
ABSTRACT

DU, YAO. Molecular Dynamics Simulation in Plasma Etching. (Under the direction of Steven
C. Shannon).

In plasma etching for microelectronics fabrication, one of the objectives is to produce

high aspect ratio (HAR) via and trench structures. A principal contributor to the HAR feature

shape is the manner in which energetic ions interact with sidewalls inside the feature. The

scattering angle and energy loss of ions reflecting from sidewalls determines the sidewall

slope and can lead to defects such as microtrenching and bowing. Understanding how ions

interact with sidewalls can improve our control of the critical dimensions of HAR features.

Ions accelerated in the plasma sheath arrive in the feature with energies as large as a few

keV and initially strike the sidewalls at glancing-angles. These scattering events extend to

the photolithographic mask. Scattering from the mask at glancing angles can produce ions

incident into the underlying feature with a broader angular distribution, leading to less

desirable feature properties. In this work, results are discussed from Molecular Dynamics

(MD) simulations of glancing-angle scattering of argon ions from three materials common

to HAR etch: polystyrene (as a photoresist surrogate), amorphous carbon (a hard mask

material) and SiO2 (a common insulating material used in microelectronics devices). Results

from the simulations reveal a transition from specular scattering to diffuse scattering as

the angle of the incident ion decreases (90 degrees being glancing incidence) and incident

energy increases. Scattering from polystyrene is more diffuse compared to amorphous

carbon and SiO2 for identical incident ion conditions.

In the latter half of this work we investigate the formation of fluorocarbon polymer film

on the HAR surfaces. During a plasma etching process using fluorocarbon gases such as

CF4 and C4F8, the formation of fluorocarbon polymers can occur due to chemical reactions

and modifications of the reactive radicals in the plasma with the substrate material being

etched, usually on its surface. These polymer films typically consist of a complex mixture of

chemical compounds, primarily containing carbon and fluorine with a PTFE-like structure,

but may also include other elements from the substrate materials, such as silicon, oxygen,

and hydrogen. These polymer films can have both positive and negative effects. On one

hand, it can act as a protective layer to protect the underlying material from being etched.

On the other hand, the buildup of excessive unwanted polymers can result in process

contamination, reduce etch selectivity, slow down the etch rate, and negatively impact the

final feature profile. With the help of reactive molecular dynamics simulations, the impact



of different conditions on the formation of the fluorocarbon polymer can be investigated in

nanoscale, the atomic structure of the formed polymer films can be well captured, and the

accuracy of modeling chemical reactions in plasma-surface interactions can be improved.

In this work, we discuss results from reactive MD simulations of fluorocarbon polymer

formation on HAR sidewalls in plasma etching processes by depositing CFx (x = 1 � 3)

radicals onto amorphous SiO2 and Si substrates. The results show that the film thickness

strongly depends on the incident species as fluorine deficient species tend to grow thicker

polymers. The film thickness also strongly depends on the substrate materials as polymer

on Si crystal can grow much thicker than on amorphous SiO2. It was also found that carbon

could potentially play a role in forming thick polymer films.

Measuring sticking coefficients for various plasma species on different HAR feature

materials in fluorocarbon plasma etching processes is a natural outcome of studying the

fluorocarbon polymer formation. Measuring sticking coefficients on varying substrate

surface conditions as a function of time can help in understanding the time-dependent

behavior of polymer growth on substrate surfaces. On the other hand, measuring sticking

coefficients can also benefit other rigorous computational models by delivering more

accurate and flexible data which are essential for developing such models. It can be expected

that in experimental works, sticking coefficients are generally difficult to measure, and are

usually estimated indirectly from other results such as feature profile shape and radicals’

density within the plasma. With the help of MD simulations, the sticking coefficients can

be measured directly at atomic scale, and the conditions of the incident species and the

substrate surfaces can be precisely manipulated so that the effect of each factor can be

measured independently. In this work, the sticking coefficients of CFx (x = 0 � 4) and

SiFx (x = 0� 4) species on substrate materials such as amorphous SiO2 and Si crystal were

measured using reactive MD simulations. The sticking coefficients were measured both

on the bare material surfaces and on the material surfaces with growing polymer layers.

An analytical model was derived and fitted to the measured data using a two-segment

regression scheme, and good match was achieved. The analytical model makes it possible

to conveniently incorporate the measured sticking coefficients data into any rigorous

models to accurately predict the sticking coefficients for varying surface conditions.
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CHAPTER

1

INTRODUCTION

1.1 Low temperature plasmas

Plasmas are ionized gases and are categorized as the fourth state of matter. From solid state

to liquid state and further to gas state, the temperature of the matter is generally increased.

When the temperature is further increased from gas state, the molecules decompose into

atoms and further decompose into charged particles such as ions and electrons, and the

matter enters plasma state. In plasma state, ions, electrons, neutral gas particles, and

radicals coexist, therefore in addition to the thermodynamic interactions, the system now

is also governed by electromagnetic forces. Other mechanisms such as excitation and

deexcitation of atoms, recombination of ions and electrons as well as the photon-particle

interaction should also be considered, which makes plasma very complex and signi�cantly

different than gas state.

Based on the power being delivered to the plasma and some other conditions such as

the gas pressure, the RF frequency and the gas species being fed, plasma can be generated

as low temperature plasma or high temperature plasma. Low temperature plasmas are
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often weakly ionized, meaning the fractional ionization of plasma

xi z =
n i

ng + n i
(1.1)

is much less than unity, where n i is the ion density and ng is the neutral gas density.

For weakly ionized plasmas, the interactions between charged particles and neutral gas

molecules are important, the plasmas are sustained in a steady state through balancing

ionization of neutral particles and recombination of ions and electrons, and the electrons

are not in thermal equilibrium with the ions and are usually with much higher temperature.

When low temperature plasmas are used for semiconductor etching, they are generally

produced using plasma sources such as capacitively coupled plasma (CCP) or inductively

coupled plasma (ICP). Capacitively coupled plasma system, as the name suggests, delivers

energy to plasma using two RF-driven electrodes, working like a giant capacitor. A typical

setup of a capacitively coupled plasma chamber is presented in Fig. 1.1, where a gas is fed

into the plasma chamber through inlet, RF power is applied on the electrodes, and plasmas

are generated between the electrodes. There are two different regions for the generated

plasmas, bulk plasma and plasma sheath, which are important for plasma etching and will

be discussed later within this chapter. Substrates are generally put on top of the bottom

electrode and will be etched by the directional ion beams accelerated in the plasma sheath.

Pumps are located in the gas outlet, which are used to purge the air as well as some volatile

etch products and keep the chamber pressure at a fairly low level (mTorr to � Torr).

For inductively coupled plasma system, an induction coil is implemented outside the

cylindrical chamber and RF current is applied on the coil so that the RF power is delivered

to the plasma in a inductor way.

For both capacitively and inductively coupled plasma systems, in a typical plasma

discharge, an oscillating external electromagnetic (EM) �eld will �rst be generated within

the plasma chamber. Since there are always some free electrons (only a very small amount)

even the substance is in gas state, those free electrons will be preferentially accelerated

by the EM �eld and thus lead to an increase in the electron temperature. Those heated-

up electrons will then collide with the neutral gas atoms / molecules and produce ions,

radicals and more free electrons. The generated ions and electrons will also be preferentially

accelerated by the EM �eld, inducing even more collisions and more ionizations. This whole

process is called electron avalanche and is the key mechanism of producing plasma.

