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Chapter 1

Introduction

The progress in micro or nano electromechanical systems [M(N)EMS] places new chal-
lenges to the fabrication processes. The requirements for the structuring of silicon as a
mechanical or electronic material are moving towards high aspect ratio structures, for sub-
micrometer features on the one end, and towards large features, such as through-the-wafer
interconnects or several 100µm thick silicon open stencil masks.

An advanced dry (plasma) etching technique for the structuring of silicon is the so-
called gas chopping etching technique (time-multiplex etching), where etching and pas-
sivation cycles are temporary separated and continuously alternated during the process
[1], which is applied for the fabrication of various MEMS structures, such as microactu-
ators [2–4] or particle projection lithography masks [5–10]. A better understanding and
knowledge of the various effects influencing the performance of the gas chopping etching
technique is required for the improvement of this etching technique towards high aspect
ratio on the one hand, and towards sub-micrometer structures on the other hand. One way
to gain such knowledge is the development of a model taking into account the various
effects, and numerical simulations of profiles based on this model. By variation of cer-
tain effects within the simulation, their relative importance on the profile evolution can be
studied.

This work focuses on the development of a phenomenological model of the gas chop-
ping etching technique, the modeling of reactant transport, and the effect of reactant trans-
port on the etching of high aspect ratio structures.

The applications of this microfabrication technique are manifold. It ranges from open
stencil masks for ion projection lithography (IPL) using Helium ions and thin (5µm) sili-
con membranes [5–8], thick (100µm) silicon open stencil masks for heavy ion projection
lithography or masked implantation [9–11], fabrication of samples for material research
[12], sensors based on the cantilever principle [13, 14], and microactuators and microtools
(microgripper) [2–4]. A few of these applications and devices, which have been realized
in the context of various projects, are shown in fig. 1.1.
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(a) (b)

(c) (d)

(e) (f)

Figure 1.1: Examples of micro electromechanical systems (MEMS) and micromechanical
devices fabricated by the gas chopping etching technique. Ion projection lithography
mask [5–8] (a) with 100 mm diameter and 4.5µm thickness fabricated from 100 mm
silicon wafers, and magnified detail (b) (from ref. [8]). Heavy ion projection implantation
silicon stencil mask [9, 10] (c) of approx. 100µm thickness, with the smallest structure
only 20µm wide. Electrostatical driven microgripper [3, 4] (d) (from ref. [3]). Atomic
force microscopy cantilever array for ESA-Midas/Rosetta space mission (e) (from ref.
[13]). Single cantilever force sensor (f) fabricated by etching through a silicon membrane
which defines the cantilever thickness (Image courtesy of K. Domanski, ITE, Warsaw
[14]).



Chapter 2

Plasma

2.1 Definition

By definition, a plasma is a largely ionized gas, which consists of positive (ions) and neg-
ative (electrons, negatively charged ions) particles [15–17]. On the average, the plasma
is electrically neutral [18]. It is on the one hand electrically conductive and can be in-
fluenced by external electric or magnetic fields, on the other hand, however, it appears
neutral from the outside, because of the equal number of positive and negative charges.
This state is also called ”quasi-neutral” [15, 16].

The plasma density is the sum of the density of all charged particles [17]. Typical
values for etching process plasmas are in the range of 109 cm−3 to 1012 cm−3 at a pressure
of about 0.5 Pa (≈ 5 mTorr). The degree of ionization is the ratio of the density of the
ionized particles to the density of all particles. For typical processing conditions, it is in
the range of 10−4 to 10−3 [17].

The plasma is not in thermal equilibrium, that is, the electrons, ions and neutral parti-
cles have different temperatures. The electron temperature of process plasmas can exceed
more than 20,000 K, while the ion and neutral temperatures are close to the ambient tem-
perature (500 K (0.04 eV) for ions, and 300 K (0.02 eV) for neutrals) [15, 17, 18].

Since the plasma consists of positive ions and electrons, which are freely movable,
they interact by means of electrical fields. Electrons tend to be grouped around positive
ions, thereby effectively shielding the ion electrical potential. This effect was first de-
scribed by Debye and Ḧuckel in their theory of strong electrolytes in aqueous solutions
[15]. Their theory is based on the assumption that the lighter ions form ”ion clouds”
around the heavier ions, because of the electrical force between the ions. In the case of a
plasma, the electrons play the role of the lighter ions, and the ions, because of their much
larger mass, can be considered being homogeneously distributed, with the constant ion
densityni .

The local electron densityne(~r) therefore can be written in the form

ne(~r) = ne,0exp

{
eV(~r)
kTe

}
, (2.1)

wherene,0 = zni represents the undisturbed electron density,e the elementary charge,V
the electrical potential,k Bolzmann’s constant,Te the temperature of the electrons, andz
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is the ionization state of the ions. Here, the thermal energykTe, which causes the electron
density distribution to become random, is the opponent of the electrical energy−e0V(~r),
which causes the the electron density distribution to become ordered. The net charge
densityρ then can be written as

ρ = zeδ(~r−~rp)+e(zni−ne(~r)), (2.2)

where~rp is the position of the ion. It is assumed that the vast majority of the ions are
positively charged, hence the contribution of the negative ions is neglected here.

