface is indicated by the grey horizontal broken
line, which was 4.85nm below the original top surface. The slopes of the orange and green
solid lines indicate the steady state “etch rates” (i.e., etched depths per unit ion dose)
of the SiO, and SiN model substrates by CF3" ions at the corresponding ion incident
energy. The ion dose at which the N atoms start to desorb is indicated by the green
broken vertical line. The ion incident energy used for etching is indicated in each graph.
As in the single material etching discussed above, the angle of ion incidence is normal
to the surface. Additionally, the depth profiles of the atomic densities of the ON bilayer
etched by CF3™ ions with ion energies of 200eV to 2000eV are plotted in Fig. 3.11(a) —
(d). The depth profiles are plotted at the indicated ion dose. The horizontal dashed line

indicates the position of the interface between SiO5 and SiN.

In the case of 200eV ion injection, it is seen in Fig. 3.10(a) that steady-state etching
is achieved prior to the etching of the underlying SiN layer, which is considered to occur
when the non-zero etching yield of N atoms starts to appear at around an ion dose of
2.7x10'6 jons/cm?. The oxide etching may be considered to have reached the steady state
when the average etching yields of C and F are close to 1 and 3, meaning no deposition
of C and F atoms takes place, and the time-averaged etching yields of Si and O hardly
change as functions of the ion dose. Figure 3.10(e) shows that the surface height went

down slightly when the ion injection started. We observed that, during this very initial
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phase, O atoms were preferentially removed from the SiO, surface, and therefore the
volume of the model surface decreased initially. It is also seen in Fig. 3.10(a) that more
O atoms were removed than Si atoms initially. Before the etching reached the steady
state, C and F' atoms are also seen to have accumulated, which formed the mixing layer.
The accumulation of C and F atoms eventually increased the surface height until around
an ion dose of about 0.4x10'% ions/cm?, from which the surface height steadily decreased
because of the SiO, etching. It is seen that the etch rate of the ON bilayer changes from
that of SiO,, as indicated by the orange line, to that of SiN, as indicated by the green
line. This is because, at 200eV, the mixing layer thickness for pure SiOs (3.0nm, as seen
in Fig. 3.6) is less than the thickness of the initial oxide layer (4.9nm). However, it should

be noted the etch rate slowed down even when the ion beam was still etching the SiOq

layer.

As seen in Fig. 3.10(b) and (f), in the case of 500eV ion injection, the steady-state
etching of the oxide layer occurred after a short period of the mixing layer formation.

However, the duration of the steady-state etching of SiO, was shorter than in the case
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of 200eV ion injection, and the etch rate changed to that of pure SiN at around a dose
of 0.97x10'¢ ions/cm?. In this case, the mixing layer of pure SiO, for 500eV (4.3nm) was

slightly less than the initial thickness of the SiO4 layer.

As seen in Fig. 3.10(c) and (g), at 1000 eV, the underlying SiN layer was already being
etched at a low dosage of 0.5x10% ions/cm? as evidenced by the removed nitrogen seen
in Fig. 3.10(c). In this case, the mixing layer of pure SiOy (5.1nm) was slightly thicker
than the oxide layer thickness. As such, there was a mixing of the oxide and nitride layers
from the very beginning. Once nitrogen started to be removed, even when less than half
of the oxide layer was etched, the etch rate of the ON bilayer already followed that of

pure SiN.

At 2000eV, as seen in Fig. 3.10(d), the underlying SiN layer is already etched at a
low dose of 0.07x10'% ions/cm?. Fig. 3.10(h) shows that the etch rate hardly followed
that of pure SiOs. Unlike in the 200eV case, the oxide and nitride layers were mixed well
before the etch front reached the interface. The mixing of the oxide and nitride layers is
evidenced by the depth profile of atomic densities shown in Fig. 3.11(d). It is seen that
the O atoms reached about 4nm beyond the interface. Because the nitride layer is much
thicker than the oxide layer, the etch rate immediately followed that of pure SiN even

with a small amount of O present in the SiN layer.

The ON bilayer examined here has a thin SiO, layer over an infinitely thick SiN layer.
Therefore, when the single etch rate appeared at sufficiently high ion incident energy, it
was the etch rate of SiN. In the case of a multiple alternating SiO, and SiN layer, i.e.,
an ONON layer, the simulation results above suggest that, if the ONON layer is etched
with sufficiently high ion energy, a single average etch rate between the etch rates of SiOq
and SiN would appear, depending on the thicknesses of their layers. If the thicknesses
of ONON multilayers are not uniform over the horizontal cross-sectional area of a HAR

etched hole, a non-uniform etch rate over the etched-hole cross-section can appear, which
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we speculate may cause a bending of the HAR etched hole as the etch front passes through

dozens of multilayers.

3.3.2.2 Desorbed Species from the ON bilayer Etching

Figure 3.12 shows the accumulated desorbed species or etch products from a unit area of
the ON bilayer etched by CF3™ ions as functions of the ion dose for various ion energies.
Plotted in (a) are the most dominant O-containing desorbed species. The curves of O-
containing desorbed species become flat once O atoms are depleted from the surface. It
is seen that, with increasing ion energy, more oxygen was removed as O or O, while
the desorbed amounts of CO and CO, decreased. Plotted in (b) are the most dominant
N-containing desorbed species. Note that the scale of the vertical axis of (b) is much
smaller than that of (a). As in (a), with increasing ion energy, more N and Ny desorbed
while the among of desorbed NFy (1 < x < 3) decreased. The amounts of NFy and NF;
were much smaller than that of NF for all ion energies examined here. At 2000eV, only
NF appeared as desorbed species among NF,. NO molecules desorbed at all energies but
were much fewer than N, Ny, and NF. Plotted in (c) are the most dominant Si-containing
desorbed species. It is seen that, with increasing ion energy, the removal of monoatomic
Si increased while that of SiF, molecules decreased. It should be noted that the trends
are opposite between the 200eV and 2000eV cases. In the case of 200eV, the desorbed
amount of SiF, is the highest followed by those of SiFy species with decreasing number
x of bonded F atoms with the desorbed amount of monoatomic Si as the lowest. In
contrast, in the case of 2000eV, the desorbed amount of the monoatomic Si is the highest

followed by those of SiFy species with the increasing number x of bonded F.

The trend observed in the desorbed species for the ON bilayer etching is similar to
the trend of the desorbed species of individual SiO, and SiN. The main difference is the
presence of NO among the desorbed species. In actual HAR deep hole etching, volatile

species such as CO, COq, Os, NF3, and SiFy, may leave the hole without sticking to the
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FiGURE 3.12: The accumulated numbers of desorbed species emitted from a unit

area of the ON bilayer surface etched by CF3™ ion irradiation with incident energies of

200eV, 500eV, 1000eV, and 2000eV, obtained from MD simulation. The horizontal axis

represents the ion dose. Only dominant species among (a) oxygen-containing desorbed

species, (b) nitrogen-containing desorbed species, and (c) silicon-containing desorbed

species are plotted. The vertical dash lines correspond to the start of the removal of
nitrogen, i.e., start of etching of the underlying SiN.
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wall whereas other desorbed species with dangling bonds such as O and SiF, with 1 <
x < 3 may be redeposited on the sidewalls, which may cause tapering, as schematically
illustrated in Fig. 3.13. However, this figure is not meant to imply that the redeposition
is the sole cause of tapering. In reality, the flux of incident ions that reaches the bottom
of a HAR channel as well as the transport of gas-phase radicals along the channel can

also greatly affect the resulting profile of the HAR channel.

Possible

Ideal HAR Taveri
apering

Removal of
Mask desorbed species

B

2

Redeposition of
desorbed species

FIGURE 3.13: Schematic diagram of a possible mechanism of the formation of tapered
HAR channels in 3D NAND.

3.4 Conclusions

In this study, MD simulations of etching of SiO,, SiN, and ON bilayer model materials by
energetic CF3" ions were performed. In the etching of SiO, and SiN separate materials,
good agreement between the experimental and the simulation etching yields was attained.
In the ON bilayer etching, when the incident ion energy is low, the etch rates of oxide and
nitride layers were observed separately since the thickness of the mixing layer is less than
the initial thickness of the oxide layer. At high incident ion energies where the mixing
layer is much thicker than the initial oxide layer, the mixture of oxide and nitride layers

resulted in the single etch rate of the thicker underlying SiN layer. The results suggest
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that, in the case of an ONON multilayer, the overall etch rate is expected to depend
on the thicknesses of oxide and nitride layers as well as the ion incident energy. It is
possible that, in the HAR deep hole etching of an ONON multilayer for 3D NAND device
manufacturing, non-uniform layer thicknesses may result in spatially dependent etch rates
across the horizontal cross-section of each hole, which could lead to the deflection of the
etch front passing through the oxide-nitride interfaces and bend the etched hole channel.
The desorbed species obtained from the simulations showed that the number of desorbed
monoatomic species or small moieties with fewer chemical bonds increased with increasing
ion energy. In HAR deep hole etching, desorbed species with dangling bonds are likely

to be redeposited on the sidewalls of the hole channels.






Chapter 4

Molecular Dynamics Simulation of
Oxide and Nitride Etching by CF3™
and CI™

4.1 Introduction

The 3D NAND flash memory devices has been the leading solution to any platforms
that require high memory capacity (e.g. smartphones, laptops, etc.). In light of this,
further scaling of 3D NAND is required. The simplest method of increasing the memory
capacity of 3D NAND is by increasing the number of alternating films (e.g. SiOy and
SiN) that form the memory cells. In the fabrication process of 3D NAND, pillars that
goes through all deposited films must be created. As such, etching hole channels with
high aspect ratio (HAR) and straight profiles is needed. However, creating a straight
profile becomes more difficult as the aspect-ratio increases. As the aspect ratio increases,
the flux of reactive species would have difficulty in reaching the bottom of the channel
causing the RIE lag, and in some cases, an etch stop [24, 25|. Imperfect profile shapes

such as tapering, bowing, necking, and incomplete etch has a higher tendency to occur
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as the aspect-ratio increases. Due to this, HAR etching has been known as the main

roadblock to further scaling of 3D NAND flash memory devices [5, 6, 17, 24].

Fluorocarbon plasma is commonly used in HAR etching and other etching processes
in the semiconductor industry [27, 28, 32]. It is well known that in fluorocarbon plasma
etching, the fluorine-to-carbon (F/C) ratio of the reactive species in the plasma would
greatly affect whether deposition of the fluorocarbon (FC) film or the etching of the ma-
terial would occur [32-34]. In light of this, this chapter focuses on exploring other species
that can be incorporated in fluorocarbon plasma etching. In particular, this chapter
studies the effect of adding Cl" ions to the commonly used fluorocarbon plasma in the
etching SiOy and SiN through molecular dynamics (MD). To the best of the author’s
knowledge, MD simulation combining chlorine with fluorocarbon has not been done be-
fore. As such, interatomic potential that would model the interaction of chlorine with

carbon and fluorine has been developed.

