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ABSTRACT

A surface model for Si etching by Cl2 plasma is developed and coupled with a Monte
Carlo (MC) modeling framework to predict the etching rate and the nanoscale
roughness of Si surfaces. The surface model takes into account all etching
mechanisms, i.e. ion-enhanced etching, physical sputtering, and pure chemical etching.
However, under the conditions of the measurements and the pertinent calculations, ion-
enhanced etching is dominant. Thus, a critical parameter for the accuracy of the
calculations is the ion-enhanced etching yield (number of atoms of the substrate
removed per incident ion).

The application of an etching yield expression from the literature to the MC framework
leads to results which strongly deviate from etching rate measurements. The origin of
the deviation is that the published expressions for the etching vyield are
phenomenological or “macroscopic”. The “macroscopic” etching yield captures the net
effect of all surface processes, including redeposition of etching products and angle
dependence of etching. This “macroscopic” etching yield is not suitable for a Monte
Carlo framework which treats separately each surface process and not their net effect.
For a Monte Carlo framework, a “nanoscopic” etching yield suitable to reproduce the
“macroscopic” etching yield and rate is required. In this work, the “nanoscopic” etching
yield of the dominant etching mechanism, namely ion-enhanced etching, is extracted by
fitting the etching rate calculated by the MC framework to available measurements at
ion energies of 100 eV. Then, then the results of the MC framework are compared to
measurements of etching rate and roughness for different values of the ion energy (50
to 500 eV).

The MC framework reproduces well the experimentally measured dependence of the
etching rate on the ion energy. The etching rate is very close to the measurements up to
ion energy of 300 eV and is overestimated for ion energies greater than 350 eV. This
overestimation may be due a) to the assumption of a fully chlorinated surface which
may not be valid at high ion energies and b) to the change of the composition of the ion
flux arriving on the surface which is not taken into account. Regarding the root mean
square (rms) roughness, although the absolute values are overestimated, the behavior
of rms roughness versus ion energy is captured when the redeposition of the etching
products is intense. The origin of the overestimation may be an underestimation of the
sticking probability of ions on the surface.

SUBJECT AREA: Plasma etching

KEYWORDS: nanoscale surface roughness, Silicon, modeling, simulation, ion-
enhanced etching, Monte Carlo



NEPIAHWH

2TNV TTOPOUCa EPYOOia aAvATITUOOETAI JOVTEAO ETTIPAVEIOKNG XNUEIAG TTOU TTEPIYPAPEI
TNV gyxdpagn Mupitiou o TTAGoua XAwpiou. To POVTENO EVOWMATWVETAI O€ TTAQICIO
TTpooopoiwong Monte Carlo (MC) pe otoxo Tnv TTPORAEWnN Tou pubpou eyxapagns Kai
TNG vavoTpaxutnTag emiavelwy Mupitiou. 210 poviéAo AapBdvovtal uttdéwn OAol ol
Mnxaviopoi gyxdpagng, dnAadry n utroonBoupevn atrd 10vTa €yxapagn, n 10voBoAn
KaBwg Kal n NIk eyxapaén. Qotdco, UTTO TIGC OUVONKEG TWV PETPACEWV KAl TwV
UTTOAOYIOMWY TTOU TTAPOUCIAlovVTal O€ aUTR TNV £pyacia, n utroBonBouuevn ato 16vTa
eyxapaén €ival o Kupiapxog pNxaviouog. '’ autd Kal n KEiolun TTapdueTpog yia Tnv
aKpifela Twv uttoAoyIoPWV gival n atrdédoon eyxapagng TG utroonBoupevng atod 10vTa
eyxapaéng (0 apIBPOG Twv ATOPWY TOU UTTOOTPWMUATOG TTOU QOTTOPOKpPUVOVTal avd
TTPOCTTITITOV 10V).

H xpnoigotroinon oxéong atrd mn BiBAIoypagia yia Tnv atmdédoon eyxapatng odnyei o€
ATTOTEAEOUATA TTOU ATTOKAIVOUV ONPAVTIKA ATTO TIG TTEIPAUATIKA HETPOUUEVEG TIMEG YIO TO
puBuOG eyxdpaéns. H atrdékAion atrodideTal 0To yeEyovog OTI Ol OXECEIC yIa TNV ATTOd00N
eyxapaéng Tou  ouvaviwvrtal  otn  BIBAIoypagia  gival  @AIVOUEVOAOYIKEG 1
«MOKPOOKOTTIKEG». H «UOKPOOKOTTIKN» a1rédoon eyXApagng euTTePIEXEl TNV KaBapr)
emidopacn o1d OAeg TIG ETIQAVEIOKEG  dlEPYATieG, OUUTTEPIAAUPAVONEVWY  TNG
ETTAVATTOBEONG TWV TTPOIOVTWYV EYXAPAENG KOl TNG YWVIOKAS £€APTNONG TNG £yXapagnc.
H «uakpoOoKOTTIKA» a1médoon eyxdpagng Ocv atmoTeAei opBny €mAoyr yia To TTAQicIO
TTpocopoiwong MC 1rou diaxeipieTal EEXwPIOTA KABE eTTIPaveEIaKr dlEpyaaia Kal Ol TNV
kaBapr emidpacr] Toug. MNa 1o TAdiclo MC aTTaITeiTal Pia «VOVOOKOTTIKA» atrodoon
eyxapaénc n omoia Ba avatrapayel Tn(0) «PakpPookoTik(d)» atrdédoon (pubud)
eyxapagng. 2ta TTAQiCIO TNG TTOPOUCAG E£PYOOiAg, N  «VAVOOKOTTIKA» atrdédoon
EYXAPA&NG TOU KUPIOPXOU MNXAVIOPOU eyXapatng TTPOKUTITEI aTTO TTPOCAPHOYH TOu
puBuou eyxapaéng trou utroAoyileTal atrd TO0 TTAdiclo Monte Carlo oe diaBéoiueg amo
TTEIPAPOTA HETPAOEIG yIa evEpyEla 16VTWYV ion pe 100 eV. ZTn ouvéxela, yivetal oUuykpion
TWV ATTOTEAECUATWY TOU TTAQICIOU HE METPROEIS TOU PuBPOU eyxapaéng Kai Tng
TPaxUTNTa o€ EUPOG eVEPYEIOG 1I0VTWY 50 pe 500 eV.

To TAdiclo MC avamrapdyel €mMTUXWSG TNV TTEIPAPATIKG HJETPpOUPEVN €EAPTNON TOU
puBuou egyxdpagng amd Tnv evépyela 16VTWV yia evépyeleg PExpl trepittou 300 eV. O
PUBUOG eyXApagnG UTTEPEKTIMATAI VIO EVEPYEIES IOVTWV uWnAOTEPES Twy 350 eV. AutA n
UTTEPEKTIINON UTTOPEI VO OQEIAETAI A) OTAV TTAPASOXH TTANPWS XAWPIWUEVNG ETTIPAVEIAS
TTOU €VOEXETAI WOTOCO VA PNV IOXUEl OTIG TTEPITITWOEIS TWV UWPNAWV EVEPYEIWV 10VTWV
Kal B) oTnv aAAayr TNG oUOTAONG TWV IOVTWY TTOU PBAVOUV OTNV ETTIPAVEIA N OTToIa €
AauBaverar uttown. Ocov agopd otnv rms (root mean square) TpaxuTnTa, av Kal Ol
ATTOAUTEG TIMEG UTTEPEKTIMWVTAI, N CUMTTEPIPOPA TNG rMS TPAXUTNTAG CUVOPTHOEI TNG
EVEPYEIOG TWV IOVTWY OKOAOUBEI TIC HETPNOEIC OTNV TTEPITITWAON OTTOU TO PAIVOUEVO TNG
ETTAVATTOBEONG TWV TTPOIOVTWV £yXApagng cival €VTovo. H UTTEPEKTINNON AUTH UTTOPEI va
OQEINETAI O€ UTTOEKTIMNON TNG TMOAVOTNTAG TTIPOCKOAANONG TWV 16VTWY OTNV ETTIPAVEIQ.

OEMATIKH MNMEPIOXH: Eyxdapaén pe TAdoua

AEZEIX KAEIAIA: tpaxutnta o¢ vavokAigaka, Mupitio, yadnuaTtiky) TTPOTUTTOTToINON,
TTPOCOMoIWaN, eyxapatn utrofonBouuevn atod 16vta, Mévte KdpAo
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Simulation of nanoscale roughness evolution of Silicon surfaces under Chlorine plasmas

1.INTRODUCTION

1.1 Challenges of plasma etching

Due to the fact that device dimensions are continuously scaling down to tens of
nanometers (nm), the importance of plasma-induced surface roughness in modern
microelectronic devices increases. The precision in profile control, critical dimension
(CD), selectivity, and damage becomes more demanding. The major challenges of
etching during pattern transfer are [1] a) mask erosion, b) deviations from vertical
sidewalls, ¢) mask undercutting, d) mask roughness transferred to the film being etched
inducing line edge and line width roughness (LER and LWR), d) notching, e)
microtrenching, f) etching lag and inverse etching lag, and g) microloading.

1.2 The importance of surface roughness in microelectronics and other fields

Surface roughness is a usual outcome of the micro- and nanofabrication processes (see
Section 1.3) and can be critical for several applications and pertinent fields. In some of
them, roughness is an artifact to be eliminated and in other, it is a useful property of the
surface.

Firstly, it is important in micro- and nanoelectronics. Roughness on atomic- or on
nanoscale deeply affects device operation as it is of the same scale as the critical
dimension (CD) of the etched features [1]. In particular, the line edge roughness (LER),
i.e. the roughness addressing the fluctuations of a line edge about its mean value, and
the consequent line width roughness (LWR), i.e. the fluctuations in a linewidth about its
mean value [2], may induce performance variability or even destabilize the performance
of the transistor. Both the gate length and the threshold voltage may be affected [2, 3].

