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This thesis discusses the atomic- or nanometer-scale plasma-induced surface roughness and 

ripple structures formed on etched surfaces as a result of plasma–surface interactions during 

plasma etching.  The plasma–surface interactions are extremely complicated because those 

include many chemical and physical interactions both within the plasma and on the surfaces 

exposed to the plasma, while the nature enables surface modification and material processing 

unattainable by chemical methods.   

Plasma etching, which is one of the active applications of the plasma–surface interactions, 

is a surface processing technique indispensable for fabrications of today’s state-of-the-art 

electronic devices.  In plasma etching processes of semiconductor-based devices, energetic 

ions and reactive neutrals generated in the plasma remove atoms from material surfaces though 

nonequilibrium processes to fabricate nanoscale three-dimensional structures on the substrate, 

where strict requirements are imposed on plasma etching technology, including precise control 

of profile, critical dimension (CD), and their microscopic uniformity (or aspect-ratio 

dependence), together with that of etch rate, selectivity, and damage.  As the device dimensions 

continue to be scaled down, atomic- or nanometer-scale plasma-induced surface roughness 

becomes one of the most important issues to be resolved in the fabrication of nanoscale 

microelectronics devices, because the roughness formed during plasma etching would be 

comparable with the CD and the thickness of the layer being etched and/or the layer underlying.  
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However, the mechanisms for surface roughening during plasma etching are not yet fully 

understood, depending on a number of factors in processing. 

In this study, experiments of Si etching in inductively coupled Cl2 plasmas have been 

performed, with attention to atomic- or nanometer-scale surface roughness and ripple formation 

during plasma etching for a deeper understanding of plasma–surface interactions that are 

responsible for.  In the experiments, the plasma and etched surfaces were measured and 

characterized by using several diagnostic techniques.  In addition, numerical simulations have 

been conducted by Monte Carlo-based three-dimensional atomic-scale cellular model for the 

surface feature evolution and classical molecular dynamics for etch fundamentals, to interpret 

the mechanisms of surface roughening. 

Firstly, plasma-induced surface roughening on blank or planar substrates was investigated 

as a function of bias power or ion incident energy in the range Ei ≈ 20–500 eV, by varying the 

feed gas flow rate, wafer stage temperature, and etching or plasma exposure time.  The 

experiments found two modes of plasma-induced surface roughening which occur depending on 

Ei; and the mechanisms of interest were revealed with the help of plasma diagnostics and 

numerical simulations.  One is the roughening mode at low Ei < 200–300 eV, where the 

root-mean-square (rms) roughness of etched surfaces increases with increasing Ei, exhibiting an 

almost linear increase with time during etching (t < 20 min); the other is the smoothing mode at 

higher Ei, where the rms roughness decreases substantially with Ei down to a low level of RMS 

< 0.4 nm, reaching a quasi-steady state after some increase at the initial stage (t < 1 min).  The 

mode transition is ascribed primarily to reduced effects of the ion reflection on surfaces owing 

to a change of incident ion species.   

Secondly, surface smoothing of pre-roughened substrates was achieved by plasma etching 

in the smoothing mode, and the experiments indicated that a threshold for initial surface 

roughness exists for the surface smoothing.  In addition, off-normal ion incidence onto surfaces 

was achieved during plasma etching by using sheath control plates, and surface rippling by 

oblique ion incidence during plasma etching was demonstrated; more precisely, at ion incident 

angle θi ≈ 40° or oblique ion incidence, periodic or ripple structures were formed on surface 

perpendicularly to the direction of ion incidence, while at θi ≈ 80° or grazing ion incidence, 

small ripples or slit like grooves were formed on the surface parallel to the direction of ion 

incidence.  These experimental results of the surface smoothing and rippling were well 

consistent with predictions of numerical simulations.   
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Symbols and Units 

a lattice constant nm 

a cutoff radius nm 

A proportional constant of yield per ion vs Ei
1/2 eV−1/2 

detch etched depth nm 

e elementary charge (≈ 1.6 × 10−19 C) C 

E electrostatic field vector V/m 

Ee electron energy eV 

Ei ion incident energy eV, V 

En incident energy of neutrals eV 

Ep ion energy at peak rms roughness eV, V 

Er ion energy after reflection eV 

Eth threshold energy eV 

ER etch rate nm/min 

ERchem chemical etch rate nm/min 

f force vector N 

F0 gas flow rate sccm 

h0 height of the part not to be etched nm 

hetch height of the part etched nm 

hs slit height of sheath control plate mm 

Hfin fin height nm 
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i imaginaty unit  

I Intensity 

I0 IR beam intensity of reference spectra 

k spatial frequency nm−1 

kB the Boltzmann constant (≈ 1.38 × 10−23 J/K) J/K 

K spectral strength of PSD distribution nm4 

l absorption pass length cm 

L ASCeM-3D cell size Å 

LA AFM pixel size nm 

Lg gate length nm 

m atomic mass kg 

mCl atomic mass of Cl (≈ 5.89 × 10−26 kg) kg 

mi,eff effective ion mass kg 

mSi atomic mass of Si (≈ 4.67 × 10−26 kg) kg 

nCl Cl concentration in gas phase cm−3 

ne electron density cm−3 

ni ion density cm−3 

N AFM resolution 

Nd dopant density cm−3 

Np plasma density cm−3 

P PSD function nm4 

P0 gas pressure mTorr, Pa 

PICP ICP coil power W 

Prf rf bias power W 

r position of atoms  

rij distance between atoms nm 

R ratio of the ion incident energy to ion temperature 

Ri reflection probability  

RMS rms surface roughness nm 

RMS0 initial surface roughness nm 

RMS0,th threshold for initial surface roughness nm 

S surface area of substrates cm2 

Sn sticking probability of neutral Cl 

So sticking probability of neutral O 

Sp deposition probability of byproducts 

Sq deposition probability of desorbed products 

tetch etching time min 

trough plasma exposure time of roughening step min 
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ts blade thickness of sheath control plate mm 

Te electron temperature K, eV 

Tg gas temperature K, eV 

Ti ion temperature K, eV 

Ts stage temperature K 

u−  average thermal velocity m/s 

uB Bohm velocity m/s 

v  velocity vector m/s 

vn n-body potential function  

V0 chamber volume cm3 

Vdc dc self-bias voltage V 

Vp plasma potential V 

Vs sheath potential V 

w0 plateau height value nm4 

ws slit width of sheath control plate mm 

W ASCeM-3D domain size nm 

WA AFM scan length μm 

Wfin fin width nm 

Wg gate width nm 

Y yield 

Y* effective yield 

YSiClx yield for chloride Si surface 

YSiClxO yield for oxidized Si surface 

YSiO2 yield for SiO2 surface 

z height or depth distribution on surfaces nm 

zave average height of surfaces nm 

   

αSiCl4 reaction probability of chemical etching 

β etch selectivity 

ΓCl flux of Cl cm−2s−1 

Γi
0 ion flux cm−2s−1 

Γn
0 neutral flux cm−2s−1 

Γo
0 oxygen flux cm−2s−1 

Γp
0 products/byproducts flux cm−2s−1 

Δt time step s 

ε energy unit for MD (= 2.1692 eV) eV 

ε0 permittivity in vacuum (≈ 8.85 × 10−12 m−3kg−1s4A2) m−3kg−1s4A2 

η fractal dimension 
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θ local incident angle 

θi ion incident angle 

θn incident angle of neutrals 

θs slit angle of sheath control plate 

Θ incident angle 

Θd desorbed angle of products 

κ miniaturization ratio 

λn mean free pass of neutrals cm 

ξ0 correlation length nm 

ξ0,th threshold for initial correlation length nm 

ρ charge density C/m−3 

ρr resistivity Ω·cm 

ρs Si atom density cm−3 

σ length unit for MD (= 2.0951 Å) Å 

τr gas residence time s 

ϕ electrostatic potential V 

Φ potential energy function 

χ concentration fraction 

 

 

Abbreviations 

1D one-dimensional 

2D two-dimensional 

3D three-dimensional 

AFM atomic force microscopy 

ASCeM-3D three-dimensional atomic-scale cellular model 

B–H Bradley and Harper 

CCP capacitively coupled plasma 

CD critical dimension 

c-Si single-crystalline Si 

DFT discrete Fourier transform 

ECR electron cyclotron resonance 

FET field effect transistor 

FinFET fin-type FET 

FTIR Fourier transform infrared 

high-k high dielectric constant 

IC integrated circuit 
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ICP inductively coupled plasma 

IED ion energy distribution 

ITRS International Technology Roadmap for Semiconductors 

KRS-5 thallium-bromide-iodide 

LER line edge roughness 

low-k low dielectric constant 

LWR line width roughness 

MCT MgCdTe 

MD molecular dynamics 

MEMS microelectromechanical systems 

ML monolayer 

MOS metal-oxide-semiconductor 

OES optical emission spectroscopy 

PIC particle-in-cell 

PSD power spectral density 

QMS quadrupole mass spectrometry 

RAS reflection absorption spectroscopy 

rf radio frequency 

rms root-mean-square 

SEM scanning electron microscopy 

STI shallow trench isolation 

SW Stillinger–Weber 

TAS transmission absorption spectroscopy 

ULSI ultra-large-scale integrated 

uv ultraviolet 
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General Introduction 
 

 

 

 

 

 

 

1.1 Semiconductor Devices 

The electronics industry has grown at an incredible speed since the mid-20th century, and is 

now the largest industry in the world.[1–3]  The rapid growth came from developments of 

semiconductor devices, including integrated circuits (ICs), power devices, photonic devices, 

sensors, and microelectromechanical systems (MEMS).  In particular, ICs, which are the core 

element of today’s information technology and telecommunications, were firstly invented by 

Kilby[4] and Noyce;[5] and elevated to ultra-large-scale integrated (ULSI) devices through the 

continued technological breakthroughs based on Moore’s low,[6,7] which predicts that the 

number of transistors on an IC chip has been doubling approximately every 18 months.  In 

practice, the modern ULSI device has more than one billion transistors on the chip, which was 

achieved by the continuous miniaturization of them to sub-20 nm.   

According to International Technology Roadmap for Semiconductors (ITRS), the 

miniaturization of transistors will be continued for years to come.[8]  Figure 1.1 shows 

technology trend targets of printed and physical gate length of metal-oxide-semiconductor field 

effect transistors (MOSFETs) [Lg in Fig. 1.2(a)] in micro-processer units and fin width of recent 
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fin-type FETs (FinFETs) [Wfin in Fig. 1.2(b)] as a function of year of production.  These FETs 

are the most important components for ULSI devices and semiconductor memories.  The trend 

indicates that the gate length of MOSFETs and fin width of FinFETs will decrease continuously 

to sub-10 nm and several nm within this decade, respectively; and the feature sizes will become 

to be the comparable with a unit cell size (or the lattice constant a = 0.543 nm) of crystalline Si, 

which is the main material of MOSFETs and FinFETs. 

One of the driving forces for the extreme miniaturization of transistors is the scaling 

law,[2,9] which states that when the dimension of a MOSFET is decreased by a factor of 1/κ 

while preserving its electric field pattern, the propagation delay decreases by 1/κ and the power 

dissipation by 1/κ2.  Therefore, this characteristic encouraged the developments of 

microfabrication technologies for semiconductor devices, including photolithography, ion 

implantation, thin film deposition, polishing, and plasma etching. 

       

 
 
Fig. 1.1. Technology trend targets of printed and physical gate length of MOSFETs in 
micro-processer units and fin width of FinFETs as a function of year of production.[8] Inset is a 
schematic of a unit cell of crystalline Si with the lattice constant of a = 0.543 nm. 
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1.1.1 Field effect transistors 

Figure 1.2(a) shows a schematic illustration of a conventional planar n-channel MOSFET.[10]  

This three-terminal device consists of a p-type semiconductor substrate (e.g. Si) into which two 

n+-regions, the source and drain, formed by ion implantation.  The gate dielectric (e.g. SiO2) is 

formed by thermal oxidation of Si between the source and drain, and then the gate electrode is 

formed thereon by deposition and etching of a highly-doped polysilicon layer.  In ICs, this 

 

 
Fig. 1.2. Schematic illustrations of (a) a conventional planar n-channel MOSFET and (b) a 3D 
FinFET with a bulk silicon substrate. 
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device is electrically separated from other devices by shallow trench isolation (STI).  When a 

sufficiently large positive bias is applied to the gate, a surface inversion layer (or channel) is 

formed under the gate dielectric, and then the source and drain are connected by a conducting 

surface channel, though which a large current can flow.[1]  The current can be modulated by 

varying the gate voltage.  In this way, MOSFET is used as a switching device.  The key 

design parameters for MOSFET performance are the gate or channel length Lg and width Wg, the 

dielectric thickness, the n+-region depth, and the substrate doping.   

    Figure 1.2(b) shows a schematic illustration of an advanced FinFET with a 

three-dimensional (3D) multi-gate structure,[2,11–14] where the gate electrode and dielectric wrap 

the fin.  The gate width for the FinFET shown will be the sum of twice the height plus the 

width (Wg ≈ 2Hfin + Wfin), which enables the further miniaturization and higher device 

performance at low gate voltage compering to conventional MOSFETs; on the other hand, the 

fabrication is more difficult because of the complex structure.[15] 

 

1.1.2 Device fabrication 

Figure 1.3 shows a typical processing unit in MOSFETs and FinFETs fabrications to create 

sub-micrometer features on a large area wafer substrate from a thin film (or target to be etched).  

A film is grown or deposited on the substrate [Fig. 1.3(a)], followed by photoresist coating over 

the film [Fig. 1.3(b)].  The resist is selectively exposed to ultraviolet (uv) light through a 

pattern [Fig. 1.3(c)], and then the exposed regions are removed, leaving behind a patterned resist 

mask [Fig. 1.3(d)].  This mask pattern is transferred into the target film by an etch process, 

where the mask protects the underlying film from being etched.  The etching techniques are 

divided into plasma etching [Fig. 1.3(e1)] and wet etching [Fig. 1.3(e2)].  After etching, the 

remaining resist mask is removed [Figs. 1.3(f1) and 1.3(f2)].  In IC fabrication processes, these 

steps are repeated to build up a number of different layers.   

    It is noted that in the plasma etching process [Fig. 1.3(e1)], the mask pattern is faithfully 

transferred into the target film and vertical sidewalls aligned with the resist mask are achieved.  

This can be accomplished by an etch process that removes material in the vertical direction only, 

where the horizontal etch rate is almost zero.  Such anisotropic etching is easily produced by 

plasma processing.  On the other hand, the wet etching process [Fig. 1.3(e2)] results in an 

isotropic etching profile, where undercutting occurs behind the mask.  This is produced by 

comparable vertical and lateral etch rates.  The undercutting may be acceptable when the 
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feature spacing is much larger than film thickness, but it is no longer true with sub-micrometer 

feature spacing.[16]  In the reduction of feature sizes and spacings, anisotropic etch processes 

are essential.  Therefore, in today’s semiconductor production lines, plasma etching is used for 

very-high-accuracy transfer of resist patterns.   

 

 

1.2 Plasma Etching 

Plasma etching is now widely employed for manufacturing ULSI devices[3,17] and MEMS.[18]  

In plasma etching, atoms/molecules and ions of them generated in the plasma are used as tools 

for processing.[16] 

Plasma is a quasi-neutral ionized gas which consists of approximately equal amount of 

positively charged particles (positive ions) and negatively charged particles (electrons and a 

small amount of negative ions).[19]  Although plasma is quasi-neutral in a macroscopic sense, it 

 

 
Fig. 1.3. Deposition and pattern transfer in manufacturing an IC: (a) film deposition; (b) 
photoresist coating; (c) optical exposure through a pattern; (d) photoresist development; (e1) 
anisotropic plasma etching and (e2) isotropic wet etching; (f1), (f2) remaining photoresist 
stripping. 
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behaves quite differently from a molecular gas, because the charged particles therein can be 

influenced by applied electric and magnetic fields.  The plasmas used for material processing 

are low-pressure weakly-ionized plasmas, containing a significant density of neutral particles 

(typically > 90%), where charged particle collisions with neutral gas molecules are important.  

Weakly-ionized plasmas are sustained in the steady state primarily by a balance between 

generation of positive ions through electron impact ionization of neutrals and surface loss of the 

ions.[16]   

    In plasma etching (or reactive ion etching), positive ions and chemically reactive neutrals 

(or radicals) are generated in the plasma, and then transported toward material surfaces to be 

etched.  After reaching the surfaces, they chemically react with the surface atoms to make a 

volatile product which desorbs easily from the surface.  Therefore, the plasma should be 

chosen adequately depending on the material to be etched: Cl2/HBr/O2 plasmas for Si in FET 

fabrications, SF6/O2 plasmas for Si in MEMS fabrications, fluorocarbon and hydrofluorocarbon 

plasmas for dielectric materials such as SiO2, Si3N4, SiN, and various low dielectric constant 

(low-k) materials,[17] Cl2/O2 plasmas for photoresist[16] and Cr,[20] Cl2-based plasmas for Al and 

the alloys, BCl3/Cl2/O2 plasmas for Ti, TiN, and HfO2,
[21] and CO/NH3 plasmas for Ni and the 

alloys.[22] 

The plasma etching systems are extremely complicated owing to many chemical and 

physical interactions both within the plasma and on the surfaces exposed to the plasma, which 

are not yet fully understood.  In this section, an inductively coupled plasma etcher is introduced 

as an example of plasma reactors, and plasma generation, particle transportation, and 

plasma–surface interactions concerned with this study are described. 

     

1.2.1 Inductively coupled plasma etcher 

Inductively coupled plasma (ICP) is one of the high density plasmas, as well as electron 

cyclotron resonance (ECR) plasma,[23] surface wave plasma,[24] and helicon plasma.[25]  Such 

plasma sources can operate with a higher plasma density above Np ≈ 1011 cm−3, a lower 

neutral-to-ion flux ratio in the range of Γn
0/Γi

0 ≈ 1–1000, and a much lower plasma potential of 

Vp ≈ 10 V than capacitively coupled plasma (CCP) sources (typically, Np ≈ 109–1010 cm−3, 

Γn
0/Γi

0 ≈ 1000–10000, and Vp ≈ 100–1000 V).  The high density plasma will lead to high 

processing rates; additionally the low neutral-to-ion ratio will lead to processes where the ion 

bombardment on the surface plays a very important role.[26]  The low neutral-to-ion ratio will 



1.2 Plasma Etching
 

7 

also enhance the anisotropy of the processing, because the ions from the plasma can be directed 

towards the substrate surface by applying a voltage to the substrate.  ICP etchers generally 

operate at pressures of a few mTorr to tens of mTorr and are used for the etching of STI, gate 

electrodes, high dielectric constant (high-k) materials, aluminum and its alloys.[17] 

    Figure 1.4 shows a schematic of a typical ICP etcher with a planar inductive coil (or spiral 

antenna).  Also shown is an illustration of the mechanisms of plasma generation and particle 

transportation onto the wafer to be processed.  It consists of a cylindrical vacuum chamber (or 

discharge region), whose diameter is typically larger than its height.  Most semiconductor 

processing applications are very sensitive to contamination by metallic,[27,28] so the induction 

coil is placed outside of the vacuum chamber, separated from the plasma by a dielectric window 

typically made of quartz or alumina, where some of the window materials will be sputtered into 

the plasma.  In addition, some etchers employ an array of multipolar magnets placed around 

 

 
Fig. 1.4. Schematic of a typical ICP etcher with a planar inductive coil, multipole magnets, and 
wafer stage. Also shown is an illustration of the mechanisms of plasma generation and particle 
transportation onto the wafer to be processed. 
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the discharge region as a means of enhancing plasma uniformity and density.[29,30]   

The induction coil is power supplied by a radio frequency (rf) power source and the power 

is coupled to (or absorbed in) the plasma through matching networks in order to heat electrons 

in the plasma.  In semiconductor device industry, the frequency usually used is 13.56 MHz, the 

electrons can follow the instantaneous voltage because the frequency is smaller than an electron 

plasma frequency (> GHz), while ions cannot because it is larger than an ion plasma frequency 

(~several MHz).[16]  Therefore, the rf power selectively heats the electrons, and in turn, the 

electrons are not in thermal equilibrium with the ions and neutral gas molecules in the plasma 

(Te >> Ti ≈ Tg, where Te, Ti, and Tg are temperatures of electrons, ions, and gases, respectively).  

The accelerated electrons dissociate and ionize the feed gas molecules through collisions 

between them to sustain the plasma and generate etchants: for example, in Cl2 plasmas, 

  2CleCle 2   (electron–neutral dissociation), (1.1)  

   22 Cle2Cle  (electron–neutral ionization). (1.2)  

Through these collisions, many etchant species (radicals and ions) can be generated at the same 

time in the plasma, which is one of the advantages of plasma etching. 

Two discharge modes can be observed depending on the rf power desorbed in ICP 

sources.[31–33]  At low rf power desorbed, the E-mode discharge with a low electron density and 

a low luminosity of the plasma is dominant, where the electrons are accelerated mainly by the 

electrostatic fields between powered coil and grounded walls.  When the rf power desorbed 

increases and reaches a certain critical value, the electron density and luminosity of the plasma 

suddenly increase, which is known as H-mode discharge, where the electrical fields induced by 

oscillating magnetic fields accelerate the electrons.  H-mode discharge is generally used for 

processing, and in some ICP etchers, E-mode discharge is depressed by using a Faraday shield 

(not shown in Fig. 1.4).   

The wafers to be processed are placed on the stage in the discharge region facing the coil.  

The stage is capacitively coupled to another rf power source.  When the plasma is in contact 

with solid walls grounded, the electrostatic potential on the wall becomes negative comparing to 

the plasma potential Vp, as shown in Fig. 1.5(a), because the light electrons more rapidly diffuse 

to the wall surfaces than heavy ions.  The potential drop generates an electric field from the 

plasma to the wall, and then reflects electrons traveling toward the wall back into the plasma.  

As the results, thin positively charged layers naturally exist between the plasma and the wall.  

This region is called sheath.  If the rf voltage is applied to the wall (or stage), large electron 
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current flows to the stage during the positive voltage phase.  Here, to sustaining charge 

neutrality of the plasma, ion fluence from the plasma should be balanced with electron one.  

Therefore, the negative voltage phase must be longer than positive one, and thus, the 

time-averaged bias voltage on the stage becomes negative, as shown in Fig. 1.5(b).  This 

negative voltage is called dc self-bias voltage (Vdc).  The magnitude of dc self-bias voltage 

increases with increasing rf bias power.  For a 13.56-MHz power, ions are accelerated toward 

the stage by the time-averaged voltage, and impact wafer surfaces on the stage with incident 

energy of Ei = Vp −Vdc.  It is noted here that the Ei is much larger than the thermal energy of 

ions (3kBTi/2, where kB is the Boltzmann constant), and thus, the ions normally incident onto the 

surfaces.  The energetic ion bombardments enable the nonequilibrium processes on the 

surfaces to be etched, which is another advantage of plasma etching.  

 

1.2.2 Plasma–surface interactions 

When reactive neutrals and ions generated in the plasma reach the material surfaces, they react 

with surface atoms through several kinds of surface reaction kinetics.  Figure 1.6 shows an 

illustration of surface reactions on substrate surfaces during etching.  In the chemical etching 

 

 
Fig. 1.5. Illustration of potential distributions for two conditions: (a) grounded walls surround the plasma, (b) 

an rf bias power is applied to the wafer stage. 
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[Fig. 1.6(a)], reactive neutrals (e.g. Cl, Cl2) chemically react with surface atoms (e.g. Si) and 

make volatile products, and then the products thermally desorb from the surface: for example, 

 (g)SiClCl(g)4Si(s) 4 , (1.3)  

where (s) and (g) indicate solid and gaseous forms, respectively.  This etch process occurs 

spontaneously and isotropically as in wet etching.  The etch rate (or etch yield) depends 

strongly on the surface temperature.[34]  The etch selectivity, which is the ratio of etch rates of 

the target material to other materials, is relatively high.  In the physical sputtering [Fig. 1.6(b)], 

surface atoms and/or molecules are received enough kinetic energy (or momentum) from the 

collision cascade after ion bombardments to overcome surface binding energy:[35] 

 Si(g)Si(s) Ion . (1.4)  

This is an anisotropic etch process, but the etch selectivity is low and many lattice damages are 

generated in the underlying substrates.   

Ion-enhanced etching is caused by a combination of chemical reactions by reactive neutrals 

and physical processes by ion bombardments [Fig. 1.6(c)].  This includes two kinds of 

mechanism: chemically enhanced physical sputtering and chemical sputtering.[36]  In the 

former mechanism, absorbed reactive neutrals produce a weakly bound product on the surface 

and then the product overcomes the surface binding energy force by receiving kinetic energy 

from collision cascade: 

 (g)SiCl(s)SiClCl(s)4Si(s) 4
Ion

4  . (1.5)  

In the latter mechanism, ion bombardment energy causes or allows a chemical reaction to 

produce a volatile particle and then the product is desorbed thermally: 

 (g)SiCl(s)SiClCl(s)4Si(s) 44
Ion  . (1.6)  

The etch rate is much higher for the ion-enhanced etching than for the chemical etching and the 

physical sputtering,[37] and the anisotropic etching is achieved as in the physical sputtering.  

Therefore, the ion-enhanced etching is the most important process in plasma etching.   