Substituting the electron density (2.1) and the charge density (2.2) into Poisson’s equa-
tion, the differential equation for the potentialV(~r) becomes

4V(~r) =−ze
ε0

δ(~r−~rp)−
ene,0

ε0

(
1−exp

{
eV(~r)
kTe

})
. (2.3)

Assuming that the thermal energy is much larger than the electrical energy, the differential
equation can be linearized by expanding the exponential function into a taylor series and
truncating after the linear term. The radially symmetric solution is given by [19]

V(~r) = V0exp

{
− r

λD

}
, (2.4)

whereV0 is the unshielded potential of a positive ion, andr = |~r−~rp|. V0 is given by

V0(r) = z
e

4πε0r
, (2.5)

wherez is the ionization state of the ion, andλD is called the Debye length, and given by

λD =

√
ε0kTe

e2ne,0
. (2.6)

The Debye length (2.6) is the characteristic lenght for the screening of perturbations in
the plasma. After a distance of three Debye lengths, the potential decreases to about 1%.

The Debye length allows to distinguish between ionized gases and plasmas: Only if
the the Debye length is small compared to the dimensions of the volume occupied by the
gas, it is called a plasma [16].

If all the electrons are displaced from their equilibrium position byx, then a restoring
force is acting on the electrons:

me
d2x
dt2

=−eE=−e2ne

ε0
x, (2.7)

whereE is the electrical field. This is the equation of the so-called Langmuir oszillations
with the frequency

ωe =

√
nee2

meε0
. (2.8)
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The frequencyωe is called the plasma frequency. The importance of the plasma frequency
becomes apparent, when the timeτ at which perturbations of the plasma relax, is calcu-
lated: Assuming the electrons are subject to a Maxwell-Boltzmann speed distribution:

f (v) =
4√
π

v2

v3
p

exp

{
−
(

v
vp

)2
}

, (2.9)

with vp the most probable speed

vp =

√
2kTe

me
, (2.10)

and< v > the mean speed

< v >=
∫ ∞

0
v f(v)dv=

√
8kTe

πme
, (2.11)

then the mean kinetic energȳEkin of the electrons is

Ēkin =
1
2

mev
2
rms =

3
2

kTe , (2.12)

where the root mean square speedvrms is given by

vrms =
√∫ ∞

0
v2 f (v)dv=

√
< v2 > =

√
3kTe

me
. (2.13)

Thenτ can be written as

τ =
λD

vrms
=

1√
3

√
ε0me

nee2 ≈ 0.6
1

ωe
. (2.14)

This means that perturbations are compensated within a time depending on the Debye
length, which is the spatial dimension of perturbations, and on the rms speed, which is a
measure of the thermal energy of the electrons. The higher the electron temperature, the
faster perturbations are compensated.

If perturbations are caused by external fields, they are almost instantaneously compen-
sated by electron displacement, as long as the frequency of the external fields are lower
than the plasma frequency. If the frequency of the external fields is higher than the plasma
frequency, the plasma cannot follow the instantaneous external fields anymore, but will
follow the resulting time-average fields.

In this regard, the Debye lengthλD and the plasma frequencyωe are the spatial and
temporal limits for the extension of plasma perturbations.

So far, the plasma frequency was derived for electrons only. The same considerations
can be made for the ions, resulting in a plasma frequencyωi for the ions with essentially
the same form as equ. (2.8), however, the electron massme is replaced by the ion mass
mi , and the electron densityne by the ion densityni :

ωi =

√
e2ni

miε0
. (2.15)
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In the derivation of the Debye length and plasma frequency of the electrons, it was
assumed that the electrons carry out collective oscillations relative to a background of sta-
tionary positively charged ions, where no losses due to collisions or thermally activated
diffusion occurs. In addition, deflections and forces due to electron-electron interactions
have been neglected. In reality, however, these mechanisms occur, and give rise to damp-
ing and non-linear behavior [15].

Due to the higher mass of the ions, compared to the electrons (factor 2,000 at least),
and due to the ion temperature being lower than the electron temperature, the plasma fre-
quency of the ions is much lower than the electron plasma frequency. This has important
consequences: Where electrons still can follow external fields instantaneously due to their
higher plasma frequency, ions can only follow the time-average fields.

Table 2.1 lists values for particle (ions, neutrals and electrons) densities and electron
temperatures, as reported by Rauf et al. for inductively coupled SF6 and C4F8 discharges
[20, 21], and by Singh, Coburn, and Graves for an inductively coupled CF4 plasma [22]
and Debye lengths and plasma frequencies calculated from these values according to equs.
(2.6), (2.8), and (2.15).

The electron temperature is much higher than the ion temperature, and so are the
corresponding mean velocities of electrons compared to ions. If an insulating probe is
immersed into a plasma, the initial electron current to that probe is much higher than
the ion current. Therefore the probe begins to charge up negatively, until the potential
between the probe and the plasma bulk is negative enough to repel most of the electrons.
Since the probe is negatively charged, it attracts (positively charged) ions. Steady state is
reached when the ion current is equal (but opposite) to the electron current. In this case,
the probe has a floating potentialVf relative to the potential of the plasma,VP. Therefore,
the electric potential decreases within a region between the bulk plasma and the probe,
which is calledsheath. The electron currentje is the product of the portion of electrons
with a kinetic energy higher than the potential energy, and the mean velocity times the
electron charge:

je =−e
< ve >

4
neexp

{
−

eVf

kTe

}
. (2.16)

The ion currentj i (assumed that the ions are simply positively charged) is of simpler form
because there is no potential barrier the ions have to climb:

j i = +e
< vi >

4
ni . (2.17)

Recalling the quasi-neutrality of the plasma,ne = ni , and the steady state condition,je+
j i = 0:

Vf =−kTe

e
ln

< vi >

< ve >
, (2.18)

and by substituting< vx > by (2.11) [17],

Vf =−kTe

2e
ln

meTi

miTe
=

kTe

2e
ln

miTe

meTi
. (2.19)