It is also important in microelectromechanical systems (MEMS). Even though the
scale is larger, roughness has an impact on the fracture strength of microstructures and
the friction between moving parts. In Silicon (Si) MEMS fabrication, surface forces may
make the surface permanently adhesive and friction between contacting surfaces may
appear as a result of large surface-to-volume ratio and low loads [4, 5]. Surface
roughness with positive skewness and high kurtosis at the contact interfaces, as well as
induction of asymmetry and peakiness is reducing the adhesive and friction effects [4].

Roughness also affects the wetting properties of the surfaces. Surfaces presenting
roughness at the micro- and/or the nanoscale can become super-hydro(oleo)phobic [6,
7].

Nanoroughness can enhance the antireflectivity not only for Si, but also for
polymeric surfaces [8].

Roughness can also be critical for the interaction of surfaces with biological
samples. Protein adsorption on surfaces is affected by the surface roughness [9, 10].

With a level of periodicity, the surface roughness, can be useful to magnetic
storage [11], catalysis [12], and nano-patterning [13].

1.3 Plasma etching mechanisms

The origin of surface roughness during plasma etching of Si or other substrates is
attributed to competitive “forces” between roughening and smoothing and comes from

I.M. Antoniou 12



Simulation of nanoscale roughness evolution of Silicon surfaces under Chlorine plasmas

the non-uniformity of the etching rate on the surface of the substrate. Thus, it is useful to
identify the etching mechanisms in a plasma environment.

First of all, etching techniques are separated into wet and dry or plasma etching
techniques. Wet etching is more a chemical than a physical process. It is therefore,
quite a selective and isotropic process. Plasma etching allows for both anisotropic and
isotropic etching depending on the conditions and the dominant mechanism. Plasma
etching can be categorized to chemical etching, physical sputtering, and ion-enhanced
etching.

Chemical etching is attributed to highly reactive neutral species chemically sensitive
with specific substrates, i.e. F with Si or Cl2 with Al [14]. It is a selective mechanism
which leads to isotropic etching. The etching rate in this case follows the Arrhenius
relation,

ER, =k, exp[— E‘F ]Q (1.1)

with Q being the reactive species flux, ko the pre-exponential factor, and Ea is the
activation energy.

Physical sputtering is the ejection of atoms or molecules from the surface due to
energetic ion bombardment [15]. Sputtering is an unselective process since the
sputtering yield (number of substrate atoms removed per incident ion) depends only on
the ion energy, the surface binding energy, and the masses of the targets and
projectiles. The latter two parameters do not vary by more than a factor of 2-3 among
different materials [15]. Sputtering is also an anisotropic process strongly sensitive to
the angle of the incidence of the ion. The etching yield of physical sputtering reads [14,
16]

EVes = Avs (VE, —JEp )f(®) (1.2)

where Etw is the threshold energy for physical sputtering, Asi depends on the ion-
substrate combination (in particular, on the surface binding energy, and the masses of
the targets and projectiles), and f(6) is a function which expresses the dependence of
the etching yield on the angle of incidence of the ion, 6.

Last but not least, ion-enhanced (chemical) etching occurs when a target substrate is
exposed to both reactive neutrals and ion bombardment. Among plasma etching
mechanisms, ion-enhanced etching is the most promising for micro- and
nanofabrication and essentially interesting for this thesis also. lon-enhanced etching
was introduced by Coburn and Winters [17]. They observed that the etching rate in the
case of Si containing substrate (Si, SiNs, SiO2, SiC) etching under beams of XeF2 and
Ar* is higher than the etching rate by an XeFz or Ar* beam alone. They proposed that
synergistic etching occurs under the simultaneous bombardment of the surface by
XeF2 and Ar* beams, as they measured etching rates an order of magnitude greater
than in physical sputtering (Ar* beam alone).

In ion-enhanced etching, the ion bombardment boosts one of the steps of the chemical
etching process, e.g. the surface adsorption, the etching reaction itself or the byproduct

I.M. Antoniou 13
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removal. For example, the ion bombardment causes damage (breaking bonds, etc.)
which makes the surface more apt to chemically react with the radical. Alternatively, the
ion bombardment may dislodge or sputter away etch byproducts which would otherwise
tend to stay on a surface and impede the etching process [18]. lon enhanced etching is
an anisotropic etching process usually with a much greater rate compared to physical
sputtering. Selectivity is also better compared to physical sputtering. The etching yield
for ion-enhanced etching depends on the ion energy as the etching yield for physical
sputtering; it is also angle dependent.

Besides, the three mechanisms of material removal, simultaneous deposition may occur
during plasma etching [19, 20]. Depositing species, or “etch-inhibitors”, coming from the
reactions on the etched surface (product redeposition), the chemical reactions in the
bulk of the plasma reactor, and the etching of the inner surface of the plasma reactor,
are deposited on the etched surface, play the role of etching masks, and induce
roughness on the etched surface.

1.4 Roughness of Silicon surfaces: Evidence, mechanisms, and control

Surface roughness may be formed either on the sidewall (Figure 1.1a) of the etched
feature (e.g. trench or hole), or on open areas samples (Figure 1.1b). In the first case
we refer to sidewall roughness which contributes to LER and LWR. Both the direct
interaction of the plasma with the sidewall (during the pattern transfer step) and the
shadowing of the ion flux by the overlying mask [21, 22] contribute to the formation of
sidewall roughness. In the second case, i.e. in the case of open area samples, the
roughness comes only from the interaction of the plasma with the surface of the
samples.

(a) (b)

Figure 1.1 a) Sidewall roughness — roughness on the sidewalls of trenches of polymeric lines
[Scanning electron microscope (SEM) image]. b) Open area surface roughness of a Si surface
(SEM image) [23].

The focus of this work is on the formation of surface roughness during plasma etching
of open area Si substrates. There are a few previous works investigating the factors
affecting the roughness formation. In particular, Petri et al. [24] presented a parametric
study of single-crystal Si roughness induced by a Sulfur hexafluoride (SFs) plasma in a
helicon source reactor. The aim was to study the effect of several operating parameters,
i.e. the ion flux (J+) and energy (E+), the flux of neutral species (Jr), and the etching time
(t), on the surface roughness. They came up with an empirical relation for root mean
square (rms) roughness [24, 25]

1.M. Antoniou 14
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1 J 0.45
rms oc —(LJ t (1.3)

At low ion flux the surface is smoothened by the neutral species, while at higher ion flux,
the neutral species roughen the surface as ion induced effects are triggered [24].

Hwang et al. [26] studied the evolution of surface roughening of Si (as well as of other
substrates) during etching by Chlorine (Cl2) plasma. The outcome of the study was that
the surface roughness depended on self-bias voltage and pressure. The rms roughness
increased with pressure (10 — 30 mTorr) and decreased with self-bias voltage (100 —
250 V) for Si whose boiling temperature of by-products is low, whereas the rms
decreased with pressure and increased with bias voltage during etching of other
substrates, i.e. Hafnium Nitride (HfN) and Iridium Oxide (IrO2), whose boiling
temperature of by-products is high. It was understood that the contrasting trends from
the experimental results originated from the different volatility of the etch by-products
which were generated during etching in Clz. It was also observed that, when bias
voltage and pressure varied, surface roughness was inversely proportional to the
etching rate during etching of Si, while surface roughness was proportional to the
etching rate of HfN and IrO2. In addition, it was found that surface roughness increased
as a function of the etching time.

Sung and Pang [27] studied Si etching with Cl> plasma generated by a multipolar
electron cyclotron resonance source by means of mass spectroscopy, optical emission
spectroscopy, and atomic force microscopy (AFM). They reported that both the etching
rate and the surface roughness of Si samples increased with the increase of the rf
power on the electrode.

Kokkoris et al. [20] and Boulousis et al. [28] investigated the effect of the etching time
and wafer temperature on the surface roughness of Si during etching with SFe plasma
in a helicon type reactor. The plasma etched surfaces were analyzed by AFM. Dual
nanoscale morphology, as well as, almost linear increase of both rms roughness and
correlation length versus etching time was observed in the experiment. The rms
roughness decreased with the wafer temperature. A mechanism based on the
deposition of etch-inhibitors (coming either from the reactor dome or the clamping ring
of the electrode or the reactor walls) during the etching process was proposed for the
explanation of the experimental behavior. In addition, appropriately designed
experiments were conducted [8, 28] and confirmed the proposed mechanism.

Yin & Sawin [29] measured the evolution of roughness of Si surfaces in Argon (Ar)
plasma by AFM as a function of ion bombardment energy, ion impingement angle, and
etching time in an inductively coupled plasma beam chamber. In this chamber, the
plasma chemistry, ion energy, ion flux, and ion incidence angle can be adjusted
independently. Their study demonstrated the importance of the angle of ion incidence
on the surface roughness. Very small values of roughness were observed for normal
angle of ion incidence. The roughness became greater at grazing angles. In particular, a
striation structure was formed at grazing angles which was either parallel or transverse
to the beam impingement direction depending on the off-normal angle.