    Deposition process is also important in plasma etching [Fig. 1.6(d)].  In this process, etch 

inhibitors attach and deposit on the surface to be etched.  In ICP Cl2 plasma etching of Si, the 

etch inhibitors include etch products/byproducts and oxygen coming from quartz windows of 

the chamber.  Here, it is noted that the etch products/byproducts deposited on the surface are 

removed by the etching process mentioned above, while deposited oxygen is removed only by 

physical sputtering because it does not react with chlorine.  These inhibitors reduce the net etch 
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rate; on the other hand, the nature is useful for formation of a passivation layer on feature 

sidewalls to improve the anisotropy of the etching. 

The final feature etched is left as a result of these plasma–surface interactions.  Figure 1.7 

shows an illustration of plasma–surface interactions in microstructures during Si etching in ICP 

Cl2 plasmas concerned with this study.  Reactive neutrals (Cl, Cl2) and feed gas ions (Cl+, Cl2
+) 

in the plasmas etch surface atoms (Si) by generating volatile etch products (SiClx) in surface 

reaction layers formed on the bottom of the etched feature.  The etch products attaching onto 

the feature sidewalls form passivation layers thereon, which prevent the sidewalls from being 

etched.  The products diffused to the plasma become etch inhibitors (SiClxOy) and byproduct 

ions (SiClx
+) through the collisions with electrons and neutrals in the plasma, where oxygen 

atoms come from quartz windows of the chamber; and then these product/byproduct species are 

reemitted to the substrate surfaces.  It should be noted here that the densities and fluxes of the 

inhibitors and byproduct ions often reach the same degree of or exceed those of the feed gas 

species during plasma etching.  In this case, the plasma–surface interactions become more 

complex because the surface reaction kinetics is significantly different for between 

inhibitors/byproduct ions and reactive neutrals/feed gas ions, and in turn, the prediction of the 

 
 
Fig. 1.6. Illustration of surface reactions on substrate surfaces during plasma etching: (a) 
chemical etching, (b) physical sputtering, (c) ion-enhanced etching, and (d) deposition. 
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etched profiles becomes more difficult.  Therefore, the precise control of Si etching in Cl- 

and/or Br-based plasmas is indispensable for the fabrication of gate electrodes and STI of 

FETs[3,17] through suppressing profile anomalies of sidewalls and bottom surfaces of the 

feature.[38,39]  However, the mechanisms are not yet fully understood, so a deeper understanding 

of the plasma–surface interactions is required.  

 

 
 
Fig. 1.7. Illustration of plasma–surface interactions in microstructures during Si etching in ICP 
Cl2 plasmas, including transportation of reactive neutrals, feed gas ions, etch inhibitors, and 
byproduct ions, and formation of a surface reaction layer at the feature bottom and a passivation 
layer on the sidewall, where oxygen atoms come from quartz windows of the chamber. 
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1.3 Plasma-Induced Surface Roughness 

As the device dimensions continue to be scaled down,[8] increasingly strict requirements are 

being imposed on plasma etching technology,[15] including the precise control of profile, critical 

dimension (CD), and their microscopic uniformity (or aspect-ratio dependence), together with 

that of etch rate, selectivity, and damage.  One of the most important problems to be resolved 

in the fabrication of nanoscale microelectronic devices is atomic- or nanometer-scale 

plasma-induced damage and roughness.  The effects to device performance have become 

significant in the course of the miniaturization, where the device scale approaches the size of the 

damage and roughness.    

 

1.3.1 Overview of plasma-induced damage and roughness 

Figure 1.8 shows an illustration of plasma-induced damage and roughness during FET 

fabrications.  Plasma-induced damage occurring inside of the substrate exposed to plasmas has 

become an important issue, because it directly affects the device performance.  The damage 

can be classified into charging damage, radiation damage, and physical damage.[40]  Charging 

damage is caused by an electrical stress which originated from the imbalance between electron 

and ion current from the plasma and the potential difference between the gate electrode and Si 

substrate, resulting in breakdown of the gate oxide.[41]  Radiation damage is caused by uv 

radiation from the plasma, which may result in charging and/or electron–hole pair generation.[42]  

Physical damage is caused by ion bombardment which generates a damaged layer on the top 

surface of Si substrate with defect sites including Si vacancies, displaced Si, interstitials, and 

dangling bonds.  The damaged layer removal by wet treatment following plasma etching leaves 

Si recess structures on the substrate,[43–45] which causes a shift in threshold voltage of a 

MOSFET;[46] and residual defects distributed deeper in the substrate causes a degradation of 

drain current.[47,48]  

    In addition, atomic- or nanometer-scale roughness on etched feature surfaces of Si has 

become an important issue to be resolved in the fabrication of nanoscale microelectronic 

devices,[49–67] because the roughness formed during plasma etching would be comparable with 

the CD and the thickness of the layer being etched and/or the layer underlying.  The nanoscale 

roughness of etched surfaces of SiO2,
[62,65,68,69] metal,[63] metal oxide,[63] photoresist,[70–72] 

polymer/polymeric,[67,73,74] and low-k films[62,68,75] has also be an issue of great interest similarly.   
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Figure 1.9 shows schematic illustrations of a planar MOSFET and a FinFET with 

roughness on the feature surfaces.  In gate fabrication of MOSFET, the roughness on feature 

sidewalls is responsible for the line edge roughness (LER) and line width roughness 

(LWR),[76,77] which cause the variability in gate or channel length, and thus lead to that in 

transistor performance.[78,79]  Moreover, in advanced 3D device structures, such as 

FinFETs,[15,78,80] the effects of the fin as well as the gate LER and LWR become significant,[78] 

because the LER and LWR occur also in fin etch processes,[15,80] and the conducting channel of 

FinFETs is formed on top and sidewall surfaces of the fin.  The surface roughness and/or 

residue at the feature bottom affects the uniformity of bottom surfaces, which is responsible for 

a recess and damage in substrates,[81] and in turn, also leads to the variability in transistor 

performance. 

The surface roughness formed during plasma etching of Si has also been an important issue 

in MEMS fabrication processes, although the device dimensions are much larger than those of 

ULSI devices.  In practice, the surface roughness is appreciated to affect the performance of 

MEMS through the fracture strength of fabricated microstructures[82] and the friction force 

between moving microparts.[83]  Additionally, the processing time for etching deep 

microstructures is significantly long as compared with that in ULSI processes, which in turn 

 

 
Fig. 1.8. Illustration of plasma-induced damage and roughness during FET fabrications. The 
damage can be classified into charging damage, radiation damage, and physical damage. 
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would lead to the growth of more significant surface roughness in MEMS processes.  

 

1.3.2 Previous researches on plasma-induced surface roughness 

Several experiments have been concerned with the formation and evolution of surface roughness 

during etching of blank (or planar) Si substrates in SF6,
[50,58,61,64,67] CF4/O2,

[55] Cl2,
[49,52,63] and 

 
 
Fig. 1.9. Schematic illustrations of (a) a planar MOSFET with LER on gate sidewall, roughness 
on bottom surface, residue, and recess, and (b) a FinFET with LER on gate and fin sidewalls, 
roughness on bottom surface, corner residue, and recess. 
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Ar[62] plasmas, and also in XeF2 gases with[59] and without[53] Ar+ ion beams.  Correspondingly, 

several theoretical and/or numerical studies have been made to interpret the roughness observed 

in plasma etching experiments, using a continuum model,[54–57] Monte Carlo 

simulation,[56,57,60,61,65,67,84–89] and classical molecular dynamics (MD) simulation.[51,66]  The 

low-level surface roughening at the initial stage of plasma exposure is assumed to be caused by 

the noise (or stochastic roughening due to the uniformity of incident fluxes of ions and/or 

neutral etchants on surfaces at microscale);[54–57,62,65] however, it is not sufficient for interpreting 

the following evolution of roughness, which has further invoked a few qualitative mechanisms, 

such as geometrical shadowing,[54] surface reemission of etchants,[55–57,60] and effects of etch 

inhibitors.[61,67]  More generic 3D Monte Carlo simulations have recently been performed to 

reproduce the surface features roughened in Ar,[65] SF6,
[67] and Cl2/O2

[86–89] plasma etching of Si, 

taking into account surface chemistries, such as sputtering and ion-enhanced etching with 

inhibitor deposition.  However, the mechanisms for surface roughening during plasma etching 

are not yet fully understood, depending on a number of factors in processing. 

    Moreover, a number of experiments have been concerned with the surface roughness 

formed on feature sidewalls during plasma etching of patterned Si wafers to understand the 

origin of LER and LWR, and to find the way of reducing them as much as possible in the 

fabrication process for microelectronic devices.[76–80]  Sidewall roughening of the feature being 

etched is assumed to be caused by the pattern transfer of the mask edge roughness (resulting 

from lithography) into the underlayers being etched and also by that of grain boundaries of 

polycrystalline films to be etched into themselves. [76–80]  In practice, the addition of depositive 

gas species such as CF4 and/or reactive gases such as HBr giving depositive etch byproducts is 

often invoked to control and suppress the sidewall roughness in poly-Si gate and 

single-crystalline Si (c-Si) fin fabrication processes,[76,80] through etch inhibitor deposition or 

passivation layer formation on feature sidewalls.  On the other hand, the sidewall roughness 

would also be caused by plasma–surface interactions themselves on feature sidewalls, where the 

ion incidence is assumed to be off-normal or oblique to the surface being etched.  However, in 

plasma etching for pattern definition, it is hard to distinguish the sidewall roughness caused by 

plasma–surface interactions from that caused by especially the pattern transfer of the mask edge 

roughness.   

Only several studies of Sawin et al. have so far been concerned with the sidewall 

roughening originating from plasma–surface interactions during plasma etching, through 
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investigations of the effects of the oblique ion incidence on blank substrates: 3D cellular Monte 

Carlo simulations of Si[65] and SiO2
[65,69] etching in Ar and C4F8/Ar plasmas, respectively, and 

the experiments of Ar plasma beam etching of Si, SiO2, and low-k films,[62] C2F6/Ar plasma 

beam etching of low-k films,[75] and C4F8/Ar plasma beam etching of SiO2
[68,69] and low-k 

films.[68]  Tsuda et al. also performed a 3D Monte Carlo simulation concerned with the oblique 

ion incidence during Cl2/O2 plasma etching of Si by using three-dimensional atomic-scale 

cellular model (ASCeM-3D),[86–89] and the simulation results revealed the surface roughening 

and ripple formation in response to ion incidence angle θi onto substrate surfaces.[87,88]  Vegh 

and Graves indicated the ripple formation on Si surface by off-normal CF3
+ ion incidence using 

classical MD simulation.[66]  However, the mechanisms for surface rippling during plasma 

etching are also not yet fully understood; moreover, the oblique ion incidence and ripple 

formation during plasma etching are not yet achieved experimentally because of the existence of 

sheath between the plasma and the surface. 

     

     

1.4 Structure of This Thesis 

This thesis presents details of the experiments concerned with the atomic- or nanometer-scale 

plasma-induced surface roughness and ripple formation during ICP etching of Si in Cl2, with 

attention being placed on a deeper understanding of plasma–surface interactions that are 

responsible for.  Numerical simulations (ASCeM-3D and MD) are also used for interpreting 

the experimental findings in atomic scale.  It is believed that the understandings obtained from 

this study contribute to developments of a higher-accuracy fabrication process for the next 

generation devices (Fig. 1.10).  

In Chapter 2, the apparatus, operation, sample, and diagnostics used in this study are 

described.  Chapter 3 gives the results and discussion for the etching of blank (or planar) Si 

substrates, where two modes of surface roughening are observed depending on ion incident 

energy Ei: one is the roughening mode at low Ei, and the other is the smoothing mode at high Ei.  

In Chapter 4, the possible mechanisms of these modes are proposed from the results of plasma 

diagnostics during etching and numerical simulations using Monte Carlo-based ASCeM-3D for 

profile evolution and classical MD for etch fundamentals; here, these simulation methods are 

described in Appendices A and B, respectively.  In Chapter 5, surface smoothing of initially 

roughened substrates by plasma etching or exposure in the smoothing mode is achieved.  
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Moreover, in Chapter 6, ripple formation by oblique ion incidence during plasma etching is 

experimentally demonstrated by a sheath control plate used to vary the sheath structures thereon 

and thus, to vary the ion trajectories onto substrate surfaces.  Finally, in Chapter 7, conclusions 

and future outlooks are mentioned. 

 

 
Fig. 1.10. The aim of this study. 
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Apparatus, Operation, Sample, 

and Diagnostics 
 

 

 

 

 

 

 

Nanometer-scale roughness formed on substrate surfaces during plasma etching is caused by 

temporal and spatial fluctuations of plasma-surface interactions occurring there.  The 

fluctuations and the roughness caused are concerned with many parameters of plasma conditions 

(feed gas, gas flow rate, pressure, power, etc.), etching conditions (incident neutrals and ions, 

ion incident energy and angle, etc.), and surface conditions (material, temperature, roughness, 

etc.).  Moreover, the parameters include both macroscopic (centimeter- or milimeter-scale) 

ones and microscopic (micrometer- or nanometer-scale) ones.  Thus, it is difficult to measure 

and/or consider the whole parameters at the same time.  Therefore, the key parameters must be 

identified from among a number of ones through systematical experiments, to reveal the 

nanometer-scale plasma–surface interactions and surface roughening mechanisms during plasma 

etching.   

In this study, plasma etching experiments with an ICP reactor were performed for 

measurements and analyses of nanometer-scale surface roughness on Si substrate caused by 
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plasma etching in Cl2.  In addition, several plasma diagnostics were also performed to 

characterize the plasma at around etched samples position during etching.  From these 

experiments, the relation between plasma conditions and surface roughening on the substrates 

etched can be obtained.  Moreover, to understand and reveal the mechanisms of roughening 

during etching from the experimental findings, two numerical simulations were performed.  

The first one is a profile simulation with ASCeM-3D.  This can simulate the time evolution of 

etched feature surface with cell-based model based on Monte Carlo algorithm.[86–89]  The 

second one is a surface reaction kinetics simulation with classical MD simulation.  This solves 

motions of atoms in substrate surfaces and can determine the etching fundamentals of incident 

ions.[90–98]  The numerical findings from these simulations can characterize the nanometer-scale 

phenomena, and thus, explain the mechanisms of surface roughening during plasma etching. 

This chapter describes the experimental apparatus, operation, samples, and diagnostics used 

in this study.  In Sec. 2.1, the experimental setup of the ICP reactor used and the typical 

operation conditions are described.  In Sec. 2.2, the plasma and surface diagnostics techniques 

are mentioned.  The simulation models of ASCeM-3D and MD are given in Appendices A and 

B, respectively.   

 

 

2.1 Plasma Reactor and Etching Sample 

Figure 2.1 shows the experimental setup used in this study.  The ICP plasma reactor consists 

of a stainless-steel chamber 25 cm in diameter and 30 cm high, a three-turn planar coil on a 

dielectric window at the top, and a 4-in.-diam. electrode or wafer stage at the bottom; the 

distance between the dielectric window and the wafer is ~9 cm in experiments, and the effective 

volume of the chamber is V0 ≈ 1.2 × 104 cm3.  The discharge is established by 13.56-MHz rf 

powers of nominally PICP = 450 W.  The wafer stage is capacitively coupled to a 13.56-MHz rf 

power supply through an impedance matching network for additional rf biasing, where the rf 

bias power is varied in the range Prf = 0–200 W to vary the ion incident energy Ei onto substrate 

surfaces.  The reactor chamber is pumped down to a base pressure < 5 × 10−7 Torr by a 1000 

l/s turbomolecular pump, and pure Cl2 gases are introduced therein with the flow rate being 

varied in the range F0 = 5–50 sccm (typically 20 sccm).  In these experiments, the pressure is 

kept constant at P0 = 20 mTorr (2.66 Pa) by adjusting the pumping rate with an automatic 

throttle valve between the chamber and the tubomolecular pump, where the gas residence time 
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in the reactor chamber is estimated to be of the order of τr = P0V0/F0 ≈ 3.7–0.37 s (typically 0.9 

s).  The etching time is varied in the range tetch = 1–20 min (typically 2 min). 

Samples for etching are 4-in.-diam. blank Si(100) wafers of n-type with a resistivity of ρr ≈ 

10 and 0.02 Ω·cm, which are pasted with silicone high vacuum grease into place on the wafer 

stage that is temperature controlled in the range Ts = 20–200°C (typically 20°C).  The samples 

are cleaned through HF acid dipping followed by deionized water rinsing, prior to experiments.  

A brief pre-etch breakthrough step (nominally 10 s at Prf = 30 W) is employed prior to main etch, 

to remove native and/or chemical oxide layers on Si; in practice, at low Prf < 5 W, the etching of 

Si does not occur without the breakthrough step, owing to oxide layers thereon.  In addition, 

1000-nm-thick thermally grown SiO2 films on Si are also employed for reference in these 

experiments, to measure the etch selectivity of Si over SiO2. 

 

 
 
Fig. 2.1. Experimental setup for plasma etching using an ICP plasma reactor, including several 
plasma and surface diagnostics employed. 
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2.2 Plasma and Surface Diagnostics 

As shown in Fig. 2.1, several plasma and surface diagnostics are also employed to characterize 

the plasma at around the wafer position and the surface immersed in the plasma during 

processing, by using optical emission spectroscopy (OES), quadrupole mass spectrometry 

(QMS), Langmuir probe measurement, and Fourier transform infrared (FTIR) absorption 

spectroscopy.  Moreover, the etched surfaces are analyzed by using stylus profilometry, atomic 

force microscopy (AFM), and scanning electron microscopy (SEM).  These surface diagnostics 

were performed with no wafer cleaning after etching in this study. 

 

2.2.1 Optical emission spectroscopy 

OES is the most widely used nonintrusive diagnostic technique in plasma etching for monitoring 

composition of the plasma and/or endpoint detection of processes.  The vast majority of optical 

emission in etching plasmas is a result of electron-impact excitation.  Most atomic and 

diatomic species can be monitored by OES.[17]  Because of the complexity of the excitation 

mechanism, OES is usually a qualitative technique.   

Actinometry is one of the methods which determine quantitative, relative, and absolute 

species number densities in the plasma.[99]  In this approach, a small amount of a rare gas, A, 

with an excited state Ak that has an energy close to that of Xk is added to the discharge, and the 

relative (or, in a few cases, absolute) number density of species X is determined from the ratio of 

intensity of Xk to Ak.  The 750.4 nm line of Ar is used for measurements of the densities of F 

atom,[99–104] O atom,[105,106] and Cl atom.[107,108]  For the measurement of a Cl number density, 

using the Xe 828.0 or 834.7 nm line provides a much better energy match to the Cl emitting 

levels, and more consistent tracking of Cl number density than the Ar 750.4 nm line.[107] 

The OES employed in this study a 10-cm focal length spectrometer (Ocean Optics 

HR2000CG-UV-NIR with a grating of 300 lines/mm and a spectral resolution of 1 nm), where 

the optical emission spectra of the plasma are observed through a quartz window attached on the 

chamber sidewalls.  Figure 2.2 shows typical optical emission spectra from Cl2 plasmas in the 

absence of etching and during etching.  The spectra are dominated by emission from Cl,[109] 

Cl2,
[110–115] and Cl2

+,[110,111,116–118] and, during etching, from Si,[109] SiCl,[110,111,119] SiCl2,
[120–124] 

SiCl3,
[125,126] and Si2.

[110,111,124,127]  The wavelengths and transitions for the atomic and 

molecular emissions concerned are listed in Table 2.1. 
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Fig. 2.2. Typical OES spectra in the wavelength range 200–900 nm from ICP Cl2 plasma (a) in the 
absence of etching and (b) during Si etching. 
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Table 2.1. Wavelengths and transitions for atomic and molecular emissions concerned in this study 
of Cl2 plasma etching of Si. 

 

 

Species 

 

Wavelength 

(nm) 

Transition  

lower–upper 

Energy (eV) 

lower–upper 

References 

 

Si 288.1 3p2(1D2) – 4s(1Po
1) 0.78–5.08 (a) 109 

SiCl 280.7 X2r(v = 0)  B2(v = 2) 0–4.41 (b) 110,111,119 

SiCl2 330 X
～1A1(v = 0)–A

～1B1(v = 0) 0–3.76 (c) 120–124 

     

SiCl2 390 X
～1A1–A

～1B1  121–123 

SiCl3 390   125,126 

Si2 390 X3Σg
- (v = 0)–H3Σu

- (v = 5) 0–3.17 (d) 110,111,124,127 
     

Cl 837.5 4s(4P5/2)–4p(4Do
7/2) 8.92–10.40 (a) 109 

Cl2 256.6 1(3u)[A2u(
3)](v = 5)–2(3g)[D2g(

3p2)](v = 0) 2.27–7.10 (e) 110–115 

Cl2
+ 500.7 23/2[X

～2g](v = 4)–23/2[A
～2g](v = 0) 0–2.48 (f) 110,111,116–118 

(a) Ref. 109. (b) Ref. 111. (c) Ref. 122. (d) Ref. 127. (e) Refs. 113 and 114. (f) Refs. 111 and 116. 
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2.2.2 Quadrupole mass spectrometry 

Mass spectrometry is the broadest gas-phase diagnostic method, capable of detecting any neutral 

or charged species in the plasma.  Molecules to be detected enter a small aperture at the 

chamber wall, pass through the ionizer, and then reach the quadrupole mass spectrometer.  

Neutral species is detected with ionizer switched on.  It is noted that the electron impact energy 

of the ionizer is high enough to crack the neutrals, and thus, the daughter fragments are detected 

as well as the parent species.  If the cracking patterns for stable species are known, the signals 

originating in the daughter fragments can be separated from those corresponding to the parent 

ion of radicals, by recording the signal intensities as a function of the electron impact 

energy.[128–130]  In addition, it is further noted that in this study, the QMS monitors the species 

near the chamber wall because the neutral mean free pass λn (< 1 cm) is smaller than the 

chamber diameter (25 cm) under typical condition (P0 = 20 mTorr). 

Ions can be directly detected with ionizer switched off, and the intensities give the relative 

number densities of the ions.  Moreover, an ion energy distribution (IED) can be obtained with 

respect to the mass spectrometer (usually grounded) by sweeping the pass energy with the 

energy analyzer.  The IED is governed by the electron temperature and the product of the ion 

transit time across the sheath and the frequency of oscillations in the sheath potential.[16]  When 

it takes many rf cycles for the ion to cross the sheath and no collisions occur, ions will impinge 

on grounded surfaces with a nearly monoenergetic IED and an energy of the mean sheath 

potential.  Knowing the composition of impinging ions and taking into account the influence of 

substrate bias, mass spectrometer measurements of ions impacting grounded surfaces at the edge 

of the plasma can be used to speculate the fluxes of each ion to the sample surface to be 

etched.[17] 

The QMS employed in this study a quadrupole mass spectrometer with an electrostatic 

energy analyzer (Hiden HAL EQP 500 with a mass range of m/e = 1–500 amu); the system is 

differentially pumped down to a base pressure < 1 × 10−8 Torr, and is operated at < 5 × 10−7 

Torr in experiments, sampling a portion of the discharge through a 0.1-mm-diam. orifice near 

the periphery of the wafer stage at ~3 cm above the substrate.  Figure 2.3 shows typical QMS 

spectra measured with the ionizer switched on and off during Cl2 plasma etching of Si.  The 

spectra are dominated by Si-, Cl-, H-, and O-containing species, where the signals of Si- and 

Cl-containing species consist of multiple peaks originating from naturally abandon isotopes of 

Si (28Si, 29Si, 30Si) and Cl (35Cl, 37Cl). 
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2.2.3 Langmuir probe 
A metal probe or Langmuir probe is one of the earliest and still one of the most useful tools for 

plasma diagnostics, which is inserted in the plasma and biased positively or negatively to draw 

electron or ion current.[131]  Probes immersed in a plasma produce only minor local 

perturbations of the plasma, because the probes are much smaller than large electrodes 

surrounding and controlling the plasma.  From the analysis of voltage–current curve measured 

by the probe, electron density ne and temperature Te, ion density ni and temperature Ti, and 

plasma potential Vp are obtained. 

The Langmuir probe used in this study has a cylindrical tungsten tip 0.5 mm in diameter 

and 10 mm long, which is positioned horizontally at ~3 cm above the center of the substrate.  

In addition, taking into account the dc self-bias voltage Vdc at wafer stage being routinely 

 

 
Fig. 2.3. Typical QMS spectra in the mass range m/e = 1–400 amu during ICP plasma etching of Si 
in Cl2, measured with the ionizer (using 70-eV electrons) switched (a) on and (b) off. The spectra 
are dominated by Si-, Cl-, H-, and O-containing species, where the signals of Si- and Cl-containing 
species consist of multiple peaks originating from naturally abandon isotopes of Si (28Si, 29Si, 30Si) 
and Cl (35Cl, 37Cl). 
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monitored by a voltage probe, the ion incident energy Ei = Vp − Vdc onto substrates also can be 

obtained. 

 

2.2.4 Fourier transform infrared absorption spectroscopy 

FTIR absorption spectroscopy is utilized to observe etch-related chemical species, such as 

Si-containing etch products and/or byproducts, in the plasma and also on substrate 

surfaces.[132,133]   

In this study, the IR optical system consists of an FTIR spectrometer (Thermo Nicolet 

iS50R with a KBr beam splitter), which is reconfigured for the probe beam to pass through the 

reactor chamber located outside of the optical bench of the instrument; the system is being 

purged with dry nitrogen gases to remove the residual carbon dioxide and water vapor therein.  