4.2 MD Simulation

Classical MD has been employed to simulate the etching of SiOy and SiN with chlorine-
containing fluorocarbon plasma. With classical MD, Newton’s equations of motions are
numerically solved to determine the motion of the atoms. The behaviour of the atoms
is defined by the forces acting on them. These forces can be described by interatomic
potential models [39, 43, 46]. In this study, the interatomic potential model used is
based on Stillinger-Weber (SW) potentials [48, 49]. The SW-potentials has been modified
to include the two-body and three-body interactions for SiO, and SiN interacting with
fluorocarbon and chlorine separately [45, 60, 62, 63, 74|. Interatomic potential models
that include interaction of chlorine with fluorocarbon has not been develop. As such,
the development of F—C—Cl interatomic potential model would be discussed in the next

section.
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MD simulations of Si, SiO,, and SiN etching by C1" injected at normal incidence with
ion energies from 50eV to 3,000eV were done. The etching simulation with just Cl. were
done to verify the interatomic potential model that was developed for Cl. The model Si
film was created by placing Si atoms to form a diamond crystal structure in a rectangular
box with a surface area of 18.84nm? (4.34nm x 4.34nm). The model SiOy and SiN films
were created in a similar manner as the films used in Ref. 117 with surface areas of 17.5nm?
(4.19nm x 4.19nm) and 15.7nm? (4.04nm x 3.88nm) respectively. A 0.5nm layer of atoms
from the bottom of the films are fixed to prevent lateral displacement of the simulation
box. The fixed layer also serves as the bonding sites for adding new film layers called
"anchor’. Since additional film layers can be added, the height of the film is theoretically
infinite. Periodic boundary conditions are applied in the horizontal directions such that
an actual surface can be mimicked. All films are thermalized at 300K before ion injection,
and whenever an anchor is added. To understand the etching mechanism of SiO, and SiN
with chlorine-containing fluorocarbon plasma, MD simulations by alternating injection of
CF3" and CI" were done. MD simulations by alternating injection of CF3" and Ar" were

also done to supplement the results.

The SiO, and SiN films were etched by alternating injection of CF3" and CI" ions at
normal and 60° incidence with ion energies from 500eV to 2,000eV as shown in Fig. 4.1.
The 60° incident angle had been chosen based on previous simulations wherein the etching
of SiOy by CF3" with incident angle 0° — 85° showed the highest etch yield at 60° [47].
Though CF3" and C1' are referred to as ions, they are actually treated as charge-neutral
species since electrical charges of ions were not considered in the interatomic potential
models. Electrical charges were not considered under the assumption that charged species
in the plasma are neutralized by the Auger effect upon interaction with the surface |73, 74].
After injecting the ion, the system is allowed to evolve for 300fs under microcanonical
NV E ensemble wherein the total-energy of the system is conserved. During this period,
the kinetic energy of from the ion is transferred to the film which subsequently causes

the collision cascade. As such, the volume-averaged temperature of the system increases.
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Films used in reality are much larger, and can readily dissipate the energy transferred
from the ion. However, the simulation box used in the simulation are much smaller. As
such, artificial cooling of the system was done to prevent unrealistic heating of the films.
Artificial cooling to 300K was done by gradually decreasing the velocities of all atoms for
1600fs using the Langevin thermostat [57] and for 100s using the Berendsen thermostat
[58, 59]. Atoms not bonded to the bulk of the film (i.e. positioned above the film) are
considered as etched products or desorbed species. These species are not cooled, are
allowed to move without changing its velocities until the end of the cycle. Each injection
cycle lasts for 2,000fs with a variable time step of of 0.2 — 0.5fs. The time step changes
in accordance to the velocity of the fastest atom, and is small enough such that the total
energy of the system can be conserved. At each time step, the positions and velocities
of the atoms are calculated using the velocity-Verlet algorithm [131, 132]. At the end of
injection cycle, the desorbed species are removed. The resulting film would then be used
for the next cycle. The injection cycle is repeated continuously until relevant macroscopic

properties such as the etch yield can be obtained with sufficient statistical accuracy.

VY '

CF,* cl* CF,* cl+

(

(b)

FIGURE 4.1: Sideview images of the (a) SiOy and (b) SiN model films etched by
alternating injection of CF3"™ and CI" injected at incident angle 6; of 0° (normal) and
60°.
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4.3 Interatomic Potential Model for Fluorocarbon and

Chlorine Interaction

In this section, an interatomic potential model for the interaction of chlorine with carbon
and fluorine was developed for the etching of SiO, and SiN by CF3™ and CI7. The inter-
atomic potential models for all other interactions are the same models used in previous

studies shown in Refs. 45, 53, 60—72.

The interatomic potential model for CI-C—F interaction is based on SW-type potential
where the total potential energy ® is given as the summation of the two-body V5 and
three-body V3 interactions as shown in Eq. 4.1 [48, 49]. In this SW-type potential model,

all atoms are considered as charge-neutral species.

= Vo(i,j)+ > Vi(i,j k) (4.1)

1<j 1<j<k

The calculations for the interatomic potential model is based on previous studies
[45, 74, 110, 115] wherein Eq. 4.1 is parameterized. The two-body V3 interaction between
the ith and jth atoms would be dependent on their interatomic distance r;;, and is given

by the repulsive Vy and attractive or bonding Vp interaction between the two atoms.

c
Vi = ar Pexp ( )
r—re.

Ve = —br %exp < d >

r—"Te

(4.2)

Assuming that V5 is linearly dependent on the square of Vi (p = 2¢ and ¢ = 2d), the

two-body V5 interaction is given by

2d
Va(i, 7) = ar 2% exp ( ) —br~%exp (

) , if Tij < Te (43)

Tz’j_rc
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TABLE 4.1: Calculated parameter values for the two-body V3 interaction of C—CI.

Parameters Values Units

a 548.92 (eV)%1/A
b 86.40  (eV)7/A
q 1.39

d 3.93 A

r. 3.99 A

TABLE 4.2: Calculated parameter values for the two-body repulsive Vg interaction of
C-CL

Parameters  Values

a 27951.76
p 0.75
c 10.17
Te 2.36

where a, b, d, q, and r. are parameters with r. being the interatomic cutoff distance. The

two-body V5 interaction would be zero if r;; > ..

The two-body V5 potential energy curve for the Cl and C atoms from a stable CH3Cl
molecule was obtained from ab initio quantum mechanical calculations based on density
functional theory (DFT). The calculations were done using a B3LYP/6-311G basis set
using the software Gaussian [52]. In the calculation, the interatomic distance between C
and Cl were varied from 0.6 to 4.8A with a 0.05A step while maintaining the C-H bond
lengths. The C—Cl potential energy per 0.05A step was obtained by subtracting the total
energies of the C, Cl, and H atoms from the total energy of a CH3Cl molecule. The final
C—ClI potential energy as function of interatomic distance was obtained by adjusting the
curve to the published minimum bonding energy -3.39¢V at 1.77A interatomic distance
[134]. The potential energy obtained from DFT is fitted with Eq. 4.1 using Levenberg-
Marquardt nonlinear fitting as shown in Fig. 4.2. The parameters obtained from the

fitting are summarized in Table 4.1.

For purely repulsive interaction, Vg in Eq. 4.2 is fitted to the same data points obtained
from DFT calculations as shown in Fig. 4.3. The parameters obtained from the fitting

are summarized in Table 4.2.
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FiGURE 4.2: (C-Cl two-body Vs potential energy as a function of the interatomic
distance. The data points are obtained from DFT calculations, and the curve is obtained
from fitting V5 interaction described by Eq. 4.1.

In a similar manner, the two-body V5 potential energy curve for the interaction of Cl
and F was also obtained from ab initio DF'T calculations using a FCl molecule. The F-CI
potential energy was obtained by subtracting the total energies of the F and Cl atoms
from the total energy of a FCIl molecule. The final F-CI potential energy as function
of interatomic distance was obtained by adjusting the curve to the published minimum
bonding energy -2.58¢V at 1.63A interatomic distance [134]. The potential energy ob-
tained from DFT is also fitted with Eq. 4.1 using Levenberg-Marquardt nonlinear fitting
as shown in Fig. 4.4. The parameters obtained from the fitting are also summarized in
Table 4.3. The repulsive Vg interaction in Eq. 4.2 is also fitted to the same data points
obtained from DFT calculations as shown in Fig. 4.5. The parameters obtained from the

fitting are summarized in Table 4.4.
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FicUrE 4.3: C-Cl two-body Vs potential energy as a function of the interatomic
distance. The data points are obtained from DFT calculations, and the curve is obtained
from fitting Vg interaction described by Eq. 4.2.

TABLE 4.3: Calculated parameter values for the two-body V5 interaction of F—Cl.

Parameters Values Units

a 661.35 (eV)%?/A
b 82.67 (eV)i/A
q 1.17

d 3.55 A

r, 3.22 A

The three-body V3 interaction given by

Va(i, 7, k) = hjir(Tij, Tik, Oji) + P (T30, Tk Oijie) + Pk (Tis Thg, Oikg)- (4.4)

describes the angular dependencies of the 7", j* and k" atoms. The h function expressed
below is dependent on the angle between three atoms 6, and the distances r of the two

atoms from the vertex atom denoted by the center subscript.

hiji(7jis Tty Oi) = Kigre|cos e — Oz ™% fii(rig) fir (11)- (4.5)
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FiGURE 4.4: F-Cl two-body V, potential energy as a function of the interatomic
distance. The data points are obtained from DFT calculations, and the curve is obtained
from fitting V5 interaction described by Eq. 4.1.

TABLE 4.4: Calculated parameter values for the two-body repulsive Vg interaction of
F—C1 based on FCI molecule.

Parameters Values

a 3013.26
p 1.49
c 5.84
I, 2.02

where k, ©, and v are parameters. The f function prevents the overestimation of the

angular dependency, and is dependent on V5 given by

17 r S T'min
fij(r) = \‘//;XZ’ Toin < T < T, (4.6)
0, r>re,

where r,,;, is the distance between the ¢th and jth at the minimum two-body interaction
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F1GURE 4.5: F-Cl two-body V5 potential energy as a function of the interatomic. The
data points are obtained from DFT calculations, and the curve is obtained from fitting
Vg interaction described by Eq. 4.2.

energy Vomin. Since the k, ©, and v are parameters dependent on the configuration
describe by its subscript, the parameters for all possible three-body V5 configurations of
the system with Si, O, N, C, F, and Cl atoms must be calculated. The calculation for the
parameters of the single bonded F-C—-Cl three-body V3 interaction is shown as example

in this section.

The three-body V3 potential energy of F-C-Cl as a function of the angle  was also ob-
tained from ab initio DFT calculations using a chlorofluoromethane (CHyCIF) molecule.
In this calculation, the bond lengths of between atoms are maintained. Only the angle
Orcc; between the F, C, and Cl atoms with C as the center atom was varied by 1° incre-
ment without changing the azimuthal angle. The potential energy obtained from DFT
is fitted against Eq. 4.5 as shown in Fig. 4.6. The potential energy data as a function of
the angle 6 fitted against Eq. 4.5 for other configurations with CI are shown in Appendix

C. The parameters k, ©, and ~ for various configuration of Cl with Si, O, N, C, and F
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F1GURE 4.6: F-C-Cl three-body V3 potential energy as a function of the angle . The

data points are obtained from DFT calculations, and the curve is obtained from fitting

V3 interaction described by Eq. 4.5. The DFT calculation was done on a chlorofluo-

romethane (CH2CIF) molecule wherein the bond lengths of all atoms are maintained.
Only the angle 6 was varied without changing the azimuthal angle.

are summarized in Table 4.5.

4.4 Results and Discussion

4.4.1 Simulation and Experimental Etch Yield Comparison

The interatomic potential model developed in this study were tested by performing MD
simulation of the etching of Si, SiO5, and SiN by CI* ions. The etch yield as a function
of ion energies from the MD simulations were then compared to existing ion beam ex-
perimental studies for Si [135, 136], and etch yields for SiOy as shown in Fig. 4.7. The
experimental etch yield for SiO, was obtained from beam experiments done with the
mass-selected ion beam system discussed in Ch. 1. Ion beam experimental studies of
SiN etched by CI' ions has not been completed. In this figure, the simulation etch yield

is calculated as the removed Si per injected ion during steady-state etching. The etch
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TABLE 4.5: Calculated parameter values for the three-body V3 interactions for various
configurations of Cl with Si, O, N, C, and F.