Martin & Cunge [30] analyzed the roughness generated on c-Si (100) surfaces when
etched in an inductively coupled industrial plasma source over a wide range of
conditions, i.e. pressure and rf power, and using SFe, CF4, Cl2, and HBr chemistries.
They reported that plasma etching did not induce roughness on the Si surface; on the

1.M. Antoniou 15
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contrary, it smoothened the Si surface, if surface roughness initially existed. Given that
in high density plasmas the local etch rate is generally limited by the availability of
reactive radicals, the smoothing was attributed to the fact that the hills of a rough
surface received a higher flux of etchant radicals than the valleys. Finally, the authors
showed that the roughening of Si in F-based plasmas was only due to the micromasking
of Si by AlFx particles originating from the sputtering of the reactor walls which were
made by Alumina (Al203). However, when the chamber walls were intentionally coated
by a carbon layer prior to the Si etching process, the F-based plasmas behaved like the
other etching chemistries investigated: they rapidly smoothened any existing roughness.

Nakazaki et al. [23] reported two surface evolution modes during Si etching in
inductively coupled Cl2 plasmas, i.e. the roughening and the smoothing mode. These
modes depend upon the ion energy, E+ At E+ < 200 — 300 eV, the rms roughness is
almost linearly dependent on time, whereas at E+ > 200 — 300 eV, it is lowered and
presents a ‘quasi-steady state’ most of the etching time. The transition from the
roughening to the smoothing mode is attributed to a change in the gas species as the
ion energy increases. In particular, Clk* ions, the dominant species at lower energies,
are subsided by SiClx* ions, originating from the increased production of etching
products, at higher energies.

A means to reduce and control surface roughness of Si is atomic layer etching (ALE)
[31] which consists of a step of surface modification (formation of a SiClx layer) and a
subsequent step of Ar* ion bombardment with suitable energy (~50 eV). Continuous
plasma etching simultaneously exposes the surface to energetic Ar*, as well as reactive
ions such as CI* and Cl2* that are similarly energetic as the Ar*. Energetic reactant ions
damage Si as they break Si-Si surface bonds, thus allowing Cl atoms to diffuse and
alter the lattice structure. Accumulated surface roughness occurs with the strong Si-Cl
bonding that produces a high activation barrier for surface diffusion and prevents
flattening of the silicon surface. In ALE, the difference is that the removal step does not
involve reactive chlorine ions because chlorine is not intentionally present. Although
energetic Ar* can break Si—Si bonds, at Ar* energy values well below the sputtering
threshold, these bonds can reform once the chlorine bonds are removed. This
smoothing or resetting effect in Si ALE is thus attributed to the higher surface atom
mobility under Ar* bombardment at suitable ion energies.

1.5 Literature review of the methods used for the evolution of the surface

morphology

The methods for the evolution of surface morphology entail a discrete or a continuum
description of the surface morphology (or profile) and a Monte Carlo model or a
deterministic method for the surface (or profile) evolution. The string method [32, 33],
the method of characteristics [34-36], and the level-set method [37-40] are
deterministic algorithms for the evolution of the surface morphology; in all these
algorithms, the description of the surface morphology is continuum. The cell-based
method [19, 41-43] is a stochastic algorithm based on a Monte Carlo model and the
description of the surface morphology is discrete.

In the string method, in 2 dimensions (2d) the profile is visualized by a string of nodes
and straight line segments connecting the nodes [1]. Every node is moved vertically to
the moving boundary following the local boundary velocity and the equation of
movement. Difficulty is encountered at sharp corners, where the points at the corner
advance faster than those on the sidewall and cause unrealistic lateral retraction [1].
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Challenges arise as the step size must be kept small so as to avoid the formation of
loops. In 3 dimensions (3d), difficulties occur regarding the detection of triangular
intersections and delooping. In the method of characteristics, an improvement of the
string method, the node trajectory is allowed to lean in different directions dependent
upon the etxhing rate [1]. The level-set method is based upon the concept of the implicit
function. The evolving profile or surface is defined as the zero level set of the implicit
function [44]. Last but not least, in the cell-based method, the surface morphology
consists of cubic cells each of which may contain more than one atom or molecule
(coarse graining). Cells can be removed or added depending on etching or deposition
probabilities as defined by the etching yields and the sticking probabilities.

In this work, we utilized a cell-based method, a cell-based framework to study the
evolution of surface morphology of Si substrates in Cl2 plasmas. A review of the
cell-based frameworks is following.

Sawin and coworkers developed a 3d modeling framework for polysilicon etching in
inductively coupled Cl2 and HBr plasmas [45-47] The cell size is comparable to the
halogenation length (in halogen-based plasma etching) [46, 47]. They claimed that a
‘continuous surface must be generated from the surface cells rather than using the
faces of the surface cells to accurately compute the surface kinetics” [1]. Regarding the
surface normal calculation, 4 or 6 neighboring cells are taken into account [45]. They
developed a “mixing-layer kinetics model” [46] considering vacancies among species.
They investigated the onset of surface roughening and reported that the angle of ion
incidence onto the surface was a key parameter for determining the perpendicular and
parallel ripples.

Kushner and coworkers [43, 48-50] developed a 3d profile simulator for feature scale
profile evolution and applied it in several cases of feature etching; they also coupled the
profile simulator with a reactor scale module.

Wang and coworkers [51, 52] developed a (2+1)d Monte Carlo simulation framework to
study the scaling behavior of plasma etching of Si substrates. They concluded that the
method used for the determination of the surface normal did not affect the scaling
behavior. The eight closest in-plane neighbors were finally considered for the
determination of the surface normal. A critical assumption of their model was a higher
sticking coefficient for the reemitted than the incident flux.

Ono, Eriguchi, and coworkers [42, 53-56] started from (1+1)d and finally developed a 3d
profile evolution simulator and applied it in Si etching in chlorine-based plasmas. The
redeposition of etch products and byproducts were taken into account. Surface
roughness was calculated as a function of ion energy (or rf bias) and other parameters.
The surface normal was calculated by taking into account 5 x 5 x 5 cells surrounding the
cell of incidence. Agreement with measured values was observed for ion energies up to
250 eV. The effect of several parameters such as the angle of ion incidence is
investigated.

Kokkoris et al. [19, 20] developed a (2+1)d Monte Carlo simulation framework and
studied the effect of ‘simultaneous-to-etching deposition’ (SIMED) on the surface
morphology evolution. The role of etch-inhibitors coming from the reactor walls and/or
produced in the reactor bulk on the roughness of Si [20] and polymeric surfaces [13] is
investigated. The presence of etch-inhibitors was found to contribute to the formation of
periodic dots on the etched surface [19].
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1.6 The purpose of the thesis

The purpose of the thesis is the development of a surface model for Si etching under
Clz plasma. The surface model will be incorporated in an available Monte Carlo
modeling framework [19] in order to calculate the evolution of nanoscale roughness of
Si surfaces. The Monte Carlo framework will be extended to properly treat the ion-
enhanced etching mechanism, which is dominant in etching of Si with Cl2 plasma. The
coupling of the surface model with the Monte Carlo framework will be evaluated by a
comparison to measurements [23] of the etching rate and roughness versus the ion
energy.

A Monte Carlo modeling framework coupled with a validated surface model is a very
useful tool for the prediction of nanoscale roughness of plasma etched surfaces. As the
dimensions of integrated circuits and electronic devices are continuously decreasing
according to the International Technology Roadmap of Semiconductors (ITRS) 2015,
nanoscale roughness has a continuously bigger impact on the fabrication processes
and the properties of fabricated surfaces. The modeling framework can shed light on the
mechanisms of roughness formation and evolution and contribute to the design of
recipes delivering the desired (per application) surface roughness.
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2. THE MODELING FRAMEWORK FOR THE EVOLUTION OF SILICON
SURFACE MORPHOLOGY UNDER CHLORINE PLASMA ETCHING

2.1 Introduction

The study of roughness formation and evolution of Si surfaces during etching in Cl2
plasmas requires a) a Monte Carlo (MC) framework [19] where the surface morphology
is represented by a matrix of cubic cells and b) a surface model for Si etching by Cl2
plasma which describes the surface processes during etching. The surface model is
based on a surface model reported by Tsuda et al. [54-56] and is described in Sec. 2.2.
The MC framework is described shortly in Sec. 2.3 and in detail in Ref. [19].

2.2 Surface model for Si etching by Cl2 plasma

2.2.1The gas phase of Clz plasma

A series of charged and neutral species are produced in the reactor bulk of a Cl2
plasma [54]. The most critical species for the etching of Si surfaces, i.e., energetic
chlorine ions (CI*) and atomic chlorine (CI), are considered to join the surface
processes. ClI* ions are considered mono-energetic (E+ = 100 eV in the base case) and
follow a Gaussian angular distribution around a basic angle. The standard deviation of
the Gaussian angular distribution is related to the ratio E+/(kT+), where E+ is the ion
energy and KT+ is the ion temperature in eVs (k is the Boltzmann constant). Tuda et al.
[57] used the equation 2.1 to describe the angular distribution of ions after passing
through a collisionless sheath; the ions enter the sheath with a Maxwellian velocity
distribution function.

JR sec Bexp(-R? sec?6) +

exp(R)
G.(0) = 0, 2.1
) \/; gerfc(«/ﬁsece) °o8 @D
where
erfc(x) = %Texp(—tz)dt . (2.2)
7T X

6 is the incident angle of ions and R is the ratio E+/(kT+) (the ion energy in the model of
Tuda et al. [57] was considered equal to the sheath potential). Equation 2.1 was utilized
by several subsequent works [56, 58]. The curves coming from equation 2.1 for different
values of R are fitted to Gaussian angular distributions, i.e.,

G,(0)= 1 exp{l(gj:l (2.3)
o
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with different standard deviations, 0. Curves coming from both equations 2.1 and 2.3
are shown in figure 2.1. Cl atoms follow an isotropic (cosine) angular distribution and
their temperature (gas temperature) is Tg.

Eq. 2.3 for 0 = 0.05 rad
0 Eq.2.1for R=200)

G,(6)

0.2 0.4

Figure 2.1 The curves coming from equation 2.1 for R = 200 and from equation 2.3 for o = 0.05 rad
are identical.