This process cannot go inde�nitely. In reality, generating plasma is a competition process

among different physical mechanisms such as ionization, recombination, excitation and de-
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Figure 1.1: A typical setup of a capacitively coupled plasma (CCP) chamber

excitation. For example, when the fractional ionization of plasma xi z increases, it also means

the rate of recombination will increase since there will be more free ions and electrons

which can be paired. The plasma will reach a steady state when the gain terms (ionization,

...) equal to the loss terms (recombination, ...). And the balance point in plasma conditions

will be determined by the experimental conditions such as RF power and frequency, gas

type, pressure, pump speed and gas feed speed, etc.

1.2 Plasma sheath

Plasma sheath is de�ned as the thin layer region which is located between the bulk plasma

and the wall surfaces (both electrodes in Fig. 1.1). In plasma sheath, unlike in bulk plasma,

the quasi-neutrality ( n i � ne) cannot be maintained and generally it is positively charged,

which is essentially due to the massive difference in mobility of positively charged ions

and electrons. Since the electron mass m is much less than the ion mass M (m � M ) and

the temperature of electrons is generally higher than the temperature of ions ( Te � Ti) in
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plasma, the thermal velocities of electrons and ions

ve =

v
t e Te

m
(1.2a)

vi =

v
t e Ti

M
(1.2b)

will have ve � vi (at least 100 times greater). In Fig. 1.2(a), consider a plasma with quasi-

neutrality ( n i � ne) is con�ned between two absorbing walls (grounded electrodes), thus

the electrical potential � should be uniformly equal to the wall potential, as shown in the

bottom �gure of Fig. 1.2(a). Due to ve � vi and the electrical �eld ~E = 0, the electrons are

not con�ned and therefore will have a much higher chance than ions to hit the wall and

get absorbed. Thus, a positively charged ( n i > ne) thin layer region is formed, known as

plasma sheath, which is presented in Fig. 1.2(b). This is also a competition process. When

sheath is formed, the difference between n i and ne gets bigger when closer to the walls,

therefore the electrical �eld ~E points outwards towards the walls and the bulk plasma has

a positive electrical potential (known as plasma potential Vp) with respect to the walls, as

shown in the bottom �gure of Fig. 1.2(b). Thus, more electrons getting absorbed by the

walls will make the sheath thicker and more positively charged, while thicker sheath or

higher plasma potential Vp will make the electrons more dif�cult to reach the walls.

In reality, since RF power is being applied on the plasma chamber, the sheath conditions

are not constant but rather some time-dependent periodic values, with frequencies equal

to the RF frequency. The magnitude of those sinusoidal values however should be at steady

state for a stable plasma.

Due to the potential gradient formed across the sheath, as shown in the bottom �gure of

Fig. 1.2(b), positively charged ions will experience force q ~E along the same direction as ~E

and be accelerated towards the walls / electrodes. Since the pressure in the plasma chamber

is suf�ciently low and the ion density n i is even lower in the sheath, those ions are less likely

to collide with each other and with the background gas molecules. Therefore the ions will

form an ion beam which is both energetic and directional (perpendicular to the material

surface). If a substrate is placed on top of the electrode, as shown in Fig. 1.1, the directional

ion beam will strike the substrate surface at normal angle and etch the material in a desired

way. This step plays the key role for plasma etching in semiconductor manufacture, and

will be discussed in next section.
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Figure 1.2: A simple illustration of plasma sheath formation: (a) Prior to sheath formation,
quasi-neutrality is valid everywhere, and bulk plasma extends to the walls (electrodes) and
has an uniform potential of 0 with respect to the walls; (b) After sheath formed and positively
charged, a potential difference is generated across the sheath, and quasi-neutrality is only
valid within the bulk plasma. Figures taken from Chapter 1 of Lieberman and Lichtenberg
(2005)
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1.3 Plasma etching

Plasma etching is a process used to remove material from surfaces. Plasma etching involves

both physical and chemical reactions, and involves a mixture of particles such as neutral

molecules or atoms, ions, electrons, radicals and photons. Plasma etching is popular in

semiconductor manufacturing especially for its chemical selectivity and anisotropy, mean-

ing that plasma etching can be designed to preferentially remove some types of material as

well as preferentially remove the material at the bottom of a high aspect ratio (HAR) trench.

In contrast, wet etching uses liquid-phase etchants and the target material is immersed in

a bath of the etchants during etching (that is why plasma etching is also called dry etch-

ing). However, one major drawback of wet etching is that it is isotropic. See Fig. 1.3 for a

comparison of plasma etching and wet etching. Anisotropy is one of the most important

requirements for fabricating high quality integrated circuits (IC) and therefore plasma

etching is preferred for modern semiconductor manufacturing.

Figure 1.3: Plasma etch (anisotropic) vs. wet etch (isotropic). Diagrams reproduced from
Chapter 1 of [Végh (2007)]
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There are four basic plasma etching processes in which plasma can interact with the

surface of the target material and are illustrated in Fig. 1.4 as: (a) sputtering; (b) chemical

etching; (c) ion energy-driven etching; (d) ion-enhanced inhibitor etching.

Figure 1.4: Diagrams representing four basic plasma etching processes: (a) sputtering;
(b) chemical etching; (c) ion energy-driven etching; (d) ion-enhanced inhibitor etching.
Diagrams reproduced from Chapter 15 of [Lieberman and Lichtenberg (2005); Flamm and
Manos (1989)]

Sputtering, illustrated in Fig. 1.4(a), is de�ned as the energetic ions accelerated across

the plasma sheath bombard the target material and remove some atoms. Sputtering is

highly anisotropic and strongly depends on the incident angle. For example, sputtering

yield usually increases when increasing incident angle from 0� (normal incidence) and starts

to decrease after some critical angle � max, and eventually decreases to zero at 90� (grazing

incidence). (Here sputtering yield is de�ned as the average number of atoms knocked off

from the target material per incident ion.) Sputtering yield is generally low and therefore it

is necessary to combine sputtering with some chemical reactions in order to increase the

etch rate.

Chemical etching, illustrated in Fig. 1.4(b), is de�ned as the plasma generated reactive
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molecules or radicals interact with the target material through chemical reactions and

form volatile gas-phase products. Those etchants are usually electrically neutral and are

not accelerated when crossing the plasma sheath. Therefore the angular distribution is

relatively uniform and the kinetic energy is quite low (near thermal equilibrium with 300K

background gas), which makes the etching highly isotropic, similar to wet etching. However,

the etch rate of chemical etching can be much higher than sputtering.

Ion energy-driven etching, illustrated in Fig. 1.4(c), combines the effects of sputtering

and chemical etching. Both reactive molecules / radicals and directional energetic ions

are supplied by the plasma to the target material, and the etch rate can be much higher

than either of the etching processes and was experimentally demonstrated in [Coburn and

Winters (1979)]. A simple explanation of the increase in etch rate is that the reactive species

will �rst come to the target material, chemically react with the material and reproduce

some new but weaker bonds, and form some cluster of atoms which are weakly attached to

the material surface. The energetic non-reactive ions (such as Ar+ with EAr � 103� 4 eV) will

now bombard the target material and remove clusters of atoms at a much higher etch rate

(� 101� 2 per incidence). However, the detailed mechanism for this is not well understood,

and hopefully can be better explained throughout this work.