This derivation, however, does not consider the acceleration of the ions towards the nega-
tive probe. Recalling equ. (2.17), and allowing bothni and< vi > to vary withx, wherex
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is the distance between the undisturbed bulk plasma and the probe, withx = 0 indicating
the beginning of the sheath region, one can consider conservation of energy of the ions

miv2
i,rms(x)
2

=
miv2

i,rms(0)
2

+eVf (x), (2.20)

and conservation of charge (no recombination or ionization within the sheath i.e.j i(x) =
j i(0))

ni(x) =
ni(0) < vi >

< vi(x) >
. (2.21)

Substituting equ. (2.20) into (2.21), using the definitions equs. (2.11) and (2.13) yields

ni(x) = ni(0)

√
8
3π

√
1+

2eVf (x)
miv2

i,rms

. (2.22)

Substituting the ion density equ. (2.22) and the electron densityne(x) into Poisson’s

equation, using
√

8
3π ≈ 1 and the positive space charge condition

d2Vf

dx2 < 0, yields a mini-
mum for the kinetic energy of ions entering the sheath (Bohm criterion):

miv2
i,rms

2
>

kTe

2
, (2.23)

which indicates that the ions are accelerated in a region called thepre-sheathsituated be-
fore the sheath, where a low voltageV = kTe

2e leaks into the bulk plasma, which accelerates
the ions towards the sheath. The electron density at the boundary between pre-sheath and
sheath therefore is

ne(0) = neexp

{
−eV
kTe

}
= neexp

{
−1

2

}
≈ 0.6ne. (2.24)

Since quasi-neutrality still holds true for the pre-sheath,ne = ni , and

j i ≥ 0.6ene

√
kTe

mi
. (2.25)

Using the steady state conditionj i + je = 0 and the electron current equ. (2.16), the
floating potential writes as

Vf ≤
kTe

2e
ln

mi

2.3me
, (2.26)

where equality holds for zero ion temperature.

The previous results were derived for electro-positive plasmas, which consist of posi-
tive ions and electrons (and neutrals). The situation is different for electro-negative plas-
mas, such as halogen plasmas used in the etching of silicon, which consist of both positive
and negative ions and electrons. In this case, the Bohm criterion becomes [23]

v2
is =

kTe

mp

npsTn

nesTn +nnsTe
, (2.27)
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where the subscripts denotes values at the boundary between pre-sheath and sheath, and
the subscriptsn, p, e, i denote values for negative or positive ions, or for electrons, or
for ions in general, respectively. Since the negative ion temperature is lower than the
electron temperature, negatively charged ions are not possible to reach surfaces at floating
potential [23]. However, Becker et al. have observed negative F− ions at the cathode of
an rf powered plasma and have investigated their influence in plasma processing [24, 25].

2.2 Generation of Plasmas

Charge carriers of the plasma are lost due to recombination in the plasma bulk, due to dif-
fusion out of the plasma bulk, or due to absorption and/or neutralization at the sidewalls
of the enclosure. Therefore, in order to maintain the plasma, the constant loss of ions and
electrons must be compensated by a constant supply of energy. This energy can be heat
(flames, stars), radiation (outer atmosphere) or electrical fields (discharges in plasma pro-
cessing devices). We will restrict our considerations to discharges in plasma processing
equipment.

The energy supplied to the plasma leads to ionization of the gas atoms or molecules,
and to a raise in electron or ion temperature. In the equipment used in this work, the en-
ergy is fed into the plasma by means of alternating electromagnetic fields with a frequency
of 13.56 MHz. Electrons and ions are generated by ionization within the plasma bulk by
impact of electrons with atoms or molecules (α ionization), by impact of ions with neu-
trals (β ionization), and further mechanisms, like dissociative attachement of electrons
(electronegative gases). Secondary electron emission due to ion bombardement of the
excitation electrodes can be neglected in case of rf discharges [15].

Electrical power can be fed into the plasma by either DC or AC coupling. In that
case, a dc voltage is applied between the two electrodes (cathode and anode) immersed
into the plasma chamber. If the electrical field is high enough, electrons gain enough
energy between two collisions with neutrals or ions to trigger ionization events. Electrons
and ions impinging onto the anode or cathode, respectively, generate secondary electrons
[15]. In order to maintain a stable discharge, the ionization and generation events must
outperform the recombination and loss events.

Due to the negative potential (with respect to the plasma potential) at the cathode,
positive ions are accelerated towards the cathode. Hence, a constant ion current or ion
bombardment of the cathode is caused. If the ion energy (by the average) is large enough
to trigger sputtering or ion-enhanced etching, such reactions take place at the cathode.
The threshold energy for sputtering of metalls (Ag, Au, Pd, Pt) with Ar+ ions, for in-
stance, is about 60 eV, and for ion-enhanced etching of silicon by Ar+ ions is 40 eV [27].
Therefore, the sample would be placed at the cathode. If the sample is insulated from
the cathode, the sample will charge up to the floating potential only, not to the cathode
potential. The floating potential, however, is much less (≈ 10 eV [17]) than the threshold
energy required. Therefore, the sputtering or etching reaction would stop to proceed as
soon as the sample potential reaches steady state, i.e. floating potential.