In transmission absorption spectroscopy (TAS) for observation of species in the gas phase, the 

IR beam from the FTIR bench is directed through 4-cm-diam. KBr optical flats into the chamber, 

~3 cm above the substrate parallel to its surface.  The TAS spectra are observed in single-pass 

operation with an absorption path length of l ≈ 25 cm in the chamber, and changes of the IR 

beam intensity due to the absorption are detected with a liquid-nitrogen-cooled MgCdTe (MCT) 

detector placed ~40 cm apart from the exit KBr window.  In reflection absorption spectroscopy 

(RAS) for observation of species on the surface, the IR beam from the FTIR bench is passed 

through a thallium-bromide-iodide (KRS-5) polarizer, and the p-polarized beam is then focused 

onto substrate surfaces, where the RAS spectra are observed in single reflection mode at an 

incident angle of 80°.   

In both of these observations, the FTIR data are recorded in the wavenumber range 

4000–450 cm−1 at a resolution of 2 or 4 cm−1 by averaging over 250–500 scans (taking ~4–8 

min), and the Happ–Genzel apodization is applied to the interferogram before carrying out the 

Fourier transform.  Background or reference spectra are collected in the presence of feed gas 

flows with a wafer being in place on the stage; the sample spectra are then taken with the 

discharge switched on (or during etching), where the noise level in the spectra is not affected 

seriously by operating the discharge.  The absorbance spectrum is determined by calculating 

−ln(I/I0) as a function of wavenumber, where I and I0 are the IR beam intensities at the detector 

corresponding to the sample and reference spectra, respectively.  Figure 2.4 shows typical 

absorbance spectra measured by FTIR-TAS in the absence of etching and during etching.  Here, 

the peak absorbance of interest is that of SiCl4 at around 620 cm−1 (ν3 fundamental vibrational 
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band);[132–134] in addition, the spectra exhibits a weak absorption of SiO at around 1100 

cm−1.[111,132–135]  In this study, to derive the absolute concentration of etch product/byproduct 

neutrals SiCl4 in the plasma during etching, the calibration was made by filling the ICP reactor 

chamber with pure SiCl4 gases at different pressures in the range P0 = 0.05–50 mTorr without 

discharge.  

 

2.2.5 Stylus profilometry 

The sub-micrometer-scale etched surface feature can be measured by stylus profilometry.  In 

this study, the etched depth (detch), defined as the difference in height after etching between the 

parts of the sample covered by a mask (h0) and those uncovered (hetch), is measured by stylus 

profilometry (Veeco Dektak 6M), where a polyimide film and/or a piece of Si wafer are placed 

on a sample as a mask during etching.  The etch rate is calculated by dividing the etched depth 

by the etching time   

 

 
Fig. 2.4. Typical absorbance spectra in the wavenumber range 1300–500 cm−1, measured by 
FTIR-TAS from ICP Cl2 plasma (a) in the absence of etching and (b) during Si etching. 
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2.2.6 Atomic force microscopy 

The nanometer-scale roughness on the surface can be measured by AFM, which is one of the 

scanning probe microscopy.  In this study, the etched surfaces are examined by AFM 

(Shimadzu SPM-9600), in tapping mode typically on a scan area of WA
2 = 1 × 1 μm2 with the 

resolution of N2 = 256 × 256 pixels and a scan rate of 1 Hz, using a microfabricated Si cantilever 

with a tip radius less than 10 nm.  The surface images are depicted from the two-dimensional 

(2D) data of height or depth (or ordinate) distribution z(x, y).  In addition, to evaluate the 

roughness quantitatively, the root-mean-square (rms) surface roughness is calculated from the 

rms average or standard deviation of the surface feature ordinates from their mean value 
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where (m, n) denotes the location of the pixel in (x, y) coordinates, and zave is the arithmetic 

average of the z value within the surface area of WA
2 concerned: 
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    To further characterize the roughened surface features, the power spectral density (PSD) 

distribution as well as rms roughness of feature surfaces is important,[50,63,64] because the rms 

surface roughness reflects only the vertical extent of the feature, while the PSD gives the 

information on both its vertical and lateral (or spatial) extent.  In the PSD analysis, the 

one-dimensional (1D) PSD function along the x axis is calculated from 1D discrete Fourier 

transform (DFT) of the 1D surface height or depth distribution z(x, n) and averaged over n = 

1–N 
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where i is the imaginary unit, kx is the spatial frequency in the x-direction, and LA = WA/N is the 

sample distance.  1D PSD function along the y axis Py(ky) is also calculated in a similar fashion, 

where ky is the spatial frequency in the y-direction.  The 1D PSD function has a unit of fourth 

power to the length.  On the other hand, The angular averaged 1D PSD is obtained by the 

calculation of the 2D PSD function from the 2D DFT of the 2D surface height or depth 
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distribution[136–139]   
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and the following transition to polar coordinates in frequency space and angular averaging 
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where Ppo(k, φ) is the 2D PSD distribution in (k, φ) coordinates.[136,139]  This angular averaged 

1D PSD depends on only one parameter, while it is plotted as a slice of the 2D representation, 

where it remains a 2D function with a unit of fourth power to length.[139] 

 

2.2.7 Scanning electron microscopy 

In this study, surface images corresponding to the AFM images are also taken by using SEM 

(JEOL JSM-7500FA).  The electron acceleration voltage and current are 15 kV and 10 μA, 

respectively, and the SEM images are obtained by the detection of secondary electron from 

sample surfaces. 

 

 



 

 

 



31 

 

 

 

Two Modes of Surface Roughening 

during Plasma Etching of Silicon 

 

 

 

 

 

 

 

This chapter presents details of the experimental results concerned with the nanoscale surface 

roughening during Si etching in ICP Cl2 plasmas.  Experiments were performed as a function 

of rf bias power by varying the feed gas flow rate, wafer stage temperature, and etching or 

plasma exposure time.  The experimental setup used is detailed in Chapter 2.  The roughness 

of etched surfaces was quantified by the rms roughness and also in some cases by the PSD 

distribution to gain information relative to both vertical and lateral extent of it.  We observed 

two modes of surface roughening during plasma etching, roughening and smoothing (or 

non-roughening) modes, depending on bias power or ion incident energy onto substrate surfaces.  

The roughening mode may be unavailable in industry.  However, studying the mechanisms 

responsible for the roughening as well as smoothing modes is important in industry as well as in 

research, because of the following two reasons: a better understanding of the mechanisms for the 

roughening mode is indispensable for finding the way how to suppress and/or control the 

evolution of the surface roughness during plasma exposure, because the roughening mode may 
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be used unconsciously in industry as well as research.  The roughening mode may also be used, 

in some cases, to positively obtain roughened surfaces, or to obtain surface nanostructures, such 

as nanotextures, nanograsses, nanopillars, and nanocolumns.[67]   

     

     

3.1 Plasma Parameters 

Figure 3.1 shows the plasma parameters as a function of rf bias power in the range Prf = 0–200 

W, measured by Langmuir probes during ICP plasma etching of Si in Cl2 under typical 

operating conditions of PICP = 450 W, P0 = 20 mTorr, F0 = 20 sccm, and Ts = 20°C: electron 

density ne and temperature Te, positive ion density ni, plasma potential Vp, and potential 

difference Vp − Vdc.  The probe data were analyzed assuming an effective ion mass mi,eff = 

Σjχjmj, where the concentration fraction χj of the ion species j with a mass mj was determined by 

QMS for each condition.  The results indicate that the ion ni and electron ne densities remain 

almost unchanged over the Prf range investigated, while the electron temperature Te increases 

slightly with increasing Prf.  The corresponding ion flux concerned (or the ion saturation 

 

 
Fig. 3.1. Plasma parameters as a function of rf bias power Prf, measured by Langmuir probes during 
ICP plasma etching of Si in Cl2 under typical operating conditions of PICP = 450 W, P0 = 20 mTorr, 
F0 = 20 sccm, and Ts = 20C: (a) electron density ne and temperature Te, and positive ion density ni; 
(b) plasma potential Vp and potential difference Vp − Vdc, where Vdc is the dc self-bias voltage at the 
wafer stage, and Ei = Vp − Vdc is a measure of the ion incident energy onto substrate surfaces. 
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current to the probe measured) remains almost constant at Γi
0 = 0.61ni(kBTe/mi,eff)

1/2 ≈ (0.5–0.6) 

× 1016 cm−2s−1,[16] where kB is the Boltzmann constant.  Moreover, the plasma potential Vp 

remains almost unchanged at low Prf, while it increases slightly with increasing Prf > 50 W, 

corresponding to an increase in Te.  The potential difference Vp − Vdc increases with increasing 

Prf, owing to the dc self-bias voltage Vdc decreased, giving an ion incident energy in the range Ei 

≈ 13–570 eV for Prf = 0–200 W.  It is noted here that the potential Vp was consistent with the 

ion energy distribution measured by QMS (not shown), and that the probe data did not depend 

significantly on gas flow rate F0 and stage temperature Ts, as well as on the wafer resistivity. 

 

 

3.2 Etch Rate and Surface Roughness 

Figure 3.2 shows typical AFM images of the Si surfaces etched in ICP Cl2 plasmas for tetch = 2 

min with four different ion incident energies of Ei ≈ 22–470 eV under the same conditions as in 

Fig. 3.1.  Inset is an image of wet-cleaned Si surfaces prior to etching (tetch = 0) for reference.  

These surface images and the data on the rms surface roughness were acquired in tapping mode 

 

Fig. 3.2. Typical AFM images of 
the Si surfaces etched in ICP Cl2 
plasmas for tetch = 2 min with four 
different ion incident energies of Ei 
≈ (a) 22, (b) 120, (c) 220, and (d) 
470 eV under the same conditions 
as in Fig. 3.1. Inset is an image of 
wet-cleaned Si surfaces prior to 
etching for reference. 

  

 

(a) Ei = 22 eV

1 μm 1 μm

5 nm

(b) Ei = 120 eV

1 μm 1 μm

10 nm

(c) Ei = 220 eV

1 μm 1μm

40 nm

(d) Ei = 470 eV

1 μm 1 μm

5 nm

1 μm 1 μm

5 nm

Before etching



Chapter 3. Two Modes of Surface Roughening during Plasma Etching of Silicon 
 

34 

on a scan area of 1 × 1 μm2 with the resolution of 256 × 256 pixels and a scan rate of 1 Hz, 

using a microfabricated Si cantilever with a tip radius less than 10 nm.  The AFM images 

indicate that as the bias power Prf or ion energy Ei is increased, the roughness of etched Si 

surfaces increases and then decreases.  

Figure 3.3 shows the etch rates of Si and SiO2 and the rms surface roughness of Si as a 

function of ion incident energy in the range Ei ≈ 22–520 eV, obtained in ICP Cl2 plasma etching 

(tetch = 2 min) for four different gas flow rates of F0 = 5, 10, 20, and 50 sccm under otherwise the 

same conditions as in Fig. 3.1.  The error bars (shown typically for F0 = 20 sccm) represent the 

variation in the raw data for more than ten etching experiments using sample wafers with 

different as well as similar resistivities and cleaning recipes.  Note that the experiments for F0 

 

 
Fig. 3.3. (a) Etch rates of Si and SiO2 and (b) rms surface roughness of Si as a function of ion 
incident energy in the range Ei ≈ 22–520 eV, obtained in ICP Cl2 plasma etching (tetch = 2 min) for 
four different gas flow rates of F0 = 5, 10, 20 and 50 sccm under otherwise the same conditions as 
in Fig. 3.1. The rms roughness shown is that measured for the AFM scan area of 1 × 1 μm2 as in 
Fig. 3.2, and the dotted lines are for guiding the eyes only. Note that the experiments for F0 = 5 
sccm were restricted to low Ei < 120 eV, because the present system with P0 = 20 mTorr and F0 = 5 
sccm starves for feed gases at higher Ei, owing to increased Si etch rates. 
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= 5 sccm were restricted to low Ei < 120 eV, because the present system with P0 = 20 mTorr and 

F0 = 5 sccm starves for feed gases at higher Ei, owing to increased Si etch rates; in practice, the 

amount of Si etched per minute is estimated to be (ρsER)S ≈ 8.1 × 1019 atoms/min for an etch 

rate ER = 200 nm/min of a 4-in.-diam. wafer, corresponding to an inflow rate ≈ 3.0 sccm (1 

sccm = 2.686 × 1019 atoms or molecules/min at standard conditions), where ρs is the Si atom 

density and S is the surface area of substrates.  The results indicate that for any F0, as the bias 

power Prf or ion energy Ei is increased, the Si and SiO2 etch rates increase, and the etch 

selectivity of Si over SiO2 decreases; on the other hand, the rms roughness of etched Si surfaces 

increases, peaks at around Ei = Ep ≈ 200–300 eV (depending slightly on F0), and then decreases 

substantially down to a low level < 0.4 nm.  Thus, it follows that in these experiments, the 

roughness scales with the etch rate at low Ei < Ep, while it does not scale with the etch rate at 

higher Ei > Ep.  The increase followed by the decrease in surface roughness with increasing Prf 

or Ei has so far not been observed in plasma etching experiments of Si: some experiments 

showed an increase in roughness as well as etch rate with Prf in Cl2 plasma;[52] some other 

experiments showed a decrease in roughness with Prf in SF6 plasma,[50] with Ei in the range 

20–100 eV in SF6 plasma,[64] and with Ei in the range 100–250 eV in Cl2 plasma,[63] in contrast 

to an increase in etch rate.  

Moreover, at a given Prf or Ei in Fig. 3.3, the Si etch rate and the selectivity tend to be 

slightly increased for increased flow rates F0, while the SiO2 etch rate does not depend 

significantly on F0, as has been known to be due to reduced concentrations of etch 

products/byproducts in the plasma during high-gas-flow-rate or short-gas-residence-time plasma 

etching of Si.[140]  On the other hand, the rms surface roughness of Si appears to be almost 

independent of F0 at low Ei < 200 eV and high Ei > 300 eV, although the ion energy Ep giving a 

peak of the rms roughness, together with its peak value, tends to be slightly increased for 

increased F0.  

Figure 3.4 shows the etch rates of Si and SiO2 as a function of the square root Ei
1/2 of the 

ion incident energy for four different gas flow rates F0, which are the data replotted from the 

preceding Fig. 3.3(a).  The results indicate that for any F0, both the Si and SiO2 etch rates are 

approximately proportional to Ei
1/2, which reflects the universal energy dependence of the yield 

for ion bombardment-induced etch processes such as physical sputtering and ion-enhanced 

etching:[141–143] Y = ρsER/Γi
0 = A(Ei

1/2 − Eth
1/2), where the yield Y is defined as the total number 

of Si atoms desorbed from substrate surfaces per ion impact, the Si atom density of substrates is 
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ρs ≈ 5.0 and 2.2 × 1022 cm−3 for Si and SiO2, respectively,[2] Γi
0 is the ion flux incident on 

substrate surfaces, A is a proportional constant or scaling factor, and Eth is the threshold energy 

concerned.  The liner dependence of the yield Y on Ei
1/2 implies that the etching is limited by 

the momentum transfer from energetic ions to substrate atoms through the collision-cascade 

mechanism.[141–143]  In the present experiments, the ion flux Γi
0 ≈ (0.5–0.6) × 1016 cm−2s−1 does 

not change significantly with Ei (as mentioned earlier with respect to Fig. 3.1), and so the etch 

rate ER should also be proportional to Ei
1/2.  The threshold is estimated to be Eth ≈ 4 and 20 eV 

for Si and SiO2, respectively, by extrapolating the ER to zero, being almost independent of flow 

rate F0 and in agreement with previous plasma etching experiments in Cl2.
[144]  Moreover, the 

Si etch yield is estimated to be typically Y ≈ 1.3–7.3 (ER ≈ 80–440 nm/min) at ion energies in 

the rage Ei ≈ 20–300 eV, giving the factor A ≈ 0.46 in eV−1/2, where the Y and thus A depends 

slightly on F0 in these experiments.  The A factor presently estimated compares relatively well 

with previous plasma etching experiments of Si in Cl2 plasmas (A ≈ 0.275 in Ref. [145], and 

0.353 in Ref. [146]).  In addition, the SiO2 etch yield is estimated to be Y ≈ 0.11–1.2 (ER ≈ 

 

Fig. 3.4. Etch rates of Si and SiO2 
as a function of the square root of 
the ion incident energy for four 
different gas flow rates F0, which 
are the data replotted from the 
preceding Fig. 3.3(a). The dotted 
lines are linear fits to guide the 
eyes. 
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15–160 nm/min) at Ei ≈ 20–500 eV, being almost independent of F0.  

It is further noted in Fig. 3.4 that for any F0, the curve of ER or Y versus Ei
1/2 for Si exhibits 

a transition point at around Ei ≈ 300–400 eV, above which the Y or ER increases more slowly 

with increasing Ei, although it remains nearly proportional to Ei
1/2; in practice, the slope or 

proportional constant A of the curve is estimated to decrease by about a factor of 2–3 above the 

transition point, implying some change in reaction kinetics on surfaces being etched.  A 

comparison between Figs. 3.3(b) and 3.4 indicates that for Si, the ion energy Ep giving the peak 

rms roughness corresponds roughly to the transition point for the Y or ER versus Ei
1/2 curve, 

although the latter tends to be slightly decreased for increased flow rates F0, and the latter is a 

little higher than the former by about ΔEi ≈ 50–150 eV.   

Figure 3.5 shows the rms surface roughness of Si as a function of wafer stage temperature 

in the range Ts = 20–200°C, obtained under otherwise the same conditions as in Fig. 3.1, in ICP 

Cl2 plasma etching (tetch = 2 min) for four different ion incident energies of Ei ≈ 22–470 eV.  

The error bars (shown typically for Ei ≈ 120 eV) have the same properties as those in Fig. 3.3.  

 

Fig. 3.5. RMS surface roughness of 
Si as a function of wafer stage 
temperature in the range Ts = 
20–200°C, obtained under 
otherwise the same conditions as in 
Fig. 3.1, in ICP Cl2 plasma etching 
(tetch = 2 min) for four different ion 
incident energies of Ei ≈ 22–470 
eV. The dotted lines are for guiding 
the eyes only. 
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The results indicate no significant Ts dependence of the roughness of etched Si surfaces, as well 

as the Si and SiO2 etch rates (not shown), although the temperature Ts is expected to modify the 

surface reaction kinetics during etching.  No Ts dependence of both the roughness and etch rate 

has been observed in plasma etching experiments of Si in SF6 for Ts ≈ −100–40°C.[50]  This 

may be attributed partly to the wafer surface temperature that is often different from the stage 

temperature Ts (usually measured by a thermocouple attached to the stage) during plasma 

etching; in practice, the surface temperature during etching was measured to be higher than Ts 

by using FTIR-RAS (increasing with increasing Prf or Ei).
[147] 

Figure 3.6 shows the rms surface roughness of Si as a function of etching or plasma 

exposure time in the range tetch = 1–20 min, obtained in ICP Cl2 plasma etching for seven 

different ion incident energies of Ei ≈ 22–520 eV under the same conditions as in Fig. 3.1.  The 

 

 
Fig. 3.6. RMS surface roughness of Si as a function of etching or plasma exposure time in the range 
tetch = 1–20 min, obtained in ICP Cl2 plasma etching for seven different ion incident energies of Ei ≈ 
22–520 eV under the same conditions as in Fig. 3.1. The vertical scale (rms roughness) of the figure 
ranges from (a) 0 to 100 nm and (b) 0 to 10 nm. The dotted lines are for guiding the eyes only. 
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error bars (shown typically for Ei ≈ 220 eV) have the same properties as those in Fig. 3.3.  

Typical AFM images of the Si surfaces etched for tetch = 20 min are also shown in Fig. 3.7 for 

reference, which are compared with those for tetch = 2 min in Fig. 3.2.  The results indicate that 

at low Ei < Ep (≈ 250 eV for F0 = 20 sccm), the rms roughness of etched surfaces increases 

almost linearly with time during etching, where the higher the Ei, the larger is the increase in 

roughness; in particular, at Ei ≈ 220 eV, the rms roughness reaches an extraordinarily large 

value of > 70 nm at t = 20 min.  In contrast, at higher Ei > Ep, the roughness tends to reach 

quasi-steady state after some increase at the initial stage of etching (t < 1 min), where the higher 

the Ei, the smaller is the roughness at steady state; in particular, at Ei > 470 eV, the rms 

roughness remains at a low level < 0.4 nm, which is only a little larger than the initial value of 

~0.15 nm prior to etching.  It is noted here that over the Prf or Ei range investigated, the etched 

depth increased almost linearly with time, or the etch rate reached quasi-steady state soon after 

the start of etching (not shown); thus, it follows that in these experiments, the roughness 

evolution does not follow that of the etch rate at low Ei < Ep.  The increase in surface 

roughness with time during etching, along with quasi-steady etch rates, has been observed in 

several plasma etching experiments of Si in SF6
[50,61,64,67] and CF4/O2,

[55] while the low-level, 

quasi-steady roughness has not been reported so far.   

Figure 3.8 shows typical SEM images of the time evolution of the Si surfaces etched in 

ICP Cl2 plasmas (tetch = 1–20 min) with four different ion incident energies of Ei ≈ 22–470 eV 

under the same conditions as in Fig. 3.1.  Also shown are the images of wet-cleaned Si surfaces 

prior to etching (tetch = 0) for reference.  These SEM images were found to be consistent 

 

Fig. 3.7. Typical AFM images of 
the Si surfaces etched in ICP Cl2 
plasmas for tetch = 20 min with four 
different ion incident energies of Ei 
≈ (a) 22, (b) 120, (c) 220, and (d) 
470 eV under the same conditions 
as in Fig. 3.1. These images are 
compared with those for tetch = 2 
min in Fig. 3.2. 
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visually with the corresponding AFM images (e.g., Figs. 3.2 and 3.7 for tetch = 2 and 20 min), 

and also with the data of the rms surface roughness measured therefrom [Figs. 3.3(b) and 3.6]: at 

low Ei < Ep (≈ 250 eV), the surface roughness continues to evolve with time, where the higher 

the Ei, the more significant is the evolution of roughness, and the roughness at Ei ≈ 220 eV 

becomes extraordinarily large in lateral as well as vertical extent at t = 20 min.  In contrast, at 

higher Ei > Ep, the roughness tends to reach quasi-steady state soon after the start of etching, 

remaining low at Ei > 470 eV.  Thus, we may consider that in these experiments, the evolution 

 
 
Fig. 3.8. Typical SEM images of the time evolution of the Si surfaces etched in ICP Cl2 plasmas 
(tetch = 1–20 min) with four different ion incident energies of Ei ≈ (a) 22, (b) 120, (c) 220, and (d) 
470 eV under the same conditions as in Fig. 3.1. Also shown are the images of wet-cleaned Si 
surfaces prior to etching (tetch = 0) for reference. 
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of the rms roughness of etched surfaces shown in Fig. 3.6 fully reflects that of the degree of the 

surface roughness concerned, although the AFM is generally assumed to be no longer 

appropriate to measure a large rms roughness > 20 nm.  

Hence, it is concluded that there are two modes of surface roughening during plasma 

etching of Si in Cl2, which occur depending on rf bias power Prf or ion incident energy Ei: one is 

the roughening mode at low Ei < Ep (≈ 200–300 eV), where the rms roughness of etched 

surfaces increases with increasing Ei, scaling with the etch rate (Fig. 3.3), and the etch rate ER 

or etch yield Y versus Ei
1/2 curve exhibits a relatively large slope or proportional constant (Fig. 

3.4); in this mode, the rms roughness increases almost linearly with time during etching (Fig. 

3.6), while the etch rate reaches quasi-steady state soon after the start of etching.  The other is 

the smoothing or non-roughening mode at higher Ei > Ep, where the rms surface roughness 

decreases substantially with increasing Ei down to a low level at Ei >> Ep, not scaling with the 

etch rate (Fig. 3.3), and the ER or Y versus Ei
1/2 curve exhibits a decreased proportional constant 

(Fig. 3.4); in this mode, the rms roughness tends to reach quasi-steady state after some increase 

at the initial stage of etching (Fig. 3.6), where the roughness evolution follows that of the etch 

rate in a sense.  In the present experiments, the transition from roughening to smoothing modes 

is sharp with increasing Prf or Ei; and the transition point Ep for the rms roughness versus Ei 

curve appears to correspond to that for the ER or Y versus Ei
1/2 one, although the former is a 

little lower than the latter by about ΔEi ≈ 50–150 eV [Figs. 3.3(b) and 3.4].   

 

 

3.3 Power Spectral Density of Surface Roughness 

To further characterize the roughened surface features, the PSD distribution as well as rms 

roughness of feature surfaces is important,[50,63,64,88] because the rms surface roughness reflects 

only the vertical extent of the feature, while the PSD gives the information on both its vertical 

and lateral (or spatial) extent.  In the PSD analysis, the 2D PSD function is calculated from the 

2D-DFT of the 2D surface height or depth distribution;[137,139] the 1D PSD function is then 

obtained by angularly averaging the 2D-PSD, retaining a 2D function with a unit of fourth 

power to the length, as mentioned in Sec. 2.2.6. 