Ion-enhanced inhibitor etching, illustrated in Fig. 1.4(d), is similar to ion energy-driven

etching but also includes the mechanism of depositing inhibitor species on the target

material surface to form some kind of protective layers. This protective layer is also called

passivation layer and usually has a polymer like structure. The inhibitor species used in

production are usually some CFx (x = 1 � 3) and CClx (x = 2 � 3) radicals and therefore

the formed passivation layers are usually some �uoro / chloro-carbon polymer �lms. For

example, when CFx (x = 1 � 3) radicals are used, the formed polymer �lm has a molecular

structure similar to polytetra�uoroethylene (PTFE). Passivation layer is generally used for

optimizing the anisotropy of the etching, and will be discussed in details in next section.

In summary, four basic plasma etching processes have been brie�y introduced here

and in reality, they are always combined with each other by the process engineers to design

a combined plasma etching process which can optimize the HAR pro�le.

1.3.1 Photolithography

Plasma etching does not naturally form patterns on the target material surface. In fact, if

the target material is uniform along horizontal directions, plasma etching generally has the

same etch rate across the whole surface. In order to selectively etch the material following
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some designed patterns, a patterned mask material need to placed on top of the target

material �rst, see Fig. 1.3 for an example and the mask layer (red colored) has a prede�ned

pattern. The general process to transfer a pattern to a substrate material is called lithography.

In particular, UV light is the most popular technique used in semiconductor industry for

transferring patterns and therefore it is called photolithography.

Figure 1.5: Diagrams representing key steps in photolithography: (a) substrate coated with
photoresist (PR); (b) photomask aligned and PR partially exposed to ultraviolet (UV) light;
(c) degradation occurred within the exposed PR and PR selectively removed by a special
solution called "developer"; (d) pattern transferred to PR after development and target
material ready to be etched by plasma

In Fig. 1.5 the key steps in a photolithography process are illustrated. The target mate-

rial �rst need to be spin-coated with a thin layer of material called photoresist (PR), see

Fig. 1.5(a). The actual materials used for photoresist are generally hydrocarbon (sometimes

with oxygen atoms too) polymers (Oehrlein et al. 2011; Engelmann et al. 2007) and are sen-

sitive to ultraviolet (UV) lights. Thus, by aligning a mold material called photomask (which
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has the designed pattern already and should be irresponsive to UV lights) on top of the

PR, the PR is selectively exposed to the UV light, see Fig. 1.5(b). The exposure causes local

degradation within the material and makes the material soluble in some special solution

called developer, see Fig. 1.5(c). The whole material is then immersed in the developer and

ideally only the exposed PR is selectively removed while leaving the unexposed PR and

the target material unaffected, see Fig. 1.5(d). After this step, the desired pattern has been

successfully transferred to the PR and the target material is now ready to be etched by the

plasma.

During plasma etching process, the patterned PR acts as a mask layer as shown in

Fig. 1.3, therefore one of the key properties of PR material is that it should effectively

resist ion bombardment, chemical reactions with the reactive neutrals as well as high

temperature caused by the plasma. Other key properties include: (a) resolution, which

de�nes the smallest distance one feature is differentiable from a neighboring feature; (b)

contrast, which quanti�es the difference between exposed and unexposed PR; (c) sensitivity,

which de�nes the minimum energy required by the PR to respond to the UV light and form

some well-de�ned features in the development step. A good quality PR material generally

requires high resistance, high resolution, high contrast and high sensitivity. However, in

reality, these properties are usually correlated so one may need to sacri�ce one property

in order to improve another, and some other properties may also need to be considered.

Thus, choosing what material to use for PR is generally a complex problem and need to be

individually optimized for different processes.

1.4 Passivation layer

As introduced in Fig. 1.4(d), ion-enhanced inhibitor etching uses a protective layer called

passivation layer to protect the sidewalls of the HAR trench from being etched by the

reactive species and energetic ions in plasma etching, and therefore high anisotropic trench

pro�le could be achieved. The passivation layer is generally formed on the material surface

through deposition of reactive radicals such as CFx (x = 1 � 3) and CClx (x = 2 � 3), and the

molecular structure of the passivation layer is usually polymer-like. The passivation layer is

formed on both the sidewalls and the bottom of the HAR trench, however, the etch rate

on the bottom is much higher than on the sidewalls due to the directional energetic ions

bombardment. Thus, the deposition rate and the etch rate should be balanced in a way

that on the trench bottom, the etch rate is higher and continuous etching is able to occur,
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while on the sidewalls, the deposition rate and the etch rate should be fairly close so that

a thin passivation layer can be formed in steady state which could effectively protect the

underlying materials but does not grow too thick which may interfere the etching on the

bottom.

Figure 1.6: Illustration of Bosch method: (a) sidewalls and bottom of HAR trench passivated
with C4F8; (b) etching with SF6 gas; (c) SEM image of HAR trenches; (d) zoom-in view which
shows nanoscallops on sidewall. Figures reproduced from Wu et al. (2010) and permission
granted by Journal of Applied Physics.

Deposition and etching can be either simultaneous or alternating. It was found that by
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alternating sidewall passivation and etch steps, the balance between lateral and vertical

etch rates can be optimized and high anisotropic HAR trench can be achieved.

The �rst alternating process for HAR plasma etching was invented by Laemer and

Schilp in 1996 (Laermer and Schilp 1996), and it is known as the Bosch method. Schematic

illustration as well as some scanning electron microscope (SEM) images for HAR feature

etching using the Bosch method are presented in Fig. 1.6, where it can be seen that the

Bosch method can produce trenches with high aspect ratios and the sidewalls are generally

smooth despite there are some periodic nanoscallops, see Fig. 1.6(c) and (d). Therefore the

Bosch method has been widely used and well studied in semiconductor industry.

The original Bosch method used SF6 for the etch gas and CHF3 and Ar for the passi-

vation gas. Some other options for the etch gas include NF3 and CF4, and CHF3 was later

replaced by C4F8 for better passivation performance. In this work, we mainly investigates

the polymerization of �uorocarbon radicals CFx (x = 1 � 3) for sidewall passivation, and the

effects of energetic Ar+ ions are also considered. The formed polymer �lm has a molecular

structure similar to polytetra�uoroethylene (PTFE), and the ratio of F:C atoms is generally

between 1 and 2.

1.5 Molecular dynamics in plasma etching

Molecular dynamics (MD) is a simulation method used to model the time evolution of a

system of some number of atoms / molecules moving though their interatomic potentials

and external forces (if present). The detailed introduction of MD as well as all the inter-

atomic potentials used in this work will be thoroughly covered in Chapter 2. Here we brie�y

introduce how MD was used to study the dynamics of the etching process at atomistic level

in the context of plasma etching.

In a broader aspect of ion-material interactions, MD simulations have been exten-

sively used for investigating how ions interact with materials across a broad spectrum

of applications, spanning radiation damage in nuclear materials (Sarkar et al. 2016) and

radiation interaction with biological systems (Zhigilei et al. 2003). In the context of plasma

etching speci�cally, MD simulations have been used to investigate plasma assisted pro-

cesses (Oehrlein et al. 2011) such as etching of conductors and dielectrics, Ar+ and Cl+

processes for etching silicon (Helmer and Graves 1998), reactive ion etching of Si and SiO2

by �uorine-rich ion species (Tinacba et al. 2019; Gou et al. 2008) and SF+
5 ions (Tinacba et al.