2.2.2 Surface processes

The mechanisms of etching of Si in a Cl2 plasma are a) physical sputtering, b) ion-
enhanced (chemical) etching, and c) pure chemical etching. Besides the species from
the gas phase (see section 2.3.1), the species joining the surface etching model are
adsorbed chlorine species (SiClx(s), x=1,2,3,4), saturated (SiCls) and unsaturated
(SiClx, x=1,2,3) etching products. The surface processes during etching of Si surfaces
with Cl2 plasmas are described in Table 2.1.

Table 2.1. Surface processes during etching of a Si surface with a Cl, plasma [54].

Reaction Process Coefficient
1 | Adsorption of neutral | SiCl(s)+Cl(g)—SiCl+i(s) | x=0,1,2,3 Sx
species
2 | Chemical etching SiCls(s)+CI(g) — SiCla(g) QOchem
SiCla(s) — SiCla(Q)
3 | lon enhanced etching | SiClx(s) + CI* — SiCl(g) | X=1,2,3,4 EYsc
4 | Physical sputtering Si(s) + CI* — Si(g) EYsi
Redeposition SiClx(g) — SiClx(s) x=0,1,2,3,4 Sd

The first of the surface processes (reaction 1 in Table 2.1) is the adsorption of Cl on the
Si surface. The coefficient of this reaction, or the effective sticking coefficient, is
assumed to depend on the chlorination level of the surface in some works [54, 56],
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while in other works it is assumed to be equal to 1 [55] on unsaturated Si surface. In this
work, we consider that

Sx =1, (2.4)

where x=0,1,2,3. When x is equal to 4, i.e. the surface is saturated with chlorine, no
more adsorption takes place. If Cl is not adsorbed on the surface, it is diffusively
reemitted from the surface. The temperature (energy) of the reemitted Cl from the
surface is equal to the surface temperature, Ts. It has to be noticed that x increases not
only with the impact of a Cl atom but also with the impact of CI* ion. In this case, the
energy of the reemitted Cl atom is the energy of the ion.

At the last step of chlorination process, pure chemical (reaction) etching can occur
(reaction 2 in Table 2.l) producing volatile product SiCls. The calculation of this
coefficient (achem) can be based on the expression of Ogryzlo et al. [59] for the etching
rate, i.e.

ER =vN!n/T,e =™ (2.5)

where nci is the number density of Cl atoms, Ts is the surface temperature, Ne is the
doping concentration of Si, and E is the activation energy. The values of all parameters
of equation 2.5, including v and y, were extracted by Ogryzlo et al. by fitting of equation
2.5 to measurements for Si surface with different orientation and doping levels [59].

The etching rate can be also formulated as

al
ER = d—chlucl (26)
Si

where

8kT
Ug = g (2.7)
mmy,

is the thermal speed of Cl atoms. Tq is the gas temperature, and mci is the mass of Cl
atoms. dsi in equation 2.6 is Si number density. The coefficient a expresses the
probability for chemical reaction, i.e. the production of volatile SiCls, when C| atom flux
arriving on the Si surface. This coefficient should incorporate all sticking probabilities
during successive chlorination of the surface as well as coefficient achem of pure
chemical reaction of saturated Si surface, i.e. a surface where SiCl4(s) has been
formed. a can be formulated as

a = S0S1S2S3achem, (2.8)

where Sy is coming from equation 2.4. By combining equations 2.5 — 2.8, achem reads
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Besides chlorination and chemical etching, CI* ions can induce ion-enhanced etching
(reaction 3 of Table 2.I) and physical sputtering (reaction 4 of Table 2.I) of the Si
surface. The etching yield for ion-enhanced etching depends on the ion energy, the
angle of ion incidence, and the chlorination level, and reads [23, 54, 60]

EYSiCIX = %Asmx (\/E_ »\/Eth,Siux )fsmx (9), (2.10)

where E is the threshold energy for ion-enhanced etching (12 eV) [55] and 6 is the

th,SiCl,
incident angle of ions (rads). The function fsmx reads [46, 54, 61]
1 6 < érr
180
25 90
oo, (0)=1 20 - _ (G—Trj(e—nj . (2.12)
Sich 180" 9_ 180 180 25 5. 90
65 5000 ' 180 180
— 1T — 1T
180 180

Ase, in equation 2.10 is equal to 0.353 eV-?5 according to the work of Tsuda et al. [54].

However, by using the latter value, we could not reproduce the etching rate measured
by Nakazaki et al. [23]. In particular, the etching rate we calculated with the MC
framework for ions with energy of 100 eV was about 4 times lower compared to the
experimental value. Only if f; (6)=1 and no redeposition of etching products occurs,

the value proposed by Tsuda et al. can reproduce the measured value of the etching
rate. The value of Ay given by Tsuda et al. is a “macroscopic” or phenomenological

value, i.e. a value which can be extracted by an experiment which cannot quantify either
the angle dependence of the etching yield for a surface morphology with nanoscale
roughness or the redeposition of etching products. The “macroscopic” or
phenomenological value captures the net effect of the ion bombardment taking into
account all surface processes (including redeposition and angle dependence) but it is
not suitable for a MC framework which treats separately each surface processes and
not their net effect. For the framework, a “nanoscopic” value of A is required to be

determined. We adjusted this "nanoscopic” value of A so that the calculated etching

rate was fitted to the measured etching rate [23]. The adjusted value is included in
Table 3.1l in section 3.6.

The etching yield of physical sputtering depends on the ion energy and the angle of ion
incidence, and reads [46, 54, 61]
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EYy = Ay (VE. ~\Eus )fs(6) (2.12)

The function fsi expresses the angle dependence of the etching yield and reads [62]

3, 0<e
f(0)=1b, +b0+b,6° +b,6°, ¢ <O6<0, (2.13)
1+c,(6-9,), 0>0,

The constant parameters in equation 2.13 are

_ a, -1
30,0.(0, — 9,) =31 2(@, + @,) (@7 — @) + (@ —93)

b2 = _(3 / 2)((,01 + (pz)bs )
bl = 3b3(p1(p2 1

3

b, =1-b,@, - b,p> — b3, and
1

c,=——— .
2 (77/2—g02)2

The parameters ao, @1, and @2 (@1, and ¢2 are in rad) define the exact form of the angle
dependence (see figure 2.2); if their values are known, then parameters bo, b1, b2, bs
and cz can be calculated. ¢2 is the angle corresponding to the maximum etching yield,
ao is the ratio of the etching yield at normal incidence over the maximum etching yield.
The space [0, ¢1] defines the angle range that the etching yield is constant and equal to
that at normal incidence. The values of ao, ¢1, and @2 are coming from fitting of equation
2.13 to the curve of figure 2 in the work of Tsuda et al. [54] showing fsi(6): ao = 1/2.1,
¢1=(36/180)1T, and @2 = (66/180).
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Figure 2.2 The functions fs(6) (equation 2.13) and f. (6) (equation 2.11) demonstrating the

dependence of physical sputtering and ion-enhanced etching yield of Si on the angle of ion (Ar*)
incidence, 6. The parameters ao, @1, and ¢, of equation 2.13 are also noted.

E,si in equation 2.12 is the threshold energy for physical sputtering (in eV) and reads
[46]

-0.6
M M
E,.=25.2| —* +0.928—L. 2.14
th,Si [M \J M ( )

p p

Asi in equation 2.12 is a coefficient (in eV-°-%) which reads [46]

A, =0.0054 /zpzt M _6.0108, (2.15)
MM,

where Mp and Zp and M: and Z: are the masses and atomic numbers of the projectile
ions and the target atoms. In our case, the projectile ion is CI* and the target atoms are
Si, thus, Zp = 17, Mp = 35.4527 amu, Z: = 14, Mp = 28.0855 amu, and consequently Etnsi
=29.7 eV and Asi = 0.0356 eV°5,

As in the case of Ay (cf. the discussion above), the latter value is a “macroscopic’

value. For the MC framework, a “nanoscopic” value of Asi is required. We adjusted this
“nanoscopic” value of Asi so that the calculated etching yield was fitted to the
“macroscopic” etching yield (see Eq. 2.12) for fsi(6)=1. The adjusted value is included in
Table 3.1V in section 3.7.

The sticking probability of CI* on Si surface follows a cosine law (see figure 2.3); the
reemission mechanism is specular reflection (angle of reemission is equal to the angle
of incidence) and the energy of the reflected neutralized ion is considered equal to its
energy before the impact. Ono and coworkers [54-56, 58] proposed a more detailed
approach for the sticking probability, the direction and the energy of the reemitted
(neutralized) ions based on calculations with the SRIM code [63]; the approach followed
in this work is a good approximation of the behavior of the ions.
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Figure 2.3 CI* sticking probability on SiClx(s) (x=0,1,2,3, and 4).

It has to be noticed that the etching yield adopted in this work (input to the code) gives
the Si atoms removed per sticking ion. First, it is checked if the ion sticks on the surface.
If the ion sticks, then a cell is removed or not based on the etching yield. The etching
yield being used in the MC framework is per sticking ion and comes from the division of
the etching yield per incident ion (see equations 2.10 and 2.12) with the sticking
probability of ions.

Finally, the etch products can be redeposited on the Si surface (reaction 5 in Table 2.1)
with a sticking probability, Sq¢. The etching products are assumed to be desorbed from
the surface thermally following the cosine law [23, 54]. Sq is assumed equal to 0.05 in
the work of Tsuda et al. [55]. However, in this work, this value was changed from 0 (no
redeposition) to 1.0 and different values of A were extracted.