Configuration k ) 0l
F-C-Cl 6.339864 -0.344385 2.228620
C-C-(Cl 6.362699 -0.365817 2.317829

Cl-C-Cl 6.795467 -0.388800 2.270487
H-C-Cl 3.768094 -0.288685 2.223051
N-C-Cl 5.871474 -0.410142 2.184573
Si-C-Cl 4.004965 -0.376433 2.153366
O0-C-(l 5.326747 -0.307112 2.076946
C=C-Cl 6.267638 -0.531098 2.086608
0=C-Cl 5.770617 -0.543057 1.961318
N=C-Cl 3.784756 -0.529934 2.083379
C=C-Cl 2.157150 -0.944879 1.810899
N=C-Cl 3.611220 -1.000000 1.309323
C-Si-Cl 3.608483 -0.319625 2.307230
F-Si-Cl 3.373096 -0.314520 2.206953
N-Si—Cl 2.428939 -0.407355 1.912306
C-0-Cl 3.981111 -0.356296 1.989148
F-O0-Cl 4.782706 -0.308851 2.149168
N-O-Cl 4.275831 -0.412694 2.077401
C-N-Cl 4.303012 -0.346871 2.032523
F-N-Cl 4.070931 -0.283824 1.994282
H-N-Cl 2.515344 -0.244634 1.992099
N-N-ClI 5.087651 -0.381209 2.182551
O-N-Cl 4779717 -0.337203  2.075855
Si-N-C1 4.347006 -0.488270 2.323039
O=N-Cl 6.829497 -0.435532 2.200072
C=N-Cl 1.864396 -1.014258 1.170672

yields of Si and SiOy showed relatively good agreement with experimental yields. The
simulation etch yields of SiO, and SiN by CF3" ions as a function of ion energy were
published in Ref. 117 and discussed in Ch. 3. The relatively good agreement between the
simulation and experiment suggests that the MD simulation could provide good insight

in the etching of SiO, and SiN by CF3" ions with C1* ions.

4.4.2 Etching of SiO, and SiN by CF3" ions with CI" ions

In this section, the effects of adding CI* to the etching of SiOy and SiN by CF3™ ions

would be discussed.
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FIGURE 4.7: The etch yields of Si, SiOy, and SiN by CI" as a function of ion energy

obtained from MD simulation. For comparison, the etch yields of Si [135, 136] and SiO,

by ClT ions obtained from ion beam experiments are also shown. Ion beam experiment
for SiN etched by Cl" ions has not been completed.

Figure 4.8 shows the instantaneous etching yields of (a) SiO2 and (c¢) SiN by 1,000eV
CF3 ™" ions and CI" for all atomic species of the systems and the corresponding changes in
depth for (b) SiO and (d) SiN as functions of the ion dose obtained from MD simulations
during steady-state etching. Since the CF3" ions and Cl* ions were injected alternatingly,
the ion dose considered is only for the CF3™ ions. As such, steady-state etching is defined
when the etch yield of Si, O, and N atoms are positive, and when the average removed C,
F, and CI atoms are 1, 3, and 1 respectively. Steady-state etching was found to begin at
1.0x10% CF3 " ions/cm?. By doing this, the etching simulations can be easily compared
to the etching simulations with only CF3" ions. Since etch time as defined in experiments
is not a parameter in the simulations, the etch rate is defined as the change in depth as a
function of the ion dose as shown in Fig. 4.8(b) and (d). Since the etch yield is directly

correlated to the etch rate, subsequent discussion would be focused on the etch rate.

Figure 4.9 shows the etch rate of SiO, etched by 1,000eV CF3" ions with Cl* ions
injected at 0° and 60° incident angles. This was compared with etching simulation of

SiO, by CF3" ions only. At 0° incidence, an increase in the etch rate at the beginning
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FIGURE 4.8: Instantaneous etching yields (a) SiOy and (¢) SiN by 1,000eV CF3™*

ions with C1" ions for all atomic species of the systems and the corresponding changes

in depth for (b) SiO2 and (d) SiN as functions of the ion dose obtained from MD

simulations. Here, the x-axis denotes only the CF3™ ion dose. The angle of ion incidence
is normal to the film surface.

of etching could be observed. However, it can be readily seen that adding Cl" ions to
CF3™ ions has minimal change to the etch rate of SiOy once steady-state etching has been

attained. The expected increase in etch rate was only observed when the incident angle

was changed to 60°.

The calculation of the etch rate was done for both SiOy and SiN at all energies. The
etch rates are then plotted as a function of ion energy as shown in Fig. 4.10. The etch
rates of SiO, and SiN by CF3" ions with Cl" ions are plotted with black and red square
markers for 0° and 60° incident angles. For comparison, the etch rates SiOy and SiN
etched by CF3" ions only are also plotted as blue and green circle markers respectively.
It can be seen in this figure that the etch rate of SiO, is greater than the etch rate of SiN.

This was expected due to the difference in material density even though the etch yield of
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FIGURE 4.9: Change in depth as a function of ion dose of SiOs etched by 1,000eV

CF3" ions with CI" ions injected at 0° and 60° incident angles. This was compared

with etching simulation of SiOg by CF3™ ions only. Here, the x-axis denotes only the

CF3" ion dose. The y-axis denotes the thickness of the etched material with zero as

the initial material height. The orange and cyan dashed lines are sample fitting lines

for the slope calculation during steady-state etching. The values denote the calculated
slopes representing the etch rate.

SiOy and SiN by CF37 ions with CI™ ions only have small differences. However, it was
unexpected that the etch rate for SiO, would not change at all ion energies. The minimal
change in the etch rate was also observed for SiN except at 500eV CF3" ions with CI™
ions. For SiN at 500eV, adding CI" ions to the CF3" ions actually inhibited the etching
as evidenced by the decrease in etch rate. We expected that adding Cl" ions to CF3"
ions would result to an increase in etch rate since the etch rate with just ClI" ions would
be added to the etch rate with just CF3" ions. However, such effects for both SiOy and
SiN were only observed when the ions are injected at 60° incident angle. At 60°, adding

Cl" ions to CF3" ions resulted to ~1.6x increase in the etch rate.

The depth profiles as a function of atomic densities of each species for SiN etched at
500eV ion energy are plotted in Fig. 4.11. The proceeding discussion would focus on the
results for SiN at 500eV since much of the effects of adding C1" ions could be observed at
this case. Looking first at Fig. 4.11(c) and (d), the difference of the material surface could

already be seen. Since the ion is injected at an angle for Fig. 4.11(d), the penetration



Chapter 4. MD Simulation of SiOs and SiN Etching by CFs™ and CI* 80

(a) SiO; (b) SiN
—=—CF3* &Cl* (L) —=—CF3* &Cl* (1)
25.0F ——CF3* (L) 1 25.0F ——CF3* (1)
—_ —=—CF3* & Cl* (60°) — —=—CF3* & Cl* (60°)
iz ——CF3* (60°) = —e—CF3* (60°)
2 20.0f 12 20.0F
= >
— —
z 15.0F 12 15.0F
g El
g g
Q ]
+ 10.0F + 10.0F
a4 =4
= =
3 8
M 5.0F -/. 1 5.0F / i
0.0 ‘ ' ' ' 0.0 ' ' ' '
0 500 1000 1500 2000 0 500 1000 1500 2000
Energy [eV] Energy [eV]

FIGURE 4.10: Etch rate as a function of ion energy for (a) SiO2 and (b) SiN etched by

CF3" ions with CI" ions denoted by square markers, and by CF3" ions only denoted

by circle markers. The ions are injected at 0° and 60° incident angles. The lines are just

guides to the eyes.

depth of the ions is shallower compared to Fig. 4.11(c). As such, the mixing layer when
the ions are injected at 60° is thinner and less dense compared to 0°. Here, the mixing
layer is defined as the layer that contains Si, N, C and F atoms. At 60°, the etch rate is
higher even with a thinner modified layer. It is likely that at 60°, physical sputtering is

more dominant.

Comparing Fig. 4.11(c) to Fig. 4.11(a), the effect of adding C1" ions to CF3" ions
could clearly be seen by the much denser mixing layer in Fig. 4.11(a). The lower etch
rate observed at Fig. 4.10 for SiN etched at 500eV CF3" ions with Cl" ions could then
be attributed to a much higher atomic densities for C and F shown in Fig. 4.11(a). It is
well known that in fluorocarbon etching, a surface layer containing FC species is needed
to facilitate the etching [63]. However, when the deposition of the FC species overtakes
the etching of the material, etch stop could occur due to the formation of a thick FC film
that would passivate the surface. In line with this, it is possible that due to the relatively
low energy of 500eV, the Cl, ions retained by the material blocks the CF3" from etching
the SiN. Since the CF3" ions are not being used in etching, deposition of the FC film

would be more favourable. Figure 4.11(b) showed the SiN material with the least atomic
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FIGURE 4.11: The depth profiles of the atomic densities for SiN etched by 500eV
CF3" & C1" injected at (a) 0° and (b) 60°, compared to SiN etched by 500eV CF3 " ions
injected at (c) 0° and (d) 60°. The depth profiles were taken at the same ion dose of
1.8x10'6 CF3" ions/cm?. The origin of the vertical axis is the position of the material’s
top surface prior to etching. The vertical axes have different ranges but same increment.

densities for C and F. Due to a thinner mixing layer for this case, the ions can readily

sputter the SiN material.

The depth profiles of atomic densities for both SiO, and SiN at other energies are
shown in Appendix C. Based on the depth profiles of atomic densities, it can be inferred
that the CIT injected at 0° would spend most of its kinetic energy on a thick mixing layer.
With a thick mixing layer, the Cl © ions would just etch the carbon and fluorine on top.
As such, the etch rate of SiO5 at all ion energies, and the etch rate of SiN at >500eV ion
energies had minimal changes with the addition of C1" to CF3™ ions. It can be said that
the net effect of the etching by adding CI" ions, and the deposition of the FC species to

form the mixing layer is essentially zero.

To determine the etching mechanism of C1™ ions when added to CF3" ions, additional
simulations wherein Cl1" ions were replaced with Ar" ions were performed. Argon was
chosen due to two reasons: (1) similar mass with chlorine; and (2) inert. With Ar having

a similar mass with the system, a similar physical interaction with the system could be
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expected. Also, Ar would have a different chemical interaction compared to Cl since Ar is
inert. This would help highlight the chemical effects of adding C1* to CF3" ions. Results
(Appendix C) showed that for both SiO, and SiN etched by CF3™ ions with Ar ions at
0°, minimal change in the etch rates for all ion energies compared to the etching without
Ar™ ions was observed. Also at 60°, addition of Ar" ions to CF3" ions exhibited similar
etch rates with the addition of Cl* ions to CFs™ ions. Since both Ar and Cl showed the
same etch rates except for SiN etched by 500eV ions injected at 0°, it can be inferred that
the mechanism upon which Cl removes the fluorocarbon is through physical sputtering.
To further verify this, the etched products or desorbed species for the etching of SiOy and

SiN by CF3" ions with CI" ions were also studied.

4.4.3 Desorbed Species from the Etching of SiO, and SiN by
CF3' and C1T

The desorbed species from the MD simulation of the etching of SiOy by CF3" ions with
and without addition of Cl" ions were plotted in Fig. 4.12. There were various desorbed
species but only relevant ones were plotted. It can be observed in Fig. 4.12 that by
injecting the ions at 60° incident angle, the yield of monoatomic species (e.g. Fig. 4.12(a)
Si and Fig. 4.12(b) O) removed through physical sputtering increases. By adding CI*
ions to CF3™ ions at 60°, this yield would be further increased due to the higher ion flux.
As a consequence, the yield of heavier molecules (e.g. Fig. 4.12(h) SiF3 and Fig. 4.12(i)

SiFy) removed through chemical sputtering decreases.