2021), near-surface modi�cation of polystyrene by argon ions (Vegh et al. 2007), scattering
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distributions of Cl+ and Br+ ions after re�ected on Si crystal surfaces (Mori et al. 2021), and

the surface reaction kinetics of etch byproduct for SiCl+x ions incident on Si(100) surfaces

(Nakazaki et al. 2014). The emphasis has been on how energetic ions erode or modify the

material being processed, as well as the synergistic interaction of the ions, reactive species,

and plasma facing surfaces.

MD simulations can also be used to study the effects of different parameters on the

etching performance, such as the ion �ux, the temperature, the chemistry of the etchant

species, and the pick of the etching materials. This can be helpful for optimizing the etching

process by adjusting those parameters as well as for developing new etching techniques.

MD simulations can also be used to estimate the value of the parameters that are

necessary for some feature pro�le simulators, such as the scattering distribution of the

incident ions after collision with the etching material, the etching rate for certain etchant

species and target materials, and the sticking coef�cients of the etching products on HAR

sidewalls. These parameters are essential for feature pro�le simulators using Monte Carlo

method, and can sometimes be dif�cult (if not impossible) to measure in experiments due

to the extremely small length scale and short time scale as well as the complexity for keeping

the input conditions (such as incident energies and species) to be constant when measuring

the data. Therefore, MD simulations could be a good resource to generate these data, which

compensate the gap between experiment data and rigorous feature pro�le simulators. Solid

MD simulation data can help the development of feature pro�le simulators by improving

the accuracy of some intrinsic parameters, which therefore can be helpful for optimizing

the etching process as well as for developing new etching techniques.

In summary, MD simulations can be used to study the behavior of individual etchant

species (atoms, molecules, ions, and radicals) and bulk etching materials in a plasma

etching process, and can provide insight into designing etching processes as well as generate

invaluable data for the development of feature pro�le simulators, which can help, both

directly and indirectly, in optimizing the etching process as well as for developing new

etching techniques.

1.6 Selected research topics

1.6.1 Glancing-angle scatterings

As characteristic dimensions of integrated circuits approach single atomic layers, improving

device performance now depends on combining device scale length reduction, new mate-
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rials, and new device geometries, including stacking of planar devices (i.e., 3-dimensional

structures) (Subramanian et al. 2020). This is particularly the case in fabrication of high

density memory in which up to 512 alternating layers of, for example, SiO2 and Si3N4 form

the material basis of the device (Kim et al. 2017). Fabrication requires plasma etching of

high aspect ratio (HAR) vias through this stack. Aspect ratio (AR), is the ratio of the height to

the width of the feature. A via is a vertical, cylindrical hole. The AR of such vias can exceed

100:1 in 3D-NAND memory devices (Lee et al. 2014; Kanarik 2020).

The fabrication of HAR vias and trenches is typically performed using plasma etching

in capacitively coupled plasmas (Conrads and Schmidt 2000; Donnelly and Kornblit 2013).

Acceleration of ions in the plasma sheath at the surface of the wafer produces an anisotropic

angular distribution of ions incident onto the wafer (angular spread less than a few degrees)

with energies as large as a few keV. The narrow angular distribution is intended to enable

energetic ions to exclusively strike the bottom of the feature (Zhang et al. 2015; Huang et al.

2019). However, for any �nite angular spread, there will be an AR for which ions collide

with the interior sidewalls of the feature, typically at glancing-angles. (Here, a 90 degree

angle of incidence is glancing to the surface; a 0 degree angle of incidence is normal to

the surface.) Smaller angles of incidence may result from charging of surfaces inside the

feature, producing lateral electric �elds that de�ect ions whose subsequent collisions with

surfaces distort the feature's cross section pro�le. Near specular glancing-angle scattering

may produce microtrenching as ion energy is focused near the sidewalls at the bottom

of the feature (Ruixue et al. 2009; Min et al. 2005). (In this discussion ion refers to both

the incident particle and the hot neutral particle after an ion neutralizes upon striking a

surface.) With multiple sidewall scattering events, ion energy may be reduced to the point

that etching cannot be activated, thereby terminating the etch process at some critical

depth (Jin and Sawin 2003; Lee et al. 2010; Eriguchi et al. 2014). Understanding how ions

interact with the sidewalls of HAR features at glancing-angle is important to optimizing

plasma etching processes.

Optimizing the fabrication of HAR vias and trenches require an understanding of how

ions propagate through these HAR features. Ion bombardment of the mask material causes

mask erosion. Consecutive scattering events with the sidewalls can modify both the trajec-

tory and energy of the ion as it moves deeper into the HAR feature. The selectivity between

etching the underlying material and the mask de�ning the feature is �nite (typically from

5-20). As a result, mask materials may themselves have AR of 5-20 in order that they do not

erode prior to �nishing etching an AR =100 feature in the underlying materials. The AR of

the mask is large enough that ion scattering may occur from the sidewalls of the mask before
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the ions reach the underlying materials. These sequential sidewall scatterings from both

the mask and from the feature material will broaden the angular distribution and lower the

ion energy. Of particular interest is the evolution of ion trajectories and energies from the

mask where erosion may produce sloping sidewall angles and / or the mask intentionally

has a sidewall slope.

Pro�le simulators (models which predict the evolution of features given the incident

reactive �uxes from the plasma) address scattering from sidewalls inside features with

varying degrees of sophistication, accounting for specular and diffusive scattering, and

energy loss. A better understanding of these scattering processes, incorporated into pro�le

simulations, will improve predictions of the energy and angle distributions of ions as they

traverse HAR features. Pro�le simulations will then have improved capability to predict

fabrication of HAR features and so guide process development. In the results discussed in

this work, molecular dynamic simulations were employed to study these glancing angle

scattering processes to improve this predictive capability and guide the evolution of HAR

process conditions for increasingly challenging aspect ratio features.

A typical HAR feature consists of a mask layer and the etch layer. The mask layer may

consist of a top layer of photoresist (PR), typically a radiation sensitive hydrocarbon polymer

that is used to establish patterns in optical or beam driven lithographic processes (Hua

et al. 2006). (See Fig. 1.7.) The PR may sit on top of a dielectric intended to mitigate light

re�ection during optical lithography patterning of the polymer layer (an anti-re�ection

coating) or on top of a more etch resistant "hard mask" that provides additional de�nition

to the etch layer during pattern formation (Armacost et al. 1999). The etch layer is the

material in which the feature is being fabricated, generally classi�ed as dielectric (e.g., SiO2,

Si3N4), and or conductor (e.g., Si, Ge) (Cardinaud et al. 2000). In 3D devices, such as NAND

memory, the etch layer can consist of layers of different materials such as silicon dioxide

and silicon nitride that are used to eventually form vertical stacks of memory cells (Ho et al.

2008).