Figure 3.9 shows the time evolution of the angularly averaged PSD distribution P(k) for 

three different ion incident energies of Ei ≈ 120, 310, and 470 eV, obtained from the PSD 

analysis of AFM images of the Si surfaces etched in ICP Cl2 plasmas (tetch = 1–20 min) as 
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shown in Figs. 3.2 and 3.7.  Also shown is the PSD distribution of wet-cleaned Si surfaces 

prior to etching (tetch = 0) for reference.  These P(k) evolutions correspond to the two modes of 

surface roughening as mentioned above with respect to Figs. 3.3, 3.4, and 3.6.  The length scale 

concerned is the side length WA = 1 μm of the AFM scan area with the resolution of 256 pixels 

(a pixel size LA = 3.9 nm), which corresponds to the spatial frequency ranging from k = 0.001 to 

0.128 nm−1 in the reciprocal space.  It is generally appreciated that for the PSD curve, the 

parameters of interest are:[50,63,64,88] the plateau height value w0 at low k related to the vertical 

height or depth of roughened surface features [P(k) ≈ w0 at k < k0], and the correlation length ξ0 

(= 1/k0) that defines the lateral size of the roughness; moreover, the curve at high k gives a 

fractal or self-affine nature of the roughness [P(k) ≈ K/kη at k > k0],
[139,148–151] where K is the 

spectral strength, the exponent η is a constant linked to the fractal dimension of the surface, and 

ξ0 defines the upper limit of the scale where the surface exhibits the self-affine nature.   

The PSD analysis indicates that at Ei ≈ 120 eV (roughening mode), the plateau value w0 

and correlation length ξ0 increase monotonically with time during etching, corresponding to the 

increase in both vertical and lateral roughness; in particular, the correlation length as well as the 

rms surface roughness increases almost linearly with time (from ξ0 ≈ 50 nm at t = 0 to ≈ 200 nm 

 
 
Fig. 3.9. Time evolution of the angularly averaged PSD distribution P(k) for three different ion 
incident energies of Ei ≈ (a) 120, (b) 310, and (c) 470 eV, obtained from the PSD analysis of AFM 
images of the Si surfaces etched in ICP Cl2 plasmas (tetch = 1–20 min) as shown in Figs. 3.2 and 3.7. 
Also shown is the PSD distribution of wet-cleaned Si surfaces prior to etching (tetch = 0) for 
reference. 
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at t = 10 min), as has been observed in several plasma etching experiments of Si in SF6 
[50,61] and 

CF4/O2.
[55]  Note that the w0 and ξ0 tend to become unclear at t > 10 min, probably because the 

lateral size of the increased roughness tends to exceed the limit length scale WA = 1 μm or its 

reciprocal k = 0.001 nm−1 of the present AFM scan area.  Moreover, the P(k) tail at high 

frequencies (k > k0 = 1/ξ0) exhibits a slight increase in spectral strength K during etching, when 

the fractal-linked constant remains almost unchanged at η ≈ 3 (marginal fractal).[139]  Similar 

evolution of P(k) was observed for different ion energies Ei < Ep (≈ 250 eV), where for a given 

tetch, the w0, ξ0, and K values are increased at increased Ei, while that of η remains almost the 

same.  These imply that in the roughening mode, the increase in surface roughness with time 

during etching arises primarily from an increase in height/depth of low-frequency (or 

long-wavelength) components, without a significant change in height/depth of high-frequency 

(or short-wavelength) ones; in effect, the frequency independent regime at low frequencies is 

attributed to the evolution of hole-like microstructures, evident visually in SEM images of Fig. 

3.8, which are randomly situated and separated by roughly similar intervals, and which 

obviously increase in lateral size as well as vertical depth with time during etching.  On the 

other hand, the high frequency self-affine regime is attributed to the low-level, stochastic 

roughening originating intrinsically from the temporal as well as spatial uniformity of the 

incident flux and angle of ions and/or neutral reactants on surfaces at microscale.[54–57,62,65,88] 

In contrast, the evolutions of P(k) at Ei ≈ 310 and 470 eV (smoothing mode) exhibit 

markedly different behavior: the P(k) curve remains almost unchanged over time during etching 

(t > 1 min), after some change at the initial stage of etching (t < 1 min); concretely, the 

correlation length (ξ0 ≈ 50 nm) remains almost the same as that of wet-cleaned surfaces prior to 

etching (tetch = 0), and the P(k) tail at high frequencies (k > k0 = 1/ξ0 ≈ 0.02 nm−1) remains 

similar to that of the wet-cleaned surfaces with a fractal-linked constant η ≈ 3, although the P(k) 

tail exhibits a little increase in spectral strength K with time during etching.  On the other hand, 

at low frequencies (k < k0), the P(k) magnitude increases slightly at the initial stage of etching, 

and it remains almost unchanged thereafter; then, the plateau value w0 becomes unclear, and the 

P(k) curve exhibits a second self-affine surface, remaining almost unchanged with a second 

spectral strength K′ and fractal constant ′ ≈ 1 (extreme fractal).[139]  Such multiple self-affine 

surfaces have been observed in thin film deposition experiments, being correlated to the 

formation and evolution of film microstructures.[148–151]  Similar evolution of P(k) was 

observed for different ion energies Ei > Ep (≈ 250 eV), where for a given tetch, the K and K′ 
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values are decreased at increased Ei, while those of ξ0, η, and η′ remain almost the same, as can 

be seen from a comparison between the P(k) evolutions at Ei ≈ 310 and 470 eV.  These imply 

that in the smoothing mode, only the low-level, stochastic roughening occurs on surfaces after 

some increase in roughness at the initial stage of etching, where the two self-affine fractal 

regimes at low and high frequencies are attributed to the stochastic roughening associated with 

the incoming flux of ionic species of different natures for surface reaction kinetics, as will be 

discussed below in Sec. 4.1 and Sec. 4.2. 

     

     

3.4 Summary 

Atomic- or nanometer-scale surface roughness on etched surfaces has been investigated during 

Si etching in ICP Cl2 plasmas.  Experiments were performed at a constant pressure (P0 = 20 

mTorr) as a function of rf bias power or ion incident energy in the range Ei ≈ 20–500 eV, by 

varying the feed gas flow rate (F0 = 5–50 sccm), wafer stage temperature (Ts = 20–200°C), and 

etching or plasma exposure time (tetch = 1–20 min).  The experiments revealed two modes of 

plasma-induced surface roughening which occur depending on Ei: roughening and smoothing 

(or non-roughening) modes.  In roughening mode at low Ei < Ep ≈ 200–300 eV (depending 

slightly on F0), the rms roughness of etched surfaces as well as the etch rate increases with 

increasing Ei, where the etch rate or yield versus Ei
1/2 curve exhibits a relatively large slope or 

proportional constant; moreover, the rms roughness increases almost linearly with time during 

etching (t < 20 min), where the higher the Ei, the larger is the increase in roughness.  The 

roughness evolution with time does not follow that of the etch rate at low Ei < Ep, because the 

etch rate reaches quasi-steady state soon after the start of etching in the whole Ei range 

investigated.  On the other hand, in the smoothing mode at higher Ei > Ep, the rms surface 

roughness decreases substantially with increasing Ei down to a low level < 0.4 nm (initially 

~0.15 nm), while the etch rate continues to increase with Ei, where the etch rate or yield versus 

Ei
1/2 curve exhibits a decreased proportional constant; moreover, the rms roughness tends to 

reach quasi-steady state after some increase at the initial stage of etching (t < 1 min), where the 

higher the Ei, the smaller is the roughness at steady state. 

Correspondingly, the power spectral density analysis exhibited two different behaviors of 

the roughness evolution: the spectral distributions in the roughening mode consist of a 

frequency independent regime at low spatial frequencies and a high frequency self-affine regime, 
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where the plateau value and the correlation length increase with time during etching, with the 

fractal-linked exponent remaining almost unchanged at η ≈ 3; on the other hand, the spectral 

distributions in the smoothing mode consist of two self-affine regimes at low and high 

frequencies, where the distributions remain almost unchanged over time (t > 1 min) during 

etching with the fractal exponents of η ≈ 1 and 3. 
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Role of Ionized Etch Products 

for Surface Roughening 

 

 

 

 

 

 

 

In Chapter 3, experiments found two modes of surface roughening which occur depending on 

Ei: one is the roughening mode at low Ei < 200–300 eV, where the rms roughness of etched 

surfaces increases with increasing Ei, exhibiting an almost linear increase with time during 

etching (t < 20 min).  The other is the smoothing mode at higher Ei, where the rms surface 

roughness decreases substantially with Ei down to a low level < 0.4 nm, exhibiting a 

quasi-steady state after some increase at the initial stage (t < 1 mm).  Correspondingly, two 

different behaviors depending on Ei were also observed in the etch rate versus Ei
1/2 curve, and in 

the evolution of the PSD distribution of surfaces.  These results imply that the plasma–surface 

interactions change with increasing Ei. 

    This chapter presents details of the experiments concerned with the plasma diagnostics 

during Si etching in ICP Cl2 plasmas, with attention being placed on the plasma characterization.  

Experiments were performed under the same conditions as in Chapter 3.  The plasma was 

monitored qualitatively by OES; in addition, SiCl4 concentration in the plasma and incoming 
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flux of ions were measured quantitatively by FTIR and QMS, respectively.  Moreover, possible 

mechanisms for the formation and evolution of surface roughness are discussed with the help of 

ASCeM-3D and classical MD simulations, where effects of the changes in the predominant ion 

flux caused by increased etch rates at increased Ei are taken into account as observed in 

experiments. 

 

 

4.1 Etch Products and Byproducts 

4.1.1 Optical emission spectroscopy 

Figure 4.1 shows typical OES spectra in the wavelength range 200–900 nm during ICP plasma 

etching of Si in Cl2, observed for four different ion incident energies of Ei ≈ 22–470 eV under 

typical operating conditions of PICP = 450 W, P0 = 20 mTorr, F0 = 20 sccm, and Ts = 20°C (the 

same conditions as in Fig. 3.1).  Also shown is an OES spectrum from the Cl2 plasma in the 

absence of etching (Prf = 0 W or Ei ≈ 13 eV without breakthrough step) for reference.  In the uv 

range, atomic lines and molecular bands originating from etch products and/or byproducts 

become more significant at increased Prf or Ei, corresponding to the increase in etch rate as 

shown in Fig. 3.3(a) and the resultant increase in their concentration in the plasma:[115,125,126,152] 

SiCl bands identified at 280.7 and 282.3 nm,[110,111,119] a broad band of SiCl2 around 330 

nm,[120–124] and another broad one of SiCl2,
[121–123] SiCl3,

[125,126] or Si2
[110,111,124,127] around 390 

nm, together with Si lines at 251.6, 288.1, and 390.5 nm.[109]  It is noted here that in this study, 

etch byproducts mean Si-containing species (ions and neutrals) formed through ionization, 

dissociation, and/or reaction of etch products (primary products) after being desorbed from 

substrate surfaces during etching.  In contrast, spectral lines and bands originating from feed 

gases become less significant at increased Prf or Ei, corresponding to reduced partial pressures or 

concentrations of feed gases under the operating conditions of constant pressure P0: weak Cl2 

emission bands identified at 256.6 and 306.3 nm in the uv,[110–115] and broad, prominent bands of 

Cl2
+ extending from 380 to 660 nm in the visible,[110,111,116–118] together with numerous Cl lines 

(strong peaks at 438.9, 452.6, 579.6, and 614.0 nm)[109] superimposed thereon, and those in the 

near-ir range (strong peaks at 725.6, 741.4, 754.7, 837.5, and 858.5 nm).[109]  The Cl+ ion lines 

in the visible were not identified in the present experiments, owing to relatively low electron 

temperatures Te as compared to ECR plasmas operated at P0 < 1 mTorr.[132,133,152] 
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Figure 4.2 shows the OES intensities of seven species SiClx (x = 0–3), Clx (x = 1, 2), and 

Cl2
+ as a function of ion incident energy in the range Ei ≈ 13–570 eV, measured during ICP 

plasma etching of Si in Cl2 under the same conditions as in Fig. 4.1.  The wavelengths and 

transitions for the atomic and molecular emissions concerned are listed in Table 2.1.  Note that 

the actinometry[153] with a small amount of inert gas (actinometer) added to feed gases was not 

employed in these measurements, because at increased Prf or Ei, the amount of Si etched per 

minute is increased and comparable to that of feed gases (as mentioned earlier with respect to 

Fig. 3.3); thus, the partial pressure of feed gases and so the concentration of the actinometer in 

the plasma is decreased at increased Prf or Ei, where the optical emission intensity ratio of the 

target species to the actinometer would not be related to the species concentration therein.  In 

the present experiments, the raw emission intensity was assumed to represent qualitatively the 

 

Fig. 4.1. Typical OES spectra in the 
wavelength range 200–900 nm 
during ICP plasma etching of Si in 
Cl2, observed for four different ion 
incident energies of Ei ≈ (a) 22, (b) 
120, (c) 220, and (d) 470 eV under 
typical operating conditions of PICP 
= 450 W, P0 = 20 mTorr, F0 = 20 
sccm, and Ts = 20°C (the same 
conditions as in Fig. 3.1). Also 
shown is an OES spectrum from the 
Cl2 plasma in the absence of 
etching (Prf = 0 W or Ei ≈ 13 eV 
without breakthrough step) for 
reference. 

  

 

200 300 400 500 600 700 800 900

(d)

Wavelength (nm)

O
E

S
 I

nt
en

si
ty

 (
ar

b.
 u

ni
t)

Cl

S
i

S
iC

l 2

S
iC

l
S

i

S
i

Cl2+

C
l 2

C
l 2

0

1

2

3

4

5

6

7

8

9

10

(c)

(b)

(a)

SiCl3

Cl2 plasma

Cl



Chapter 4. Role of Ionized Etch Products for Surface Roughening 
 

50 

trend in species concentration in the plasma, because no significant change in electron density 

and temperature occurred over the operating range investigated (as in Fig. 3.1).  The results 

indicate that as the bias power Prf or ion energy Ei is increased, the intensities or concentrations 

of etch product/byproduct neutrals SiClx (x = 0–3) increase and then tend to be saturated, while 

those of feed gas neutrals Clx (x = 1, 2) and ions Cl2
+ decrease monotonically.   

Similar behavior of the OES intensities was observed for different gas flow rates F0; in 

practice, at a given Prf or Ei, the intensities or concentrations of etch product/byproduct species 

were found to be decreased for increased F0, while those of feed gas species were increased, as 

partly shown in Fig. 4.3 for atomic Si and Cl.  The former reflects shortened residence times 

and thus the reduced concentrations of products/byproducts in the plasma, and the latter reflects 

the consequently increased partial pressures or concentrations of feed gases under the operating 

conditions of constant pressure P0.  It is further noted that the F0 as well as Prf or Ei 

dependence of the Cl emission intensity ICl was very similar to that of the Cl2 one ICl2, implying 

that the Cl intensity represents the trend in feed Cl2 gas density in the plasma. 

 

Fig. 4.2. OES intensities of seven 
species SiClx (x = 0–3), Clx (x = 1, 
2) and Cl2

+ as a function of ion 
incident energy in the range Ei ≈ 
13–570 eV, measured during ICP 
plasma etching of Si in Cl2 under 
the same conditions as in Fig. 4.1. 
The wavelengths and transitions for 
the atomic and molecular emissions 
concerned are listed in Table 2.1. 
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4.1.2 Infrared absorption spectroscopy 

Figure 4.4 shows the peak absorbance of SiCl4 at around 620 cm−1 (ν3 fundamental vibrational 

band)[132–134] as a function of ion incident energy in the range Ei ≈ 13–570 eV, measured by 

FTIR-TAS during ICP plasma etching of Si in Cl2 for four different gas flow rates of F0 = 5–50 

sccm under otherwise the same conditions as in Fig. 3.1.  The calibration was made by filling 

the ICP reactor chamber with pure SiCl4 gases at different pressures in the range P0 = 0.05–50 

mTorr without discharge, to derive the absolute concentration of etch product/byproduct 

neutrals SiCl4 in the plasma during etching.[132,133]  The results indicate that for any F0, the 

absorbance of the 620-cm−1 SiCl4 band and thus the concentration of SiCl4 increases and then 

tends to be saturated with increasing Prf or Ei, corresponding to the increase in etch rate; 

moreover, at a given Prf or Ei, the absorbance and thus the concentration of SiCl4 is decreased 

for increased flow rates F0, corresponding to shortened residence times of it.  These are 

consistent with the behavior (Ei and F0 dependences) of the OES intensities of SiClx (x = 0–3) as 

 

Fig. 4.3. OES intensities of two 
atomic lines of Si and Cl as a 
function of ion incident energy in 
the range Ei ≈ 13–570 eV, measured 
during ICP plasma etching of Si in 
Cl2 for four different gas flow rates 
of F0 = 5–50 sccm under otherwise 
the same conditions as in Fig. 4.1. 
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shown above in Figs. 4.2 and 4.3.  The concentration of SiCl4 in the plasma during etching is 

estimated to be more than 10% of the feed Cl2 gas density, at increased Prf or Ei and for 

decreased F0; e.g., [SiCl4]/[Cl2]0 > 0.1 (or [SiCl4] > 6.4 × 1013 cm−3 at P0 = 20 mTorr), at Ei > 

250 eV for F0 = 20 sccm and at Ei > 150 eV for F0 = 10 sccm, where [Cl2]0 denotes the Cl2 

density under plasma-off conditions.  The SiCl4 partial pressure or concentration presently 

measured is in agreement with previous QMS measurements during plasma etching of Si in 

Cl2.
[154,155]   

It is further noted that in a rough approximation, taking account of the recent modeling 

simulations of ICP plasma etching of Si in Cl2 that the most common etch product/byproduct 

neutrals in the plasma are SiClx (x = 2–4) with comparable densities,[156] the total amount of 

them is estimated to be Σx[SiClx]/[Cl2]0 > 0.3 under the above conditions.  This is consistent 

with the OES data for feed gas neutrals as shown in Figs. 4.2 and 4.3: ICl/(ICl)0 ≈ ICl2/(ICl2)0 ≈ 

[Cl2]/[Cl2]0 < 0.7 under these conditions, assuming low degree of dissociation of Cl2 in the 

plasma.  Here, (ICl)0 and (ICl2)0 denote the Cl and Cl2 emission intensities in the absence of 

etching (Prf = 0 W or Ei ≈ 13 eV without breakthrough step).  

 

 

Fig. 4.4. Peak absorbance of SiCl4 
at around 620 cm−1 as a function of 
ion incident energy in the range Ei 
≈ 13–570 eV, measured by 
FTIR-TAS during ICP plasma 
etching of Si in Cl2 for four 
different gas flow rates of F0 = 
5–50 sccm under otherwise the 
same conditions as in Fig. 4.1. The 
calibration was made by filling the 
ICP reactor chamber with pure 
SiCl4 gases at different pressures in 
the range P0 = 0.05–50 mTorr 
without discharge, to derive the 
absolute concentration of etch 
product/byproduct neutrals SiCl4 in 
the plasma during etching. 
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4.1.3 Mass spectrometry 

Figure 4.5 shows typical QMS spectra in the mass range m/e = 1–200 amu during ICP plasma 

etching of Si in Cl2, measured with the ionizer (using 70-eV electrons) switched on and off, for 

an ion incident energy of Ei ≈ 120 eV under the same conditions as in Fig. 4.1.  In the spectra, 

the signals of Si- and Cl-containing species consist of multiple peaks originating from naturally 

abundant isotopes of Si (28Si, 29Si, 30Si) and Cl (35Cl, 37Cl); in addition, the signal intensities of 

Si-containing species were found to be lowered by several orders of magnitude in the absence of 

etching (Prf = 0 W or Ei ≈ 13 eV without breakthrough), implying that they originate primarily 

from etch products desorbed from substrate surfaces during etching.  The ion mass spectrum 

with the ionizer off indicates that the predominant ions are ionized etch products/byproducts, 

SiCl+ and SiCl3
+ followed by SiCl4

+, which are more abundant than the dominant feed gas ions 

Cl2
+, as has been observed and/or concluded in a few QMS measurements during Cl2 and 

Cl2-containing plasma etching of Si.[157–159]  This essential feature for the predominant ionic 

species during etching (SiClx
+, and not Clx

+) has been different from most modeling 

predictions,[160–162] while has lastly been predicted by the recent modeling simulations.[156]  The 

neutral mass spectrum with the ionizer on exhibits several peaks of impurity species O, OH, 

H2O, and HCl (m/e = 16, 17, 18, and 36/38), in addition to peaks of etch product/byproduct 

SiClx (x = 0–4) and feed gas Clx (x = 1, 2) species.  In practice, O, OH, and H2O were detected 

in the neutral spectrum, even when the ICP reactor chamber was pumped down to a base 

pressure, and the HCl signal was increased under plasma-on conditions, implying that these 

impurities detected arise probably from H2O adsorbed on the QMS chamber walls.   

It is further noted that weak signals were detected around m/e = 44 (SiO)[157] and 247 

(Si2OCl5)
[152,155] in both the ion and neutral mass spectra, and around m/e = 310 (Si3OCl6) and 

361 (Si3O2Cl7) in the ion spectrum, while no significant signal was detected around m/e = 231, 

266, and 301 (Si2Clx; x = 5, 6, and 7)[152,155] in both spectra.  These O-containing byproducts 

detected (silicon oxides and oxychlorides) arise probably from reactions of etch 

products/byproducts (silicon chlorides) with O impurities sputtered from the dielectric window 

at the top of the ICP reactor chamber; in practice, a small amount of oxygen was also assumed 

to occur therein under plasma-on conditions, in view of the FTIR-TAS spectra that exhibited a 

weak absorption of SiO at around 1100 cm−1,[111,132–135] although the O line emissions (e.g., 

peaks at 777.1–777.5 and 844.6 nm)[109] were not detected in the OES observations.  In the 

present experiments, only the ion mass spectrum was analyzed to investigate the composition of 
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the ion flux entering the mass spectrometer and similarly incident on substrate surfaces from the 

plasma, because the neutral spectrum requires careful attention and differential pumping 

systems to gain quantitative information on incoming neutral fluxes.[128,129,154,155,163] 

Figure 4.6 shows the integrated QMS intensities of seven ionic species SiClx
+ (x = 0–4) 

and Clx
+ (x =1, 2) as a function of ion incident energy in the range Ei ≈ 13–570 eV, measured 

with the ionizer off during ICP plasma etching of Si in Cl2 under the same conditions as in Fig. 

4.1.  Note that in these measurements, the raw signal intensity (counts/s) of ionic species was 

corrected, taking into account the transmission and detection efficiency of the spectrometer 

depending on ion mass;[157] then, the corrected signal intensities of isotopic components of the 

respective ions were integrated to estimate the incoming flux of the ionic species concerned.  

The results indicate that as the bias power Prf or ion energy Ei is increased, the intensities or 

fluxes of ionized etch products/byproducts SiClx
+ (x = 0, 1, 2, 4) increase and then tend to be 

saturated, corresponding to the increase in etch rate, while SiCl3
+ exhibits a little different 

behavior that its flux increases, peaks, and then decreases.  This is ascribed presumably to etch 

product species desorbed depending on Ei; in practice, the primary etch products desorbed from 

substrate surfaces during Si etching in Cl2 plasmas are generally assumed to be saturated SiCl4 

at low Ei < 100 eV, while unsaturated SiClx (x = 1, 2) at higher Ei.
[36,164–166]  Under plasma 

electron-impact ionization in the energy range concerned (Ee < a few tens of eV), we may 

consider that SiCl4 molecules predominantly fragment into SiCl3
+, followed by SiCl4

+ and 

 

Fig. 4.5. Typical QMS spectra in 
the mass range m/e = 1–200 amu 
during ICP plasma etching of Si in 
Cl2, measured with the ionizer 
(using 70-eV electrons) switched 
(a) on and (b) off, for an ion 
incident energy of Ei ≈ 120 eV 
under the same conditions as in Fig. 
4.1. In the spectra, the signals of Si- 
and Cl-containing species consist of 
multiple peaks originating from 
naturally abundant isotopes of Si 
(28Si, 29Si, 30Si) and Cl (35Cl, 37Cl). 
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SiCl+,[167–169] and that SiCl2 and SiCl yield predominantly SiCl2
+ and SiCl+, respectively.[170,171]  

These situations appear to lead to the present QMS measurements that SiCl3
+ is the predominant 

Si-containing ion flux at low Ei < 120 eV, followed by SiCl+ and SiCl4
+, while SiCl+ is that at 

higher Ei, followed by SiCl3
+ and SiCl4

+.   