The solution to this problem is to constantly discharge the sample by repetitively di-
recting a current of (negative) electrons onto the sample. This is done by powering the
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Figure 2.1: Spatial distribution of the time-average potential in a capacitively coupled
plasma. The cathode (left) is connected with the rf generator via a blocking capacitor.
The grounded chamber walls are represented by the right electrode. The potential at the
cathode is the most negative potential, while the plasma potential is the highest one. Ions
are accelerated by the time-average potential between the plasma and the cathode. In well
designed reactive ion etching systems, the plasma potential with respect to the grounded
chamber walls is low, and most of the dc potential between ground and cathode appears
across the cathode sheath. (After J.W. Coburn [26].)

cathode with an ac voltage instead of a dc voltage, where during the positive half cycle
electrons reach the sample. Since the frequency of such ac voltages usually is in the kHz
or MHz range, such discharges are called rf (radio frequency) discharges.

In this case, the electrodes can be considered as the plates of a capacitor, with the
plasma being the die-electra. Therefore, this coupling method is called capacitively cou-
pled plasma. Usually, for reactive ion etching configurations, the walls of the plasma
chamber are grounded, while the electrode on which the sample is placed, is powered. In
order to avoid a dc coupling component, the generator is connected to the powered elec-
trode (cathode) via a blocking capacitor, which avoids dc currents from flowing in or out
of the generator. Therefore, the cathode charges up to a voltage lower than the floating
potential. Also the chamber walls accumulate electrons and charge up negatively with
respect to the plasma potential. Due to the difference in the areas of the chamber walls
and cathode, the cathode charges up more negatively than the grounded chamber walls.
Since the potential of the cathode is the most negative potential in the system, it is called
the cathode. A schematic plot of the potential distribution within a capacitively coupled
plasma is given in fig. 2.1.

The potential at the chamber walls and the cathode is given by

VA

VC
=
(

AC

AA

)y

, (2.28)

whereV andA are the potential and area, respectively, of the cathode (C) and the anode
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ω

Figure 2.2: Schematic illustration of the time dependent potentials at the cathode (solid
curve) and in the plasma bulk (dashed curve) for a capacitively coupled discharge. The
plasma potential becomes ground potential during the peak of the negative rf cycle (3/2π),
and remains positive else. During the peak of the positive rf cycle (1/2π), the cathode po-
tential becomes equal to the plasma potential, hence there is no potential barrier between
the plasma bulk and the cathode. Hence, electrons can reach the cathode during the peak
of the positive rf cycle. Likewise, electrons reach the grounded electrode (chamber walls;
anode) during the peak of the negative rf cycle. (After Köhler et al. [28].)

(A) (chamber walls), andy is an exponent which is between 1 and 4, depending on the
authors and applied theory and plasma conditions [15].

The differenceVC−VA is called the self dc bias voltage, or shorter dc bias or self bias.
It is always negative, so the negative sign is often omitted when stating values. Since the
potential of the grounded chamber walls is close to the plasma potential, the dc bias is a
good estimate for the potential between the cathode and the plasma.

Due to the high plasma frequency of the electrons, the applied rf voltage of 13.56
MHz to power the cathode is just a slowly varying dc voltage, from the point of view of
the electrons. Therefore, the electrons are capable to follow the applied rf field instanta-
neously: With every positive cycle at the cathode, electrons are extracted from the plasma
and collected at the cathode, while with every negative cycle, electrons are collected at the
chamber walls. In this way, electrons are drawn from the plasma, which in turn becomes
positive with respect to the chamber walls and the cathode. As stated in equ. (2.28), the
cathode charges up more negative than the chamber walls. Fig. 2.2 illustrates the time
dependent potential at the cathode and in the plasma.

The plasma frequency of the (heavy) ions, like fluorine or carbon is below the driving
frequency. Therefore the ions are not capable to follow the applied rf field. To give a
simple picture, as soon as the ions are accelerated into one direction, according to the
electrical field vector, the phase or direction of the electrical field has already changed,
hence de-accelerating the ions. The effect of the rf field on the ions is to cause them to
perform oscillations with low amplitude, just like a pendulum excited with a frequency
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above its resonance frequency. However, the ions are capable to follow the time-average
dc field. Therefore, ions are accelerated towards the chamber walls, and even more to
the cathode. The ion current to the cathode and chamber walls partially compensates the
negative charge caused by the accumulated electrons. Steady state is reached when the
ion current is equal to the time-average electron current.

The accelerating voltage for the ions impinging onto the cathode is the difference
between the plasma potential and the cathode potential, which can be well estimated by
the dc bias (stated above). Therefore, the dc bias is a good estimate for the energy of
the ions impinging onto the cathode, under conditions of no collisions within the sheath.
If collisions within the sheath take place, accelerated ions transfer part of their kinetic
energy onto their collision partners, and are deflected.

Becker et al. [24, 25] and Liu et al. [29] have measured the ion energy distribution
functions (IEDF) of SF6 and of argon plasmas, respectively.



Chapter 3

Experimental setup

In case of capacitively coupled plasmas, the electrical field vectors penetrate the sheath
and the bulk plasma, and are closed outside of the plasma, whereas the magnetic field is a
vortex field inside the plasma bulk. In case of inductively coupled plasmas, the magnetic
field vectors are closed outside of the plasma, and the electric field is a vortex field inside
the bulk plasma. Therefore, the potential of chamber walls or sample holders is limited
to the floating potential, independent of the excitation power, in contrary to capacitively
coupled plasmas, where the potential of chamber walls increases with excitation power.
Consequently, the ion energy loss of inductively coupled plasmas is considerably lower
than that of capacitively coupled plasmas, hence inductively coupled discharges are more
efficient [30].

The advantage of this coupling method is the higher plasma density (1011−1012 cm−3)
[30], compared to a capacitively coupled plasma (1010 cm−3) [15, 17]. In both cases the
wavelength of the excitation fields are larger than the plasma bulk dimension (e.g. the
processing chamber), therefore such discharges are called steady-state discharges [15].