It can also be observed that the yield of heavier SiFy species (Fig. 4.12(h)—(j)) is
highest for CF3" ions injected at 0°. This yield would also decrease when Cl' ions
injected at 0°are added. Additionally, the yield of monoatomic C and F increased when
Cl" ions were added as shown in Fig. 4.12(f) and (m). The trends observed in the
desorbed species support the inference in the previous section which suggests that Cl™

ions primarily remove the fluorocarbon through physical sputtering. The desorbed species
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FIGURE 4.12: The yield of the desorbed species as a function of ion energy for SiOq
etched by CF3 ™" ions with and without addition of C1" ions. The yield is calculated as
the number of specified desorbed species over the total number of injected CF3™ ions.

from the MD simulation of the etching of SiN by CF3" ions with and without addition
of CI" ions were plotted in Appendix C. The trends observed in the desorbed species for

SiN are similar to that of SiO,. The main difference was only observed for SiN etched by
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500eV CF3* ions with C1™ ions injected at 0° wherein a much higher yield of CF molecule

was observed. As such, further discussion would not be necessary.

Implications of the results of the MD simulations of the etching of oxide and nitride
by CF3" ions with and without addition of Cl" ions is on the effects in the etching of a
tapered structure. In a tapered HAR channel, the ion flux reaching the bottom of the
channel would come at normal incidence. In contrast, the ions would hit the channel
sidewalls at an angle. Based on the results of the MD simulation, the etch rate at the
bottom of the trench would be the same but the etch rate of the tapered sidewall could be
faster. This could lead to smoothing of the tapered sidewall, and form a straight channel

profile as schematically illustrated in Fig. 4.13.

Possible smoothing
Ideal HAR of the sidewalls

Mask
Etching at an

3 angle:
faster lateral

?
etching »

%3 Etching at normal
incidence:
same etch rate

FIGURE 4.13: Schematic diagram of a possible mechanism of the smoothing of tapered
HAR channels in 3D NAND.

4.5 Conclusion

In this study, MD simulations of etching of SiO,, and SiN by energetic CF5" ions with
and without CI" ions injected at 0° and 60° were performed. To perform MD simula-

tion combining chlorine with fluorocarbon, interatomic potential that would model the
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interaction of chlorine with carbon and fluorine has been developed. To validate the in-
teratomic potential model developed, MD simulation of the etching of Si, SiO,, and SiN
by Cl" were performed. Good agreement between the etch yield results from the MD

simulations and ion beam experiments were obtained.

In the MD simulation of the etching of SiO; and SiN by CF5" ions and Cl' ions,
it was determined that adding Cl™ ions at 0° had minimal effect on the etch rate of
both SiO5 and SiN. This was true at all ion energies for SiOy but not for SiN. Adding
500eV CI" ions at 0° to the etching of SiN resulted to the decrease in etch rate. It was
determined that the etch rate decreased due to the deposited FC film that passivated the
SiN material. The minimal and even negative effect of adding CI" ions at 0° to CF3™"
ions was attributed to the possibility that much of the energy of the C1* ions is spent on
etching the carbon and fluorine atoms from the thick mixing layer formed during etching
at 0°. In contrast, an increase in etch rate was observed when the added Cl' ions were
injected at 60° since the resulting mixing layer would be thinner. By replacing C1™ with
Ar', it was determined that Cl" ions remove that carbon and fluorine primarily through
physical sputtering. This finding was supported by an apparent increase in the yield of
monoatomic C and F desorbed species when Cl' ions were added. Implication of the
results is on the etching of tapered HAR channels in 3D NAND. Due to the difference in
the etch rates observed when the Cl1" ions are injected at 0° and 60°, a tapered structure

could be smoothed into a straight profile by controlling the direction of the ion flux.



Chapter 5

Molecular Dynamics Study of SiO-
Nanohole Etching by Fluorocarbon

Plasmas

5.1 Introduction

Computer-mediated communication and high-speed information processing have become
necessities in our modern society. Such technologies require the capacity to store a large
volume of data. Due to its cost efficiency, NAND (i.e., an abbreviation of "Not And")
memory devices have been at the forefront in addressing the need for large data storage.
Therefore, three-dimensional (3D) NAND devices, which are the latest rendition of NAND

memory devices, have been the focal point of much research in the industry |5, 6].

In the fabrication of 3D NAND memory devices, an alternating stack of films (e.g.
silicon dioxide (SiO9) and silicon nitride (SiN)) are deposited on a silicon wafer. To form
the memory cells, hole channels must be etched through all the deposited films. Memory
cells are formed around each hole channel at the locations of specific film layers (e.g., SIN

layers) and the surrounding SiO, layers serve as insulating layers. Increasing the number

87
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of memory cells formed around each hole channel requires an increase in the number of
stacked film layers, which in turn requires the formation of deeper hole channels. For a
hole channel, its aspect ratio (AR) is defined as the ratio of its depth to the diameter of its
circular cross-section. Because the memory capacity of the 3D NAND device is dependent
on the numbers of deposited film layers and hole channels, the manufacturing of large-
capacity 3D NAND memory devices requires etching processes to form high-aspect-ratio

(HAR) hole channels.

An etching process to form HAR structures is referred to as HAR etching |5, 6, 24].
The typical ion incident energy of HAR etching for NAND device manufacturing is said to
be several keV, possibly up to over 10 keV, although there has been little open discussion
on the actual ion energies used in the industry. HAR etching is challenging because of
the difficulty in maintaining the circular cross sections and straight-depth profiles of the
holes” inner surfaces, upon which memory cells are built [14, 17, 24, 82, 83, 137, 138|.
Problems encountered in HAR hole etching include incomplete etch or etch stop with
tapered etched hole profiles, which may be caused by the depletion of energetic ions
reaching the bottom and/or redeposition of sputtered/desorbed atoms. Twisted etched
profiles are also encountered, which may be caused by the deflection of the incoming
ions caused by the electric field arising from the electrical charges accumulated on the
holes’ inner surfaces or collisions of ions with the sidewalls at grazing angles. Clogging
and depletion of the hard mask are also encountered in HAR etching [24, 137]. Extensive
experimental studies have been performed to investigate how the shape of the mask affects
the resulting hole profile [35, 36, 139]. Numerical studies have also been performed to
investigate various factors (e.g. neutral-ion flux ratio, the presence of specific radical

species) that affect the profiles of HAR hole channels [104, 117, 137, 140].

Reactive ion etching (RIE), i.e., etching by energetic ion impact combined with sur-
face chemical reactions [20, 80, 84], is widely used in semiconductor device fabrication
processes, including HAR hole etching for 3D NAND devices. Energetic ions used for

RIE are typically generated in chemically reactive plasmas [27, 28, 76-79]. In general,
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fluorocarbon (FC)-based plasmas are used to etch SiO and SiN etching [32, 118-121].
It has been known that a surface layer containing FC species (which we call a “mixing
layer”) is formed on the material surface during such etching processes and can facilitate

etching reactions by forming silicon fluorides (SiFy) and other volatile molecular species

[63].

The interactions of gaseous species such as incident ions and sputtered/desorbed
species with the inner surfaces of an etched HAR hole channel strongly influence the
etched profiles of the hole. In this study, motivated to understand such interactions
holistically, we simulate the etching process of a small hole into a SiO, film by FC-
based plasmas under idealized conditions, using molecular dynamics (MD) simulation
[43, 94, 95]. A typical HAR hole channel of 3D NAND memory devices has a diameter
of several dozen nanometers and a depth of a few microns. However, in this study, we
study an etching process to form far smaller — atomic-scale — holes. This is because we
are also partly motivated to understand the processing of atomic-scale structures used in
advanced semiconductor devices [80, 84, 116]. Although the etching processes to form
nanometer-scale holes can be quantitatively far different from those to form far-larger-
scale HAR holes for 3D NAND memory devices, some aspects of the surface processes
such as simultaneous etching and redeposition of sputtered/desorbed species on the side
walls may be common, given the fact the mean-free paths of gaseous species are far larger

than the typical dimensions of such holes.

The rest of this chapter is organized in the following manner. First, we shall discuss
the effects of two types of carbon masks — diamond and amorphous carbon (a—C) — on
the etched profiles of SiO5 by performing MD simulations for nanohole etching with those
masks by FC ion beams. Second, with a hypothetical ideal mask, the etching mechanisms
for the formation of nanoscale holes into SiO, by FC ion beams will be further examined.
Third, to understand plasma etching, rather than ion beam etching, we shall examine the

synergistic etching effects of simultaneous irradiation of energetic FC ions and thermal
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FC radicals, by performing MD simulations of etching of a flat surface, rather than a

deep hole. The conclusions will be presented in the final section.

5.2 MD Simulation

The interatomic potentials used in MD simulations of this study are based on Stillinger-
Weber potentials [48, 49, 108] modified for Si-O-C-F systems [45, 53, 129]. The modified
potentials have been used in earlier simulation studies in Refs. 60, 62-65, 71, 74, 114,
116, 117, 129. The van der Waals (vdW) forces [53| are also included in this study.
The interatomic potential functions used in this study are briefly summarized in the

supplementary material.

In this study, the model material to be etched by energetic ions is SiOy. The SiO,
model material was created by initially placing Si and O atoms in the ideal S-cristobalite
structure with a lattice constant of 6.978 A (which is close to the ideal S-cristobalite lattice
constant of 7.138 A) and thermalizing the system at 300 K, as explained in Ref. 74. The
initial thickness of the model SiO, material is, e.g., 3.5 nm or selected to be sufficiently

large, depending on the ion incident energy.

Three sets of simulations are performed in this study. In the first set of simulations,
the SiOy model material is covered with a carbon mask. The lateral dimensions of the
model material covered with a carbon mask are 5.58 nm x 5.58 nm. Periodic boundary
conditions are applied in the lateral directions. Two types of carbon masks are considered;
(a) diamond and (b) a—C, as shown in Fig. 5.1. Each carbon mask has a hole with a
diameter of 4nm in its center. The use of a diamond mask is unrealistic for typical
semiconductor processes but we examine it to understand the effects of the hardest carbon
mask that we can create self-consistently in our simulation. In this set of simulations,

both SiOy and carbon masks are etched by the same incident ion flux simultaneously, as
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FIGURE 5.1: Schematic diagrams of SiOs films with (a) diamond and (b) a—C hard
masks. The initial thickness of the SiOy films is 3.5 nm and the thickness of carbon
masks is (a) 3.7 nm and (b) 5.1 nm. Each carbon mask has a hole with a diameter
of 4 nm in its center. As the etching process proceeds in simulation, the thickness of
the SiO9 increases with more SiO9 being added from the bottom, and therefore the
model material represents an infinitely deep SiOs film covered with a carbon mask.
With periodic boundary conditions imposed in the horizontal directions, the model also
represents an infinitely wide surface.

in the real system. The diamond carbon mask has a unit cell of 3.57 A. Figure 5.1 and

all succeeding figures that visualize the model material are rendered with OVITO [141].

In the second set of simulations, the same SiO; model material covered with the
diamond mask is used but we assume that the mask cannot be etched at all by the
incident ions. In the third set of simulations, the SiO; model material without any
mask is etched. Its lateral dimensions are 4.19 nm x 4.19 nm. With periodic boundary

conditions imposed in the lateral directions, it represents an infinitely wide flat surface.

The model material is placed in the simulation box to which periodic boundary condi-
tions are applied in the horizontal (i.e., x and y) directions. The bottom monolayer of the
initial model material is fixed in position to prevent vertical drift of the model material

during the simulation box due to the momentum transfer from injected ions. The film
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is maintained to be thick enough during the simulation. If needed, more SiO, is added
to the model film from the bottom, as explained below. Initially the model material was

thermalized at 300K.