On the other hand, the intensities or fluxes of feed gas ions Clx
+ (x = 1, 2) decrease 

monotonically with increasing Ei, corresponding to the increase in etch rate and the consequent 

reduced partial pressures or concentrations of feed gases under the operating conditions of 

constant pressure P0; in practice, Cl2
+ is much more abundant than Cl+, probably because Cl2 

molecules yield predominantly Cl2
+ under electron-impact ionization in the plasma 

concerned.[172,173]  As a result, the predominant ion fluxes during etching are those of ionized 

feed gas molecules Cl2
+ at low Ei < 30 eV, while those of ionized etch products/byproducts 

SiCl3
+ at higher Ei > 30 eV and those of SiCl+ at further increased Ei > 120 eV.  It should be 

noted here that at Ei ≈ 30 eV for F0 = 20 sccm [where the Si etch rate is ER ≈ 100 nm/min as in 

Fig. 3.3(a)], e.g., the respective ion fluxes and concentrations concerned are estimated from the 

 

Fig. 4.6. Integrated QMS intensities 
of seven ionic species SiClx

+ (x = 
0–4) and Clx

+ (x =1, 2) as a function 
of ion incident energy in the range 
Ei ≈ 13–570 eV, measured with the 
ionizer switched off during ICP 
plasma etching of Si in Cl2 under 
the same conditions as in Fig. 4.1. 
In these measurements, the raw 
signal intensity (counts/s) of ionic 
species was corrected, taking into 
account the transmission and 
detection efficiency of the 
spectrometer depending on ion 
mass; then, the corrected signal 
intensities of isotopic components 
of the respective ions were 
integrated to estimate the incoming 
flux of the ionic species concerned. 
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QMS data of Fig. 4.6 (calibrated by the probe ion saturation current) as: (SiCl3
+) ≈ 1.9 × 1015 

cm−2s−1, (SiCl+) ≈ 0.64 × 1015 cm−2s−1, and (Cl2
+) ≈ 1.7 × 1015 cm−2s−1 (total ion flux i

0 ≈ 5.0 

× 1015 cm−2s−1); n(SiCl3
+) ≈ 1.1 × 1010 cm−3, n(SiCl+) ≈ 0.37 × 1010 cm−3, and n(Cl2

+) ≈ 1.0 × 

1010 cm−3 (total ion density ni ≈ 2.9 × 1010 cm−3).  Thus, it is concluded that under most 

conditions in these experiments, the fluxes and concentrations of etch products/byproduct ions 

SiClx
+ account for more than half of the total ion flux and density, although their neutrals SiClx 

represent a small fraction of the total species density in the reactor chamber; e.g., under the 

above conditions, [SiCl4]/[Cl2]0 ≈ 0.019 and Σx[SiClx]/[Cl2]0 ≈ 0.057, as estimated from the 

FTIR-TAS data of Fig. 4.4.  These situations have so far been indicated in only a few QMS 

measurements[157–159] and modeling calculations,[156] being ascribed partly to the difference 

between the total electron ionization cross sections for SiClx (x = 1–4)[167,170,171,174,175] and 

Cl2
[173,176–178] molecules; in effect, the former is about 2–3 times larger than that the latter.   

Similar behavior of the integrated QMS intensities was observed for different gas flow 

rates F0; in practice, at a given Prf or Ei, the intensities or fluxes of ionized etch 

products/byproducts were found to be decreased for increased F0, while those of feed gas ions 

were increased.  The Ei and F0 dependences of the QMS intensities of SiClx
+ (x = 0–4) and Clx

+ 

(x = 1, 2) ions are consistent with those of the OES intensities of SiClx (x = 0–3), Clx (x = 1, 2), 

and Cl2
+ as shown in Figs. 4.2 and 4.3, and also with those of the FTIR-TAS absorbance of 

SiCl4 as in Fig. 4.4.  Figure 4.7 shows the total integrated QMS intensity of SiCl3
+, SiCl4

+, Cl+, 

and Cl2
+ ions and that of Si+, SiCl+, and SiCl2

+ ions as a function of ion incident energy in the 

range Ei ≈ 13–570 eV, measured with the ionizer off during ICP plasma etching of Si in Cl2 for 

four different flow rates of F0 = 5–50 sccm under otherwise the same conditions as in Fig. 4.1.  

These data are those obtained by summing the respective ion intensities as shown in the 

preceding Fig. 4.6, and inset is an enlarged view of the figure in the range 0 ≤ Ei ≤ 300 eV.  It 

should be noted here that the former four ions (dominated by Cl2
+ at low Ei, while SiCl3

+ at high 

Ei) are reactive on Si, while the latter three (dominated by SiCl+) are depositive,[96] as 

demonstrated by using classical MD simulations in Sec. 4.2.   

The results indicate that as the bias power Prf or ion energy Ei is increased, the total 

intensity or flux of reactive ions decreases, while that of depositive ones increases; consequently, 

the change in the predominant ion flux from reactive to depositive occurs at increased Ei, where 

the transition point is increased for increased F0, being at around Ei ≈ 30, 70, 150, and 500 eV 

for F0 = 5, 10, 20, and 50 sccm, respectively.  Such a change in the predominant ion flux 
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appears to be related to the two modes of surface roughening that occur depending on Ei, as 

shown and discussed above in Sec. 3.2 and Sec. 3.3, although the transition point concerned 

does not fully agree with the transition point Ep for the rms roughness versus Ei curve [Fig. 

3.3(b)] and that for the ER or Y versus Ei
1/2 curve (Fig. 3.4). 

 

 

4.2 Etch Fundamentals of Ionized Etch Products 

Figure 4.8 shows side views of the Si(100) surface at after 2000 impacts of Clx
+ (x = 1, 2) and 

SiClx
+ (x = 0–4) beam ion thereon, obtained through the classical MD simulation with different 

beam energies Ei = 20–500 eV at θi = 0° (normal incidence).  The MD is our original 

simulation for reaction kinetics (or plasma–surface interactions) and the etching fundamentals 

during plasma etching of Si in Cl-based plasmas, as detailed in Appendix B; briefly, an 

improved interatomic potential form of the Stillinger–Weber (SW) type[94,95] is employed for 

 

Fig. 4.7. Total integrated QMS 
intensity or incoming flux of SiCl3

+, 
SiCl4

+, Cl+, and Cl2
+ ions and that 

of Si+, SiCl+, and SiCl2
+ ions as a 

function of ion incident energy in 
the range Ei ≈ 13–570 eV, measured 
with the ionizer off during ICP 
plasma etching of Si in Cl2 for four 
different gas flow rates of F0 = 
5–50 sccm under otherwise the 
same conditions as in Fig. 4.1. 
These data are those obtained by 
summing the respective ion 
intensities as shown in the 
preceding Fig. 4.6, and inset is an 
enlarged view of the figure in the 
range 0 ≤ Ei ≤ 300 eV. Note that the 
former four ions (dominated by 
SiCl3

+ at low Ei, while Cl2
+ at high 

Ei) are reactive on Si, while the 
latter three (dominated by SiCl+) 
are depositive. 
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Si/Cl systems.  The ions of interest are Clx
+ (x = 1, 2) and SiClx

+ (x = 0–4) with translational 

energies in the range Ei = 20–500 eV, being incident on Si(100) surfaces at incident angles in 

the range θi = 0°–85°.  Calculations were performed for square substrates 32.58 Å on a side 

with an initial depth of 26.0 Å (1440 Si atoms initially contained in the simulation cell), in the 

 

 
Fig. 4.8. Side views of the Si(100) surface, obtained through the classical MD simulation of (a) Cl+, 
(b) Cl2

+, (c)–(f) SiClx
+ (x = 1–4), and (g) Si+ ion incidences with different energies of Ei = 20–500 

eV at θi = 0° (normal incidence), where some mimic Si substrate layers are added to the bottom for 
adjustment of the depth. Note that these are snapshots taken after 2000 impacts, and the ions are 
assumed to be charge-neutral species with high translational energies. 
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absence of incoming neutrals (Γn
0/Γi

0 = 0); in addition, the substrate was artificially cooled 

down to initial temperature (Ts = 300 K) after every injection of an energetic ion.  The results 

indicate that in Cl+, Cl2
+, SiCl3

+, and SiCl4
+ incidences, the etch depth and surface reaction SiClx 

layer thickness increases with increasing Ei.  On the other hand, in SiCl+ and SiCl2
+ incidences, 

the deposition dominates at low Ei, being more significant for SiCl+ than for SiCl2
+, while the 

etching appears to dominate over deposition at further increased Ei, where the bottom of 

disordered Si substrate layers deepens with increasing Ei, and the SiClx layer thickness decreases 

and then increases slightly with increasing Ei.  In Si+ incidence, the deposition of Si atoms 

dominates at low Ei, while the competition between deposition and etching (or sputtering) 

appears to occur at further increased Ei.   

Figure 4.9 shows the effective Si yield Y* per ion impact as a function of the square root of 

the ion incident energy, Ei
1/2, obtained through the MD simulation averaged over more than 

1000 impacts under the same conditions as in Fig. 4.8.  Also shown are the recent experimental 

data on sputtering yield for Cl+, Si+, SiCl+, and SiCl3
+ beam impacts on poly-Si.[179]  Here, in 

 
 
Fig. 4.9. Effective Si Yield Y* per ion impact as a function of the square root of the incident energy, 
Ei

1/2, obtained through the MD simulation under the same conditions as in Fig. 4.8. Also shown are 
the recent experimental data on sputtering yield for Cl+, Si+, SiCl+, and SiCl3

+ ion beam impacts on 
poly-Si.[179] 
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Clx
+ incidences, the effective Si yield Y* (per ion) equals the Si yield Y (per ion), which is 

defined as the total number of Si atoms desorbed from substrate surfaces per ion impact; on the 

other hand, the effective yield is Y* = Y − 1 in SiClx
+ incidences, because one Si atom is incident 

on surfaces per SiClx
+ impact.  Thus, the positive Y* indicates the situation of etching and gives 

the etch yield (or the total number of Si atoms desorbed per incident ion), while the negative Y* 

indicates the situation of deposition and its absolute value gives the deposition yield (or the total 

number of Si atoms deposited per incident ion).  The results indicate that in Cl+, Cl2
+, SiCl3

+, 

and SiCl4
+ incidences, the etching occurs in the whole Ei range investigated, where the yield Y* 

increases with increasing Ei.  On the other hand, in SiCl+ and SiCl2
+ incidences, transition from 

deposition to etching occurs at around Ei ≈ 300 and 150 eV, respectively, where the yield Y* 

increases with increasing Ei; moreover, in Si+ incidence, the deposition occurs in the whole Ei 

range investigated, where the absolute value of the yield Y* decreases or the deposition is 

reduced with increasing Ei.  These are consistent with the results of beam experiments 

previously reported: SiClx
+ (x = 1–3) beams of Ei = 30 eV (Ref. [180]) and Cl+ and SiClx

+ (x = 0, 

1, 3) beams of Ei = 100–500 eV (Ref. [179]) incident on Si surfaces.  Thus, it is concluded that 

incident ions concerned can be classified into the reactive ones (Cl+, Cl2
+, SiCl3

+, SiCl4
+) and the 

depositive ones (Si+, SiCl+, SiCl2
+), as mentioned above with respect to Fig. 4.7. 

Figure 4.10 shows the reflection probability on Si(100) surfaces of Cl2
+, SiCl+, and SiCl3

+ 

ions as a function of the ion incident angle in the range θi = 0°–85°, obtained through the MD 

 

 
Fig. 4.10. Reflection probability on Si(100) surfaces of Cl2

+, SiCl+, and SiCl3
+ ions as a function of 

the ion incident angle in the range θi = 0°–85°, obtained through the MD simulation with three 
different ion incident energies of Ei = (a) 50, (b) 150, and (c) 300 eV.  
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simulation with three different ion incident energies of Ei = 50, 150, and 300 eV.  The results 

indicate that for any Ei, the reflection probability on surfaces increases with increasing incidence 

angle, where it is significantly lowered for depositive SiCl+ ion as compared to that for reactive 

Cl2
+ and SiCl3

+ ions.  Thus, it is implied that in experiments, the reflection probabilities of the 

incident ions reduce with increasing Ei, corresponding to the changes in the predominant ion 

flux from reactive ions (dominated by Cl2
+ at low Ei, while SiCl3

+ at high Ei) to depositive ones 

(dominated by SiCl+) thereat.   

 

 

4.3 Mechanisms for Surface Roughening 

Figure 4.11 shows the etch rate and rms surface roughness of Si as a function of ion incident 

energy in the rage Ei = 20–500 eV, obtained through ICP Cl2 plasma etching experiments and 

ASCeM-3D simulations (tetch = 2 min).  The experimental data shown are those for F0 = 20 

sccm in Fig. 3.3, and the ASCeM-3D results are those calculated with normal ion incidence (θi = 

0°) assuming similar plasma conditions.  Note that the ASCeM-3D is our original 3D Monte 

Carlo-based simulation model for plasma–surface interactions and the feature profile evolution 

during plasma etching of Si in Cl2 and Cl2/O2,
[88] as detailed in Appendix A; briefly, the model 

takes into account the behavior (transport and surface reactions) of Cl+ ions, Cl and O neutrals, 

and etch products and byproducts of SiClx and SiClxOy in microstructures and on feature 

surfaces therein.  The surface chemistry and kinetics included are: surface chlorination, 

chemical etching, ion-enhanced etching, sputtering, surface oxidation, redeposition of etch 

products desorbed from feature surfaces being etched, and deposition of etch 

products/byproducts coming from the plasma.  The model also takes into account the ion 

reflection or scattering from feature surfaces on incidence and/or the ion penetration into 

substrates, along with geometrical shadowing of the feature and surface reemission of neutrals.  

The simulation domain consists of small cubic cells of atomic size (L = 2.7 Å), and the evolving 

interfaces are represented by removing Si atoms from and/or allocating them to the cells 

concerned.  Calculations were performed for square substrates W = 50 nm on a side, with an 

incoming ion flux and neutral reactant-to-ion flux ratio of i
0 = 1.0 × 1016 cm−2s−1 and n

0/i
0 = 

100, respectively, in the absence of incoming oxygen and etch products/byproducts (o
0 = p

0 = 

0);[88] in addition, the ion and neutral (or gas) temperatures were assumed to be kBTi = 0.5 eV 

and Tg = 500 K, respectively, together with the dopant concentration Nd = 1.0 × 1018 cm−3 and 
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surface temperature Ts = 320 K of substrates.  

A comparison between experiments and simulations indicates that the ASCeM-3D 

reproduces well the increase in Si etch rate with increasing Ei in the whole range investigated, 

and the increase in rms roughness of etched Si surfaces at low Ei < Ep ≈ 250 eV (roughening 

mode); in contrast, it does not reproduce the decrease in rms surface roughness of Si at higher Ei 

> Ep (smoothing mode), where the rms roughness in experiments decreases substantially with 

increasing Ei down to a low level < 0.4 nm, while it continues to increase with Ei in simulations.  

Some difference in magnitude of the rms roughness between experiments and simulations at low 

Ei < Ep is ascribed to the known behavior that the larger the scan area, the larger is the 

roughness;[181] in practice, the rms roughness in experiments is that measured for the AFM scan 

area of 1 × 1 μm2 (as mentioned earlier with respect to Fig. 3.2), while the rms roughness in 

simulations is that acquired for the ASCeM-3D domain of 50 × 50 nm2. 

 

4.3.1 Smoothing mode 

Also shown in Fig. 4.11 are the ASCeM-3D results for Si etching in Cl2 plasmas obtained with 

the ion reflection switched off in the simulation.  The results indicate that in the absence of ion 

reflection (or assuming all the ions incident on surfaces to penetrate into substrates without 

reflection), the rms surface roughness is reduced substantially to a low level < 0.4 nm, almost 

independently of ion energy in the whole Ei range investigated, and surprisingly it is in 

agreement with the experiments at high Ei > 400 eV.  It is noted that the etch rate is slightly 

increased with the ion reflection off, owing to the increased ion energy deposited on surfaces, 

which is more significant at increased Ei.  Such a substantial decrease in rms roughness and 

slight increase in etch rate with the ion reflection off were also observed in the ASCeM-3D 

simulations taking into account of incoming oxygen and etch products/byproducts (as will be 

partly shown later).  These imply that the ion reflection or scattering from microscopically 

roughened feature surfaces on incidence plays a crucial role in plasma-induced surface 

roughening, particularly in the evolution of surface roughness with time during etching; in effect, 

the reflection of energetic ions from feature surfaces tends to concentrate them onto the bottom 

(or the valley) of the feature,[87] thus resulting in an increase in roughness to its vertical as well 

as lateral extent, where the increase in lateral extent of the roughness is attributed to the 

uniformity of the incident flux and angle of ions and/or neutral etchants on surfaces at 

microscale.  Thus, at increased Ei > Ep (smoothing mode) in the present experiments, some 
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plasma environments (or parameters of incoming ions) may be changed, to significantly reduce 

the effects of ion reflection and thus substantially reduce the surface roughness down to the low 

level of stochastic roughening.  A promising change of interest is that in the predominant flux 

of ionic species from feed gas ions Clx
+ to ionized etch products/byproducts SiClx

+ at increased 

Ei, caused by the increased etch rates, as shown in Figs. 4.6 and 4.7; more precisely, the change 

in the predominant ion flux from reactive ions (dominated by Cl2
+ at low Ei, while SiCl3

+ at high 

Ei) to depositive ones (dominated by SiCl+) at increased Ei.  

In practice, our recent MD simulations of SiClx
+ (x = 0–4) and Clx

+ (x = 1, 2) ion incidences 

on Si(100) surfaces with translational energies of Ei = 20–500 eV have demonstrated that: for 

any Ei, the reflection probability on surfaces increases with increasing incidence angle in the 

range θi = 0°–85° investigated, where it is significantly lowered for depositive ions (Si+, SiCl+, 

SiCl2
+) as compared to that for reactive ones (SiCl3

+, SiCl4
+, Cl+, Cl2

+),[98] as partly shown in Fig. 

4.10; particularly, at grazing incidence (θi ≥ 80°), the reflection probability was estimated to be 

in the range 0.6–0.95 for depositive ions (depending on species and Ei), while it was to be 

 
 
Fig. 4.11. (a) Etch rate and (b) rms surface roughness of Si as a function of ion incident energy in 
the range Ei = 20–500 eV, obtained through ICP Cl2 plasma etching experiments and ASCeM-3D 
simulations (tetch = 2 min). Also shown are the ASCeM-3D results obtained with the ion reflection 
switched off in the simulation. The experimental data shown are those for F0 = 20 sccm in Fig. 3.3, 
and the ASCeM-3D results are those calculated with the simulation domain of 50 × 50 nm2 under 
normal ion incidence (θi = 0°) assuming similar plasma conditions [see the text for the calculation 
conditions (o

0 = p
0 = 0)]. 
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approximately unity for reactive ones (almost independently of species and Ei).  For example, 

the reflection probability at θi = 80° was estimated to be about 0.99, 0.96, and 0.83 for SiCl3
+, 

Cl2
+, and SiCl+ with Ei = 50 eV, respectively, and it was to be about 0.99, 0.99, and 0.90 for 

SiCl3
+, Cl2

+, and SiCl+ with Ei = 500 eV, respectively.  Moreover, our recent ASCeM-3D 

simulations have demonstrated that with the reflection of at least 10–20% of the incident ions 

switched off (or assuming at least 1020% of the ions incident on surfaces to penetrate into 

substrates without reflection), the rms surface roughness of Si is reduced substantially to a low 

level < 0.4 nm, almost independently of Ei, similarly as in Fig. 4.11.[89]  These would support 

our proposed mechanisms as mentioned above, for the phenomena presently observed at 

increased Ei > Ep (smoothing mode) in experiments. 

 

4.3.2 Roughening mode 

Figures 4.12(a) and 4.12(b) show the etch rate and rms surface roughness of Si as a function of 

etching or plasma exposure time in the range 0 ≤ t ≤ 2 min for five different ion incident 

energies of Ei = 20–500 eV, obtained through ASCeM-3D simulations with the ion reflection 

switched on and off for Si etching in Cl2 plasmas.  These are the respective typical runs, 

corresponding to the ASCeM-3D results in the preceding Fig. 4.11.  For any Ei, the etch rate 

exhibits a significant increase immediately after the start of etching and then maintains an 

almost constant value, in both the presence and absence of the effects of ion reflection; on the 

other hand, the rms roughness increases with time for a while (t < 20 s) and then tends to reach 

quasi-steady state in the presence of ion reflection, while it reaches quasi-steady state 

immediately after the start of etching, remaining at a low level < 0.4 nm in the absence of ion 

reflection.  Thus, it follows that the ASCeM-3D does not reproduce the almost linear increase 

in rms surface roughness of Si with time during etching, presently observed at low Ei < Ep ≈ 250 

eV (roughening mode) in experiments as shown in Fig. 3.6, although it reproduces well the 

increase in Si etch rate and rms roughness with Ei thereat as in Fig. 4.11.  In addition, it may 

also follow that in a sense, the ASCeM-3D with the ion reflection off reproduces the 

quasi-steady rms surface roughness of Si at a low level, observed at higher Ei > Ep (smoothing 

mode) in experiments as shown in Fig. 3.6, along with the continuous increase in Si etch rate 

with Ei and its substantially decreased rms roughness thereat as in Fig. 4.11. 

An increase in rms surface roughness with time during etching, along with quasi-steady 

etch rates, has been observed in several plasma etching experiments of Si in SF6
[50,61,64,67] and 
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CF4/O2,
[55] being attributed to the effects of etch inhibitors coming from the plasma.[61,67]  The 

 
 
Fig. 4.12. (a) Etch rate and (b) rms surface roughness of Si as a function of etching or plasma 
exposure time in the range 0 ≤ t ≤ 2 min for five different ion incident energies of Ei = 20–500 eV, 
obtained through ASCeM-3D simulations with the ion reflection switched on (solid lines) and off 
(broken lines) for Si etching in Cl2 plasmas. These are the respective typical runs, corresponding to 
the ASCeM-3D results shown in the preceding Fig. 4.11. Also shown are the (c) etch rate and (d) 
rms roughness of Si as a function of time, which are typical runs in the range 0 ≤ t ≤ 2 min for Ei = 
100 eV and five different incoming oxygen-to-ion flux ratios of o

0/i
0 = 0–0.01, obtained through 

ASCeM-3D simulations with the ion reflection on (solid lines) and off (broken lines) for Si etching 
in Cl2/O2 plasmas under otherwise the same calculation conditions as in Fig. 4.11. Note that the data 
for o

0/i
0 = 0 in (c) and (d) are the same as those for Ei = 100 eV in (a) and (b). 
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corresponding 2D and 3D Monte Carlo simulations of the surface feature evolution reproduced 

an almost linear increase in rms roughness and correlation length with time, assuming the 

origins for inhibitors to be materials of the reactor walls, electrodes, and etching masks (hard 

inhibitors), in addition to less volatile etch products/byproducts and feed gas fragments (soft 

inhibitors).[61,67]  Similarly, the ASCeM-3D simulations taking into account incoming inhibitor 

fluxes of oxygen (o
0 ≠ 0) exhibited an increase in rms surface roughness of Si with increasing 

oxygen flux added, along with a significant decrease in etch rate,[88] reproducing roughly an 

increase in rms roughness with time, as below. 

Figures 4.12(c) and 4.12(d) show the Si etch rate and rms surface roughness as a function 

of time in the range 0 ≤ t ≤ 2 min for Ei = 100 eV and five different oxygen-to-ion flux ratios of 

o
0/i

0 = 0–0.01, obtained through ASCeM-3D simulations with the ion reflection switched on 

and off for Si etching in Cl2/O2 plasmas under otherwise the same calculation conditions as in 

Fig. 4.11.  Note that the data for o
0/i

0 = 0 in Figs. 4.12(c) and 4.12(d) are the same as those 

for Ei = 100 eV in Figs. 4.12(a) and 4.12(b).  The etch rate behavior with incoming oxygen 

added is similar to that without oxygen, in both the presence and absence of the effects of ion 

reflection, where the decrease in Si etch rate with oxygen added is ascribed to surface oxidation 

that occurs;[88] in addition, the slightly increased etch rate with the ion reflection off is more 

significant for increased o
0/i

0, because the increased ion energy deposited on surfaces would 

increase the sputtering of oxides off the surface.  On the other hand, the behavior of the rms 

roughness with incoming oxygen added is different from that without oxygen in the presence 

ion reflection: the rms surface roughness of Si tends to increase with time with oxygen added, 

which is more significant for increased o
0/i

0.  In addition, it is noted that the rms roughness 

is reduced substantially with the ion reflection switched off, remaining at a low level < 0.4 nm, 

whether there are incoming oxygen fluxes or not.  A small amount of oxygen of the order of 

o
0/i

0 ≈ 10−3 (or o
0/n

0 ≈ 10−5) concerned here is ascribed to O impurities sputtered from the 

dielectric window at the top of the ICP reactor chamber under plasma-on conditions, as 

mentioned in Sec. 4.1.3 with respect to Fig. 4.5.   

The ASCeM-3D simulations taking into account incoming inhibitor fluxes of etch 

products/byproducts (p
0 ≠ 0) also exhibited an increase in rms surface roughness of Si with 

increasing product/byproduct flux added, along with a little decrease in etch rate,[88] while they 

did not reproduce an increase in rms roughness with time; in these calculations, the time 

evolution of the rms surface roughness of Si was similar to that in the absence of incoming etch 
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inhibitors as in Fig. 4.12(b), or the rms roughness was found to increase for a while after the 

start of etching and then soon reach quasi-steady state.  The decrease in Si etch rate with 

incoming products/byproducts added is ascribed to deposition of products/byproducts on 

surfaces being etched.[88]  It should be noted that the two kinds of incoming etch inhibitors 

concerned here, oxygen and etch products/byproducts, are assumed to play a similar role in 

surface chemistry and kinetics during etching of Si:[88] they stick and/or deposit on surfaces 

being etched, to form passivation layers and inhibit etching thereon; in particular, on 

microscopically roughened feature surfaces, they are expected to stick and/or deposit 

preferentially on the top (or the hill) of roughened surface features, owing to the effects of 

neutral shadowing of the feature, and so tend to locally form passivation layers (or micromasks) 

and inhibit etching thereon, which leads to an increase in roughness with time during etching.  