The plasma processing device used in this work (Oxford Instruments Plasma Technol-
ogy System 100, fig. 3.1) combines both types of coupling: The plasma is generated and
excited by inductive coupling, therefore the plasma density, and hence the density of all
plasma species, such as ions and radicals, is determined, apart from processing parame-
ters such as pressure or gas flow rates, by the power supplied to the inductive coupler, i.e.
the coil. This power is called the ICP power.

An additional generator powers the cathode on which the sample is placed (platen
power, cathode power). The aim of this capacitive coupling arrangement is to extract
electrons from the plasma in order to generate a dc bias at the cathode. In this way,
positive ions are accelerated towards the cathode, resulting in an ion bombardment of the
sample.

The power of both generators can be adjusted independently, resulting in an indepen-
dent adjustment of plasma density and ion bombardment of the sample.

The chamber walls consist of aluminium, except for the dielectric window between
coil and plasma, which is designed as a quartz tube. An electrostatic screen between
coil and dielectric window prevents capacitive coupling between plasma and coil. As the
quartz tube is in contact with the plasma, it is subject to etching at a slow rate (mm/month),
resulting in deliberation of oxygen into the plasma chamber.
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The sample is loaded by a specially designed robot arm into the chamber via a load
lock, allowing permanent vacuum in the processing chamber. The sample lift is designed
to touch the sample only at the edges, avoiding damage of the the backside of double side
processed samples. It also allows the handling of silicon membranes without any carrier
wafer required. Both robot arm and sample lift allow for fast adaption for wafer sizes from
3 inch to 8 inch diameter. This design was required for the processing of membranes and
similar MEMS samples and is patented [32, 33].
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Chapter 4

Plasma Processing

The plasma generates electrons, atomic or molecular ions, and atomic or molecular rad-
icals (see chapter2: Plasma) in the bulk plasma. These particles then travel cross the
sheath until they impinge on the surface of the sample or chamber walls. Here we will re-
strict our considerations on the particles impinging onto the surface of the sample. Upon
impinging onto the sample surface, two principal types of reaction are possible:

1. The plasma particles undergo chemical, physical, or physically enhanced chemical
reactions with the atoms of the sample to form a volatile reaction product, con-
sisting of atoms of the sample and, possibly, of atoms of the plasma species. As
a consequence, the sample is being consumed by this type of reaction, due to the
volatile reaction product. This type of plasma-surface reaction in general is called
”etching”.

2. The plasma particles undergo chemical or physically induced chemical reactions
with the sample and other plasma species, to form non-volatile reactions products,
which remain adsorbed, either physisorbed or chemisorbed, at the surface. Since the
reaction product is non-volatile, a growing layer of the reaction product is formed
on the sample surface. Therefore, this type of plasma-surface reaction is called
”deposition”.

Whether deposition or etching takes place depends on the process conditions, such as
sample material, processing gases, and plasma parameters like rf power or operating pres-
sure. Since this work is about the fabrication technology of microsystems or micro(nano)
electromechanical systems (M(N)EMS), made of silicon, we restrict our considerations
here on silicon as the sample material, and on fluor or carbon-containing processing plas-
mas, such as SF6 or CHF3 plasmas.

4.1 Etching

The etching of silicon is done with SF6 plasmas, which generate fluorine atoms, positive
ions SFx+, with x ranging from 0 to 5, positive fluorine ions F+, and negative ions SFy

−,
with y ranging from 4 to 6, and F− and F2

− [24, 25, 34]. According to Franklin, the
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negative ions will not reach surfaces at floating potential [23]. However, negative fluorine
ions F− are capable to reach the sample surface if it’s placed on a cathode with negative
self-bias [24, 25]. In capacitively coupled plasmas, the majority of the positive ions are
SF+

3 and SF+5 [24]. Rauf et al. report that, in inductively coupled SF6 plasmas, the
primary ions produced directly from SF6 are SF+3 and SF+5 , however, they denote the SF+

2
to be one of the important ions [20], where SF+

2 is mainly produced due to ionization of
the SF2 radical. They calculated the density of the SF2 radical (≈ 1013cm−3), the SF+2
ion (≈ 5×1010cm−3), of atomic fluorine (≈ 4×1014cm−3), and of the negative F− ion
(≈ 1011cm−3) [20], which indicates that the concentration of neutrals (atoms or radicals)
is by orders of magnitude higher than the concentration of the ions. Also, the flux of the
fluorine radical (≈ 1019cm−2s−1) is much higher than that of the ions (≈ 1015cm−2s−1).

The etching of silicon can be divided into three mechanisms, which are discussed in
the following sections.

4.1.1 Chemical etching

In the case of SF6 plasmas, the chemical etching of silicon is due to F atoms.

D’Agostino et al. have measured the etching rate of silicon in SF6-O2 mixtures [35]
or in various freon discharges [36] as a function of the atomic fluorine concentration.
They reported a significant correlation between the etching rate and the atomic fluorine
concentration, indicating that the etching of silicon is in fact due to fluorine atoms.

The reaction equation is

Sisolid+4F−→ SiF4 gas (4.1)

or
Sisolid+2F−→ SiF2 gas. (4.2)

Fluorine atoms etch silicon spontaneously at room temperature [37]. According to
recent publications [20], there is still a ”debate in literature ” whether the reaction product
of the silicon etching reaction is SiF2 [37] or SiF4 [38, 39]. Coburn and Winters conclude,
that SiF4 is the primary etch product for the spontaneous etching of silicon, together with
minor quantities of Si2F6 and Si3F8 [40–42].