In Figure 2.4, the energy dependence of the etching yields for ion-enhanced etching
and physical sputtering (equations 2.10 and 2.12) are shown for A, = 0.353 eV?0®

[54] and ASi = 0.0356 eV05 [46].

iCl,

E\ 4.0 [ T T T T T T T T T T T T T T T ]
E 35— Asi(\/a_ Eth,Si) _ - /_
% 3.0 __ - ASiCIx (\/E_\[Em,smx )/ - - _
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ion energy, E, (eV)

Figure 2.4 lon energy functions of the etching yield expressions (from equations 2.10 and 2.12) for
ASiCl =0.353 eV?° [54] and Asi = 0.0356 eV°5 [46].
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2.3 Monte Carlo framework for the evolution of surface morphology

2.3.1 Basic concepts of the framework [19]

A modeling framework for surface morphology evolution in (2+1)d is exploited to apply
the roughening mechanisms of Si surface under Cl2 plasma. In the context of this
framework, the etched film is represented by a lattice of cubic cells (see figure 2.5) and
the solid on solid approximation [64] is considered. Particles with user defined angular
distributions impinge on the cellular morphology. No patrticle-particle collisions are
considered due to the high Knudsen number of the flow in the valleys of the surface
morphology; the mean free path is large due to the low pressure conditions during
plasma etching compared to the dimensions of valleys. The trajectory of each particle is
calculated until sticking on a cell. The interaction of particles with the cells is defined by
a) the sticking probability and b) the etching yield. Monte Carlo method is used to
sample stochastic variables from probability distributions defining the initial position and
direction of the particle, the etching yield, the reemission probability, and the direction of
reemitted particles. More details for the simulation procedure are included in section
2.2.2. Statistical parameters of the surface morphology are extracted by a module for
the characterization of the surface morphology (Section 2.2.3)

Species sticking probabilities,
fluxes etching yields

surface
morphology
characterization
module

Figure 2.5 Schematic with the inputs and the outputs of the MC modeling framework

2.3.2The simulation procedure

The simulation procedure requires the generation of a series of random numbers: For
each decision a random number is generated. The steps of the procedure are the
following:

a) A particle of ions (CI*) or reactive neutral species (Cl) is generated; the
decision for the type of the particle is based on the fraction of each species in the
arriving flux.

b) The initial position of the particle on a plane at a short distance (5 lattice
units) from the higher point of the surface morphology is randomly chosen.
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c) The initial direction of the particle is randomly chosen from the directions
allowed by the direction distribution function of the particle (e.g. Gaussian for ions).

d) The particle moves on a straight line (no collisions in the gas phase due to the
high Knudsen number) with discrete steps until its collision with the surface. The
position and the cell of the collision are calculated. The type of the cell (substrate, i.e. Si
in this work) as well as the chlorination level of the cell are identified.

e) Based on the sticking probability, the sticking or the reemission of the particle
is decided. If the particle does not stick, the local slope of the surface is calculated and
a reemission direction is chosen from the allowed ones by its reemission mechanism
(e.g. diffuse reemission for neutral species).

Steps (d) and (e) are repeated until the particle sticks on the surface or escapes
from the simulation domain. A particle escapes from the simulation when it crosses the
plane of its “birth” [step (b)]; if the particle escapes, a new particle is generated [step
(a)]. If the particle gets out of the domain from a different plane, it re-enters the domain
from the opposite parallel plane: Periodic boundary conditions for the particle
trajectories are considered.

f) If a particle of ions sticks on the surface, then etching or not is decided based
on the etching yield. If the decision is etching, then the cell of the collision is removed
from the lattice. Otherwise, a new patrticle is generated [step (a)]. If there are no cells
below the added one, the added cell “slides” vertically until it meets one (solid on solid
approximation).

The steps (a) to (f) are repeated for the total number of particles.

2.3.3 Surface morphology characterization

Besides the modeling framework, critical for the evaluation of a roughness mechanism
is @ module for the surface morphology characterization (see the flowchart in figure 2.5).
The measures used to characterize the surface morphologies, i.e. the outputs of the
simulations, refer to the surface roughness, the existence of dots on the surface, and
the emergence of periodicity. In particular, root mean square (rms) roughness or
surface width quantifies the vertical fluctuations of the surface morphology. The
horizontal extent of the surface roughness is characterized by the correlation length, ¢; it
is a measure of the mean width of the surface features (e.g. dots). The skewness, which
guantifies the asymmetry of the surface morphology, is used to identify the type of
pattern on the surface: Positive skewness means that dots dominate on the surface
morphology, while if skewness is negative, holes dominate [65]. The periodicity of a
surface morphology is manifested by a peak in the power spectral density (PSD) [66,
67]. This does not mean that the surface morphology exhibits a perfect periodicity and
only one wavelength. A dominating or characteristic wavelength exists. The 2d PSD is
calculated and a circular average of the 2d PSD is extracted. Furthermore, parameter w
is defined to quantify the periodicity. w is the ratio of the system correlation length, {
[68, 69], over the period, A. { is the inverse of the full width at half maximum of the PSD.
The greater w is, the stronger the periodicity is. Further information on the statistical
parameters of surface morphology as well as formulas for their calculations can be
found in ref. [69]. In this, work only the rms roughness of the evolving morphologies is
presented
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2.3.4 Time and space dimensions

The primary calculations with the Monte Carlo surface model show the evolution of the
surface morphology in lattice units versus a normalized time variable, Q, (see the

definition below). The aim of the following paragraphs is the formulation of the required
parameters and equations to assign real dimensions to the lattice unit and normalized
time.

The lattice of the cellular morphology is coarse grained, i.e., it consists of super cells:
Each super cell (SC) stands for a group of Si atoms of the substrate. All SCs have the
same volume, Vsc, which can be approximated by the following equation

Ve =d®=q, /p,, (2.16)

where Qs is the number of atoms or molecules or monomers in the SC, ps is the number
density (monomer, molecules or atoms) of the substrate, and d is the length of the side
of the cube of the SC.

The morphology evolution predicted by the modeling framework comes from the
interaction of super particles with SCs. A super particle (SP) consists of a group of
atoms or molecules or ions of the species joining the surface processes; a different type
of SP is devised for each species. If the real etching yield of the substrate, i.e., the
number of atoms or molecules or monomers removed per ion, is EY, then the etching
yield of a SC of the substrate by a SP of ions is

q.
 =EY =, (2.17)

where g+ is the number of ions in the SP of ions.

A constraint is that a SP cannot remove more than one SC; thus, the following
inequality should hold

ey dicq. (2.18)
d

If EYmax is the maximum value of the etching yield in the conditions of the runs to be
compared, then we choose

S A (2.19)
Qs

Combining equations 2.17 with 2.19 it comes that
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EY
EY,. = : 2.20
= (2.20)

max

If (i is the number of SPs of ions arriving on the substrate over the number of SCs

consisting a single layer of the substrate, and I+ is the ion flux on the substrate, the
etching time reads

t= N%-qéz . (2.21)

[+ is coming from experimental measurements (or from calculations by a reactor scale
model) and Q, is a known independent variable of the surface model. By defining

EVYmax, ps, and the desired discretization, i.e., d, we can assign absolute values to the
etching time t.

Besides ions, a reactive neutral species arrives on the surface, the fraction of ions (not
SP of ions) in the incoming flux is

L (2.22)
X+q+ + XNqN

where X, andx, (=1 — X,) are the fractions of SPs of ions and neutral species in the
incoming flux and g, is the number of neutral atoms (or molecules) in the SP of
neutrals. Solving equation 2.22 for X_, it comes that

~

_ X.d, _ X.q, or
’ )2+q+ +(1- )2+ )CIN )2+q+ 0\ — )2+QN
()2+q+ +qN - )2+qN)X+ - )2+q+ = O or
)2+X+(q+ - qN) + qNX+ - )2+q+ =0 or
)2+ [X+(q+ - qN) - q+] = _qNX+ or
X, = B or
X+(q+ _QN)_qJr
X, = T (2.23)

q+ _X+(q+ _qN)

Thus, if the value of gn is defined, the value of X, (and as a consequence of X, ) is
calculated by equation 2.23.
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In case that the surface model includes the process of “neutralization” of an elementary
surface (e.g. chlorination of the elementary surface) and the full “neutralization” of an
atom of the substrate requires kmax atoms of the neutral species (e.g. 4 atoms of Cl are
required for the full chlorination of a Si atom), then the SP of neutral species required for
the full “neutralization” of a SC is

k -k 9. (2.24)

max max

Thus, the level of “neutralization” is defined as the ratio of k/k__ , where k is the
number of SPs of neutral species currently adsorbed on the SC.

In the case a reactive neutral species join the set of species arriving on the surface, Q
is not the total number of SPs (over the number of SCs con5|st|ng a single Iayer of the
substrate). The total number of SPs arriving on the surface, i.e. Q, is related to Q with

the following equation
Q =%Q. (2.25)

The combination of equations 2.21 with 2.25 reads

f = 2Q0 (2.26)

which gives the etching time as a function of Q .
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3. RESULTS
3.1 Introduction

The surface model (cf. Section 2.2) is implemented in the Monte Carlo framework for
the evolution of the surface morphology (cf. Section 2.3) to predict the evolution of
roughness developed on Si surfaces during Clz plasma etching. The simulation results
are compared to measurements of the etching rate and root mean square (rms)
roughness by Nakazaki et al. [23]. The measurements of Nakazaki et al. are shown in
figure 3.1: In particular, the etching rate was measured to increase with the ion energy
(figure 3.1a), while a maximum at ~250 eV was measured for the rms roughness (figure
3.1b). The measurements were obtained in an inductively coupled plasma (ICP) reactor
working at rf frequency (13.56 MHz). The power was Picp = 450 W. The pressure was
20 mTorr. The flow rate of Clo was 5 — 50 sccm. The ion energy was 20 to 500 eV by
changing the rf bias power from 0 to 200 W.
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Figure 3.1 a) Etching rate and b) rms roughness of Si surfaces under Cl, plasma measured by
Nakazaki et al. [23].