The surface inhibitor or passivation layers thus formed (by surface oxidation and deposition of 

products/byproducts) are being removed by sputtering through energetic ion bombardment 

thereon.  It should be further noted that in these situations, the sputter yields for energetic ions 

incident are assumed to be significantly (typically one order of magnitude) smaller on oxidized 

surfaces of SiOx than on deposited ones of SiClx and SiClxOy,
[88] which in turn would lead to the 

difference in the evolution of roughness between the two kinds of inhibitor species concerned: 

an increase in roughness as well as a decrease in etch rate with incoming inhibitor fluxes added 

is more significant for oxygen than for products/byproducts.  Hence, these imply that the 

almost linear increase in rms roughness of Si with time during etching, presently observed at 

low Ei < Ep (roughening mode) in experiments, is caused presumably by a small amount of 

impurity oxygen contained. 

 

4.3.3 Overview of mechanisms 

Figure 4.13 shows a schematic of the mechanisms responsible for surface roughening during 

plasma etching of Si discussed and proposed above: (a) The low-level surface roughening 

occurs during etching, owing to the stochastic roughening that originates intrinsically from the 

temporal as well as spatial uniformity of the incident flux and angle of ions and/or neutral 

etchants on surfaces at microscale.[54–57,62,65,88]  (b) The ion reflection or scattering from 

microscopically roughened feature surfaces on incidence is responsible for the evolution of 

surface roughness with time during etching, because it tends to concentrate incident ions onto 

the bottom (or the valley) of the feature,[87] thus resulting in an increase in roughness to its 
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vertical as well as lateral extent.  However, the evolution of the roughness would be limited by 

the shadowing effects of the feature for neutral etchants, where the deeper the feature, the lower 

 
 
Fig. 4.13. Schematic of the mechanisms responsible for surface roughening during plasma etching 
of Si discussed and proposed: (a) the low-level stochastic roughening occurs during etching, owing 
intrinsically to the temporal as well as spatial uniformity of the incident flux and angle of ions 
and/or neutral etchants on surfaces at microscale. (b) The ion reflection or scattering from 
microscopically roughened feature surfaces on incidence is responsible for the evolution of surface 
roughness with time during etching, which tends to be limited by the shadowing effects of the 
feature for neutral etchants. (c) The continuous increase of the roughness with time (roughening 
mode) is attributed to the effects of a small amount of incoming etch inhibitors such as oxygen, 
which tend to locally form surface passivation layers (or micromasks) and inhibit etching thereon, 
owing to the shadowing for neutral inhibitors. (d) In situations where the predominant ion fluxes are 
those with reduced reflection probabilities on surfaces, the roughness tends to remain at a low level 
of stochastic roughening (smoothing or non-roughening mode), whether there are incoming etch 
inhibitor fluxes or not. Note that in these illustrations [particularly in (a) and (d)], the cross section 
is not in scale and the vertical scale is much less than the lateral one, and that in (b) and (c), the 
increase of the lateral extent of the roughness with time is not illustrated for simplicity. 
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is the etchant flux onto the bottom of the feature.  (c) The continuous increase of the roughness 

with time (roughening mode) is attributed to the effects of a small amount of incoming etch 

inhibitors, such as oxygen and etch products/byproducts: they stick and/or deposit preferentially 

on the top (or the hill) of the feature, owing to the shadowing for neutral inhibitors, and so tend 

to locally form surface passivation layers (or micromasks) and inhibit etching thereon.  Such 

effects of inhibitors are expected to be highly significant for oxygen, because the sputter yields 

for energetic ions incident are typically one order of magnitude smaller on oxidized than on 

deposited surfaces.  Note that in these illustrations [particularly, in Figs. 4.13(a) and 4.13(d)], 

the cross section is not in scale and the vertical scale is much less than the lateral one, and that in 

Figs. 4.13(b) and 4.13(c), the increase of the lateral extent of the roughness with time is not 

illustrated for simplicity. 

On the other hand, (d) in situations where the predominant ion fluxes are those with 

reduced reflection probabilities on surfaces, the roughness tends to remain at a low level of 

stochastic roughening (smoothing or non-roughening mode), whether there are incoming etch 

inhibitor fluxes or not.  In practice, the transition from roughening to smoothing modes was 

found to occur at increased Ei in the present experiments of Si etching in Cl2 plasmas, 

corresponding to changes in the predominant ion flux from reactive ions (dominated by Cl2
+ at 

low Ei, while SiCl3
+ at high Ei) to depositive ones (dominated by SiCl+) thereat. 

     

     

4.4 Summary 

Plasma diagnostics has been performed during Si etching in ICP Cl2 plasmas at a constant 

pressure (P0 = 20 mTorr) as a function of rf bias power or ion incident energy in the range Ei ≈ 

20–500 eV, by varying the feed gas flow rate (F0 = 5–50 sccm).  The changes in surface 

roughening from the roughening to smoothing modes with increasing Ei were found to 

correspond approximately to changes in the predominant ion flux from feed gas ions Clx
+ to 

ionized etch products SiClx
+ caused by increased etch rates at increased Ei, in view of the results 

of plasma diagnostics such as OES, FTIR, and QMS to characterize the plasma during etching; 

more precisely, the changes in the predominant ion flux from reactive ions (dominated by Cl2
+ 

at low Ei, while SiCl3
+ at high Ei) to depositive ones (dominated by SiCl+) at increased Ei. 

The low-level surface roughening during plasma etching, usually giving self-affine fractal 

surfaces, is generally ascribed to the stochastic roughening that originates intrinsically from the 
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temporal as well as spatial uniformity of the incident flux and angle of ions and/or neutral 

etchants on surfaces at microscale.[54–57,62,65,88]  Possible mechanisms for the evolution of 

surface roughness during etching were further discussed with the help of Monte Carlo-based 

ASCeM-3D simulations of the surface feature evolution and classical MD simulations of etch 

fundamentals for Si etching in Cl2 plasmas.  A comparison of the etch rate and rms surface 

roughness between experiments and ASCeM-3D simulations indicated that the ASCeM-3D 

reproduces well the increase in etch rate and rms roughness with increasing Ei at low Ei < Ep 

(roughening mode) in experiments, while it does not reproduce the almost linear increase in rms 

roughness with time during etching thereat; on the other hand, the ASCeM-3D does not 

reproduce the substantial decrease in rms roughness with increasing Ei at higher Ei > Ep 

(smoothing mode) in experiments, although it reproduces well the continuous increase in etch 

rate with Ei thereat, and in a sense, it reproduces the quasi-steady rms roughness soon after the 

start of etching thereat.   

In these situations, the ASCeM-3D with the ion reflection switched off in the simulation 

exhibited a substantial decrease in rms surface roughness of Si down to a low level < 0.4 nm 

(almost independently of Ei) without a significant change in etch rate, which is in agreement 

with experiments at high Ei > Ep.  These imply that the ion reflection or scattering from 

microscopically roughened feature surfaces on incidence plays a crucial role in plasma-induced 

surface roughening, particularly in the evolution of surface roughness with time during etching; 

correspondingly, the change in the predominant ion flux from reactive to depositive ions at 

increased Ei is probably responsible for the change in surface roughening from the roughening to 

smoothing modes with increasing Ei, because the ion reflection probability on surfaces is 

significantly lowered for depositive ions as compared to that for reactive ones, as indicated by 

the MD simulations concerned.  Moreover, the ASCeM-3D simulations taking into account 

incoming etch inhibitor fluxes of oxygen exhibited a continuous increase in rms surface 

roughness of Si with time, where the rms roughness is increased and the etch rate is decreased 

with increasing oxygen flux added; the decrease in etch rate is attributed to the surface oxidation 

that occurs, while the increase in roughness is to local surface oxidation or the local formation of 

oxide micromasks on Si surfaces during etching.  These imply that a small amount of impurity 

oxygen of the order of o
0/i

0 ≈ 10−3 (or o
0/n

0 ≈ 10−5) is presumably responsible for the almost 

linear increase in rms roughness with time during etching in experiments at low Ei < Ep; in 

practice, the origin of oxygen concerned is attributed to O impurities sputtered from the 
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dielectric window of the ICP reactor chamber under plasma-on conditions, and the effects of 

oxygen may be reduced at increased Ei > Ep, owing to the increased removal yields for O 

adsorbed through energetic ion bombardment as well as to the reduced effects of ion reflection 

thereat. 
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In Chapter 4, we revealed the mechanisms for two modes of surface roughening during ICP 

etching of blank (or planar) Si substrates in Cl2 with the help of several plasma diagnostics, 

ASCeM-3D simulations, and classical MD simulations, where the results indicated that the 

mode transition from the roughening to smoothing modes is ascribed primarily to reduced 

effects of the ion reflection on surfaces owing to a change of incident ion species.  In these 

three decades, a number of experimental[49,50,52,53,55,58,59,61–64,67] and 

theoretical/numerical[51,54–57,60,61,66,67,86–88,182] studies have also been performed to interpret the 

mechanisms for the roughness formation and evolution during plasma etching of blank (or 

planar) Si substrates.  However, these studies were concerned with initially planar substrate 

surfaces.   

In fabrication processes of advanced 3D device structures such as FinFETs, more plasma 

etch steps are required than in those of conventional planar FETs,[15,17] where LER and 

LWR[76,77] occur on the fin sidewalls in fin etch processes,[15,80] and the conducting channel of 
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FinFETs is formed on top and sidewall surfaces of the fin, which leads to the variability in 

transistor performance;[78] moreover, in the following gate etch processes, the surface roughness 

is formed at the feature bottom, in addition to LER and LWR formed on the gate sidewalls, 

which is responsible for recess and damage in substrates,[81] and in turn, also leads to the 

variability in transistor performance.  Therefore, to suppress and minimize the surface 

roughness of FinFETs by more precise control of plasma etching, a deeper understanding of 

plasma–surface interactions is required for the formation and evolution of it. 

In this chapter, we report on the evolution of the roughness on pre-etched or pre-roughened 

Si substrates during ICP Cl2 plasma etching, with attention being placed on the effects of the 

initial surface roughness.  Experiments were performed under the same conditions as in 

previous ones, except that pre-roughened substrates were used as the etching samples; in 

addition, the roughness of etched surfaces was quantified by the rms roughness and PSD 

distribution. 

 

 

5.1 Experimental Procedure 

Figure 5.1 shows an experimental procedure in this chapter.  To achieve the plasma etching of 

pre-roughened substrates, we employed a surface-roughening step prior to the main etch, where 

planar substrates were roughened by Cl2 plasmas in the roughening mode at Prf = 30 W (or Ei ≈ 

120 eV).  The plasma exposure time of the roughening step was varied in the range trough = 0–5 

 

Fig. 5.1. Experimental procedure in 
this chapter, including a surface- 
roughening step at Prf = 30 W (or Ei 
≈ 120 eV) prior to the main etch. 
The plasma exposure time of the 
roughening step was varied in the 
range trough = 0–5 min, to vary the 
initial surface roughness of Si 
substrates in the range RMS0 ≈ 
0.15–6.6 nm. 
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min, to vary the initial surface roughness of Si substrates in the range RMS0 ≈ 0.15–6.6 nm, as 

shown in Fig. 3.6. 

 

 

5.2 Roughness Evolution on Pre-roughened Surfaces 

Figure 5.2 shows the etch rates of Si and SiO2 and the rms surface roughness of Si as a function 

of ion incident energy in the range Ei ≈ 22–520 eV, obtained in ICP Cl2 plasma etching (tetch = 2 

min) for six different initial roughnesses of RMS0 ≈ 0.15–6.6 nm.  The error bars (shown 

typically for RMS0 = 2.2 nm) represent the variation in the raw data for more than ten etching 

experiments using sample wafers with different as well as similar resistivities, where the data 

 

 
Fig. 5.2. (a) Etch rates of Si and SiO2 and (b) rms surface roughness of Si as a function of ion 
incident energy in the range Ei ≈ 22–520 eV, obtained in ICP Cl2 plasma etching (tetch = 2 min) for 
six different initial roughnesses of RMS0 ≈ 0.15–6.6 nm, under typical operating conditions of PICP 
= 450 W, P0 = 20 mTorr, F0 = 20 sccm, and Ts = 20°C (the same conditions as in Fig. 3.1). The rms 
roughness shown is that measured for the AFM scan area 1 × 1 μm2, and the dotted lines are for 
guiding the eyes only. Note that the data for RMS0 ≈ 0.15 nm are same as those for F0 = 20 sccm in 
Fig. 3.3.  
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point at Ei = 310 eV has a large error bar, corresponding to a transition from roughening to 

smoothing mode.  The results indicate that for any RMS0, as Ei is increased, the Si and SiO2 

etch rates increase, and the etch selectivity of Si over SiO2 decreases, where the etch rates are 

independent of RMS0, implying that the surface reaction kinetics are not affected by surface 

roughness; on the other hand, the rms roughness of etched Si surfaces increases, peaks at Ei = Ep 

≈ 220 eV (where the higher the RMS0, the larger the increase in roughness), and then decreases.  

It should be noted that at high Ei > 470 eV, the rms roughness is decreased down to a low level 

of stochastic roughening (< 0.4 nm) for RMS0 < 2.2 nm; in particular, it becomes lower than 

RMS0 for weakly roughened surfaces (0.77 < RMS0 < 2.2 nm), while it is higher than RMS0 for 

highly roughened surfaces (RMS0 > 3.7 nm).  It further noted that at a given low Ei < Ep 

(roughening mode), the rms roughness is higher for increased RMS0; on the other hand, at a 

given high Ei > Ep (smoothing mode), the rms roughness remains almost unchanged for varying 

RMS0 < 2.2 nm, while it is higher for increased RMS0 > 3.7 nm.  These imply that smoothing 

of initially roughened surfaces is achieved by plasma etching or plasma exposure in the 

smoothing mode, and that a threshold RMS0,th ≈ 3 nm exists for the surface smoothing.  

Figure 5.3 shows typical AFM and SEM images of the Si surfaces etched in ICP Cl2 

plasmas (tetch = 2 min) with two different Ei ≈ 220 and 470 eV and three different RMS0 ≈ 0.15, 

2.2, and 6.6 nm, corresponding to the data of Fig. 5.2.  Note that images of initial Si surfaces 

(tetch = 0 or before etching) are also shown for reference.  In the smoothing mode (Ei = 470 eV), 

both AFM and SEM images indicate visually surface smoothing for weakly roughened surfaces 

(RMS0 = 2.2 nm).  On the other hand, the images for highly roughened surfaces (RMS0 = 6.6 

nm) are significantly different from those for wet cleaned (RMS0 = 0.15 nm) and weakly 

roughened surfaces, exhibiting the roughness of significantly large lateral extent; in particular, 

the SEM image exhibits large hole or crater like structures (~300 nm in diameter).   

Figure 5.4 shows the angularly averaged PSD distributions P(k) for three different RMS0 ≈ 

0.15, 2.2, and 6.6 nm, obtained from the PSD analysis of AFM images of the Si surfaces etched 

in ICP Cl2 plasmas (tetch = 2 min) at four different Ei ≈ 22–470 eV.  Also shown is the PSD 

distribution of initial Si surfaces (tetch = 0) for reference.  Note that the AFM images for this 

PSD analysis are acquired on a scan area of 5 × 5 μm2 with the resolution of 512 × 512 pixels (a 

pixel size of 9.8 nm), which corresponds to the spatial frequency ranging from k = 0.0002 to 

0.0512 nm−1 in the reciprocal space.  It is generally appreciated that for the PSD curve, the 

parameters of interest are:[50,63,64,88] the plateau height value w0 at low k related to the vertical 
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height or depth of roughened surface features [P(k) ≈ w0 at k < k0], and the correlation length ξ0 

(= 1/k0) that defines the lateral size of the roughness; moreover, the curve at high k gives a 

fractal or self-affine nature of the roughness [P(k) ≈ K/kη at k > k0],
[139,148–151] where K is the 

spectral strength and the exponent η is a constant linked to the fractal dimension of the surface. 

In the PSD analysis for wet cleaned surfaces (RMS0 = 0.15 nm), the P(k) curves indicate 

that the plateau value w0, spectral strength K, and correlation length ξ0 increase monotonically 

with increasing Ei < 220 eV (roughening mode), corresponding to the increase in both vertical 

 

 
Fig. 5.3. Typical (a)–(c) AFM and (d)–(f) SEM images of the Si surfaces etched in ICP Cl2 plasmas 
(tetch = 2 min) with four different ion incident energies of Ei ≈ 22–470 eV and three different initial 
surface roughnesses of RMS0 ≈ 0.15, 2.2, and 6.6 nm, corresponding to the data of Fig. 5.2. Inset is 
an image of initial Si surfaces prior to etching (tetch = 0) for reference. Note that the data for RMS0 ≈ 
0.15 nm are same as those for tetch = 2 min in Fig. 3.8.  
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and lateral roughness; on the other hand, at further increased Ei = 470 eV (smoothing mode), the 

w0 and K are decreased down to a low level of stochastic roughening, where the ξ0 is further 

increased.  Moreover, at low Ei < 220 eV, the P(k) tail at high frequencies (k > k0 = 1/ξ0) 

exhibits a self-affine surface similar to that of the initial surface with the fractal-linked constant 

of η ≈ 3 (marginal fractal),[139] while at high Ei = 470 eV, the P(k) exhibits a similar self-affine 

surface of η ≈ 3 at high frequencies (k > k0′ ≈ 0.01 nm−1) in addition to a second self-affine 

surface of η ≈ 1 (extreme fractal)[139] at middle frequencies (k0′ > k > k0 = 1/ξ0 ≈ 0.002 nm−1).   

In the PSD analysis for weakly roughened surfaces (RMS0 = 2.2 nm), the P(k) curves 

exhibit the similar Ei dependence to those for wet cleaned surfaces (RMS0 = 0.15 nm) as 

mentioned above, where the w0 and K increase and then decrease and the ξ0 increases with 

increasing Ei.  It should be noted here that at high Ei = 470 eV (smoothing mode), the P(k) 

magnitude becomes lower than that of the initial surface, corresponding to the surface 

smoothing as shown in Figs. 5.2 and 5.3; moreover, the P(k) curve is similar to that for RMS0 = 

0.15 nm at Ei = 470 eV, and thus, the smoothened surface has the same properties (RMS and 

 

 
Fig. 5.4. Angular averaged PSD distributions P(k) for three different initial surface roughnesses of 
RMS0 ≈ (a) 0.15, (b) 2.2, and (c) 6.6 nm, obtained from the PSD analysis of AFM images of the Si 
surfaces etched in ICP Cl2 plasmas (tetch = 2 min) with four different ion incident energies of Ei ≈ 
22–470 eV under the same conditions as in Fig. 5.2. Also shown is the PSD distribution of initial Si 
surfaces prior to etching (tetch = 0) for reference. Note that the AFM images for the PSD analysis 
were acquired on a scan area of 5 × 5 μm2 with the resolution of 512 × 512 pixels (a pixel size of 
9.8 nm). 
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PSD) as the stochastically roughened surface.  In the PSD analysis for highly roughened 

surfaces (RMS0 = 6.6 nm), at Ei < 220 eV, the similar Ei dependence is observed as mentioned 

above for RMS0 = 0.15 and 2.2 nm; on the other hand, at Ei = 470 eV, the behaviors of the P(k) 

curve are significantly different, where the w0 becomes larger than that for the initial surface, 

while the K at high frequencies (k > k0 ≈ 1/ξ0 = 0.002 nm−1) becomes slightly lower.  These 

results imply that the large lateral roughness (ξ0 > 500 nm) cannot be smoothened by the plasma 

etching, and so a threshold for initial correlation length of the roughness (ξ0,th ≈ 500 nm), as well 

as initial rms roughness, may exist for the surface smoothing. 

Figure 5.5 shows the rms roughness of Si as a function of etching or plasma exposure time 

in the range tetch = 0–5 min, obtained in ICP Cl2 plasma etching for two different RMS0 ≈ 2.2 

 

 
Fig. 5.5. RMS surface roughness of Si as a function of etching or plasma exposure time in the range 
tetch = 0–5 min, obtained in ICP Cl2 plasma etching for two different initial surface roughnesses of 
RMS0 ≈ (a) 2.2 and (b) 6.6 nm at seven different ion incident energies of Ei ≈ 22–470 eV under the 
same conditions as in Fig. 5.2. Note that the corresponding results for RMS0 ≈ 0.15 nm is shown in 
Fig. 3.9. The rms roughness shown is that measured for the AFM scan area of 1 × 1 μm2 as in Fig. 
5.2, and the dotted lines are for guiding the eyes only. 
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and 6.6 nm at seven different Ei ≈ 22–470 eV.  Note that the corresponding results for wet 

cleaned surfaces (RMS0 = 0.15 nm) is shown in Fig. 3.9.  In this figure, the rms roughness at 

tetch = 0 corresponds to the RMS0 and the error bars (shown typically for Ei = 220 eV) have the 

same properties as those in Fig. 5.2.  The results indicate that for weakly roughened surfaces 

(RMS0 = 2.2 nm), at low Ei < Ep ≈ 220 eV (roughening mode), the rms roughness increases 

almost linearly with time, where the higher the Ei, the larger is the increase in roughness; in 

addition, at Ei = 310 eV (transition point from the roughening to smoothing mode), it also 

increases almost linearly with time.  On the other hand, at higher Ei > 470 eV (smoothing 

mode), the RMS decreases to a low level of stochastic roughening (< 0.4 nm), where the higher 

the Ei, the larger is the decrease in roughness; and then reaches quasi-steady state (tetch > 1–2 

min).  In contrast, for highly roughened surfaces (RMS0 = 6.6 nm), at any Ei investigated, the 

RMS increases almost linearly with time.  Note that the decreases of RMS (tetch = 5 min at 220 

< Ei < 310 eV and tetch > 2 min at Ei > 470 eV) may occur owing to the extremely large lateral 

roughness, where the extent of roughness is larger than the AFM scan area of 1 × 1 μm2, and 

thus, the roughness cannot be captured by the AFM measurements; in practice, the extremely 

large hole or crater like structures (~1 μm in diameter) are observed by the SEM measurements 

(not shown). 

 

 

5.3 Mechanisms for Surface Smoothing 

As mentioned in Sec. 4.4.1, in etching of planar substrate, it was considered that smooth 

surfaces of stochastic roughening were achieved by reduced effects of the ion reflection on 

surfaces.  Figure 5.6 shows the rms roughness of Si as a function of etching or plasma 

exposure time in the range 0 ≤ t ≤ 30 s for RMS0 ≈ 3 nm at Ei = 500 eV, obtained through 

ASCeM-3D simulations with a reduced ion reflection probability of Ri = 0.8.[89]  Inset are 

typical surface features of Si at tetch = 0, 5, and 25 s after the start of etching in Cl2 plasmas.  

Calculations were performed for square substrates 50 nm on a side, with an incoming ion flux 

and a neutral reactant-to-ion flux ratio of Γi
0 = 1.0 × 1016 cm−2s−1 and Γn

0/Γi
0 = 100, respectively, 

in the absence of incoming oxygen and etch products/byproducts (Γo
0 = Γp

0 = 0);[88] in addition, 

the ion and neutral (or gas) temperature were assumed to be kBTi = 0.5 eV and Tg = 500 K, 

respectively, together with the dopant concentration Nd = 1.0 × 1018 cm−3 and surface 

temperature Ts = 320 K of substrates. The results indicate that the rms roughness decreases 
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down to a low level of stochastic roughening (< 0.4 nm) and then reaches the quasi-steady state, 

being well consistent with the results of etching experiments for weakly roughened surfaces 

(RMS0 = 2.2 nm) in the smoothing mode (Ei > 470 eV) as shown in Fig. 5.5(a).  Thus, it is 

concluded that the surface smoothing of the weakly roughened surfaces is achieved with the 

same mechanisms proposed in Chapter 4. 

 

 

5.4 Summary 

Evolution of the roughness on pre-roughened surfaces has been investigated during Si etching in 

ICP Cl2 plasmas, with emphasis being placed on the effects of initial roughness.  Experiments 

were performed as a function of ion incident energy in the range Ei ≈ 22–470 eV, by varying the 

initial rms surface roughness of Si surfaces in the range RMS0 ≈ 0.15–6.6 nm (or the plasma 

exposure time in the surface-roughening step prior to the main etch in the range trough = 0–5 min).  