As in the earlier studies (e.g., Refs. 116 and 117), we perform etching simulations by
injecting ions cyclically. In each ion injection cycle, an ion is injected into the surface
of the model material at normal incidence with a predetermined kinetic energy. The
lateral (i.e., z-y) position of impact is selected randomly across the material surface. In
this study, incident ions are CF3" as representative ions emitted from FC plasmas. The
ion is injected from a position slightly above the material surface to minimize the ion
transit time in vacuum. The ion kinetic energy examined in this study is in the range
of 200eV to 2,000eV. The injected ions in the simulation are treated as fast neutrals.
This approximation is based on the assumption that the injected ions are neutralized by
Auger emission upon interaction with a surface |73, 74]. After ion injection, the system
(i.e., surface material and injected ions) is left to evolve under constant total energy (i.e.,
microcanonical) conditions for 700fs. The kinetic energy transfer of the injected ion to
the material and the subsequent collision cascade can occur in this period. In addition,
during this time period, the majority of sputtered atoms and reflected ions from the inner

surface of the etched hole typically have sufficient time to travel across the hole diameter.

At the end of this microcanonical simulation period, atoms not covalently bonded to
the material surface (i.e. atoms floating above the material top surface or in the etched
hole channel) are removed from the system as volatile etch products. It should be noted
that, in this removal process, atoms that are weakly bonded to the material surface by

the vdW forces are not removed.

Although fast-moving sputtered or reflected species from the sidewall can reach other
areas of the sidewall and be redeposited there, some desorbed species that travel slowly
in the open space of the etched hole may be removed from the system prematurely.

Therefore, in our simulation, we may underestimate the redeposited materials.
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After the microcanonical simulation period, the system is then artificially cooled by
gradually decreasing the velocities of all remaining atoms with a Langevin [57] thermostat
for 1,200fs. After this Langevin cooling step, the temperature of the model material is
then brought to 300K with a Berendsen [58] thermostat for 100fs. Thus, the duration of
a single injection cycle is 2,000fs. Atoms that are not covalently bonded to the surface
at the end of the cooling step are also removed from the system and counted as etch
products. The system at the end of the injection cycle is then used as the material to be

etched for the next injection cycle.

Atoms that are weakly bonded to the surface by the vdW forces may thermally desorb
over timescales much longer than the ion injection cycle used in our simulation. However,
in our simulation, we never observed a large number of weakly bonded atoms built up
on the surface, which indicates most weakly bonded atoms desorbed eventually in later
ion injection cycles as etch products. Therefore, we believe that the fact that we do not
remove weakly bonded atoms from the system in the atom removal processes discussed

above would not much affect the simulation results.

During an ion injection cycle, if the volume-averaged temperature of the system ex-
ceeds a predefined temperature (1,700K in this study), or the injected ion or recoiled
atoms reach the bottom layer of the model material, the simulation of this ion injection
cycle is discarded and a sufficiently thick SiO, slab is added from the bottom of the
model material. After this thicker model material is thermalized at 300K, the next injec-
tion cycle starts. This injection cycle is repeated until the ion dose reaches the desired

value.

In the third set of simulations, where the SiO, model material is etched without a
mask, etching yields of SiO, by simultaneous incidence of CF3 ions and CF3 radicals
are examined. For this purpose, we repeat the radical irradiation cycle and ion injection
cycle alternatingly, as schematically depicted in Fig. 5.2. The ion energy is set at 2,000

eV. The radical injection cycle is essentially the same as the ion injection cycle, except
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CF; radicals / \ ® CF5*ion

FIGURE 5.2: Alternating CF3 radical irradiation and CF3" ion injection to simulate
simultaneous radical and ion irradiation of a SiOy flat surface.
that multiple radicals (25 or 50 radicals at a time) are sent to the surface at random
lateral positions with an incident kinetic energy of each radical species being 0.5e¢V. The
incident angle of each radical species is set to be normal to the surface for the sake of
simplicity. As in the ion injection cycle, the radical injection cycle also has the same

cooling processes by Langevin and Berendsen thermostats.

In reality, radicals are typically in thermal equilibrium with the background gas, so
each radical species should have an average kinetic energy of 0.026 eV for 300 K gas
temperature and its incident angle should be distributed uniformly. In the simulation,
we use a slightly higher incident energy of 0.5 eV with normal incidence because it can
reduce the traveling time of CFj radicals in vacuum before reaching the surface. We
have observed that the use of 0.5 €V, rather than 0.026 eV, hardly increase the surface
temperature or affect the nature of radical deposition on the surface. This is likely because
a kinetic energy of 0.5 €V is far below a typical covalent bond energy of a few eV. More

discussion on FC deposition by radical irradiation is given in the supplementary material

(Appendix D).
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5.3 Results and Discussion

5.3.1 Etched Hole Profiles of SiO, with Carbon Masks by CF3™

Ion beams

First, we examine ion beam etching of SiO, with carbon masks. In the simulations, CF3"
ions are injected at normal incidence across the top surface with fixed kinetic energy. The
resulting hole profile cross-sections of the carbon mask/SiOs model material are shown
in Fig. 5.3, where the side view of all atoms in a thin vertical layer with a thickness of
0.558nm that passes through the central axis of the model material (Fig. 5.1) is depicted
after etching. The etched profiles with the diamond masks are given in Fig. 5.3(a) and
those with the a—C masks are in Fig. 5.3(b). The corresponding top-down perspectives of
the carbon masks are also shown in Fig. 5.4. Here, the depth of the top-down perspectives
is only down to the interface between the carbon masks and the SiOs film, so no SiO,
film is seen in this figure. For both Fig. 5.3 and Fig. 5.4, the ion dose for the 200, 300,
and 500eV cases is 6.42 x 10 cm™2 (2,000 injections) and that for the 1,000 eV case is

3.21 x 10" em™2 (1,000 injections).

In both mask types, the shallowest hole channels are observed at 200eV while the
deepest hole channels are observed at 500eV. At 1,000eV, we stopped the simulations
after 1,000 ion injections (an ion dose of 3.21 x 10 cm~2) for both mask types because
the mask collapsed completely by then. At 200eV, the rate of FC deposition was faster
than the rate of SiOy removal. Initially, SiO, was etched by the incident ion beam,
resulting in the formation of shallow hole channels. However, further ion injections at
this energy caused FC film deposition. A similar observation was made in the case of
300eV ion incidence. However, the rate of FC deposition was slower than that at 200eV.
At 500eV, deeper etched channels were observed. The channel formed with the diamond

mask was much deeper than that with the a—C mask. This was due to the faster etching
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(a) Diamond
500 eV
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(b) Amorphous
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FIGURE 5.3: Centered cross-section slabs of SiO films with the (a) 3.7nm-thick dia-
mond mask and (b) 5.1nm-thick a—C mask after CF3 " ion incidence with kinetic energy
ranging from 200eV to 1,000 eV at normal incidence. The ion dose for the 200, 300,
and 500eV cases is 6.42 x 101 cm™2 (2,000 injections) and that for the 1,000 eV case
is 3.21 x 10 c¢cm™2 (1,000 injections). The cross-section slab depicted here is a thin
vertical layer with a thickness of 0.558nm that passes through the central axis of each
model material given Fig. 5.1. The lateral width of each cross section is 5.58nm.
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and deformation of the a—C mask hole pattern, as shown in both Fig. 5.3 and Fig. 5.4,

which resulted in a smaller SiO, surface area exposed to incident ions.

(a) Diamond
200 e 300 eV

La.Ep
t .

500 eV 1000 eV

(b) Amorphous
300 eV

500 eV 1000 eV

FIGURE 5.4: Top-down perspectives of the SiO; films with (a) diamond and (b) a—C

masks after CF3™ ion incidence with kinetic energy ranging from 200eV to 1,000 eV at

normal incidence. The ion dose for the 200, 300, and 500eV cases is 6.42 x 10 cm™2

(2,000 injections) and that for the 1,000 eV case is 3.21 x 10'® em™2 (1,000 injections).

The top-down perspective depicted here is only down to the interface between the mask
and the SiO9 film. Atoms below the interface (i.e., SiO2) are not shown.

The radial profiles of atomic densities of the SiOy film with carbon masks etched by

500eV CF5" are shown in Fig. 5.5. The corresponding cross-section slabs of the radial

profiles are also shown in Fig. 5.5. Here, the four horizontal dashed lines (the locations of

which are 1 nm, 2 nm, 3 nm, and 4 nm below the mask- SiO interface) indicate the regions

where the atomic densities are calculated. Each atomic number density is calculated from

a running average of the number of the corresponding atoms in a cylindrical shell volume

with a radial width of 0.025 nm and a depth of 1 nm (between the two horizontal dashed

lines) around the central axis of the hole and plotted as a function of the radius. We

can estimate the diameter of the hole channel from the atomic density profiles.

For
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FIGURE 5.5: The radial profiles of the atomic densities of SiOg films with (a) diamond
and (b) a — C masks etched by CF3" ions. The incident energy of CF3™ ions is 500eV
and the ion dose was 6.42 x 10* ¢cm~2 (2,000 injections). The cross-section slabs of
the SiOs films with carbon masks from Fig. 5.3 are also depicted here. The horizontal
dashed lines indicate the regions where the the radial profiles are calculated. The radial
distance is measured from the central axis of the initial model material.
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example, if we define the radius of the etched hole channel as that at which both atomic
densities of Si and O exceed 1.0 x 10?! atoms/cm?, for the region over the depth from 1
nm to 2 nm below the mask—SiO, interface | i.e., the top profiles of Fig. 5.5(a) and (b)],
the diameters of the etched hole channels there with a diamond and amorphous carbon
masks are approximately 1.8 nm and 2.0 nm. These diameters more or less correspond to
those of the hole channels seen in the cross sections. The estimated diameters are much
smaller than the initial hole diameter of 4nm. This is because the mask was compressed or
deformed by the ion injections and the opening diameter became smaller, as also depicted

in Fig. 5.3 and Fig. 5.4.

When a clean SiO, film is exposed to energetic ion incidence, oxygen (O) atoms are
preferentially sputtered than silicon (Si) atoms [63, 117|. This is also observed in Fig. 5.5,
where the ratio of the O to Si densities is close to unity near the sidewall surface, much
smaller than the stoichiometric ratio of 2 for SiO5. O atoms are depleted on the sidewalls
of the etched SiOs holes, which indicates the preferential sputtering of O atoms during

the etching process.

The carbon (C) and fluorine (F) atomic densities are also seen to be higher for etching
with the a — C' mask than that with the diamond mask. This may be caused by the more
prominent deformation of the a—C mask, as shown in Figs. 5.3 and 5.4; larger protrusions
of the mask collide with incident energetic ions and retard them, making the incident ions
less energetic and more prone to deposition. Sputtered C atoms from the mask can be

also brought to the etched hole surface.

It is also seen that highly tapered hole channels were formed at 500eV with both mask
types. The tapering may be caused by the masking effect since the opening of the hole
became smaller as the etching progressed. The tapering could also be attributed to the

re-deposition of sputtered/desorbed species on the sidewalls of the etched hole channel.

At 1,000eV, both masks had collapsed by the time the ion dose reached 3.21x10% cm =2

(or 1,000 injections). Because the a—C mask is structurally weaker than the diamond
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mask, the a—C mask was depleted much faster than the diamond mask and, consequently,
the etched depth of SiO, before the mask collapse was much smaller with the a—C mask

than the diamond mask.

5.3.2 SiO5 Nanohole Etching with an Ideal Mask

Based on what we have observed so far, it seems that the deformation of a mask is
unavoidable in the actual beam etching processes even if the incident ion energy is suf-
ficiently low. To mitigate this effect, we may need a much thicker mask possibly with
an opening wider than the diameter of the desired etched hole. In this subsection, how-
ever, to understand the beam-surface interactions in SiO5 hole etching better, we consider
etching processes with a hypothetical (i.e., ideal) mask that never deforms. To achieve
this in MD simulation, we inject ions only through the circular opening of the diamond
mask shown in Fig. 5.3. Some ions that enter the edge of the opening may hit some
protruding atoms on the sidewall of the mask due to the natural surface roughness, but

most incident ions directly reach the SiO, surface inside the opening.