Also, fluorine adsorbes on silicon surfaces, resulting in a thin (approximately mono-
layer) film of SiF2 on silicon (see also section 4.1.3). This adsorbed surface fluorine
hinders fluorine from etching, hence the etching rate slows down with increasing degree
of fluorine surface coverage.

The etching rate is reported being proportional to the fluorine flux to the sample sur-
face [37]. As the flux of neutrals is proportional to the concentration, the etching rate
can also written as a linear function of the fluorine concentration. Flamm et al. have
measured the reaction probability with atomic beam experiments as a function of tem-
perature. They have found that the reaction probability follows an Arrhenius law. Their
result (0.00168 at room temperature) is by a factor of 100 lower than reaction probabilities
reported for the plasma etching of silicon by other groups (0.2-0.3) [43, 44], (0.03-0.11)
[45]. In the experiment of Flamm et al., the degree of surface fluorination was close to
saturation coverage, whereas under plasma etching conditions the surface fluorination is
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much lower [46]. Furthermore, under plasma etching conditions, the sample surface is
subject to electron and light irradiation. Exposure to visible light enhances the etching
rate of silicon [40]. The sample in contact with the plasma is at floating potential, and as
a consequence is subject to (low energy) ion bombardment even if there is no self-bias
present. The energy of the ions is approximately the floating potential, i.e. 10–20 eV.
These irradiations may result in radiation induced desorption of chemisorbed fluorine, or
in case of ion bombardment, may cause ion-enhanced etching, albeit at low etching rate.
As a consequence, the degree of surface fluorination might be lower under plasma etching
conditions than in atomic beam experiments.

Also, the presence of sulfur containing radicals (SF2) or atomic sulfur increases the
etching rate of silicon [47] and may be a reason for the higher reaction probability of
fluorine with silicon under plasma conditions compared to atomic beam experiments.

Due to the chemical nature of this etching mechanism, the chemical etching is isotropic,
i.e. the etching rate perpendicular to the surface is equal to the lateral etching rate.

Under typical process conditions the etching rate can be quite high, ranging from a
few hundred nanometers per minute up to≈ 5 µm min−1 or more.

4.1.2 Physical etching

Physical etching or sputtering relies on energy and momentum transfer from an impinging
particle onto the target atoms by means of elastic/inelastic scattering [39]. Usually the
impinging particles are ions because they can easily be accelerated and gain energy by
electric fields. Also neutralkinetic radicalscontribute to the particle bombardment. The
origin of the kinetic radicals are ions which are accelerated across the sheath and get
neutralized before their impact onto the sample surface. In the context of physical and
ion-enhanced etching, the word ”ions” is used as a synonym for both ions and kinetic
radicals. In order to leave the target, the energy of the target atom to leave the surface must
be higher than the threshold energy and its momentum must be pointing away from the
target. The threshold energy required to trigger this process is the binding energy between
the target atoms and the target. Since the momentum of the ion is originally pointing
towards the target (i.e. opposite of the required direction of the leaving target atom), the
complete mechanism is a multi-particle process, involving many of the target atoms. The
sputter yield can be defined as the ratio of the sputtered atoms to the impinging ions, and
depends on the system target-ion and the angle of incidence of the ions [27, 48, 49].

The sputter rate of silicon with 1000 eV Ar+ is typically in the range of 10 to 30
nm/min, whereas the sputterate of PMMA (polymethylmetacrylat) under the same condi-
tions is up to 70 nm/min [48, 50]. According to Steinbrüchel [27], the sputter yieldηsp is
proportional to the square root of the ion energyE:

ηsp = A
(√

E−
√

Eth

)
, (4.3)

whereEth is the threshold energy, andA a constant. BothA andEth depend on the system
target-ion. Sputtering is relevant for the removal of the sidewall passivation layer during
gas chopping etching processes.
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4.1.3 Ion enhanced etching (physical enhanced chemical etching)

When a silicon surface is exposed to atomic or even molecular fluorine, a layer of SiFx

(x=1..3) is formed at the surface. The amount of SiF3 groups is less or equal to the sum of
SiF and SiF2 in the layer [40]. According to the same authors, the layer thickness depends
on the type of impinging species and their fluence, however, is in the order of magnitude
of one monolayer (1015 cm−2). Since fluorine which formed a bond with silicon in this
layer remains stable in this layer, the SiFx or the fluorine adsorbed in this layer layer does
not contribute to spontaneous chemical etching [40].

Under bombardment of energetic noble gas ions, the SiFx layer decomposes, and SiF2

and SiF4 are observed as reaction products [40].

This reaction type is called ion enhanced etching.

Yarmoff and McFeely proposed a disproportionation reaction where SiF3 was con-
verted into SiF2 and SiF4 [40, 51]. This hypothesis is supported by the experimental
finding of SiF2 as an reaction product [40].

Tachi and Okudaira [39] proposed a ”reactive spot model”, where impinging ions
supply the activation energy required to drive the chemical reaction between the neutral
atoms adsorbed at the surface, and silicon, to form reaction products with low vapor
pressure, which subsequently desorb from the surface.

According to their model, they have derived two expressions for the physical-enhanced
etching rateERion of silicon with chlorine and chlorine ions, for conditions where the ion
current or the flux of neutrals is the rate-limiting factor, respectively:

ERion = PadsΦClηion/N (4.4)

for the case of low neutral flux and

ERion = nΦionηion/N (4.5)

for the case of low ion current to the surface. Here,Pads is the adsorption probability
(sticking coefficient) of chlorine to silicon,ΦCl the chlorine flux to the surface,ηion the
ion-enhanced etching yield,N the surface density of silicon atoms,n the maximum num-
ber of ”activated” chlorine atoms per incident ions, andΦion the ion current. They have
formulated their equations for the system chlorine-silicon, where they used chlorine as an
example for all etchants which etch silicon, so their model and equations are also appli-
cable for the system fluorine-silicon.