The experimental results indicated that the etch rate of Si was independent of RMS0, implying 

that the surface reaction kinetics were not affected by surface roughness.  The RMS increased 

 

Fig. 5.6. RMS surface roughness of 
Si as a function of etching or 
plasma exposure time in the range 0 
≤ t ≤ 30 s for an ion incident energy 
of Ei = 500 eV and an initial surface 
roughness RMS0 ≈ 3.0 nm, 
obtained through ASCeM-3D 
simulations with an ion reflection 
probability of Ri = 0.8.[89]  Inset 
are typical surface features of Si at t 
= 0, 5, and 25 s after the start of 
etching in Cl2 plasma. 
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with increasing Ei < Ep ≈ 220 eV (roughening mode) for a whole RMS0 range investigated, 

where at a given Ei, it increased with increasing RMS0; on the other hand, it decreased with 

increasing Ei > Ep (smoothing mode) for a whole RMS0 range investigated, where at a given Ei, 

it was decreased down to a low level of stochastic roughening (< 0.4 nm) for the weakly 

roughened surfaces (0.77 < RMS0 < 2.2 nm), while it is higher than RMS0 for the highly 

roughened surfaces (RMS0 > 3.7 nm).  In particular, at Ei = 470 eV, the PSD distribution for 

RMS0 = 2.2 nm exhibited the same curve as the stochastically roughened surface, where the 

magnitude became lower than that of initial surface; on the other hand, it for RMS0 = 6.6 nm 

exhibited the different behaviors, where the plateau value became larger than that of the initial 

surface, while the spectral strength at high frequencies (k > k0 ≈ 1/ξ0 = 0.002 nm−1) became 

slightly lower.  These results implied that surface smoothing can be achieved by plasma 

etching, and that a threshold for initial rms roughness or vertical roughness (RMS0,th ≈ 3 nm) 

and/or initial correlation length of the roughness or lateral roughness (ξ0,th ≈ 500 nm) exists for 

the surface smoothing.  In addition, for weakly roughened surfaces (RMS0 = 2.2 nm), at low Ei 

< 310 eV, the RMS increased almost linearly with the plasma exposure time, while at high Ei > 

470 eV, it decreased down to a low level of stochastic roughening (< 0.4 nm) and then became a 

quasi-steady state (tetch > 1–2 min), being well consistent with ASCeM-3D simulation for RMS0 

≈ 3 nm with reduced effects of ion reflection (Ri = 0.8); on the other hand, for highly roughened 

surfaces (RMS0 = 6.6 nm), at any Ei investigated, the RMS increased with time, where large 

hole or crater like structures were formed on the etched surfaces at high Ei > 220 eV.  These 

results implied that the ion reflection on microscopically roughened feature surfaces owing to a 

change of incident ion species plays a crucial role in the surface smoothing as well as 

roughening. 
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Surface Rippling by Oblique Ion 

Incidence during Plasma Etching 

 

 

 

 

 

 

 

When low energy ion beams bombard materials, the surface often develops a periodic pattern or 

ripple structure, depending on ion incident angle θi, ion flux, and surface conditions.[183]  The 

phenomenon of sputtering by off-normal ion beams has been known for more than a hundred 

years,[184] and used to modify surface morphology.  The mechanisms for surface rippling in 

response to ion incidence angle θi have so far been studied to interpret the experiments of the 

interaction of keV ion beams with surfaces, using a continuum model[183,185–191] and Monte 

Carlo simulation.[183,192,193]  The ripple orientation and wavelength depending on θi were first 

predicted by a continuum model of Bradley and Harper (B–H),[185] taking into account a 

competition between roughening caused by surface curvature-dependent sputtering and 

smoothing caused by surface diffusion of atoms.  The B–H model was then extended by adding 

a few mechanisms such as ion reflection or scattering,[186] ion-induced surface diffusion,[188] 

geometrical shadowing,[187] and redeposition of sputtered atoms,[190] to further interpret the 

ripple wavelength and amplitude depending on ion energy, ion flux, and surface temperature, 
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along with the evolution of ion-sputtered surface features.  The Monte Carlo simulation of 

beam–surface interactions was also utilized to interpret the experiments, including all the 

mechanisms taken in the B–H model.[183,192,193]   

    In ULSI and MEMS device fabrications, the surface ripple structure caused by off-normal 

ion incidence during plasma etching corresponds the sidewall roughness such as LER and 

LWR,[76,77] while the formation mechanisms are not exactly similar to those for ion beam 

sputtering, because of the lower ion incident energy Ei < 1 keV and the existence of reactive 

neutrals.  Moreover, in pattern transfer by plasma etching, ions scattered from feature sidewalls 

contribute to undesirable profile anomalies such as undercutting, bowing, and 

microtrench.[194,195]  Several experimental studies concerned with off-normal ion incidence 

during etching have been performed by using plasma beam,[62,68,69,75] while the experiments of 

plasma etching with off-normal ion incidence are not yet achieved, where the ions are injected 

to the substrate surfaces at off-normal angles directly through the sheath with reactive neutrals.  

In addition, some Monte Carlo-based feature profile simulations have been performed taking 

into account reactive neutrals, and found that at θi = 45° or oblique ion incidence, periodic or 

ripple structure are formed on surfaces perpendicularly to the direction of ion incidence; in 

contrast, at θi > 75° or grazing incidence, small ripples or slitlike grooves are formed on surfaces 

parallel to the direction of ion incidence.[65,69,87,88]  The simulation results further indicated that 

such surface roughening and rippling in response to ion incidence angle depend significantly on 

ion energy and incoming fluxes of neutral reactants, oxygen, and etch byproducts.[88]  However, 

the mechanisms are not yet fully understood because of the lack of the data of etching 

fundamentals as a function of ion incident angle to precisely capture the effects of off-normal 

incidence on surface reaction kinetics. 

In this chapter, ripple formation is experimentally demonstrated by plasma etching with 

off-normal ion incidence.  Experiments were performed by using sheath control plates[196] for 

achieving off-normal ion incidences, and the other experimental setup is same as in previous 

Chapters 3–5.  In Sec. 6.1, the detail of the sheath control plates is described and the ion 

incidence angle onto the sample surface to be etched is estimated by using an electrostatic 

particle-in-cell (PIC) simulation.[197]  In Sec. 6.2, ripple formation by off-normal ion incidence 

during plasma etching is experimentally demonstrated and the PSD analysis of the surfaces is 

performed for characterization of the ripple structures.  Moreover, in Sec. 6.3, the Si etch yield 

as a function of ion incident angle is measured for a better understanding of plasma–surface 
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interactions that are responsible for the nanoscale surface roughening and rippling during 

plasma etching.   

 

 

6.1 Sheath Control Plate for Off-Normal Ion Incidence 

Figure 6.1 shows a schematic of the sheath control plate made of metal,[196] used for achieving 

the off-normal ion incidence on sample Si surfaces during plasma etching.  The sheath control 

plate has slits (width ws = 3–7 mm, height hs = 4 mm, and angle θs = 45° and 90°) to vary the 

sheath structures thereon and thus to vary the ion trajectories from the plasma onto sample 

surfaces, where reactive neutrals also diffuse to the surfaces.  In the experiments, the sheath 

control plate set on the wafer was electrically connected to the wafer stage, and samples were 

placed on the bottom and/or side of the slits.   

Figure 6.2 shows the typical 2D electrostatic potential distribution and ion trajectories 

under typical conditions (ws = 7 mm, θs = 45°, and Vdc = −500 V), calculated by using the 2D 

[Cartesian coordinates (x–z)] electrostatic PIC method,[197] where the particles considered were 

Cl2
+ ions only and the electron density distribution was assumed to be determined by the 

 
 
Fig. 6.1. Schematic of the sheath control plate made of metal, used for achieving the off-normal ion 
incidence on sample Si surfaces during plasma etching. The sheath control plate has slits (width ws 
= 3–7 mm, height hs = 4 mm, and angle θs = 45° and 90°) to vary the sheath structures thereon and 
thus to vary the ion trajectories from the plasma onto sample surfaces, where reactive neutrals also 
diffuse to the surfaces. 
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Boltzmann relation.  It is noted that a negative dc bias voltage is applied to the wafer stage and 

sheath control plate in this calculation, while an rf one is applied to there in experiments.  The 

calculation method is detailed in Appendix C.  The calculations indicated that the electrostatic 

potential distribution is varied by the sheath control plate, and that the off-normal ion incidence 

is achieved onto the bottom and side of the slits.  Figure 6.3 shows the ion incidence angle θi 

on the slit sides as a function of the dc bias voltage on the wafer stage and sheath control plates 

in the range |Vdc| = 100–500 V, obtained through the PIC calculations with three different slit 

widthes of ws = 3, 5, and 7 mm for two different slit angles of θs = 45° and 90°.  Note that the 

plot points and error bars indicate the average and the maximum/minimum of the ion incident 

angles through the whole area of the slit sides, respectively, and that θi = 0° corresponds to 

normal incidence onto sample surfaces.  The results indicate that for both θs, the average ion 

incident angle increases with decreasing bias voltage, and the difference of the maximum and 

minimum decreases.  The results further indicate that the incident angle increases with 

decreasing silt width.  Therefore, it is implied that the ion incident angle onto the sample 

surfaces can be controlled by the geometries of the sheath control plates.  

     

     

 

 
Fig. 6.2. Typical (a) 2D electrostatic potential distribution and (b) ion trajectories under typical 
conditions (ws = 7 mm, θs = 45°, and Vdc = −500 V), calculated by using the 2D [Cartesian 
coordinates (x–z)] electrostatic PIC method. 
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6.2 Experimental Demonstration of Surface Rippling 

Figure 6.4 shows the typical AFM and SEM images (top view) of Si surfaces etched, measured 

after 3- and 5-min etching in ICP Cl2 plasmas at Prf = 150 W (or an ion incident energy Ei = Vp 

− Vdc ≈ 500 eV) under typical operating conditions of PICP = 450 W, P0 = 20 mTorr, F0 = 20 

sccm, and Ts = 20°C (the same conditions as in Fig. 3.1).  The geometries of the sheath control 

plates used are (ws, θs) = (5 mm, 45°) and (3 mm, 90°), where ion incident angles estimated are 

θi ≈ 40° and 80°, respectively.  These results indicate that at θi ≈ 40° or oblique ion incidence, 

ripple structures are formed on surfaces perpendicularly to the direction of ion incidence; on the 

other hand, at θi ≈ 80° or grazing incidence, small ripples or slit like grooves are formed on 

surfaces parallel to the direction of ion incidence.  These results are qualitatively consistent 

with our ASCeM-3D simulations for Si etching in Cl2 plasmas,[87–89] Monte Carlo-based profile 

simulations for Ar+ sputtering of polysilicon and SiO2 etching in C4F8/Ar plasma,[65], MD 

 

 
Fig. 6.3. Ion incidence angle θi on the slit sides as a function of the dc bias voltage on the wafer 
stage and sheath control plates in the range |Vdc| = 100–500 V, obtained through the PIC calculations 
for three different slit widthes of ws = 3, 5, and 7 mm and two different slit angles of θs = (a) 45° 
and (b) 90°. Note that the plot points and error bars indicate the average and the 
maximum/minimum of the ion incident angles through the whole area of the slit sides, respectively, 
and that θi = 0° corresponds to normal incidence onto sample surfaces. 
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simulations for CF3
+ ion beam etching of Si,[66] and Si, SiO2, and low-k film etching by Ar 

plasma beam experiments.[62] 

To further characterize the ripple structures formed on Si surfaces, PSD analysis is 

performed.  Figure 6.5 shows 1D PSD distributions Px(kx) and Py(ky) in the x- and y-directions, 

 

 
Fig. 6.4. Typical AFM and SEM images (top view) of Si surfaces, measured after (a), (b) 3- and (c), 
(d) 5-min etching in ICP Cl2 plasmas at Prf = 150 W (or an ion incident energy Ei = Vp − Vdc ≈ 500 
eV) under typical operating conditions of PICP = 450 W, P0 = 20 mTorr, F0 = 20 sccm, and Ts = 20°C 
(the same conditions as in Fig. 3.1). The geometries of the sheath control plates used are (ws, θs) = 
(5 mm, 45°) and (3 mm, 90°), where ion incident angles estimated are θi ≈ 40° and 80°, respectively. 
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which roughly correspond to parallel and perpendicular directions of the ion incidence, 

respectively, obtained from the PSD analysis of inset AFM images of the Si surfaces etched in 

ICP Cl2 plasma under the same conditions as in Fig. 6.4.  The length scale concerned is the 

side length WA = 0.5 μm of the AFM scan area with the resolution of 512 × 512 pixels (a pixel 

size LA = 0.98 nm), which corresponds to the spatial frequency ranging from k = 0.002 to 0.51 

nm−1 in the reciprocal space.  Also shown is the cross sectional height distribution along the 

dashed line indicated in the inset AFM image.  The analysis indicates that at θi ≈ 40° or oblique 

 
 
Fig. 6.5. (a), (b) 1D PSD distributions Px(kx) and Py(ky) in the x- and y-directions, which roughly 
correspond to parallel and perpendicular directions of the ion incidence, respectively, obtained from 
the PSD analysis of inset AFM images of the Si surfaces etched in ICP Cl2 plasma under the same 
conditions as in Fig. 6.4. Note that the AFM images for the PSD analysis were acquired on a scan 
are of 0.5 × 0.5 μm2 with the resolution of 512 × 512 pixels. (c), (d) Cross sectional height 
distribution along the dashed line indicated in the inset AFM image. 
 

 

0.001 0.01 0.1 1
100

101

102

103

104

105

106

0.001 0.01 0.1 1
101

102

103

104

105

106

107

x-direction
y-direction

x-direction
y-direction

0 100 200 300 400 500
0
5

10
15

0 100 200 300 400 500
0

10
20
30

P
S

D
 (

nm
4 )

Spatial Frequency k (nm−1)

Ei = 500 eV
θi = 40°

200 nm

Ion

y

x

+

Spatial Frequency k (nm−1)

200 nm

Ion

y

x

Ei = 500 eV
θi = 80°

+

P
S

D
 (

nm
4 )

x (nm)

z 
(n

m
)

y (nm)

z 
(n

m
)

(a) (b)

(c) (d)



Chapter 6. Surface Rippling by Oblique Ion Incidence during Plasma Etching 
 

90 

ion incidence, Px(kx) exhibits a local apparent maximum at the spatial frequency kx ≈ 0.01 nm−1, 

corresponding to the periodic or ripple structures of wavelength λx = 1/kx ≈ 100 nm that evolve 

perpendicularly to the direction of ion incidence.  This result is in good agreement qualitatively 

in our ASCeM-3D simulations[88] and ion beam sputtering experiments,[198] while the 

wavelength of ripple structures obtained in this study is about third larger than in these previous 

studies.  The analysis further indicates that at θi ≈ 80° or grazing incidence, Py(ky) exhibits 

several small maxima at frequencies in the range 0.01 < ky < 0.05 nm−1, corresponding to small 

ripples or slit like grooves of wavelength in the range 20 < λy < 100 nm that evolve parallel to 

the direction of ion incidence.  This result is also consistent with ASCeM-3D simulations.[88] 

     

     

6.3 Ion Incident Angle Dependence of Etch Rate 

Figure 6.6(a) shows the etch rate of Si as a function of ion incident angle in the range θi ≈ 

0°–50°, obtained in ICP Cl2 plasma etching with sheath control plates of ws = 3, 5, and 7 mm 

and θs = 45° for three different ion incident energies of Ei ≈ 100, 200, and 500 eV under 

otherwise the same conditions as in Fig. 6.4.  The results indicate that for any Ei, the etch rate 

decreases with increasing θi ≈ 0°–50°, and at a given θi, it is larger for higher Ei as in normal ion 

incidence.  Figure 6.6(b) shows the Si yield Y per ion as a function of ion incident angle in the 

range θi ≈ 0°–50° for three different ion incident energies Ei, which are the data replotted from 

the preceding Fig. 6.6(a).  The yield Y is defined as the total number of Si atoms desorbed from 

substrate surfaces per ion impact: Y = ρsER/Γi, where the Si atom density of substrate is ρs ≈ 5.0 

× 1022 cm−3.[2]  It is noted that in the present experiments, the ion flux Γi incident on substrate 

surfaces changes from that at sheath edge Γi
0 ≈ (0.5–0.6) × 1016 cm−2s−1 (mentioned earlier with 

respect to Fig. 3.1), and thus, it is estimated by using the 2D PIC simulations in this study.  The 

results indicate that for any Ei, the Si yield remains almost unchanged in the whole θi range 

investigated.  This angular dependence of the etch yield does not agree with a physical 

sputtering model,[62,145,199] where the maximum yield is achieved at θi ≈ 50°–70° owing to 

increased momentum transfer efficiency in the oblique ion incidence.[200]  On the other hand, it 

is consistent with a result of reactive ion etching systems,[145,200–204] where the maximum yield is 

observed at normal ion incidence, and the yield remains almost unchanged as the incident angle 

increases and then starts to decrease at θi ≈ 50°–70°, because the near normal incident ions 

create thicker reaction layers on the surface and enhance the generation of volatile etch products.   



6.3 Ion Incident Angle Dependence of Etch Rate
 

91 

These angular dependences of etch yield in ion beam etching and plasma etching are 

demonstrated in our MD simulations.[97,98,205]  Figure 6.7 shows the Si yield per ion as a 

function of ion incident angle in the range θi = 0°–90°, obtained through the MD simulation for 

Cl+ ion incidence on Si(100) with different ion energies of Ei = 20–300 eV and neutral-to-ion 

flux ratios of Γn
0/Γi

0 = 0 and 100, which correspond to ion beam etching and typical plasma 

etching environment, respectively.[132,133,206,207]  The results indicate that in ion beam etching, at 

lower Ei < 100 eV, the yield remains almost unchanged as ion incident angle increases and 

decreases at further increased θi; while at higher Ei > 150 eV, it increases with increasing θi, 

peaks at θi = 60°–70°, and then decreases, implying that the physical sputtering dominates the 

surface reaction kinetics.  On the other hand, in plasma etching, at any Ei, as θi is increased, the 

yield remains almost unchanged for θi < 50°–60°and then decreases at further increased θi, being 

consistent with the experimental results shown in Fig. 6.6(b).  Therefore, it is implied that the 

plasma etching with oblique ion incidence is achieved in the present experiments with the sheath 

control plates. 

 

 
Fig. 6.6. (a) Etch rate of Si as a function of ion incident angle in the range θi ≈ 0°–50°, obtained in 
ICP Cl2 plasma etching with sheath control plates of ws = 3, 5, and 7 mm and θs = 45° for three 
different ion incident energies of Ei ≈ 100, 200, and 500 eV under otherwise the same conditions as 
in Fig. 6.4. The dotted lines are for guiding eyes only. (b) Si yield per ion as a function of ion 
incident angle in the range θi ≈ 0°–50° for three different ion incident energies Ei ≈ 100, 200, and 
500 eV, which are the data replotted from (a).  
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6.4 Summary 

Off-normal ion incidence during ICP etching of Si in Cl2 have been achieved by using sheath 

control plates made of metal, and the ripple structures formed on the etched surfaces have been 

demonstrated and analyzed.  In the experiments, the sheath control plates were electrically 

connected to the wafer stage, and Si samples were placed on the side and bottom of the slits.  

Electrostatic potential distributions thereon and ion trajectories from plasma onto the slits were 

calculated by 2D PIC simulations, and the ion incident angle and flux onto the sample surfaces 

were estimated.  The experiments demonstrated that at θi ≈ 40° or oblique ion incidence, 

periodic or ripple structures were formed on surface perpendicularly to the direction of ion 

incidence; on the other hand, at θi ≈ 80° or grazing incidence, small ripples or slit like grooves 

were formed on surfaces parallel to the direction of ion incidence, as predicted in our 

ASCeM-3D simulations.[87]  Moreover, for any Ei, the Si yield remains almost unchanged in 

the whole θi range investigated (θi ≈ 0°–50°), implying the plasma etching with oblique ion 

incidence is achieved by using the sheath control plates. 

 

 
Fig. 6.7. Si yield per ion impact as a function of ion incident angle in the range θi ≈ 0°–90°, 
obtained through the MD simulation of Cl+ ion incidence with different ion energies of Ei = 20–300 
eV and neutral-to-ion flux ratios of Γn

0/Γi
0 = (a) 0 and (b) 100. 
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Concluding Remarks 

 

 

 

 

 

 

 

7.1 Conclusions 

Atomic- or nanometer-scale plasma-induced surface roughness and ripple formation have been 

investigated during Si etching in ICP Cl2 plasmas, with emphasis being placed on a deeper 

understanding of plasma–surface interactions that are responsible for.  Experiments were 

performed at a constant pressure (P0 = 20 mTorr) as a function of rf bias power or ion incident 

energy in the range Ei ≈ 20–500 eV, by varying the feed gas flow rate (F0 = 5–50 sccm), wafer 

stage temperature (Ts = 20–200°C), initial surface roughness (RMS0 ≈ 0.15–6.6 nm), and 

etching or plasma exposure time (tetch = 1–20 min), including several plasma and surface 

diagnostics.  Further experiments were performed to achieve the oblique ion incidence during 

plasma etching with sheath control plates made of metal.  Moreover, numerical simulations 

were also performed to interpret the experimental results by using ASCeM-3D and classical MD.  

The key findings revealed in this study are listed below. 

 

1. Two modes of plasma-induced surface roughening which occur depending on ion 

incident energy Ei are found.  One of the modes observed is the roughening mode at low 
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Ei < 200–300 eV, where the rms roughness of etched surfaces increases with increasing 

Ei, exhibiting an almost linear increase with time during etching (t < 20 min); the other is 

the smoothing mode (or non-roughening mode) at higher Ei, where the rms roughness 

decreases substantially with Ei down to a low level of RMS < 0.4 nm, reaching a 

quasi-steady state after some increase at the initial stage (t < 1 min).  In addition, the 

transition from the roughening to smoothing modes with increasing Ei are found to 

correspond approximately to changes in the predominant ion flux from reactive ions 

(dominated by Cl2
+ at low Ei, while SiCl3

+ at high Ei) to depositive ones (dominated by 

SiCl+) at increased Ei, which causes the reduced effects of the ion reflection on surfaces.   

 

2. Possible mechanisms for the evolution of surface roughness is summarize as follows: (a) 

the low-level stochastic roughening occurs during etching, owing intrinsically to the 

temporal as well as spatial uniformity of the incident flux and angle of ions and/or neutral 

etchants on surfaces at microscale.  (b) The ion reflection or scattering from 

microscopically roughened feature surfaces on incidence is responsible for the evolution 

of surface roughness with time during etching, which tends to be limited by the 

shadowing effects of the feature for neutral etchants.  (c) The continuous increase in the 

roughness with time (roughening mode) is attributed to the effects of a small amount of 

incoming etch inhibitors, such as oxygen, which tend to locally form surface passivation 

layers (or micromasks) and inhibit etching thereon, owing to the shadowing for neutral 

inhibitors.  (d) In situations, where the predominant ion fluxes are those with reduced 

reflection probabilities on surfaces, the roughness tends to remain at a low level of 

stochastic roughening (smoothing or non-roughening mode), whether there are incoming 

etch inhibitor fluxes or not.  

 

3. Surface smoothing of pre-roughened substrates is achieved by plasma etching in the 

smoothing mode (Ei > 300 eV); in addition, a threshold for the rms roughness and/or 

correlation length of initial surfaces is found.  For the weakly-roughened surfaces 

(RMS0 < 2.2 nm), the roughness decreases with time down to a low level of stochastic 

roughening (RMS < 0.4 nm) and reaches a quasi-steady state, where the reduced effects 

of the ion reflection on surfaces contributes the surface smoothing as in etching of blank 

or planar substrate.  On the other hand, for the strongly-roughened surfaces (RMS0 > 
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3.7 nm), it increases with time, where the large hole or basin like structures (>300 nm in 

a diameter) are formed on the surfaces. 

 

4. Oblique ion incidence is achieved during plasma etching by using sheath control plates, 

and the ripple formation on the etched sample surfaces is demonstrated.  For Ei ≈ 500 

eV, at θi ≈ 40° or oblique ion incidence, periodic or ripple structures are formed on 

surface perpendicularly to the direction of ion incidence; on the other hand, at θi ≈ 80° or 

grazing ion incidence, small ripples or slit like grooves are formed on surfaces parallel to 

the direction of ion incidence, as predicted in ASCeM-3D simulations.  In addition, the 

angular dependence of Si yield is in good agreement with that of ion-enhanced etch yield 

obtained in plasma beam experiments and MD simulations. 

 

 

7.2 Future Outlooks 

Plasma etching technology has continued to evolve from when it became an essential method of 

pattern transfer for silicon ICs in the 1970s, with developments of advanced equipment and 

diagnostics techniques which gave a better understanding of plasma–surface interactions.  

Although plasma etching has become to be able to be applied to processes of various materials 

and nanometer-scale 3D structures, strict requirements concerned with higher selectivity and 

less damage/roughness are still imposed on it.  To establish plasma processes which satisfy 

such needs, novel techniques including pulsed-plasma etching,[208–211] atomic layer 

etching,[212–214] and neutral beam etching[215,216] are studied actively, but a more comprehensive 

understanding of plasma–surface interactions are required for further developments of them.  

We believe that the findings in this study concerned with atomic- or nanometer-scale 

plasma–surface interactions assist the evolution to more sophisticated plasma etching 

technology for next-generation device fabrications. 
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Atomic-Scale Cellular Model 
 

 

 

 

 

 

 

Three-dimensional atomic-scale cellular model (ASCeM-3D) is a surface profile simulation 

model with a cell removal method.  For surface advancement or the evolution of interfaces 

between vacuum and substrate surfaces, any profile simulation needs the dominant reaction 

mechanisms, or surface chemistry and kinetics of the etching process including ion-induced 

etching and ion reflection, which control the etching rate.  Cell removal methods have a huge 

advantage over other methods due to their ease of incorporation of the surface processes, which 

are given by removal and/or addition of particles to the cells concerned.[182,217]  In this 

appendix, the concepts and techniques of ASCeM-3D for simulating the surface evolution 

during Si etching in Cl2/O2 plasmas are described, which include the simulation domain, particle 

injection and transport, surface chemistry and kinetics, and surface advancement.  The main 

scheme of the ASCeM has been developed by Osano and co-workers for 2D model[218–220] and 

by Tsuda and co-workers from 2D to 3D model.[84–89] 
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A.1 Simulation Domain 

Figure A.1 shows a schematic of the ASCeM-3D model for Si etching in Cl2 and Cl2/O2 

plasmas, together with the coordinate system (x, y, z) presently employed.  The simulation 

domain is a square W = 50 nm on a side with a depth of 630 nm, consisting of a number of small 

cubic cells of atomic size L = ρs
−1/3 = 2.7 Å (185 × 185 × 2333 ≈ 8 × 107 cells in total), where ρs 

= 5.0 × 1022 cm−3 is the atomic density of Si substrates.[2]  The substrates initially occupy a 

lower 620-nm-deep layer therein (the substrate surfaces are initially flat, being located 10 nm 

downward from the top of the domain).  The cells are assumed to be rigid, and Si atoms are 

allocated at the center of substrate cells as a point mass.  It should be noted that the 

atomic-scale cell size L presently employed is one of the prominent features characterizing the 

ASCeM, being about an order of magnitude smaller than that of other cell-based simulation 

models.[60,61,65,67,69]  In addition, the ASCeM cannot reproduce phenomena depending on the 

crystallinity of substrates, because it is not taken in the model. 