The dominant etching mechanism in plasma etching of Si substrates by Cl2 plasmas is
ion-enhanced etching. Thus, a critical parameter for the surface model is the ion-
enhanced etching yield and in particular the coefficient A, of equation 2.10. According

to the work of Tsuda et al. [54], A, is equal to 0.353 eV%5 However, by using the
latter value, we could not reproduce the etching rate measured by Nakazaki et al. [23].
In particular, the etching rate we calculated with the MC framework for ions with energy
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of 100 eV was ~4 times lower compared to the experimental value. Only if there is no
angle dependence of the ion-enhanced etching vyield, i.e. fsic, (0)=1 in equation 2.10,

and no redeposition of etching products occurs, the value proposed by Tsuda et al. can
reproduce the measured value of the etching rate (see section 3.5).

However, although the exact function determining the dependence is not always
accurately defined, angle dependence of the etching yield is a fact, and the redeposition
is a phenomenon which cannot be directly measured. The origin of the value of Asc, is

from a fitting to measurements and thus this value inherently entails an average effect
of the angle of ion incidence and the redeposition. The fitting is usually based on beam
experiments: The etching rate is measured for known flux and energy of ions and the
etching yield is calculated by the division of the measured etching rate with the ion flux.

Due to the roughness developed on the etched surface, the ions meet different slopes
on the same surface. Due to the roughness change, these slopes also change during
the experiment. Thus, the etching yield, and as a consequence Ay, , incorporates

an average effect of the angle of ion incidence which varies in space and time
during the experiment.

The value of Asic, given by Tsuda et al. is a “macroscopic” or phenomenological

value, i.e. a value extracted by an experiment which cannot quantify either the
angle dependence of the etching yield for a surface morphology with nanoscale
roughness and the redeposition of etching products. The “macroscopic” or
phenomenological value captures the net effect of the ion bombardment taking
into account all surface processes (including redeposition and angle dependence
of etching) but it is not suitable for a MC framework which treats separately each
surface process and not their net effect. For the framework, a “nanoscopic” value
of Ay, is required to be determined.

In the following, we adjust this “nanoscopic” value of Ay, so that the calculated etching

rate is fitted to the measured etching rate [23] (see Sections 3.5 and 3.6). Due to the
fact that the redeposition cannot be directly measured, this adjustment is performed for
different values of the sticking probability of the redeposited etching products, Sq (see
Table 2.1) When S¢=0, no redeposition takes place, when Sq¢=1 the etching products are
redeposited with a probability of 100%. The “nanoscopic” values of Asc, (for different

values of Sq) are extracted for an ion energy equal to 100 eV; then using the values of
A and Sq¢ we compare the model with the experimental results of Nakazaki et al. [23],

referring to the etching rate and the rms roughness versus the ion energy (50 — 500 eV)
(see Section 3.8). First of all, the effects of the dimensions of the surface and the unit
cell of the MC framework on the calculated etching rate and rms roughness are
investigated (see Sections 3.3 and 3.4)

3.2 Case study

All values used for the inputs of the models are typical for inductively coupled plasma
(ICP) and electron cyclotron resonance (ECR) discharges [56]. The conditions (values
of inputs) are [56]: lon energy, E+ = 100 eV, standard deviation of angular distribution of
ions, o = 0.05 rad, gas temperature, Tg =500 K. The etched surface is plane n-type
Si(100) surface with atomic density equal to 5x1022 cm=. The dopant concentration is
Ne = 1.01x10*8 cm?® and the surface temperature is Ts = 320 K. The ion (CI*) flux, I+, is
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10%° m?s! and the ratio of neutral (Cl) to ion (CI*) flux is 100. The angle of the main
direction of the ions arriving on the surface with the normal to the surface is 0°.

Table 3.I The values of the parameters used for the runs. The total etching time is 120 s for all
cases. A, and A, are the parameters defining the ion-enhanced and physical sputtering yield

(see equations 2.10 and 2.12), acnem is the coefficient of pure chemical reaction of a saturated (with
Cl) Si surface, x. is the fraction of ions in the arriving flux, Sq is the sticking probability of the
etching products, E. is the ion energy, f_ (6) is the function defining the angle dependence of

the ion-enhanced etching yield (see equation 2.11).

case achem X+ Sd E+ Surface Cell Number
AS'C'x As (eV) fS'C'x (©) dimension | dimension | of runs
(evod) | (V) (nm?) (nmd)
0001 1.3061 0 0 1* 1 100 Eqg. 2.11 512x512 1 6
0002 1.3061 0 0 1* 1 100 Eg. 2.11 256x256 1 6
0003 1.3061 0 0 1* 1 100 Eqg. 2.11 128x128 1 6
0004 1.3061 0 0 1* 1 100 Eqg. 2.11 64%x64 1 6
0005 1.3061 0 0 1 1 100 Eg. 2.11 128x128 0.585° 6
0006 1.3061 0 0 1 1 100 Eqg. 2.11 128x128 0.271° 6
0007 0.353 0.0356 0.0009 0.0099 0.05 100 Eg. 2.11 50x50 0.2718 3
0008 0.353 0.0356 0.0009 0.0099 0 100 1 50x50 0.271° 3
0009 0.3354 0 0 1 0- 100 1 64x64 1 1 per Sy
- 1 value
0.7237
0010 1.3061 0 0 1 0- 100 Eq. 2.11 64%x64 1 1 per Sy
- 1 value
2.0121
0011 1.3061 0 0.0009 0.0099 0- 100 Eq. 2.11 64x64 1 1 per Sy
- 1 value
1.9768
0012 1.3061 0.0178 — 0.0009 0.0099 0- 100 Eq. 2.11 64x64 1 1 per Sy
- 0.0338 1 value
1.9768
0013 0 0.0178 — 0 1 0- 100 64x64 1 1 per Sy
0.0338 1 value
0014 1.9768 0 0 1 0.05 50 Eq. 2.11 128x128 0.2718 5
0015 1.9768 0 0 1 0.05 100 Eq. 2.11 128x128 0.2718 5
0016 1.9768 0 0 1 0.05 150 Eqg. 2.11 128x128 0.271° 5
0017 1.9768 0 0 1 0.05 200 Eq. 2.11 128x128 0.2718 5
0018 1.9768 0 0 1 0.05 250 Eqg. 2.11 128x128 0.271° 5
0019 1.9768 0 0 1 0.05 300 Eq. 2.11 128x128 0.2718 5
0020 1.9768 0 0 1 0.05 400 Eqg. 2.11 128x128 0.271° 5
0021 1.9768 0 0 1 0.05 500 Eqg. 2.11 128x128 0.271° 5
0022 1.9768 0 0 1 1 50 Eq. 2.11 128x128 0.2718 5
0023 1.9768 0 0 1 1 100 Eqg. 2.11 128x128 0.271° 5
0024 1.9768 0 0 1 1 150 Eq. 2.11 128x128 0.2718 5
0025 1.9768 0 0 1 1 200 Eqg. 2.11 128x128 0.2718 5
0026 1.9768 0 0 1 1 250 Eq. 2.11 128x128 0.2718 5
0027 1.9768 0 0 1 1 300 Eq. 2.11 128x128 0.2718 5
0028 1.9768 0 0 1 1 400 Eg. 2.11 128x128 0.2718 5
0029 1.9768 0 0 1 1 500 Eq. 2.11 128x128 0.2718 5

3.3 The effect of the dimensions of the surface on the calculated etching rate and

rms roughness

We examine the effect of the surface dimension on the etching rate and the rms
roughness. Runs with different dimensions of the surface, i.e. 512x512, 256x256,
128x128, and 64x64 nm?, are performed. The dimension of the unit cell is kept constant
and equal to 1 nm3. The conditions and the parameters used for the cases (0001 —
0004) are described in Table 3.I. In all cases, pure chemical etching is neglected. It is
also considered that the surface is fully chlorinated which can be justified by the high
ratio of flux of Cl over the flux of CI* (100); thus, there is no need to consider the
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transport of Cl atoms. Both assumptions are made to accelerate the runs. The evolution
of the etching rate and the rms roughness versus time are shown in Figures 3.2a and
3.2b respectively.

550 - @
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—— 64x64 nm°
450 + —— 128x128 nm”
200 4 —— 256x256 nm”’
——512x512 nm”

etching rate (nm/min)

200 -
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rms roughness (nm)
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Figure 3.2. a) The etching rate (average value of 6 runs per case) and b) the rms roughness
(average value of 6 runs per case) versus time for surfaces with different dimensions, i.e. 512x512
nm2, 256x256 nm?, 128x128 nm?, and 64x64 nm?2. The results correspond to cases 0001 to 0004 of
Table 3.1.

The results show that both the etching rate and the rms are not affected by the
dimensions of the surface. The values obtained are similar for all the surface
dimensions. It is also observed that the standard deviation of the etching rate and
mainly the rms roughness increases as the surface area decreases. In order to
decrease the execution time and reduce the error bars, it is decided to use a surface of
128x128 nm? for the rest of the runs.