Materials used in MD simulations are typically either the actual material or a surrogate

material that has well understood atomic scale properties while being representative of the

composition and properties of the actual material. For example, previous modeling efforts

(Vegh et al. 2007; Oehrlein et al. 2011; Scheer et al. 2005) used polystyrene (PS) as a repre-

sentative material of 248 nm photoresist for its simpler chemical composition and for being

well studied in MD community. Amorphous carbon (AC) is a common hard mask material in

microelectronics manufacturing processes while also having reliable mechanical, chemical

and electronic properties (Kim et al. 2013; Robertson 2002). Dielectrics in plasma etching
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Figure 1.7: Cross section view of a typical HAR feature with a multi-layer structure.

often contains silicon compounds (Donnelly and Kornblit 2013) such as SiO2 and Si3N4

both of which have well validated atomic scale models for molecular dynamic simulations

(Nakano et al. 1995).

In this work, we discuss results from MD simulations of glancing-angle scattering of

ions from materials of interest to HAR plasma etching processes. Speci�cally, PS (as a

surrogate for photoresist), AC (as a hard mask candidate) and SiO2 (as a dielectric etch

layer) were investigated. Validation of computationally synthesized material structures for

the simulations was performed by comparing structural and thermodynamic properties

of the materials with previous computational and experimental studies with there being

overall good agreement. Results of the simulations showed a transition from nearly elastic

specular scattering to inelastic diffuse scattering as the incident angle of the ions became

more normal to the surface and as the incident energy of the ion increased. Overall more

diffuse scattering occurred for scattering from PS surfaces compared to AC and SiO2. The

MD simulations were performed using the Large-scale Atomic / Molecular Massively Parallel

Simulator (Thompson et al. 2021) (LAMMPS).
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1.6.2 Fluorocarbon polymer formation

As introduced in Section 1.4, during a �uorocarbon plasma etching such as CF4 and C4F8,

formation of �uorocarbon polymers can occur due to the chemical reactions and modi�ca-

tions in the plasma (Labelle et al. 2004; Li et al. 2002). For example, when a CF4 plasma is

created, it contains a mixture of �uorocarbon compound such as CFx (x = 1 � 3) radicals

(Booth 1999). These radicals can react with each other and with other species in the plasma

to form larger molecules which generally has a back-bond carbon chain (d'Agostino et al.

1983). On the other hand, the energetic electrons and ions in the plasma can collide with

those formed larger molecules and break then into smaller fragments, which furthermore

increase the complexity of the species in the plasma and create more opportunities for

different �uorocarbon polymers to form.

Fluorocarbon polymers can also form as a result of reactive radicals interacting with

the substrate material being etched, most likely on the material surface(Metzler et al. 2014).

These reactive radicals, generally with kinetic energy much lower than the energetic ions,

can deposit on the surface of the substrate and polymerize, creating a thin �lm of polymer.

This polymer �lm typically comprise a complex mixture of chemical compounds mainly

containing carbon and �uorine with a PTFE-like structure(Booth 1999), but can still contain

other elements from the substrate materials such as silicon, oxygen, and hydrogen.

It's important to note that the �uorocarbon polymer formed on the substrate material

surface during plasma etching can have both positive and negative effects. On one hand,

as shown for the Bosch method in Section 1.4, the polymer �lm can act as a sacri�cial layer

during an alternative etching process, where a thin layer of polymer �lm is deposited on the

substrate surface prior to actually etching, to protect the underlying material (especially

on the HAR sidewalls) from being etched. On the other hand, the build-up of excessive

unwanted polymers can also lead to process contamination, reduce etch selectivity, reduce

etch rate, and affect the �nal feature pro�le. Thus, the plasma conditions such as gas �ow

rate, pressure and power need to be carefully controlled, and the etching strategies need to

be well designed, to mitigate the side-effects of the �uorocarbon polymer formation and

optimize the etching performance.

The formation of �uorocarbon polymer on substrate surface has been observed and

studied in previous experimental works. For example, Standaert et al. (2004) studied how

the �lm thickness affects the total etch rate and showed that �uorocarbon polymer with

different steady-state thickness formed on different substrate materials such as Si, Si3N4,

SiO2 and SiCH within the same duration in a C4F8 discharge. Metzler et al. (2014) showed
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that in a cyclic Ar / C4F8 discharge, when SiO2 substrate was covered with �uorocarbon

polymer, thicker polymer (5-10 Å) would �rst help in low energy ions etching the under-

layer material. However, as the polymer thickness exceeded a critical thickness, the ions

would only etch the over-layer polymer during the whole etch cycle and the under-layer

material would be unreachable by the ions.

Computational efforts have also been carried out on this topic. For example, Huard et al.

(2018) used a Monte Carlo type feature pro�le simulator, MCFPM (Zhang et al. 2017), to

study the transient behavior of �uorocarbon polymer in Ar / C4F8 plasma etching of SiO2

and Si3N4. Rauf et al. (2007) used a molecular dynamics model to study the deposition of a

thin �uorocarbon polymer layer on SiO2 surface using CF+
x ions, as well as the reactive ion

etching with the addition of Ar + ions.

It should be noted that in the experimental works, due to the complexity of the nature

of the plasma and the variety in substrate surface conditions, the contribution of a single

species in a plasma to the polymer growth cannot be separated from the overall results. In

addition, the controllable parameters in experiments are generally in large scale (such as

the bias voltage in [Standaert et al. (2004)] and the C4F8 pulse time in [Metzler et al. (2014) ]),

but the nanoscale parameter dependencies and the atomic structure of the �uorocarbon

polymer are quite dif�cult to capture. On the other hand, Monte Carlo type feature pro�le

simulators would require some prede�ned rate coef�cients to model the polymer growth.

These rate coef�cients are generally empirically equations measured previously, and the

accuracy can be improved using modern atomic simulation tools. In addition, previous

molecular dynamics works (Rauf et al. 2007; Végh 2007) focused mainly on etching of the

substrate with the presence of �uorocarbon �lm, while information about formation of the

�uorocarbon polymer and the corresponding molecular structure are still lacked. Moreover,

the simulation accuracy could be improved by using an bond-order reactive potential such

as ReaxFF, especially for surface-radical interactions where lots of chemical reactions take

place.

Therefore, an extensive parametric study of the formation of the �uorocarbon polymer

using molecular dynamics simulation would de�nitely help the researchers to determine

which of these nanoscale conditions can affect the results. The atomic structure of the poly-

mer �lm can also be well captured, which could be used to differentiate the roles of different

plasma species play on the polymer formation. Compared to other computational works,

a reactive molecular dynamics simulation not only can provide various rate coef�cients

needed by feature pro�le simulations, but also it can improve the accuracy in modeling

chemical reactions.
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(a) (b) (c)

Figure 1.8: Formation of �uorocarbon polymer �lm on Si crystal with CF radicals deposi-
tion (red =Si, yellow=C, pink =F): (a) initial Si crystal; (b) after 1000 CF radicals incidence;
(c) after 1000 CF radicals incidence

In this work, we discuss results from MD simulations of �uorocarbon polymer formation

on HAR sidewalls in plasma etching processes. Speci�cally, amorphous SiO2 and Si were

used as the substrate material, and CFx (x = 1 � 3) radicals were used to as the incident

molecules to grow a polymer �lm on top of the substrate. See Fig. 1.8 for an example of

growing �uorocarbon polymer �lm on Si crystal through the deposition of CF radicals. In

order to perform reactive MD simulations, a parameter �le for ReaxFF interatomic potential

was carefully prepared using the datasets from previous ReaxFF works. Validations of the

prepared parameter �le itself as well as the computationally synthesized material structures

were carried out by comparing structural and thermodynamic properties of the materials

with previous computational and experimental studies. Results of the simulations showed

that the �lm thickness (or grow rate) strongly depends on the incident species. A �uorine

rich species such as CF3 is very likely to form a thin monolayer on the substrate surface

and then saturates, while a �uorine de�cient species such as CF can grow a much thicker

polymer and has the potential of continued growing. The �lm thickness also strongly

depends on the substrate material, where it was observed that �uorocarbon polymer on Si

crystal can grow a much thicker �lm than on amorphous SiO2, during the same period of

19



radicals deposition. It was also found that carbon could potentially play a role in forming

the multi-chain polymer structure on the substrate surface. The MD simulations were

performed using LAMMPS with ReaxFF potential, and the details and features about ReaxFF

potential will be covered in Chapters 2 and 4.