In the case of low ion current (equ. (4.5)), the flux of neutrals is high enough to
maintain a high concentration of adsorbed etchants (neutrals) on the surface, hence each
impinging ion finds enough neutral atoms to ”activate ”. In the opposite case of low neu-
tral current (equ. (4.4)), not all impinging ions find enough adsorbed neutrals to activate,
hence the ion-enhanced etching rate is limited by the flux of neutrals.

Gary et al. [52] have developed a phenomenological model for the ion-enhanced
etching of silicon by Ar+/F.

ERion = β2(1+b)ΘFΦion, (4.6)

whereΘF is given by

ΘF =
s0R

s0R+2β2(1+b)
, (4.7)
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whereΘF is the fluorine surface coverage,Φion the ion flux,s0 the sticking coefficient of
fluorine on clean silicon surfaces,R the neutral-to-ion flux ratio (R= ΦF

Φion
), β2 the net yield

of SiF4 per incident ion, andb a branching parameter, which describes the ratio∑SiFx
SiF4

of

SiFx (x = 1..3) produced per SiF4 produced, and is given byb = 9×10−3√Ei , whereEi

is the ion energy. They assumed that fluorine is adsorbed on the surface by Langmuir
adsorption, and the maximum surface coverageΘ = 1 corresponds to one monolayer.
They further assume that the SiFx layer is stoichiometrically SiF2. The factor 2 in the
denominator of equ. (4.7) results from their assumption that 2 active silicon sites are
produced per one cascade-induced (i.e. ion-enhanced) etching event.

Their model is, in some respect, a combination of the two equations given by Tachi and
Okudaira, which describe the asymptotic behavior for low (ΦF → 0) and high (ΦF → 1)
fluorine coverage.

In order to maintain a steady-state SiFx layer thickness, the amount of fluorine ad-
sorbed at the surface to form the SiFx layer must equal the rate of fluorine consumed by
the etching reaction. The fluorine required to compensate for the loss due to the etching
reaction can be either originate from molecules or chemical compositions (e.g. XeF), or,
which is more likely in the case of plasma environments, from atomic fluorine.

In any case, the total etching rate of a silicon surface under ion bombardment in the
presence of fluorine or fluorine compounds is higher than the sum of the chemical etching
rate (due to the fluorine or its compounds) and the sputter rate. This experimental findings
indicate the existence of asynergic effectof ion bombardment and exposure to fluorine,
which was first demonstrated by Coburn and Winters when they exposed a silicon surface
under ion bombardment to a beam of XeF [38] or to a beam of molecular fluorine [53].
The key factor is the existence of a third effect, besides chemical etching an physical
sputtering, that takes place due to the simultaneous exposure of a surface to both chemical
active neutrals and energetic ion bombardment.

The importance of the ion-enhanced etching reaction stems from the fact that the
etching rate at surfaces subject to both ion bombardment and neutral etchant exposure
is dramatically increased, compared to surfaces only subject to neutral etchant exposure.
Thereby it is possible, by proper adjustment of the ion and neutral flow rates, to promote
anisotropic etching of silicon. Since the bottom of etched holes or trenches is subject
to both neutral exposure and the directed flow of energetic ions, the etching rate at the
bottom (i.e. the vertical etching rate) can be quite high. On the other hand, the sidewalls
are only subject to low ion current, at mostly glancing angles of incidence. Hence, the
sidewall or lateral etching rate would be sufficiently low to reduce lateral undercutting of
the structures.

4.1.4 Equipment characterization

The relative contribution of the chemical and ion-enhanced etching to the total etching
rate, which determines the etching characteristic, depends on a number of process param-
eters, like operating pressure, rf-power, or sample temperature. These process parameters
determine theinternal parameters, such as radical flux or ion energy distributions, which
in turn determine the chemical, physical, and ion-enhanced etching reactions. The con-
nection between these internal parameters and the process parameters is ”awkward” [54].
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SF6 (sccm) 45
Ar (sccm) 30
pressure (mTorr) 5∼20
sample temperature (◦C) 0
ICP power (W) 800
dc bias (V) varied
He backing (Torr) 10

Table 4.1: Standard process conditions for the polymer sputter experiments.

SF6 (sccm) 20
Argon (sccm) 0
pressure (mTorr) 20
sample temperature (◦C) 10
ICP power (W) 600
dc bias (V) 50
He backing (Torr) 15

Table 4.2: Standard process conditions for the silicon etching experiments.

Therefore, it is required to record etching rate data as a function of process parameters.

The situation in the real plasma etching system differs from the ideal process condi-
tions. Due to the quartz cylinder, oxygen is always present in the plasma. Furthermore,
SF6 is used as etching gas, which not only supplies fluorine radicals and ions, but also SF2

radicals or atomic sulfur. The effects of these contaminations are not present in atomic
beam experiments. Even with zero dc bias (platen power turned off), the sample is at
floating potential (≈ 10 eV, see chapter2: Plasma), resulting in a low energy ion flux to
the sample. The reaction probability and its temperature dependence reported by Flamm
et al. [37] therefore cannot easily used to calculated the etching rate in a real plasma
etching system.