Figure 5.6 shows the cross-section profiles of SiO, with the ideal masks etched by
CF3™ ion beams with kinetic energy ranging from 200eV to 2,000 €V at normal incidence.

The ion dose is 1.19 x 10 cm™2 (1,500 injections).

It is seen in Fig. 5.6 that, unlike the profiles shown in Fig. 5.3, the opening of the
carbon mask essentially remained to be 4 nm in diameter, as intended, because the region
of ion incidence was confined to the original mask opening. The carbon mask sidewalls
were etched only slightly, if any, by grazing energetic ions. However, in all cases where
the hole etching proceeded, the etched hole profiles were highly tapered. Therefore, the
tapering is not necessarily caused by the deformation of the mask; it can be caused by
the intrinsic tapering (i.e., appearance of a sloped surface that has a high etching yield)

[142] as well as the redeposition of sputtered/desorbed species. Some etched holes were
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FIGURE 5.6: Centered cross-section slabs of SiOg with the ideal masks (as explained
in the main text) after CF3" ion injections with kinetic energy ranging from 200eV to
2,000 eV at normal incidence. The ion dose is 1.19 x 106 cm™2 (1,500 injections).
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F1GURE 5.7: Depths of the etched hole channels as functions of the ion dose. The
etching conditions are the same as those of Fig. 5.6. Zero denotes the initial height of
the SiO2. The lines are guides to the eyes.

somewhat twisted, which may have been caused by stochastically roughened sidewalls

that deflect the impinging ions, i.e., stochastic scattering of ions.

For the hole profile at 500eV or higher energy, it is seen that fewer C and F atoms
remained on the sidewall near the bottom than in the area near the mask. Therefore,
the etching at the bottom must be mostly due to physical sputtering than chemical
etching. As the depth increases, desorbed species in the hole channel have more difficulty
in escaping upwards and may get re-adsorbed on the sidewall. Redeposited materials on
the sidewall may be scraped off by the incident ions and brought back to a deeper region.
In this way, at a sufficiently high AR, etched materials can hardly find a way out of the

hole unless they form stable volatile species such as CO and SiFy.

Figure 5.7 shows the dependence of the etched depth on the ion dose. It is seen that,
at 200eV, the depth gradually increased as the ion dose increased, which indicates that
the deposition rate of an FC layer overtook the etching yield. At 300eV, the depth of the
channel remained constant at higher ion doses, i.e., an etch stop occurred. At higher ion
energies, the etched depth increased linearly with the ion dose. In all cases here, the AR

is less than 10, which may be too small to exhibit an AR-dependent etching yield.
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Figure 5.8 shows the nominal etching yields of Si [filled circles in (a)] and O |[filled
circles in (b)] during the hole etching of Fig. 5.6 at 2,000eV. Here the nominal etching
yield is defined as the total (i.e., accumulated) number of Si atoms removed from the SiO,
surface over an ion dose of 1.19 x 10 ecm™2 (i.e., 1,500 injections) divided by the ion
dose. It should be noted that the removed Si or O atoms counted in Fig. 5.8(a) are not
necessarily single Si or O atoms but can be in the form of Si or O-containing molecules

or moieties such as SiFy or CO.

For comparison, the etching yields of Si or O atoms for flat SiO, surfaces obtained
from MD simulations [117] and experiments [119] are also shown in Fig. 5.8. The etching
yields of a flat surface, i.e., the number of Si or O-containing species removed from the
surface per ion injection, are those in steady state, i.e., after a sufficiently large ion dose
where the surface chemical compositions no longer change as the etching proceeds. In
steady state, therefore, the etching yield of O atoms from the same SiO, is twice the

etching yield of Si atoms.

It is seen in Fig. 5.8 (a) that the nominal etching yield of Si for the hole etching is
much smaller than that for a flat SiO4 surface. This is because, in the hole etching, many
sputtered /desorbed species are redeposited on the sidewall of the hole. In addition, as
seen in Fig. 5.6, as the etched depth increases, more incident ions hit the tapered sidewall,
rather than the flat surface. The etching yield of a sloped surface (i.e., at oblique ion

incidence) is different from that at normal incidence.

It is also seen that, at 200 eV ion incident energy, the ratio of the nominal etching
yield of O to that of Si is approximately 2, which is the same as the stoichiometric ratio
of SiOs. However, at 300 eV or higher, the nominal etching yield of O is much larger
than twice the nominal etching yield of Si, which indicates that preferential removal of
O atoms took place [63, 117]. Additionally, the nominal Si etching yields are nearly the
same from 300 eV to 1,000 eV even though, with the same ion dose, the etched depths

increased much in this energy range, as shown in Fig. 5.6. The increase of the etched
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FIGURE 5.9: The percentages of desorbed species during SiO etching by CF3™ ions for

each ion incident energy. The desorbed species are listed in the horizontal axis wherein

SiFy denotes SiF, SiF9, SiFs, and SiFy; COy denotes CO, COq9, and COs; and "Others"
primarily contains long carbon chains and C¢Fy species.

depth, therefore, is largely attributed to the volume loss caused by removed oxygen, as

seen in Fig. 5.5.

Figure 5.9 shows the percentages of specific desorbed or reflected species among all
desorbed /reflected species accumulated during the hole etching processes of Fig. 5.6. It is
seen that, at low ion incident energies of 200eV and 300eV, the majority of O-containing
desorbed species are CO, whereas, as the ion incident energy increases, the percentage
of single O atoms increases. The high amount of F and C atoms removed at 200 eV
is attributed to deposited FC layer. Since an FC layer has formed on the surface, the
injected ions are just etching the FC film. At high ion energies, the etching becomes more

physical, causing a high percentage of monoatomic O atoms to be removed.

5.3.3 SiO5 Etching by Simultaneous FC Radical and Ion Irradi-

ation

Figure 5.6 shows that, if the ion incident energy is sufficiently high, the accumulation
of FC hardly occurs at the bottom of the etched deep hole by CF3" ion beam etching,

and therefore, the nature of etching is essentially physical sputtering and strong tapering
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FIGURE 5.10: Etching yield of Si for a flat SiOy surface as a function of the radical-
to-ion flux ratio. The incident ions are CF3" at 2,000 eV and the angle of incidence is
normal to the surface. Radical species are CF3. At 200 and 300 radical-to-ion ratios,
after the initial etching of the SiOy surface, the etching stopped and deposition of an
FC layer occurred. The solid lines connecting the data points are the guide to the eye.

occurs. Even in FC plasma etching, where FC radicals are abundant, FC radicals hardly
reach the bottom of a deep hole because radicals travel isotropically in the gas phase and
tend to stick near the mask opening when they approach the hole channel. However, part
of the deposited FC layer may be scraped off and pushed down to a deeper region by

incident ions. With such additional FC species, the etching of the bottom surface may

become more chemical in nature and the etching yield may increase.

In this section, we examine the etching yield enhancement by the presence of FC
radicals. More specifically, we evaluate the etching yield of a flat SiOy surface by CF3™

ion injections at normal incidence in the presence of a CF3 radical flux by MD simulation.

Unlike the nominal etching yields evaluated for Fig. 5.8, the etching yields evaluated
here are those in steady state, i.e., after sufficient radical and ion doses. Therefore, the
etching yield of O is twice the etching yield of Si, as the etching yield for flat surfaces
[117] plotted in Fig. 5.8.

The result of the simulation was plotted in Fig. 5.10. The radical-to-ion flux ratio
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was varied from 0:1, 25:1, 50:1, 100:1, 200:1, to 300:1. It is seen that the etching yield
increased almost twice in the presence of CF3 radicals at 25:1 from the etching yield
by the corresponding CF3" ion beam only. The etching yield is also nearly the same
at 50:1 and 25:1. This was followed by a decrease in etching yield at 100:1. While the
presence of a larger number of F and C atoms promotes the formation of volatile silicon
fluorides and carbon oxides during ion injection, an excessive accumulation of FC at a

larger radical-to-ion ratio retards the surface etching.

It is likely that, in the presence of an optimal amount of CFj3 radicals, the etching
becomes more chemical in nature. Although the authors have not confirmed yet, under
such conditions, the etching may become more isotropic and could contribute to the
lateral etching at the bottom of an etched hole profile, alleviating the tapered etched
profile. MD simulation of hole etching by simultaneous FC radical and ion irradiation
(i.e., under conditions similar to plasma etching, rather than a beam etching) is beyond

the scope of the present study and deferred to future work.

5.4 Conclusions

In this study, MD simulations were performed to simulate etching processes to form
nanoholes in SiOy by CF3" ion beams. The ions are injected at normal incidence. When
relatively thin carbon masks (i.e., 3.7nm-thick diamond and 5.1nm-thick a—C masks)
were used, it is found the masks were notably deformed or even collapsed for incident
ions whose kinetic energy was 300eV or higher. Although the use of diamond as a mask
is unrealistic for actual processes, the simulation results show that a denser mask is less
prone to deformation. Because the periodic boundary conditions were imposed in the
horizontal directions over a 5.58nm x 5.58nm square mask model with a 4nm-diameter
hole in its center, the shortest distance between the two mask holes was only 1.58 nm.
The fact that some mask walls were so thin might have also contributed to the observed

deformation or collapse of the mask.
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Even with a hypothetical ideal mask that would not deform, it was found that tapered
etched holes were formed by CF3" ion beams at sufficiently high ion incident energy. It
indicates that tapered etched holes can be formed without the mask deformation. The
hole etching with such high ion incident energy is mostly due to physical sputtering.
Therefore, the tapered etched holes were likely to be caused by intrinsic tapering [142]
(i.e., the appearance of sloped surfaces having high etching yields) and redeposition of
sputtered Si-containing species on sidewalls. Furthermore, the preferential removal of

oxygen from the sidewalls caused the formation of Si-rich sidewall surfaces.

To form a less tapered, more straight hole, beam etching is thus not sufficient. One
needs more lateral etching, which could mitigate the formation of a tapered sidewalls.
Although highly reactive charge-neutral radicals are unlikely to reach the bottom of a
HAR-etched hole, reactive species deposited near the mask opening may be scraped off
by grazing energetic ions and transported to the bottom. Considering such possibilities,
we also examined synergetic effects of simultaneous incidence of radicals on ion beam
etching of a flat SiOy surface by MD simulations. It is found that, with an appropriate
flux of CF3 radicals, the etching yield of a flat SiOy surface by CF3" ion injection can
double, but excessive exposure to CF3 radicals causes etch stop. MD simulation of hole
etching by simultaneous radical and ion irradiation is beyond the scope of the current

study and deferred to future work.



Chapter 6

(General Conclusion

In this research, classical MD simulations supported by ion beam experiments has been
done to provide insights in HAR etching in the fabrication process of 3D NAND flash

memory devices.

In Chapter 2, MD simulations for the scattering of Ne™, Ar", and Xe" ions with ion
energy of 1,000eV injected at grazing-angle (< 20°) ion incidence on smooth and rough
Si and SiO, surfaces were performed. This was done to understand the effect of atomic-
scale roughness on the scattering properties of energetic ions at the sidewall of HAR
channels. The results showed that surface roughness broadens the reflection-angle and the
azimuthal-angle distribution. Though regardless of the surface morphology, the reflection-
angle distribution showed that the majority of the ions were reflected specularly while the
azimuthal-angle distribution showed minimal deflection when 6; < 10°. Additionally, the
surface roughness reduced the mean kinetic energy of the ions upon scattering. From the
scattering simulations in this chapter, it was found out that the reflection probabilities
were near unity when #; = 5°. Additionally, it was observed that for a crystalline surface,
ions with low ion energy (i.e. 100eV) could channel through the crystal structure, and
reduce the reflection probability. The reflection probabilities obtained from the MD

simulation were also compared to SRIM simulation. From the comparison, it was observed
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that SRIM simulations underestimate the reflection probabilities in comparison to MD
simulations, especially at lower ion energy. The difference was attributed to the fact that
SRIM is a binary collision model. Unlike in MD simulations, the ions in SRIM simulations
only interact with one atom from the material surface. As such, it was determined that

MD has higher accuracy than SRIM.