1.6.3 Sticking coef�cient

Measuring sticking coef�cients for various plasma species on different HAR materials in

�uorocarbon plasma etching processes is a natural outcome of studying the �uorocarbon

polymer formation. A high growth rate of the polymer �lm indicates a large value in sticking

coef�cient, and the time-dependent behavior of polymer growth can be explained by

quantitatively measuring the sticking coef�cients on varying substrate surface conditions

as a function of time. On the other hand, measuring sticking coef�cients can also bene�t

computational models such as feature pro�le simulators or other rigorous models, as those

models generally treat plasma-surface interactions as individual computational events

with some prede�ned probabilities, and sticking coef�cients are among the key design

parameters.

The term "sticking coef�cient" is used to characterize the ratio of the number of particles

(atoms, molecules, or radicals) that stick to a target material surface upon collision, to the

total number of incident particles during the same period of time. It is commonly used in

describing the behavior of gas-surface interactions in surface science. Since it is a measure

of probability, sticking coef�cient is dimensionless and generally has value between 0 and

1, where a value of 0 means none of the particles stick to the target surface and a value of 1

means all the particles stick. The value of the sticking coef�cient is not always the same

for the same incident particle and target material, in fact, it depends on various factors

such as the pressure, the temperature, the surface roughness of the target material and the

incident energy and angle of the incident particles.

It can be expected that in the experimental works, sticking coef�cients are generally

dif�cult to measure, and are usually estimated indirectly from other results. For example,

in an experimental work by Izawa et al. (2007), they estimated the sticking coef�cients

of radicals CFx and Cx by comparing the measured HAR pro�le with a calculated pro�le.

It can be found that this estimated value represents an overall effect where the sticking

coef�cients of different radical species such as CF and CF3, which we expect to have a

signi�cant difference, cannot be individually measured. Moreover, the estimated value is

based on the HAR pro�le at the end of the plasma etching process, meaning that it assumes
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the sticking coef�cient is uniform during the whole etching process but not time dependent,

while what could really happen is that the sticking coef�cient could decrease (or increase)

in time as more and more radicals are deposited on the substrate and modify the surface

condition. In another experimental work by Cunge et al. (2010), the sticking coef�cients of

SiCl and SiCl2 on SiOCl layer were estimated using UV light emitting diodes and absorption

spectroscopy. They measured the SiCl and SiCl2 densities in the afterglow of Ar / SiCl4/ Cl2
plasma as a function of time. And the sticking coef�cients were estimated by assuming

the decay in radical densities were mostly due to radicals sticking to the plasma chamber

walls, which are precious information but once again show the limitation of experiments

for estimating sticking coef�cients.

(a) (b)

Figure 1.9: Measuring the sticking coef�cients on bare substrate surface (red =Si, blue=O,
yellow =C, pink =F): (a) 5 CF3 radicals incident on Si crystal surface; (b) 5 SiF4 molecules
incident on amorphous SiO 2 surface.

In this work, we discuss results from MD simulations of measuring the sticking coef�-

cients of molecules / radicals on some general HAR materials' surface in plasma etching

processes. Speci�cally, amorphous SiO2 and Si were used as the substrate materials, and

CFx (x = 1 � 4) and SiFx (x = 1 � 4) were used to as the incident molecules / radicals.

The sticking coef�cients were measured directly from the ratio of the number of attached

molecules to the number of incident molecules, independently for each plasma species.
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The sticking coef�cients were measured in two ways. Firstly, the sticking coef�cients were

measured on bare material surfaces, where the material surfaces were reset to the initial

state (bare surface) every �ve incidences so no accumulation effect was taken into account.

And the sticking coef�cients were measured after many repetitions of these �ve-incidence

cases. See Fig. 1.9 for an example. Secondly, the sticking coef�cients were measured in

a growing manner(no reset, with accumulation), which is quite similar to �uorocarbon

polymer formation. Constant �uxes were used so that the number of attached molecules

can be measured as a function of the number of incidence, and the sticking coef�cients can

be measured from the slope of such curves. An analytical model was also derived and �tted

to the measured data using two-segment regression, and good match was achieved between

the analytical model and the measured results which makes it possible to incorporate the

simple model into any rigorous models to conveniently predict the variation in sticking

coef�cients as a function of surface conditions. Details will be covered in Chapters 5.

1.7 Dissertation outline

The computational methods and procedures are discussed in Chapter 2. Results regarding

to glancing-angle scatterings are discussed in Chapter 3. Results regarding to �uorocarbon

polymer formation are discussed in Chapter 4. Results regarding to sticking coef�cient are

discussed in Chapter 5. Conclusions are summarized and future works are discussed in

Chapter 6. The ReaxFF parameter �les used in this work are listed in Appendix A. Some of

the LAMMPS input �les and Python scripts, which are vital for simulation preparing and

data post-processing, are selectively listed in Appendix B.
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CHAPTER

2

METHODS

2.1 Classical Molecular Dynamics

Molecular dynamics (MD), as the name suggests, models the time evolution of a system

of some number of atoms / molecules moving though their interatomic potentials and

external forces (if present). One way to describe the motion of particles in a force �eld is

by using Newton's Second Law (Law of motion), thus such simulations are called classical

Molecular Dynamics. In contrast, if the system is described by quantum mechanics (QM)

by solving Schrödinger equation, such simulations are called ab initio Molecular Dynamics.

One popular application of ab initio MD is the density-functional theory (DFT), where

many physical quantities of the system are solved in the form of functional of densities

and the complicated higher-order QM equations can be signi�cantly simpli�ed, which

makes it feasible to solve a more complex system. However, even with DFT, the system size

is still quite small. For comparison, the molecular systems in this work usually have a few

thousand particles, which can be solved on a 4-core desktop within a feasible amount of

time using classical MD, while the system size would be less than 100 particles for a DFT

program to run on a similar setup with even longer simulation time. In order to model the

23



surface interactions in plasma etching, a larger system size is required as the local structures

(such as amorphous structure and polymer structure) are usually non-uniform and more

particles are needed to better represent the real material and to reduce statistical error, and

a longer simulation time is required since some reactions (such as sticking and sputtering)

would need extra time steps for the materials to thermalize and equilibrate. Thus, classical

MD was selected for modeling all the plasma-surface interactions in this work.