3.4 The effect of the dimensions of the unit cell on the calculated etching rate and
rms roughness

In this paragraph the effect of the cell dimension is investigated. Runs with different
dimensions of the wunit cell, ie. 1x1xl1 nmS3 0.585x0.585x0.585 nm?3, and
0.271x0.271x0.271 nm? are performed. When the volume of the unit cell is 1 nm?3, unit
cell consists of 50 Si atoms, when the volume of the cell is 0.585% nm?3, the unit cell
contains 10 Si atoms, and in the case that the volume of the unit cell is 0.271% nm3, the
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unit cell is no longer considered ‘super particle’ as it contains only one Si atom. The
dimension of the surface is kept constant and equal to 128x128 nm?. The aim is to
investigate the effect of the dimensions of the unit cell on the etching rate and rms
roughness. The conditions and the parameters used for the runs are described in Table
3.1 (cases 0003, 0005, and 0006). As in Section 3.3, for all cases, pure chemical etching
is neglected. It is also considered that the surface is fully chlorinated which can be
justified by the high ratio of flux of Cl over the flux of CI* (100); thus, there is no need to
consider the transport of Cl atoms. Both assumptions are made to accelerate the runs.

As shown in Figure 3.3a, not important differences are observed on the etching rate
with the change of the unit cell volume. Regarding rms roughness though, the effect of
the unit cell volume is remarkable (see Figure 3.3b): For example, at 120 s, it is ~15 nm
for volume equal to 1 nm3, it is ~12 nm for volume equal to 0.585 nm3, and it is ~ 7nm
for volume equal to 0.2713 nm3. This suggests that we cannot use coarse graining. It is
decided to use the minimum dimension of the unit cell, i.e. 0.2713 nm3, which includes
only one Si atom.
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Figure 3.3. a) The etching rate (average value of 6 runs) and b) the rms roughness (average value
of 6 runs) for an 128x128 nm? surface and unit cell dimensions of 1 nm3, 0.585% nm® and 0.2713

nm3. The results correspond to cases 0003, 0005, and 0006 of Table 3.I.

3.5 First comparison of the calculated etching rate with measurements
The first comparison of the model results with the measurements is made at an ion

energy of 100 eV where the etching rate was measured [60] ~260 nm/min (at 120 s),
respectively. When we use the values proposed by Tsuda et al. [54, 56] in the surface
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model (see case 0007 in Table 3.I), the etching rate is calculated ~60 nm/min (see
Figure 3.4), i.e. four times smaller than the experimental value.

In order to investigate the origin of the difference between the model and the
experimental results, the first step was to check the effect of the model assumptions on
the results. After some trial runs, it was found that, if the angle dependence of the
ion enhanced etching yield (see Equation 2.10) and the product redeposition were
both neglected (case 0008 in Table 3.1l), the etching rate was calculated ~270
nm/min (see Figure 3.4), i.e. very close to the experimental results.

If we accept that the angle dependence of the etching yield is a fact (and thus we
cannot assume that f__ (9)=1, and given that the dominant mechanism of Si etching by

Cl2 plasma is ion-enhanced etching, a critical parameter for the value of the calculated
etching rate is Ay of equation 2.10. As discussed in sections 2.2.2 and 3.1, a

“nanoscopic” value of the Ay is required for the MC framework. The procedure we
followed to extract this “nanoscopic” value is described in section 3.6.

250 |
values for model
= parameters from
I= 200 A —— Tsuda et al.
E —— Tsuda et al., neglect angle
£ 150 - dependence and product
Q redeposition
o
2@ 100 -
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Figure 3.4. The etching rate (average value of 3 runs) for an 128%X128 nm? surface and unit cell

dimensions of 0.271 nm3. The results for two cases (cases 0007 and 0008 of Table 3.1) are shown.
In the first case, the parameters of the surface model are taken from Tsuda et al. [54, 56] are used.
In the second case, no angle dependence of the etching yield and no redeposition of etching

products are considered, i.e. f__ (9)=1 (see equation 2.10) and Sy = 0.

3.6 Extraction of “nanoscopic” values of the parameter defining the ion-enhanced
etching yield

The “nanoscopic” value of A . (see equation 2.10) is extracted by a trial and error

iCl,
procedure: Several values of A, are checked until the calculated etching rate at an ion

energy equal to 100 eV is close to the measured value of the etching rate (~270
nm/min). The uncertainty of the value of the sticking probability of the redeposited
products, Sda (S¢=0 means no redeposition of etching products, S¢=1 means that all
molecules of etching products stick with 100% probability if they meet the etched
surface after their production and emission), manifests the requirement for a parametric
analysis: The “nanoscopic” value of A, reproducing the experimentally measured

etching rate will be calculated by the trial and error procedure for several values of Sd
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from 0 to 1. The "nanoscopic” values of Ay, are shown in Table 3.1l. We performed a

series of runs, starting from a simple case where the runs are really fast. We then used
the calculated values of A, as initial estimations for more complex cases.

In the first series of runs (case 0009 in Table 3.1, first row of Table 3.II) we consider only
ion-enhanced etching. Physical sputtering and pure chemical etching are not taken into
account due to their small contribution to the etching rate. The surface is considered
fully chlorinated surface given that the ratio of Cl to CI* fluxes is 100. Angle dependence
of the ion-enhanced etching yield was neglected for this case.

In the second series of runs (case 0010 in Table 3.1, second row of Table 3.1I), the
conditions are the same as in case 0009 except that the angle dependence of the ion-
enhanced etching yield is taken into account. Comparing the second with the first row of
Table 3.1 (case 0010 with 0009), it is obvious that the angle dependence increases the
“nanoscopic” value of Ay, .

In the third series of runs (case 0011 in Table 3.1, third row of Table 3.11), the conditions
are the same as in case 00100 except that chemical etching is taken into account. The
surface is still considered fully chlorinated. Comparing the second with the third row of
Table 3.1 (case 0011 with 0010), it can be concluded that the values of Asicix are not
noticeably altered with the addition of neutrals and the activation of chemical etching
mechanism.

In the fourth series of runs (case 0012 in Table 3.I, fourth row in Table 3.1I), the
conditions are the same as in case 0011 except that the surface is not fully chlorinated;
the chlorination level is defined by the Cl atoms arriving and sticking on the etched
surface. As a consequence, physical sputtering is also activated. In this case, the full
model is used. By comparing the fourth with the third row of Table 3.1l (case 0012 with
001), it can be concluded that the effect of physical sputtering on the “nanoscopic” value
of Ay and on the calculated etching rate is indeed negligible. The calculations show

that the surface is fully chlorinated.

Table 3.1l The “nanoscopic” values of AS (in ev%% and Sq reproducing the experimental value

iCl,
of the etching rate for an ion energy equal to 100 eV (~260 nm/min) and for different values of Sg.
The value proposed by Tsuda et al. [56] is 0.353 eV05,

case/Sd > 0.0 0.001 0.005 0.01 0.05 0.1 0.2 0.5 1.0

0009 0.3354 0.4766 0.5648 | 0.6001 | 0.6354 | 0.6354 0.6707 | 0.6884 0.7237
0010 1.3061 1.6238 2.0121 | 19768 | 1.9768 | 1.8356 1.6944 | 1.4197 1.3061
0011 1.6238 1.9415 | 1.9768 | 1.9768 | 1.8356 1.6591 | 1.4197 1.3061
0012 1.9415 | 1.9768 | 1.9768 | 1.8356 1.6591 | 1.4197 1.3061

The conclusions from the parametric analysis through the trial and error procedure
described above are summarized below:

a) The angle dependence of the ion-enhanced etching yield as well as the
redeposition of etching products strongly affect the “nanoscopic” value of
Agq, (coefficient of the ion-enhanced etching yield, equation 2.10).

b) Chemical etching and physical sputtering have a negligible effect on the
“nanoscopic” value of Ay, (coefficient of the ion-enhanced etching yield,
equation 2.10) and on the etching rate.

c) The calculations show that an assumption of a fully chlorinated surface is valid.
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Thus, in the rest of the calculations presented in this work, we consider that that
the surface is fully chlorinated and the only etching mechanism is ion-enhanced
etching. These assumptions allow for major acceleration of the calculations with
the MC framework: Indeed, we avoid the computational cost of calculating the
transport of Cl atoms which 100 times more than the ions arriving on the surface.

In Table 3.1, and in particular in the third row (case 0010) a series of “nanoscopic”
values of Ay are shown; but what is the “right” one? Or better how can we chose for

the value of Sq? In order to choose the value of Sq4, we use the second measurement,
i.e. the rms roughness of the etched surface. After reproducing a first order parameter
of etching, namely the etching rate, the next step is to reproduce a second order
parameter of etching, namely the rms roughness.

The values of rms roughness calculated when considering the “nanoscopic” values of
Agq and Sq from Table 3.11 are shown in Table 3.1II. It has to be noticed that the

statistical error in the values of Table 3.1l is high due to the small surface dimensions
(64 x 64 nm?), and a consequence of the small number of incident particles, and the
small number of runs (only 1). Nevertheless, by observing the values in Table 3.11I, it
can be concluded that

a) The angle dependence of the etching yield increases rms roughness.
b) The increase of Sq¢ decreases rms roughness

c) The addition of chemical etching (cases 0011 and 0012) does not decrease rms
roughness; this is not a safe conclusion due to the reason mentioned above
(small number of incident particles and only 1 run)

Table 3.1l The values of rms in nm for the “nanoscopic” values of Asm and Sq from Table 3.1I.

case/S4—> 0.0 0.001 0.005 0.01 0.05 0.1 0.2 0.5 1.0
0009 86.4 37.9 26.3 22.0 10.8 10.8 9.4 5.4 3.8
0010 98.1 56.2 42.1 35.0 32.9 32.9 32.4 17.0 8.9
0011 54.3 38.2 36.5 28.1 31.0 28.3 16.2 8.9
0012 31.9 32.5 28.0 21.8 15.6

3.7 Extraction of “nanoscopic” values of the parameter defining the physical

sputtering yield

A "nanoscopic” value is required not only for Ay, but also forAg. The origin of the

value of Ay met in published reports is “macroscopic”, i.e. it coming from a fitting to

macroscopic measurements of the sputtering rate. Thus, this value inherently entails an
average effect of the angle of ion incidence and the redeposition. The “nanoscopic”
value of A, which is suitable for a MC framework is extracted by fitting of the

calculated etching rate at an ion energy of 100 eV to the value
0.0356(\/100—\/29.7)1020/(5><1028):19.4 nm/min. The latter value is coming by the
“macroscopic” sputtering rate, i.e. by multiplying the sputtering yield (see Equation 2.12)
with the ion flux for ions (see section 3.2) with energy of 100 eV and by dividing with the

Si atom density. In the latter calculation, it has been considered that the ion meets a
perfectly flat Si surface.
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The “nanoscopic” values of A, are shown in Table 3.IV. Although in the cases studied
physical sputtering is negligible compared to ion-enhanced etching, the “nanoscopic”
values of A;, may be very useful in cases where the ratio of Cl flux to CI* flux is lower.