 

 

A.2 Particle Transportation 

Energetic ions (Cl+), neutral reactants or etchants (Cl), reactive neutrals (O), and etch and/or 

sputter byproducts (SiClx, SiClxOy) are considered, which are randomly allocated at the top of 

the simulation domain, being successively injected therefrom (or from the plasma) onto 

substrates with given energies, fluxes, and angular distributions; concretely, incoming ions are 

taken to have a Gaussian-like anisotropic angular distribution around the incident angle 

θi;
[221–223] 

    dcosd i
0
ii G , (A.1)  

where Γi
0 is the ion flux onto the substrate and 
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Here, Θ is the incident angle, R = eVs/kBTi is the ratio of the ion incident energy Ei = eVs 

accelerated through the sheath to the ion temperature kBTi (= 0.5 eV in this study), and 
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On the other hand, neutrals have an isotropic velocity distribution.  Moreover, etch and/or 

sputter products are taken to be desorbed from substrate surfaces being etched into vacuum, 

thermally or isotropically with the so-called cosine distribution; 

   dddd cos
2

1
cos G , (A.4)  

where Θd is the desorbed angle of the products; which corresponds to Eq. (A.2) with R = 0.  

These incoming particles and desorbed products are also assumed to be point masses. 

    Transport of ions and neutrals in the ASCeM-3D is analyzed in three dimensions (x, y, z) 

with periodic boundary conditions in the horizontal direction, based on single-particle 

trajectories with three velocity components (vx, vy, vz).  The particles are assumed to move 

straight from the top of the simulation domain onto substrate surfaces and then into 

microstructures thereon, without collisions with other particles in vacuum, where their transport 

is calculated every movement of step L, taking into account geometrical shadowing effects of 

the structure; then, the particles are assumed to reach the surface if there is a Si atom in any of 

the 26 cells neighboring the cell which the particle concerned is in.  The local surface normal 

 

 
Fig. A.1. Schematic of ASCeM-3D model for simulating plasma–surface interactions and the 
feature profile evolution during plasma etching, together with the coordinate system (x, y, z) 
presently employed. The simulation domain is a square 50 nm on a side with an initial depth of 630 
nm, which is divided into a number of small cubic cells of atomic size L = 2.7 Å. In the figure, θi is 
the ion incidence angle onto substrate surfaces, while θ is the local ion incidence angle on 
microscopically roughened feature surfaces thereon. The local surface normal on feature surfaces is 
calculated by the extended four-point technique for 5 × 5 × 5 neighboring cells (125 cells in total) at 
around the substrate surface cell that the ion reaches. 
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and thus the local angle θ of incidence on microstructural feature surface is calculated by usinf 

the extended four-point technique[86,218,220,224] for 5 × 5 × 5 neighboring cells (125 cells in total) 

at around the substrate surface cell that the particle reaches, as shown in Fig. A.1; this is one of 

the key procedures in the cell-based simulations such as ASCeM, because the surface chemistry 

and kinetics calculations rely crucially on the local incidence angle θ, as mentioned below.  

Note that θ = θi for completely planar substrate surfaces.  In addition, feature surfaces are taken 

to be charge neutral during etching, owing to the Auger process for energetic ions incident on 

surfaces.[225] 

    Moreover, the ASCeM-3D takes into account two-body elastic collisions between energetic 

ions and substrate Si atoms, to analyze the ion reflection or scattering from feature surfaces on 

incidence into vacuum and the ion penetration into substrates.[226,227]  The analysis is based on 

the 3D Monte Carlo calculation of ion trajectories according to the momentum and energy 

conservation through successive collisions with substrate Si atoms; then, the ions reflected from 

the surface into vacuum move further toward another surfaces of the feature or go out the 

simulation domain.  The interatomic potential for Cl–Si employed is the 

Ziegler–Biersack–Littmark type.[228,229]  As mentioned below, in calculating the ion-related 

yields YSi, YSiClx, and YSiClxOy, the ion energy concerned is taken to be its incident energy Ei in the 

case of penetration, while the energy loss or deposit energy on surface ΔEi = Ei − Er in the case 

of reflection, where Er is the ion energy after reflection (Er = 0 corresponds to the case of 

penetration).  It should be noted that the reflection and penetration of energetic ions incident on 

feature surfaces is a second one of the prominent features characterizing the ASCeM; in practice, 

without the effects of ion reflection from surfaces on incidence, the ASCeM does not reproduce 

the evolution of 3D nanoscale surface features such as roughness and ripples as shown Figs. 

4.11, 4.12, and 5.7 and that of 2D nanoscale profile anomalies such microtrench and 

micropillars as reported previously.[84,85,230]  Here, in the ASCeM calculation, the magnitude of 

the effects of ion reflection can be modulated artificially by varying the reflection probability of 

energetic ions, Ri, which is defined as the fraction of the ion reflection calculation scheme 

switched on; thus, Ri = 1 corresponds to the situation in which both penetration and reflection 

occur based on Monte Carlo method (normal ASCeM calculation), and the effects decrease with 

decreasing Ri, then Ri = 0 corresponds to the situation in which the ion reflection does not occur 

(or any ion penetrates into the substrate surfaces). 
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A.3 Surface Chemistry and Kinetics for Si Etching in Cl2/O2 Plasmas 

The ASCeM-3D takes into account surface chemistry and kinetics on substrate, also based on 

the 3D Monte Carlo algorithm:[146,220,224] surface chlorination (or adsorption and reemission of 

neutrals), chemical etching, ion-enhanced etching, sputtering, surface oxidation, redeposition of 

etch and/or sputter products desorbed from feature surfaces being etched, and deposition of etch 

and/or sputter byproducts coming from plasma; the latter three lead to the formation of surface 

inhibitor or passivation layers, which are taken to be removed by sputtering through energetic 

ion bombardment.  These are assumed to occur on substrate surface cells (or the outermost 

surface cells), each of which is allowed to contain four Cl, two Cl and one O, or two O atoms at 

maximum, in addition to one Si atom.   

The surface chemistry concerned in this study for Si etching in Cl2 and Cl2/O2 plasmas is 

summarized in Tabel A.1.   

 

Surface chlorination. It is induced by adsorption of neutral reactants Cl, where the sticking 

probability is taken to be Sn = 1 − (x + 2y)/4 on SiClxOy surfaces (0 ≤ x ≤ 4 for y = 0, 0 ≤ x ≤ 2 

for y = 1, x = 0 for y = 2); otherwise neutral Cl atoms are assumed to be reemitted thermally or 

reflected randomly with a probability (1 − Sn) from the surface to vacuum, which the move 

further toward another surfaces of the feature or go out of the simulation domain. 

 

Surface oxidation. It is induced by adsorption of strongly reactive O neutrals, where the 

sticking probability is taken to be So = 1 − y/2 on SiClxOy surfaces (0 ≤ x ≤ 4 for y = 0, 0 ≤ x ≤ 2 

for y = 1, x = 0 for y = 2); otherwise neutral O atoms are also assumed to be reemitted thermally 

with a probability (1 − So), similarly as for Cl neutrals. 

 

Chemical etching. It is assumed to occur on fully chlorinated SiCl4 surfaces, and 

corresponding reaction probability αSiCl4 is taken from the known data depending on surface 

temperature Ts;
[34] 

 












sB

2/1
sdSi

Cl

chemSi
SiCl4 exp

4ER

Tk

E

u

TN  , (A.5)  

where ERchem = νNd
γTs

1/2exp(−E/kBTs) is the chemical etch rate for Si in heated Cl2 gases, ν = 

4.04 × 10−18 Å·cm3(1+γ)min−1K−1/2, γ = 0.39, and E = 4.7 kcal/mol are constants determined for 

P-doped poly-Si, and kB is the Boltzmann constant.  In addition, ΓCl = (1/4)nClu
−  is the flux of 
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Cl atoms incident on surfaces, nCl is Cl concentration in the gas phase, u−  = (8kBTg/πmCl)
1/2 is 

the average thermal velocity of Cl atoms with mCl being the atomic mass of Cl.  In this study, 

the dopant concentration, surface temperature, and gas phase temperature are typically taken to 

be Nd = 1.0 × 1018 cm−3, Ts = 320 K, and Tg = 500 K, respectively. 

 

Ion-enhanced etching. It occurs through energetic Cl+ ion incidence on chlorinated surfaces.  

The yield is taken to be YSiClx = (x/4)YSiCl4 (1 ≤ x ≤ 4), where YSiCl4 is the etch yield for Cl+ on Si 

surfaces chlorine saturated.  The yield YSiCl4 is taken from the known model depending on ion 

incident energy Ei and local incident angle θ on the surface;[204]   

    fEEEAY  SiCl4th,riSiCl4 , (A.6)  

where the threshold energy and coefficient are assumed to be Eth,SiCl4 = 12.0 eV and A = 0.353, 

respectively,[146] in view of the experiments of Cl2 plasma beam,[146] Cl+ plus Cl/Cl2 beam,[200] 

and Cl+ beam etching[200,231] as well as the analytical models for sputtering.[232]  In addition, the 

angular dependence f(θ) is expressed as follows: 
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Sputtering.  It occurs through energetic Cl+ ion incidence on pure Si surfaces and 

oxidized Si surfaces.  The yield for pure Si surfaces is assumed to be  

    gEEEAY  Sith,riSi , (A.8)  

where the threshold energy is taken to be Eth,Si = 29.7 eV (Ref. [232]) and the angular 

dependence is expressed as follows:[182] 
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cos19.208cos03.224cos70.81
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g
 . (A.9)  

In addition, the yield for oxidized Si surfaces is assumed to be YSiClxO = 4[(2 + x)/4]2YSiO2 (0 ≤ x 

≤ 2), in view of the experiments of Ar+ plus Cl/Cl2 beam etching of Si and SiO2,
[143] where the 

yield YSiO2 is the sputter yield for Cl+ on SiO2; 

       gEEEAY  SiO2th,riSiO2 /1 , (A.10)  

where the threshold energy Eth,SiO2 = 40 eV,[143] and the etch selectivity is assumed to be β = 

YSi/YSiO2 = 8 at Ei = 100 eV and θ = 0°, in view of the experiments of Ar+ beam incidence on Si 
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and SiO2 in Cl2.
[233] 

 

Deposition.  The etch/sputter products desorbed from feature surfaces being etched 

and the incoming byproducts from the plasma are assumed to stick or deposit on all feature 

surfaces with probabilities Sq = 0.05 and Sp = 0.05, respectively; otherwise they are reemitted 

thermally with probabilities 1 − Sq and 1 − Sp, similarly as for neutrals. 

 

 

A.4 Surface Advancement 

Si atoms are removed from the substrate surface cells, together with the neutrals contained 

therein (or the outermost surface cells become empty), when the etching/sputtering causes the 

desorption of etch/sputter products.  On the other hand, Si atoms are newly allocated to the 

cells neighboring the outermost surface cells, together with the neutrals accompanied, when the 

redeposition and/or deposition of etch/sputter products occur.  In addition, Si-containing cells 

floating in vacuum often occur during simulation, which are removed by percolation according 

to the Hoshen–Kopelman algorithm;[234–236] this is a second one of the key procedures in the 

cell-based simulations such as ASCeM, because unphysically roughened surface features tend to 

occur without percolation. 
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Classical Molecular Dynamics 
 

 

 

 

 

 

 

Classical molecular dynamics (MD) simulation is an useful technique to simulate physical and 

chemical interactions of low temperature plasmas with surfaces.[237]  MD simulations follow 

the detailed motion of sets of interacting atoms through integration of atomic equations of 

motion, using interatomic potentials that can account for bond breaking and formation that result 

when energetic species from the plasma impact surfaces.  In this appendix, the interatomic 

potential model employed in this study and the model of the MD-based plasma etching 

simulation are described.[96–97,205]  The main scheme of the MD simulation used in this study 

has been developed by Ohta and co-workers.[90–95] 

 

 

B.1 Improved Stillinger-Weber Interatomic Potential for Si/Cl System 

Any potential-energy function Φ describing interactions between N identical particles (or atoms) 

can generally be resolved into one-, two-, three-, …, and N-body contributions v1, v2, v3, …, vn 

as follows;[238] 
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where the first term v1 corresponds to interaction with a wall or external potentials.  In order 

that this representation be useful in the usual types of theoretical modeling, it is necessary that 

the last term vn converge quickly to zero with increasing n.  When the potential is expressed as 

a function of position of the atoms, Φ(r1(t), r2(t), …, rn(t)), the force acting on atom i at a given 

time t is calculated as a negative gradient of the potential, 
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and the motion of atom i is determined by the Newton’s equation of motion; 
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where mi is mass of atom i.   

    The interatomic potential employed in this study has a form of the Stillinger–Weber (SW) 

potential function for covalent bonds, which can qualitatively represent a diamond lattice 

structure of crystalline Si.[238]  The total potential energy is expressed by the summation of the 

two- and three-body potential functions:[238–241] 

    



kjiji

kjivjiv ,,, 32 . (B.4)  

By introducing energy and length units ε and σ, the two- and three-body functions are reduced 

(or normalized) as follows: 
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Here, rij = |rij|= |ri − rj| denotes the distance between the atoms i and j.  In the Si/Cl system, ε = 

2.1692 eV and σ = 2.0951 Å.  The reduced two-body potential function u2 represented as 
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where r−ij = rij/σ, and aij is corresponds to cutoff radius.  In addition, the reduced three-body 

potential function u3 represented as 

      ikjkjkiikjijkjkjiijkjikikijjik rrhrrhrrhu  ,,,,,,3  , (B.7)  

where if r−ij < aj
jik and r−ij < ak

jik, then 
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otherwise, hjik(r
−

ij, r−ik, θjik) = 0.  Here, θjik = rij·rik/(rijrik) is the angle between rij and rik.  The 

parameters for Si/Cl system used in this study are summarized in Table B.1.[51]  In practice, the 

repulsive interaction is overestimated in the original SW model, when a halogen atom is 

surrounded by more than three Si atoms, or when a high-energy halogen penetrates deeper into 

substrates.  Thus, an improved potential form of the SW model[94,95] is employed in this study, 

which involves a correction term for the three-body potential function, to overcome this 

disadvantage and to predict surface reaction kinetics more accurately:     
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Here, gi(wi) is a correction factor for the three-body potential function, 
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Table B.1 Two- and three-body potential parameters for Si/Cl system.[51] 

 

 

uSiSi ASiSi 7.049556277 uSiCl ASiCl 28.0 uClCl AClCl 8.611 

 BSiSi 0.6022245584  BSiCl 0.67  BClCl 0.789 

 CSiSi 1  CSiCl 1.3  CClCl 0.5795 

 pSiSi 4  pSiCl 2.2  pClCl 6 

 qSiSi 0  qSiCl 0.9  qClCl 5 

 aSiSi 1.8  aSiCl 1.8  aClCl 2.0862 
         

hSiSiSi λSiSiSi 16.404 hSiSiCl λSiSiCl 15 hSiSiCl λSiSiCl 15 

 γSiSiSi
Si 1.0473 (Si)  γSiSiCl

Si 1  γSiSiCl
Si 1.0 

 aSiSiSi
Si 1.8 (Si)  aSiSiCl

Si 1.8  aSiSiCl
Si 1.8 

 αSiSiSi 1  γSiSiCl
Cl 1  γSiSiCl

Cl 1.0 

    aSiSiCl
Cl 1.8  aSiSiCl

Cl 1.8 

    αSiSiCl 1  αSiSiCl 0 
         

hClSiCl *  hClClCl **     
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for i = Cl, and gi(wi) = 1 for i = Si, where s(x) is a smoothing function,  

     5.210exp1

1




x
xs , (B.11)  

and wi = Σjbij is the bonding number.  The degree of bond formation, bij, is evaluated by bij = 

uij/uij
min for r−ij > r−ij

min and bij = 1 for r−ij < r−ij
min, where uij

min is the minimum value of the 

function uij at r−ij = r−ij
min. 

 

 

B.2 Molecular Dynamics Modeling of Cl2 Plasma Etching of Silicon 

Figure B.1(a) shows a schematic of the classical MD simulation for plasma etching.  Substrate 

or target Si atoms are placed in the simulation cell, initially having a structure of a diamond 

lattice whose top surface corresponds to the Si(100) plane.  The Si(100) surface concerned is a 

square of 32.58 Å on one side (with an area of 1061 Å2), where a monolayer (ML) contains 72 

Si atoms (or 6.78 × 1014 atoms/cm2).  The simulation cell initially contains target atoms of 20 

ML (or 1440 Si atoms) in a depth of 26.0 Å.  Target atoms in the bottom layer are fixed during 

the simulation, while periodic boundaries are imposed in the horizontal direction.  Energetic 

Clx
+ (x = 1, 2) and SiClx

+ (x = 0–4) ions are injected toward the surface from randomly selected 

horizontal locations above the target at incident angle in the range θi = 0°–90° with translational 

energies in the range Ei = 20–500 eV, where θi = 0° corresponds to the normal incidence.  In 

the case of molecular ions, the initial translational energy of ions is taken to be distributed to 

atoms constituting the ions, based on the respective atomic masses (mSi = 28.0855 g/mol, mCl = 

35.453 g/mol); moreover, the bond length and angle in molecular ions injected are assumed to 

be fixed at stable equilibrium, and the molecular orientation is given randomly in space about its 

center of mass.  It is further noted that while energetic species are often referred to as “ions”, 

they are assumed to be neutralized owing to the Auger process just before impact, and then 

interact with the surface as neutrals.[225] 

To simulate plasma etching environments with simultaneous exposure of energetic ions and 

neutral reactants, low-energy Cl atoms are supplied normally (θn = 0°) onto the surface also 

from random horizontal locations above the target prior to every ion impact.  The number of 

neutrals supplied per ion impact corresponds to the incoming neutral-to-ion flux ratio in plasma 

environments, which is taken to be in the range Γn
0/Γi

0 = 0–100; in practice, Γn
0/Γi

0 = 0 

simulates the etching by energetic ions only, and Γn
0/Γi

0 = 100 the etching by typical 
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high-density plasmas such as ICP[88] and ECR plasmas.[132,133,206,207]  The translational energy 

of neutrals is taken to be typically En = 0.01 eV, which would be low enough not to etch Si but 

to stick on the surface.  

 
 
Fig. B.1. (a) Schematic and (b) calculation scheme of the classical MD simulation for plasma 
etching with exposure of energetic ions and low-energy neutrals, where every after injection of an 
energetic ion, a set of neutrals are supplied onto the surface. The ions of interest are Clx

+ (x = 1, 2) 
and SiClx

+ (x = 0–4) with translational energies in the range Ei = 20–500 eV, being incident on 
Si(100) surfaces at incident angles in the range θi = 0°–90°; Cl neutrals of translational energy En = 
0.01 eV are also incident normally thereon with the neutral-to-ion flux ratio in the range Γn

0/Γi
0 = 

0–100. Substrate or target Si atoms are placed in the simulation cell, which has a square of 32.58 Å 
on one side and contains target atoms of 20 ML or 1440 Si atoms in a depth of 26.0 Å. Note that an 
ML contains 72 Si atoms (= 6.78 × 1014 atoms/cm2). 
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Figure B.1(b) shows a calculation scheme of the MD simulation for plasma etching, which 

is in a sense similar to the so-called digital or atomic layer etching of Si consisting of a 

repetition of Ar+ ion incidence followed by that of neutral reactants.[212–214]  After every 

injection of an energetic ion (Clx
+, SiClx

+), we let the system evolve for 0.7 ps with the total 

energy being constant, and then artificially cool the system for 0.3 ps down to the initial 

temperature (300 K) of target atoms, where the temperature is taken to be the mean kinetic 

energy over the target atoms contained in the simulation cell.  The artificial cooling of the 

system is made by employing the Berendsen heat removal scheme[242] with a coupling constant 

of 2.0 × 1014 s−1.[243–245]  Similarly, after every introduction of a set of low-energy neutrals (Cl), 

we let the system evolve for 4.0 ps and then cool it for 0.2 ps.  In addition, we sometimes add a 

layer of Si atoms at the bottom of the simulation cell, to maintain the number of target atoms 

above ~20 ML therein during etching.  The etch fundamentals, such as etch yield and threshold, 

product stoichiometry, desorption yield of adsorbates, velocity (energy and angular) distribution 

of products and adsorbates desorbed, and microscopic structures of surface reaction layers 

(thickness, coverage, stoichiometry, and depth profile), are analyzed after every ion impact, 

which are averaged over 1000 ion impacts after the etching characteristics and surface structures 

have become statistically stable, unless otherwise stated. 

It should be noted that in high-density plasma etching environments, the ion flux onto 

substrate surfaces is often < 10 mA/cm2 (or Γi
0 < 6.2 × 1016 cm−2s−1),[88,132,133,206,207] in which 

energetic ions impact the surface presently concerned at most approximately once every 10−4 s, 

and so individual ion impacts may be virtually assumed to be temporally isolated events.  On 

the other hand, the MD simulations are limited to times of the order of 10−12 s, and so longer 

time-scale events such as thermal diffusion, reaction, and desorption (that are undoubtedly 

occurring in surface layers after ion impact) are not likely to occur intrinsically during relatively 

short times of the simulation.  We took the simulation time of 1 ps (evolving and cooling times 

of 0.7 and 0.3 ps, respectively, as mentioned above), based on the transit time for a “shock wave” 

to traverse the distance from the top surface to the fixed bottom layer of the simulation cell and 

back,[243–245] which is slightly less than that of 1–2 ps generally taken in other MD studies.[237]  

No significant change was confirmed in the etching characteristics and surface structures 

obtained for varying the evolving and cooling times in the range 0.7–2.8 and 0.3–2.1 ps, 

respectively (or the simulation time in the range 1–5 ps). 

When MD simulations of atomic collision cascade are carried out, the time step integration 
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algorithm of the Newton’s equation of motion [eq. (B.3)] is important for the stability, accuracy, 

and computational time.  In this study, the Smith’s “Two step A algorithm” is used for the 

accuracy and computational time.[246,247] 
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Particle-in-Cell Simulation 
 

 

 

 

 

 

 

Particle-in-Cell (PIC) is a simulation method of partially ionized gases,[197,248,249] where 

interaction between electromagnetic fields and charged particles are solved using spatial meshes.  

In addition, particle collisions are taken into account with Monte Carlo methods.  In this 

appendix, the application for calculation of ion trajectories concerned with experiments using a 

sheath control plate is described. 

 

 

C.1 Calculation of Ion Trajectories 

Figure C.1(a) shows a schematic of the simulation domain, including the plasma region and a 

sheath control plate on the wafer stage.  The height of simulation area is 15 mm (distance 

between bottom of plasma region and top of wafer stage), and the width is variable depending 

on the geometry of the sheath control plate (slit width in the range ws = 3–7 mm, silt height of hs 

= 4 mm, blade thickness of ts = 1 mm, and slit angles of θs = 45° and 90°), where periodic 

boundaries are imposed in the horizontal direction.  The Cartesian coordinates (x–z) are 

employed, in which a number of simulated particles are loaded along with three velocity 
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components (vx, vy, vz).  The particles considered were Cl2
+ ions only, which initially have a 

uniform distribution in the simulation area, and in calculations, are supplied from the plasma 

region at a flux based on the Maxwell distribution and deleted at the surface of the sheath 

control plate and wafer stage. 

    Figure C.1(b) shows a calculation flow of this PIC simulation.  After the initial 

conditions are set, the Newton’s equation of motion for ions and Poisson equation are solved 

iteratively until the steady electrostatic potential distribution is obtained.  The equation of 

motion is solved by velocity-Verlet method, with an assumption of a collisionless sheath 
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where ri, vi, and mi are the position, velocity, and mass of ith ion, respectively, e elementary 

charge, E electric filed, and Δt time step.  The Poisson equation  

 

 
Fig. C.1. (a) Schematic and (b) calculation scheme of the 2D PIC simulation for ion trajectories 
onto the wafer stage and sheath control plate during plasma etching. The particles considered are 
Cl2

+ ions only, and the electron density is assumed to be determined by Boltzmann relation. After 
the steady-state electrostatic potential distribution is averaged over time, ion trajectories are 
calculated by using tracer ions set in the averaged potential field. 
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is solved by Broyden’s second method,[250] where ϕ is electrostatic potential, ρ charge density, ε0 

permittivity in vacuum, ni and ne ion and electron density, respectively.  In this calculation, the 

electron density is assumed to be determined by the Boltzmann relation 
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where np is plasma density, kB the Boltzmann constant, Te electron temperature, and Vp plasma 

potential. 

    After the steady-state electrostatic potential distribution is averaged over time, the tracer 

ions are set at the sheath edge with the Bohm velocity 
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and the ion trajectories (or ion incident energy and angle) onto the surfaces of the sheath control 

plate and wafer stage are calculated.  
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