A complete mathematical description of classical MD can be brie�y summarized as

~Fi j = �r r V (~r i j ) (2.1a)

P
j , j 6= i

~Fi j

m i
=

d 2~r i

d t 2
(2.1b)

(~r1, . . . , ~rN , ~p1, . . . , ~pN , t ) ! (~r1, . . . , ~rN , ~p1, . . . , ~pN , t + � t ) (2.1c)

where ~Fi j is the interatomic force between two particles i and j , which can be obtained

by calculating the spatial gradient of the corresponding interatomic potential V (~r i j ). Note

for some more complicated interatomic potentials, 3-body interactions are also included

when computing interatomic forces. In such cases, both ~Fi j and ~Fi j k (or some equivalent

terms) need to be calculated in order to calculate the force ~Fi exerted on a single atom. See

Sec. 2.3.1 for Tersoff potential for an example. All the interatomic forces can be added up

and plugged into the Newton's Law of motion, as shown in Eq. 2.1b. The positions ~r i and

momenta ~pi of all the particles in the system can be obtained for the next time step t + � t

using some sort of time integrator, as shown in Eq. 2.1c. Different numerical constraints

can be enforced to different parts of the system when performing the time integration step,

essentially matching real physical conditions. For example, constant pressure, constant

temperature condition is usually required when preparing the material using MD in order

to reduce internal stress and keep the material stable. More details about the constraints

will be covered in Sec. 2.2.1.

The direct output of classical MD simulations are the positions, momenta of all the par-

ticles as a function of time, which can then be post-processed to obtain the thermodynamic

and structural properties of the system. For example, thermodynamic properties such as

temperature and pressure can be measured using the concept of ensemble average in sta-

tistical mechanics, shown in Eq. 2.2, and structural properties such as crystal structure and

radial distribution function (RDF) can also be estimated using the positions information.
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R R
G(~r1, . . . , ~rN , ~p1, . . . , ~pN )exp

��
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�	
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R R
exp

��
� � E(~r1, . . . , ~rN , ~p1, . . . , ~pN )

�	
d ~r1 . . .d ~rN d ~p1 . . .d ~pN

(2.2)

As can be seen from Eq. 2.1, it is the interatomic potential V (~r i j ) that characterize

different elemental systems. Thus, determining the interatomic potentials is the vital part in

classical MD simulations. Generally, researchers will �rst bring up some analytical empirical

functions based on some existed data or model that can apply to the desired physical

scenario. For instance, a screened Coulomb potential is suitable for modelling high-energy

collisions, and a bond-order potential may be needed when chemical interactions need to

be taken into account. Those analytical empirical functions will then be trained with some

validated data, either from experiments or from DFT, and the coef�cients can be optimized

with respect to different types of atoms or molecules. Details about all the interatomic

potentials used in this work will be covered in Sec. 2.3.

2.2 LAMMPS

A classical molecular dynamics simulation code, LAMMPS, was used to perform all the MD

simulations in this work. LAMMPS stands for Large-scale Atomic / Molecular Massively Par-

allel Simulator, and was originally developed at Sandia National Laboratories (Thompson

et al. 2021). LAMMPS is a open-source code, which means the users can easily view the

source code and learn the physics in detail or make changes as desired. LAMMPS supports

a lot of different interatomic potentials (force �elds) and can model a MD system with

dimensions up to 3 and with a wide range of system scale (number of particles). LAMMPS

is written in C ++ with an object-oriented style, thus, it is fairly easy to modify or extend the

current existed functions to include new capabilities. LAMMPS can be compiled with either

Open MPI (Gabriel et al. 2004) or MPICH (MPICH 2022) to support the MPI message-passing

library. LAMMPS can also be compiled with OpenMP package (OpenMP 2022) for multi-

threading support. Having all of these accelerator packages complied, LAMMPS can be

run on a small desktop with only a few cores or a high-performance server with thousands

of cores. In this work, LAMMPS was run on different computational platforms including

a 4-core (8 threads, Intel Core i7-6700 CPU) Linux desktop, a 36-core Linux desktop (72

threads, 2 of Intel Xeon Gold 6240 CPUs), and NC State High Performance Computing (HPC)

servers (different architectures on different nodes) with multiple parallel jobs. Consistency
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in simulation results was observed among different platforms, and performance increase

was achieved when increasing the number of cores.

Most of the LAMMPS usage and documentation can be found on the of�cial LAMMPS

manual website (LAMMPS 2022) or on the MATSCI website (MATSCI 2022). Here, we will

brie�y cover some main functions heavily used in this work, as shown in the next two

subsections.

2.2.1 Nose-Hoover thermostat and barostat

In order to match different experimental conditions in a MD simulation, several numeri-

cal constraints can be applied to different parts of the system. For example, in a plasma

etching process, the target materials are usually at room temperature (300K) with pressure

close to vacuum ( � 0), and the incident particles are treated free of constraints (energy

conserved) prior to striking, both of which can be achieved using LAMMPS �x npt / nvt / nve

commands. Speci�cally, �x npt / nvt commands perform time integration on Nose-Hoover

style non-Hamiltonian equations of motion (Evans and Holian 1985; Nose 1990; Martyna

et al. 1994) for thermostatting and barostatting, and the atoms in the group controlled by

the commands will have positions and velocities which are consistent with the canonical

(nvt), isothermal-isobaric (npt) ensembles. The equations of motion used by LAMMPS for

these Nose-Hoover style thermostat and barostat were taken from the paper by Shinoda

et al. (2004). On the other hand, �x nve command performs plain time integration for

the speci�ed group of particles (similar to Eq. 2.1b and 2.1c, so no constraints), which is

consistent with the microcanonical ensemble (nve).

1 # set constant temperature at 300K and constant pressure at 0
2 f ix 3 mobi le_group npt temp 300.0 300.0 $ (100.0* dt ) x 0.0

0.0 $ (1000.0* dt ) y 0.0 0.0 $ (1000.0* dt )
3 run 10000
4 unfix 3
5

6 # set constant temperature at 300K and constant volume
7 f ix 3 mobi le_group nvt temp 300.0 300.0 $ (100.0* dt )
8

9 # set no constraints
10 f ix 7 addatoms nve

Listing 2.1: �x npt / nvt / nve commands example
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A snippet of code is listed in List. 2.1 for an example. In the �rst �x npt command,

the temperature of all the atoms within group "mobile_group" is set at 300 K constant

and the pressure is set at 0 constant for x and y directions. The temperature is controlled

by rescaling the velocity vectors of the speci�ed atoms and the pressure is controlled by

rescaling the simulation box size in the corresponding directions. If the current system

state deviates from the target state, the temperature and pressure will be adjusted each

timestep with damping rates of "100.0*dt" and "1000.0*dt" respectively ("dt" is the current

timestep unit). In the second �x nvt command, the temperature is treated constant with

the same approach while the pressure is free of constraint, so constant simulation box size.

In the third �x nve command, no constraints are applied to all the atoms within group

"addatoms" and therefore energy will be conserved. This is useful when modeling atoms

deposition or the atoms on the material surface need to move freely.

2.2.2 �x deposit command

�x deposit command can be used for inserting atoms or molecules into the simulation

domain with some prede�ned velocities. In this work, �x deposit command was used for all

the Ar ions scattering simulations, for depositing carbon atoms on silicon crystal surface to

generate amorphous carbon layer, and for depositing CFx (x = 1,2) radicals on amorphous

SiO2 surface to generate passivation layer.