Table 3.IV The “nanoscopic” values of Asi reproducing the “macroscopic” value of the physical
sputtering rate (19.4 nm/min, ions at 100 eV with a flux of 10%° m-2s1)

case /Sq —» 0.0 0.001 | 0.005 0.01 0.02 0.1 0.2 0.5 1.0

0013 0.0178 | 0.0214 | 0.0249 | 0.0249 | 0.0285 | 0.0285 | 0.0285 | 0.3204 | 0.0338

3.8 Comparison of model results with measurements of etching rate and rms

versus the ion energy

The extraction of “nanoscopic” values of A, (and A, ), as described in the sections 3.6

and 3.7, was performed at an ion energy equal to 100 eV. But do these “nanoscopic”
values predict the behavior of etching rate and rms roughness for other values of
ion energy? The answer is included in figure 3.5 where the simulation results are
shown versus the ion energy. Two values of Sq (sticking probability of etching products)
are used, i.e. 0.05 and 1. All runs included in figure 3.5 are described by cases 0014-
0021 (Sq¢=0.05) and 0022-0028 (Sd¢=1) in Table 3.I. In figure 3.5, the measured [23]
etching rate and rms roughness are also shown.

The MC modeling framework reproduces well the experimentally measured
dependence of the etching rate on the ion energy (see figure 3.5a) for both values of Sq
(0.05 and 1). Greater deviations are observed at greater ion energies, i.e. above 350
eV. Regarding the rms roughness (figure 3.5b), although the absolute values are
overestimated, the behavior of rms roughness versus ion energy is captured by the MC
modeling framework for the case Sq=1. It is interesting that the framework captures the
existence of a maximum of rms roughness versus the ion energy. The maximum of the
rms roughness is at ~300 eV for the simulation results and at ~250 eV for the
measurements. When Sq=0, the calculated rms values are much greater compared to
the measured values. The calculated values are getting lower when Sq=1, i.e. when the
redeposition of the etching products is more intense. The redeposition favors lower
values for rms. When redeposition is less intense, there is no maximum or saturation of
the rms with the ion energy (see figure 3.5b, S¢=0).

The potential origins of the deviations between the simulation results and the
experimental data are the following. First, regarding the overestimation of the
etching rate at high ion energies by the MC modeling framework, the assumption of
a fully chlorinated surface may not be valid at high ion energies; if the chlorination level
of the surface (x in equation 2.10) decreases with the ion energy, the etching rate will
also decrease. Additionally, the composition of the flux arriving on the surface may also
change as the ion energy increases. The production rate of etching products increases
with the ion energy and these etching products join the plasma reactions and may alter
the composition of ions arriving on the surface. Tsuda et al. [56] reported that the
fraction of heavy (light) ions, e.g. SiClx* (CI*), on the arriving flux increases (decreases)
with the ion energy. The ion-enhanced etching yield of Si by SiCly* may be lower
compared to the ion-enhanced yield of Si by CI*.

Second, regarding the overestimation of the rms roughness by the MC modeling
framework, there may be an underestimation of the sticking probability of ions on the
surface. The reduction of the ion reflection is expected to decrease the rms roughness;
ion reflection is a mechanism which enhances rms roughness. Additionally, given that
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the sticking probability of ions depends on the angle of ion incidence (see figure 2.3),
ion reflection may be also reduced by changing the method for the calculation of the
local slope of the surface. In the MC modeling framework, the local slope of the surface
at an impact point (point where an ion arrives) is calculated by exploiting the values of
the first neighbors of the impact point. In particular, the local surface slope is calculated
by the derivative of the following function describing the surface

20y) = 2,0/ () 31

where zj are the z coordinates of the surface on the nodes of the grid and ¢! are linear
(for the calculations in this work) basis functions. The use of basis functions with a
greater order would decrease the local slope and thus increase the sticking probability
of the ions (cf. figure 2.3). The local slope has been calculated in previous works by
taking into account 4 adjacent neighbors [42] and by taking into account 125 neighbors
[54]. Regardless of the available options for the calculation of the local slope, the
guestion remains. The right choice requires a new study to investigate the notion
of local slope in MC calculations.
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Figure 3.5 a) The etching rate and b) the rms roughness vs the ion energy as obtained from our
simulation and the measurements of Nakazaki et al. [23]. The simulation results refer to cases
0014 to 0029: Two values of Sy are considered: Sq=0.05 and Syq=1. The error bars are coming from
the standard deviations of the runs of each case.
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4. CONCLUSIONS

A surface model for Si etching by Cl2 plasma was developed and it was coupled with a
Monte Carlo modeling framework to predict the etching rate and the rms roughness of
Si surfaces. The surface model took into account ion-enhanced, physical sputtering,
and pure chemical etching mechanisms; however, under the conditions of the
calculations, ion-enhanced etching was dominant.

When the values of the surface model parameters were taken from the literature, the
etching rate calculated by the Monte Carlo framework was 4 times lower compared to
measurements. In particular, the comparison showed that the values of the physical
parameters defining the etching yield, mainly for ion-enhanced etching but also for
physical sputtering, are not suitable for use in Monte Carlo frameworks. The origin is
that these values are usually coming from fitting to measurements and thus they
inherently entail an average effect of the angle of ion incidence. The fitting is usually
based on beam experiments: The etching rate is measured for known flux and energy of
ions and the etching yield is calculated by the division of the measured etching rate with
the ion flux. Due to the roughness developed on the etched surface, the ions meet
different slopes on the same surface. Due to the roughness change these slopes also
change during the experiment. Thus, the etching yield incorporates an average effect of
the angle of ion incidence which varies in space and time during the experiment. This is
the “macroscopic” etching yield. The “macroscopic” or phenomenological value captures
the net effect of the ion bombardment taking into account all surface processes
(including redeposition and angle dependence of etching) but it is not suitable for a
Monte Carlo framework which treats separately each surface process and not their net
effect.

For a Monte Carlo framework, the “nanoscopic” etching yield is required. This
“nanoscopic” etching yield should be suitable to reproduce the “macroscopic” etching
yield and rate. This is the procedure followed in this work: The “nanoscopic” etching
yield of the dominant etching mechanism, namely ion-enhanced etching, was extracted
by fitting the calculated etching rate to available measurements. This procedure was
performed for one value of the ion energy (100 eV), and then the results of the modeling
framework were compared to measurements of etching rate and rms roughness for
different values of the ion energy (50 to 500 eV).

The Monte Carlo framework reproduced well the experimentally measured
dependence of the etching rate on the ion energy. The etching rate was
overestimated at ion energies greater than 350 eV. This overestimation may be due
to the assumption of a fully chlorinated surface which may not be valid at high ion
energies; if the chlorination level of the surface decreases with the ion energy, the
etching rate will also decrease. Additionally, the composition of the flux arriving on the
surface may also change as the ion energy increases; the fraction of heavy (light) ions,
e.g. SiCly* (CI*), on the arriving flux increases (decreases) with the ion energy. The ion-
enhanced etching yield of Si by SiClk" may be lower compared to the ion-enhanced
yield of Si by CI*.

Regarding the rms roughness, although the absolute values are overestimated,
the behavior of rms roughness versus ion energy is captured when the
redeposition of the etching products is intense. The origin of the overestimation,
may be due to an underestimation of the sticking probability of ions on the surface. The
reduction of the ion reflection is expected to decrease the rms roughness; ion reflection
is a mechanism which enhances rms roughness. Additionally, given that the sticking
probability of ions depends on the angle of ion incidence, ion reflection may be also
reduced by changing the method for the calculation of the local slope of the surface. In
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the Monte Carlo modeling framework, the local slope of the surface at an impact point
(point where an ion arrives) is calculated by exploiting the values of the first neighbors
of the impact point. The use of more neighbors in the calculation of the local slope
would effectively decrease the local slope and thus increase the sticking probability of
the ions.

Besides the comparison with measurements, the simulations with the Monte Carlo
framework showed that coarse graining affected the value of the rms value being
calculated, thus it was avoided.

Regarding the future works, given that the local slope is critical for both ion reflection
and the ion-enhanced etching yield, a new investigation for right treatment of local slope
will be a useful extension of the present study. Additionally, a study on the origin of the
angle dependence of the etching yield and the means to incorporate this dependence in
a Monte Carlo framework will be very interesting. Questions such as “what is the scale
that the angle dependence of the etching yield is valid” will be investigated. The current
study also pinpointed the importance of a study on the reflection (reemission)
mechanism of CI* ions on Si surfaces. Finally, the surface model and the Monte Carlo
modeling framework can be integrated in a multiscale modeling framework [62] to take
into account the change of the ion composition of the arriving flux.
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