In Chapter 3, MD simulations of SiO,, SiN, and ON bilayer model etched by CF3™
ions injected at normal incidence were performed. Etching yields of SiOs and SiN ob-
tained from MD simulations were compared to experimental etching yields wherein good
agreement was attained. In the etching of ON bilayer by low energy ions, the thickness of
the mixing layer was less than the initial thickness of the oxide layer. As such, the etch
rates of oxide and nitride layers could be observed separately. At high ion energies, a
mixing layer thicker than the initial thickness of the oxide film would be formed. As such,
a single etch rate was observed. From the MD simulations, it was inferred that in the
etching of ONON multilayer, the overall etch rate would be dependent on the thickness
of the films, as well as the ion incident energy. It is possible that in ONON multilayer
etching in 3D NAND devices, the non-uniformity of the deposited films could lead to
varying etch rates across the horizontal surface. Due to this, the etch front could be
deflected as it passes the interface of the films resulting to the bending observed in actual
HAR etched channels. Additionally, the desorbed species obtained from the simulations
showed that physically sputtered species increases with increasing ion energy. Opposing
trend on the Si-containing desorbed species was also observed between 200eV and 2,000eV
ion energies. In HAR etching, as the aspect-ratio increases, there is higher possibility of
the desorbed species to be redeposited on the sidewalls of the hole channels resulting to

the tapering of the etched channels.

In Chapter 4, MD simulations to study the etching of SiO, and SiN by chlorine-
containing fluorocarbon plasmas were performed. This was done by comparing the simu-
lations of SiOy and SiN etched by CF3" ions with and without C1* ions injected at 0° and

60°. Interatomic potential models describing F-C—Cl interactions were first developed.



Chapter 6. General Conclusion 111

To validate the models, etching yields from the MD simulations per ion type were com-
pared to experimental etching yields wherein good agreement was attained. Comparing
the MD simulations of SiO, etched by CF3' ions with and without CI" ions, minimal
change in the etch rate was observed when the ions are injected at 0°. For SiN, similar
trend was only observed when the ion injected at normal incidence has an ion energy
> 1,000eV. When the ion energy is 500eV, the etch rate was reduced due to the deposi-
tion of a passivating FC film that inhibited the etching. In contrast, when the ions are
injected at 60°, a 1.6x increase in the etch rate was observed upon addition of CI* ions to
the etching both SiOy and SiN by CF3" ions. Based from the results, it was concluded
when thick mixing layer is formed on the material surface, the kinetic energy of the CI™
ions are spent on etching the C and F from this layer. It is not that ClI™ has no effect to
the etching when injected at 0°. Since an optimum mixing layer is needed in the etching
by fluorocarbon plasmas, the etching by Cl" ions is negated by the deposition of the C
and F atoms to form the mixing layer. When the ions are injected at 60°, the etching
becomes favourable to physical sputtering, thus the need to deposit the C and F atoms
to facilitate fluorocarbon etching is lessened. Consequently, an increase in the etch rate
would be observed. To further support the findings from the MD simulations, additional
simulation were performed wherein C1* ions were replaced with Ar". Based from the
results, it was concluded that Cl1* ions primarily etch the C and F atoms by physical
sputtering even at normal incidence except for SiN at 500eV. This was also evidenced by
the apparent increase in the monoatomic C and F desorbed species when the films were
etched by CF3" ions with Cl" ions. From the results, a mechanism to smoothen tapered

structure in HAR etched channels was proposed in this chapter.

In Chapter 5, MD simulations to form nano-hole channels in SiOs film with a diamond
carbon mask and an a—carbon mask by CF3" ions were performed. Based from the
comparison of the etching with a diamond carbon mask and an a— carbon mask, a less
dense mask have a higher probability of collapsing. As such, it was concluded that the use

of a denser mask would be more advantageous in the etching of hole channels with high
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aspect-ratio. Due to this, etching simulations of SiO, film with a diamond carbon mask
wherein the CF5" ions were constrained within the defined hole pattern of the mask were
performed. The results showed that even when the deformation of the mask was greatly
lessened, tapered hole channels would still form. As such, it was concluded that the
redeposition of the sputtered atoms contribute significantly to the tapering phenomenon
which was also exacerbated by the nanometer-scale size of the hole pattern. Additionally,
the sidewalls of the tapered channels were observed to be Si-rich due to the preferential
removal of oxygen. Based on the desorbed species, it was also concluded that the HAR
etching process predicted in the simulation is dominated by physical sputtering. The
effect of the carbon and fluorine flux at the bottom of the hole channel was also studied
by bombarding a flat SiO, substrate with CF3 radicals and CF3* ions. It was concluded
that there exists a process window from 25:1 and 50:1 radical-ion ratio where etching
yields of Si and O atoms were doubled. It was concluded that the main effect of the
radicals in etching is to promote chemical sputtering and to balance out the physical

sputtering.

To summarize, this research was done to study the HAR etching in the the fabrication
of 3D NAND devices. Chapter 2 provided insight on the effect of atomic scale roughness
on the scattering of ions as it hit the HAR sidewalls at grazing angle. In Chapter 3, the
etching of oxide-nitride bilayer representing the alternating ONON layers in actual 3D
devices showed how the thickness of the mixing layer affects the etch rate. In Chapter
4, other plasma chemistry that can be used in HAR etching was explored. Though MD
simulation of hole channel etching was also done as shown in Chapter 5, the findings of
this research could be incorporated in profile simulation that can simulate the macro-
scopic evolution of HAR profiles. In general, this research has shown that MD simulation
supported by ion beam experiment could provide insights in understanding the ion scat-
tering and etching process in semiconductor device fabrication. Since the feature size in
semiconductor devices continues to shrink, the use of MD simulations is becoming more

relevant due to the possibility of direct comparison between simulation and experiment.



Appendix A

Inert-gas Ion Scattering at Grazing
Angle Incidence on Si and SiO»

Surfaces — Supporting Results

In Chapter 2, MD simulations of the scattering of Ne™, Ar™, and Xe" ions on smooth
and rough Si and SiO, surfaces were discussed. The reflection-angle distributions and the
azimuthal-angle distributions of the ions injected with 1,000 €V ion energy were shown in
Figs. 2.3 and 2.3 respectively. In Ch. 2, the scattering of ions with 100eV energy was also
explored. In this appendix, the reflection-angle distributions and the azimuthal-angle
distributions of the ions injected with 100 eV ion energy are shown in Figs. A.1 and A.2

respectively.
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Appendix A. Inert-gas Ion Scattering at Grazing Angle Incidence on Si and SiO,

Surfaces — Supporting Results

mooth Si R h Si mooth Si R h Si
0.06 _Smooth 3 0.06 “ tough 5 0.06 “m_ooﬁ 510, 0.06 “ ough Si0,
. 0.04 0.04f ! {0.0a} 4 {o.04fF -
5 ! _ i
0.02} 0.02f {0.02} AYi 10.02 _
0.00 0.00 F—— “ 0.00 F—— _ 0.00
0.16 0.16[ | 10.16 | 10.16} | -
. 0.12 0.12f | {0.12} i {0.12} i -
S0.08 0.08f | H0.08f 10.08} | 1
0.04 0.04} H0.04 H0.04} |
0.00 0.00 “ 0.00 : 0.00
0.4 0.4} 1 104 104
_03f — Ne 0.3} ! { 03 {03
© 0.2 e ] 02} 1 0.2 1 0.2
0.1 1 0.1} 1 01} 101
“ L _ ol “ L L -
0.04 30 60 90 %99 30 60 90 -9 30 60 90 %9 30 60 90

6, [degrees]

FIGURE A.1: Reflection-angle distributions F(6,) of Ne™ (green), Ar* (red) and Xe™ (blue) ions reflected on the smooth and rough Si
and SiOg surfaces defined in Fig. 2.1. The ion incident energy is 100 eV and angles of incidence are 5°, 10° and 20°. The vertical black
dashed line indicates the specular angle in 6,.. Note that incident ions may be trapped in the material.
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Appendix B

Etching of ONON Multilayer by CF3™"

Ions

In Chapter 3, MD simulation of the etching ON bilayer by CF5" ions injected at normal
incidence with ion energy from 200eV to 2,000eV were discussed. To study the etching of
an actual ONON multilayer, MD simulation of an ONON multilayer etched by CF3" ions
injected at normal incidence with ion energies from 200eV to 6,000eV were performed.
The change in depth as a function of ion dose is plotted in Fig. B.1. Until an ion energy
of 3,000eV, change in the etch rate as the material transitions from oxide to nitride and
vice versa can be observed in Fig. B.1. Since a much thicker oxide film was used in these
simulations unlike in Ch. 3, a single etch rate was only observed at much higher energies
(> 3,000eV). Note that the results from 3,000eV to 6,000eV are preliminary data that
requires further studies and verification with experiment. Nonetheless, this observation
supports the conclusion in Ch. 3 wherein the change in etch rate is dependent on the
thickness of the films and the ion energy used. The thickness of the films used in the
simulations are similar to the thickness of ONON films deposited on Si wafers provided by
Lam Research Corp. This was done to have a direct comparison between MD simulation

and experiment.
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T~ Oxide

0.5keV__ Nitride

AkeV N wo N Oxide

NS N Nitride

_cok | | | | D Oxide
500 2 4 6 8 10 12

Ion Dose [x10'® ions/cm?]

FIGURE B.1: The change of the surface height (i.e., depth) as a function of ion dose
with ion incident energies from 200eV to 6,000eV, obtained from MD simulation. The
dashed lines indicate the interface of the oxide and nitride.



Appendix C

MD Simulation of Oxide and Nitride
Etching by CF3™ and Cl™ —

Supporting Results

C.1 Fluorocarbon and Chlorine Interatomic Potential

Model

The three-body V3 potential models for all possible combinations of chlorine interacting
with the system containing Si, O, N, C, and F are summarized in this appendix. Details

of the calculations had already been discussed in Chapter 4.
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Ficure C.2: The three-body V3 potential energies are plotted as a func-

tion of the angle 6 for various configurations of Cl with C as the center atom.
The data points are obtained from DFT calculations, and the curves are ob-
tained from fitting V3 interaction described by Eq. 1.8. The DFT calcula-
tions were done on (a) chlorofluoromethane CH3CIF; (b) chloroethane CH3CH,Cl,
(c) dichloromethane CHyCly; (d) chloromethane CH3Cl; (e) chloromethylazanide
CH3yNHCl; (f) trichloro(chloromethyl)silane Si(CH2Cl)Cls; (g) hydroxychloromethyl-
radical CH2CIOH; (h) vinyl chloride CpH3Cl; (i) formyl chloride CHCIO; (j)
chloromethylideneazanide CHCIN™; (k) 2-chloroethynyl C,Cl; and (1) cyanogen chlo-
ride CNCI. The bond lengths of all atoms are maintained. Only the angle 6 was varied
without changing the azimuthal angle.
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The three-body V3 potential energies are plotted as a function of the

angle 6 for various configurations of Cl with (a)—(c) Si and (d)—(f) O as the center atom.
The data points are obtained from DFT calculations, and the curves are obtained from
fitting V3 interaction described by Eq. 1.8. The DFT calculation were done on the fol-
lowing molecules: (a) chloro(methyl)silane CICH3SiHs; (b) chlorofluorosilane CIFSiHy;
(c) alpha-Chlorosilanamine CIH4NSi; (d) methyl hypochlorite CH3ClO; (e) chloro hy-
pofluorite CIFO; and (f) amino hypochlorite CIHoNO. The bond lengths of all atoms
are maintained. Only the angle § was varied without changing the azimuthal angle.
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FiGURE C.4: The three-body V3 potential energies are plotted as a function of the
angle 0 for various configurations of Cl with N as the center atom (single bonds). The
data points are obtained from DFT calculations, and the curves are obtained from fitting
V3 interaction described by Eq. 1.8. The DFT calculation were done on the following
molecules: (a) methylchloroamine CH4CIN; (b) CIFHN; (c¢) chloramine NH2Cl; (d)
1-chlorohydrazine ClH3Ng; (e) hydroxylamine CIHoNO; and (f) SiH4CIN. The bond
lengths of all atoms are maintained. Only the angle 6 was varied without changing the
azimuthal angle.
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FiGURE C.5: The three-body V3 potential energies are plotted as a function of the

angle 6 for various configurations of Cl with N as the center atom (double bonds). The

data points are obtained from DFT calculations, and the curves are obtained from fitting