A snippet of code is listed in List. 2.2 for an example. The region for inserting the particles

is predi�ned as deposit_slab. The total number of incidence, the interval between two

successive incidence, the incident angle and incident energy can all be dynamically de�ned

using LAMMPS variable keyword. The �x deposit command is then called for setting up

the deposition environment, and the �nal run command is called to actually start the

simulation.

1 # create deposit ion block for Ar
2 region deposit_slab block EDGE EDGE EDGE EDGE $((zhi - zlo ) *0.9+ zlo )

$ (( zhi - zlo ) *0.95+ zlo ) units box
3

4 # define number of incidence , incident interval and random seed for
reproducibi l i ty

5 variable num_of_insert equal 10 #
6 variable del ta_step_insert equal 2000 # 2000 fs =2 ps
7 variable randomSeedForDeposi t equal 1234
8

9 # define incident angle and energy and convert to velocity vectors
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10 variable in_angle_degree equal 75 # degree
11 variable in_energy equal 100 # eV
12 variable in_angle equal v_in_angle_degree /180*3.1415926 # rad
13 variable in_veloci ty equal sqrt (2* v_in_energy *1.602E -19/6.633E -26)

/100/1000 # Angstrom / fs
14 variable in_vz equal - v_in_veloci ty *cos ( v_in_angle )
15 variable in_vy equal v_in_veloci ty *sin ( v_in_angle )
16

17 # define the group for incident atoms and call the " fix deposit "
command

18 group addatoms type 5
19 f ix 5 addatoms nve
20 f ix 6 addatoms deposit ${ num_of_insert } 5 ${ del ta_step_insert } ${

randomSeedForDeposi t } region deposit_slab near 1.0 id next vz ${
in_vz } ${ in_vz } vy ${ in_vy } ${ in_vy } units box

21

22 # actual ly start the simulat ion
23 variable run_step equal (${ num_of_insert }+5) *${ del ta_step_insert }
24 run ${ run_step }

Listing 2.2: �x deposit command example

Note that in MD simulations, the real �ux values usually cannot be achieved due to

the limitations of the time scale and the system size scale, i.e., the system size scale in MD

simulations is so small that the number of time steps between two consecutive incidence

need to be fairly large in order to represent a reasonable �ux value, thus the computational

time would be too long to achieve if a signi�cant number of incidence need to be simulated

in order to reduce statistical errors. Instead, most of the MD simulations would use a much

smaller value for the number of time steps between two consecutive incidence, essentially

increasing the �ux value. This can be justi�ed by assuming that the two consecutive inci-

dence are independent events when decreasing the time interval, which can be observed

by monitoring the thermodynamic properties of the target material surface during the

scattering / deposition process. In this work, the temperature and pressure of the target

material surface were monitored, and thermodynamic equilibrium was reached between

two consecutive incidence, indicating that the independence was achieved.
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2.3 Interatomic potentials

2.3.1 Tersoff potential

Tersoff potential, �rst introduced by J. Tersoff in 1988 (Tersoff 1988, 1989), is a 3-body

potential which has been widely used in Si, SixOy, SixCy and SixNy systems. See Eq. 2.3 for a

complete mathematical description of Tersoff potential:

E =
1

2

X

i

X

j 6= i

Vi j (2.3a)

Vi j = fC (r i j + � )
�
fR(r i j + � ) + bi j fA(r i j + � )

�
(2.3b)

fC (r ) =

8
><

>:

1 : r < R � D
1
2 � 1

2 sin
�

�
2

r � R
D

�
: R � D < r < R + D

0 : r > R + D

(2.3c)

fR(r ) = Aexp(� � 1r ) (2.3d)

fA(r ) = � B exp(� � 2r ) (2.3e)

bi j =
�
1+ � n � i j

n
� � 1

2n (2.3f)

� i j =
X

k 6= i , j

fC (r i k + � )g
�
� i j k (r i j , r i k )

�
exp

�
� 3

m (r i j � r i k )m
�

(2.3g)

g(� ) = 
 i j k

�

1+
c 2

d 2
�

c 2

[d 2 + (cos� � cos� 0)2]

�

(2.3h)

where E is the total potential energy, Vi j is the interatomic potential between atoms

i and j , r i j is the interatomic distance, fR and fA are 2-body terms, bi j includes 3-body

interactions as shown in Eq. 2.3f, 2.3g and 2.3h, � is an optional negative shift of the equi-

librium bond length, and fC is a smoothing function to smoothly transition the interatomic

potential Vi j to 0 after the cutoff radius R within the width 2 D .

Different MD system would require different parametrization of Eq. 2.3. The two Tersoff

parametrizations used in this work are from (Munetoh et al. 2007) and (Erhart and Albe

2005), which were used to simulate Si-O and Si-C systems respectively and both parameter

�les are available in the current LAMMPS version (under potentials folder and named

SiO.tersoff and SiC_Erhart-Albe.tersoff respectively).
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2.3.2 TraPPE potential

Transferable Potentials for Phase Equilibria-United Atom (TraPPE) force �eld, �rst intro-

duced by JI Siepmann in 1998 (Martin and Siepmann 1998), has been widely used in polymer

systems such as alkanes (Martin and Siepmann 1998), alkylbenzenes (Wick et al. 2000) and

ketones (Stubbs et al. 2004). In contrast to the other nonbonded potentials used in this

work (Tersoff and ZBL), TraPPE force �eld used explicit bonds to connect and constrain

atoms in a polymer structure. See Fig. 2.1 for diagrams of how interaction between atoms

in a bonded system are described in separate ways (also see Eq. 2.4a): (a) Ubond is a bond

stretching interaction term which accounts for two atoms oscillating about the equilibrium

bond length; (b) Uangle is a bond angle interaction term which accounts for the oscillation

of 3 atoms about an equilibrium bond angle; (c) Utorsion is a dihedral torsion interaction

term which accounts for torsional rotation of 4 atoms about a central bond; (d) Uimproper is

an improper dihedral interaction term which is used to maintain planarity of 4 atoms in a

polymer structure; (e) Unonbonded is a non-bonded interaction term which is used to describe

the interaction between two atoms which are not explicitly connected with bonds. The

total interatomic potential of the system can be obtained by adding up all these individual

interaction terms, as shown in Eq. 2.4a.

Utotal = Ubond + Uangle + Utorsion + Uimproper + Unonbonded (2.4a)

Ubond = Kr (r � r0)2 (2.4b)

Uangle = K� (� � � 0)2 (2.4c)

Utorsion =
1

2
K1[1+ cos

�
�

�
] +

1

2
K2[1 � cos

�
2�

�
]+

1

2
K3[1+ cos

�
3�

�
] +

1

2
K4[1 � cos

�
4�

�
]

(2.4d)

Uimproper = K� (� � � 0)2 (2.4e)

Unonbonded = ULJ = 4�
•� �

r

� 12

�
� �

r

� 6
˜

r < rc (2.4f)

Note that there are plenty of analytical forms for each individual potentials of Ubond ,

Uangle,Utorsion ,Uimproper and Unonbonded , and different force �elds might have one or two terms

in common but with the other terms being different. Speci�cally, TraPPE force �eld used

harmonic form for Uangle (see Eq. 2.4c) andUimproper (see Eq. 2.4e), and Lennard-Jones (LJ)

potential for Unonbonded (see Eq. 2.4f). ForUtorsion , it used this harmonic series form as shown
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