V3 interaction described by Eq. 1.8. The DFT calculation were done on the following

molecules: (a) chlorine isocyanide CCIN; and (b) nitrosyl chloride NOCL. The bond

lengths of all atoms are maintained. Only the angle 6 was varied without changing the
azimuthal angle.
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C.2 Depth Profiles of SiO; and SiN Etched by CF3™"

and CI*

The depth profiles of atomic densities for both SiO, and SiN etched by CF3* ions with
Cl" ions and just CF3" ions injected at 0° and 60° are summarized in this appendix.
Si0; (E; = 500eV)

(a) (®) (c) (d)
CF3I+ &IC1+‘(L) CF3“L & Ql* (60° ‘CF3+‘ (L) CIF3+I(6O“’)
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FIGURE C.6: The depth profiles of the atomic densities for SiOy etched by 500eV
CF3" & Cl' injected at (a) 0° and (b) 60°, compared to SiOy etched by 500eV CF3"
ions injected at (c) 0° and (d) 60°. The depth profiles were taken at the same ion dose of
2.85x10'6 CF3* ions/cm?. The origin of the vertical axis is the position of the material’s
top surface prior to etching. The vertical axes have different ranges but same increment.
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FicURE C.7: The depth profiles of the atomic densities for SiOs etched by 1,000eV
CF3" & CI" injected at (a) 0° and (b) 60°, compared to SiOs etched by 1,000V CF3™
ions injected at (c) 0° and (d) 60°. The depth profiles were taken at the same ion dose of
2.79x10'6 CF37 ions/cm?. The origin of the vertical axis is the position of the material’s
top surface prior to etching. The vertical axes have different ranges but same increment.
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FiGURE C.8: The depth profiles of the atomic densities for SiOs etched by 2,000eV

CF3" & C1' injected at (a) 0° and (b) 60°, compared to SiOj etched by 2,000eV CF3"
ions injected at (c) 0° and (d) 60°. The depth profiles were taken at the same ion dose of
1.87x10%0 CF3" ions/cm?. The origin of the vertical axis is the position of the material’s
top surface prior to etching. The vertical axes have different ranges but same increment.
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FiGURE C.9: The depth profiles of the atomic densities for SiN etched by 1,000eV
CF3" & CI' injected at (a) 0° and (b) 60°, compared to SiN etched by 1,000eV CF3™
ions injected at (c) 0° and (d) 60°. The depth profiles were taken at the same ion dose of
2.98x10'6 CF37 ions/cm?. The origin of the vertical axis is the position of the material’s
top surface prior to etching. The vertical axes have different ranges but same increment.
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FiGURE C.10: The depth profiles of the atomic densities for SiN etched by 2,000eV
CF3" & CI' injected at (a) 0° and (b) 60°, compared to SiN etched by 2,000V CF3"
ions injected at (c) 0° and (d) 60°. The depth profiles were taken at the same ion dose of
2.23x101¢ CF3 " ions/cm?. The origin of the vertical axis is the position of the material’s
top surface prior to etching. The vertical axes have different ranges but same increment.
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C.3 Etch Rate of SiO; and SiN Etched by CF3" and

Ar™
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FIGURE C.11: Etch rate as a function of ion energy for (a) SiO2 and (b) SiN etched

by CF3" ions with C1" ions denoted by square markers, by CF3" ions only denoted by

circle markers, and by CF3™ ions with Ar™ ions denoted by diamond markers. The ions
are injected at 0° and 60° incident angles. The lines are just guides to the eyes.
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C.4 Desorbed Species from the Etching of SiN by CF3™"

and Cl1"
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etched by CF3™" ions with and without addition of CI™ ions. The yield is calculated as
the number of specified desorbed species over the total number of injected CF3™" ions.
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by FC Plasmas — Supplementary

Material

D.1 Interatomic Potential Functions

The interatomic potential functions introduced in Sec.II are discussed briefly in this sup-
plementary document. The interatomic potential model for the Si-O-C—F system is based
on SW-type [48, 49, 108] potential where the total potential energy ® is the summation

of the two-body V5 and three-body V3 interactions given by

i<j i<j<k

In this SW-type potential model, all atoms are considered to be charge-neutral. Based
on previous studies [45, 50, 74, 110, 115], the two-body V5, interaction between the i*"

and j™ atoms would be dependent on their interatomic distance r;;, and is given by
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2d
Va(i, 7) = ar 2% exp ( ) —br~%exp (

Tij — T

) , if Tij < Te (Dl)

Tij_rc

where a, b, d, q, and r. are parameters with r. being the interatomic cutoff distance. The

two-body V5 interaction would be zero if r;; > ..

The three-body V3 interaction describes the angular dependencies of the ™, j** and

k™ atoms given by

Vs(i,7,k) = hjik(rij,rik, jSk) + hijk(rjz',’f’jk, eijk) + hikj('rki; Tkjs 9ikj>~ (D.2)

The h function in Eq. D.2 is dependent on the angle between three atoms 6 (the vertex
atom is denoted by the center subscript), and the distances r of the two atoms from the

vertex atom given by

hiji(7jis Tty Oi) = Kijre|cos e — Ouj] "% fii (rig) fir (1) (D.3)

where k, ©, and ~ are parameters. The f function in Eq. D.3 prevents the overestimation

of the angular dependency, and is dependent on V5, given by

17 r S Tmin,
fij(r) = “,/22@ s Tonin < T < Te,
0, T > T,

where 7,,;, is the distance between the i** and j** at the minimum two-body interaction

energy ‘/2mzn .

The parameters for two-body V5 and three-body V3 potential functions are determined

by Levenberg-Marquardt nonlinear fitting of the potential energy curve of various atomic
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TABLE D.1: Parameters for two-body V5 potential functions.

a b d q Ie
Si-Si 170.0 383 0.614 1.89 3.6
Si-O  122.0 446 0453 252 25

Si-C 122.0 449 0.176 2.86 2.8
Si-F  75.6 41.7 0269 221 26
C-C  90.1 364 0972 130 25
C=C 41.9 0.678 1.73
‘C=C 103.0 1.82 1.02 .
C-O 351 231 0302 216 2.3
"C=0 45.7 0.616 2.18
*C=0 51.8  0.652 2.04

C-F 202 202 0.113 239 23
O-O 20.7 11.0 0481 2.06 2.4
*0=0 69.6 2.34 0.209

O-F 474 208 0.659 2.33 22
FF 138 959 0.137 258 22

configurations. The potential energy curves are obtained from ab initio quantum mechan-
ical calculations based on density functional theory (DFT) using the software Gaussian
with B3LYP /6-311G basis set [52]. The DFT data for two-body V4 are obtained by scan-
ning the distance between two atoms. For three-body V3, the DFT data are obtained
by scanning the angle between three atoms. The parameters obtained for the two-body
V5 and three-body V3 potential functions are summarized in Table D.1 and Table D.2

respectively.

TABLE D.2: Parameters for three-body V3 potential functions.

ik k G} 0
Si-Si-Si 2.14 -0.333 2.00
Si-Si-O 1.72 -0.333 2.00
Si-Si-C 2.60 -0.333 2.00
Si-Si-F 2.08 -0.333 2.00
0-Si-O 3.07 -0.333 2.00
0-Si-C 2.81 -0.333 2.00
O-Si-F 226 -0.333 2.00
C-Si-C 3.42 -0.333 2.00
C-Si-F 262 -0.333 2.00
F-Si-F 2.75 -0.333 2.00
0-0-0 5.00 0.000 0.00
0-O-Si 5.00 0.000 0.00
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Continuation of Table 7?7

ik k O v
0-0-C 2.21 -0.494 2.00
O-O-F 3.03 -0.214 2.00
Si—O-Si 1.31 -0.721 2.00
Si-0-C 2.86 -0.524 2.00
Si-O-F 2.98 -0.400 2.00
Cc-0-C 4.78 -0.413 2.00
C-O-F 2.08 -0.468 2.00
F-O-F 6.22 -0.273 2.00
Cc-C-C 4.76 -0.333 2.00
C-C-Si 296 -0.333 2.00
Cc-C-O 3.66 -0.333 2.00
C-C-F 4.28 -0.333 2.00
Si—C-Si 2.17 -0.332 2.00
Si-C-0O 2.72 -0.333 2.00
Si-C-F 3.09 -0.330 2.00
0-C-0O 3.67 -0.333 2.00
O-C-F 454 -0.333 2.00
F-C-F 6.39 -0.333 2.00
C-C=C 4.62 -0.469 2.00
Si-C=C 3.57 -0.976 2.00
O-C=C (0=C-C) 459 -0.447 2.00
F-C=C 5.40 -0.461 2.00
0-C=0 5.68 -0.460 2.00
F-C=0 748 -0.575 2.00
C=C=C (C-C=C) 256 -1.000 1.73
0=C=C (0-C=C) 244 -1.000 1.33
Si-C=C 1.67 -1.000 1.13
F-C=C 2.74 -1.000 1.20
0=C=0 6.62 -1.000 1.20

The Van der Waals (vdW) interactions among the atoms are also considered in the

simulations and is given by

da

Vo) =4 (7)" = (1) Fowr (2

otherwise Viaw (r) = 0,

where € = 0.0108 eV, 0 = 35 A, d; = dy = 0.1

)if02<r<cl,
T — Co

(D.4)

A, c = 8.0 Aand co = 3.5 A. The

repulsive interaction of the Van der Waals is not included since the repulsive interaction

of the atoms is already accounted by the two-body V5 potential that describes covalent
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bonding. Also, the minimum bond energy in Van der Waals interactions is extremely

small (= 102 €V) in comparison to typical covalent bonds (several eV) [53]

D.2 Deposition of CF3 Radicals

The deposition simulation of FC layers on SiO, films by CF3 radicals is briefly discussed
here. As discussed in Sec.II of the main manuscript, the average kinetic energy of radicals
at 300K should be 0.026eV. However, to reduce the traveling time of the CF3 radicals to
reach the surface, we used 0.5eV in our simulations. We also stated there that the nature
of radical deposition on the surface was not affected. To support this, we have irradiated
a 4.19nm x 4.19nm SiO, film surface with CFj3 radicals with energies of 0.026eV and
0.5eV. The injection cycle is essentially the same as the one discussed in Sec. II but with
a shortened cooling time of 300fs. As such, the total injection cycle is 1,000 fs. Since the
energy of the impact particles is quite low, we have shortened the cooling time to achieve

faster simulations.

The simulation results, i.e., snapshots of SiOs films with FC layers deposited by
0.026eV and 0.5¢V CFj3 radicals are shown in Fig. D.1. After 1,000 injections (5.7 x 10
cm™? dose), similar ~2nm-thick FC layers with an F/C ratio of 3.0 were obtained for

both cases.

(a) 0.026eV (b) 0.5eV

(a7 as oty vo (BY

®Si O ecC F

FIGURE D.1: Snapshots of SiOs film injected with (a) 0.026eV and (b) 0.5V CF3
radicals (1,000 injections).
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