Theopen fieldpolymer sputter rate was recorded as a function of the dc bias (fig. 4.1)
for process conditions listed in table 4.1. The polymer sputter rate for zero dc bias can be
considered as the chemical polymer etching rate.

The open fieldsilicon etching rate (etching rate for low aspect ratio structures) was
recorded as a function of operating pressure (fig. 4.2), SF6 flow rate (fig. 4.3), argon flow
rate (fig. 4.4), dc bias (fig. 4.5), and sample temperature (figs. 4.6, 4.7, 4.8). The process
conditions are listed in table 4.2.

For the profile simulations, data of the chemical and of the ion-enhanced etching rate
are required. These data are obtained as follows:

The chemical etching rate is assumed to be equal to the etching rate at zero dc bias.
This equality is not strictly true, as discussed above, but is a practical approximation for
the purpose of profile simulations.

The ion-enhanced etching rate is calculated as the difference of the total etching rate
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and the chemical etching rate (=etching rate for zero dc bias).

Figs. 4.6, 4.7, and 4.8 show the etching rate for zero dc bias, the total etching rate for
45 V dc bias, and the ion-enhanced etching rate as the difference of the etching rates for
45 V dc bias and 0 V dc bias, as functions of the sample temperature.
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Figure 4.1: Polymer sputter rate of an SF6 plasma as function of the dc bias.
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Figure 4.2: Silicon etching rate of an SF6 plasma as function of the operating pressure.
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Figure 4.3: Silicon etching rate of an SF6 plasma as function of the SF6 flow rate.
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Figure 4.4: Silicon etching rate of an SF6/Ar plasma as function of the argon flow rate.
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Figure 4.5: Silicon etching rate of an SF6 plasma as function of the dc bias.
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Figure 4.6: Silicon etching rate of an SF6 plasma as function of the sample temperature
for zero dc bias. For sample temperatures below 0◦C, the etching rate vanishes, hence the
anisotropy value is not defined.



4.1. Etching 27

-100 -50 0 50 100
-0.5

0.0

0.5

1.0

1.5

DC 45V

 etching rate

 

et
ch

in
g 

ra
te

 [µ
m

/m
in

]

sample temperature [°C]

0.2

0.4

0.6

0.8

1.0

 a
ni

so
tro

py
 [1

]

 

 anisotropy

Figure 4.7: Silicon etching rate of an SF6 plasma as function of the sample temperature
for 45 V dc bias.
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Figure 4.8: Ion-enhanced etching rate of an SF6 plasma as function of the sample temper-
ature for 45 V dc bias.
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4.2 Deposition

In the above section, it was assumed that all chemical reactions taking place at the surface
incorporate the atoms of the substrate to produce the reaction products. In this way, the
substrate is etched by the chemical reactions, and etching occurs. If it is more likely
for the plasma species to react with other plasma species impinging or adsorbed on the
surface, the higher the tendency that the substrate will not be consumed by these chemical
reactions. Therefore, little or no etching will take place. If furthermore the reaction
products are non-volatile (under the process conditions), a layer of the reaction product
will be deposited on the substrate surface. (The oxidation of silicon by oxidation furnaces
does not fall under this category because the reaction product SiO2, however non-volatile,
incorporates the substrate atoms. Such processes are called growth processes.)

Many techniques for the deposition of fluorinated carbon films have been investigated.
One example for the application of such films is the reduction of parasitic capacitance in
multilevel interconnection technology by means of depositing such films as low dielectric
constant interlayers [55].

It is known that radical monomers like CF or CFx, with x = 1..3 are the building
blocks for plasma deposited fluorinated carbon polymer films [56–58]. If such monomers
are present in the gas phase, polymer deposition on surfaces in contact with the gas phase
can be observed.

If freons (CnF2n+2) are used as feed gases in plasma discharges, CFx monomers are
produced due to plasma induced fragmentation of the feed gas molecules. In addition,
also atomic fluorine is produced, which may recombine with CFx in the plasma bulk to
produce higher saturated molecules, by the reaction

CFx +F → CFx+1 (x≤ 3), (4.8)

reducing the concentration of CFx.

It has not been observed thatsaturatedmonomers like CF4 or CHxFy, with x+y = 4
deposit a film on substrates. (Feed gases like CF4, CHF3 or CH4 are inert.) Therefore,
generation ofunsaturatedmonomers by plasma dissociation is essential for the deposition
reaction, and can be considered as anactivationstep.

Since the CFx radicals are the building blocks for polymer formation, their concen-
tration determines the deposition rate. The concentration of CFx in the plasma can be
estimated by the excitation powerW, the flow rateF of the feed gas, and its molecular
massM, provided that other process conditions like operating pressure, excitation fre-
quency and reactor design are kept constant. The deposition rateDR then is estimated by
[58]

DR∝
W

FM
, (4.9)

where the influence of different feed gases is approximately considered by the molecular
mass. The physical meaning of the ratioW/FM is the average energy input per unit mass
of monomer feed gas. The higher the excitation power, the higher the energy transferred
into each gas molecule. The higher the flow rate, the less is the residence time of the feed
gas molecules in the discharge region, hence the lower is the energy input (= W× time)
per molecule. The higher the molecular mass of the feed gas molecules, the larger is
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Figure 4.9: Boundary between etching and deposition. (After Coburn and Winters [53].)

the number of excitation states (vibrational, rotational) among which the input energy is
distributed. Thus, the lower is the energy per excitation state. Finally, the energy input
per excitation state of the feed gas molecules is an estimate of the fragmentation rate,
and hence of the concentration of fragments (CFx). This parameter is one of various
simplifying parameters to characterize a discharge without the need for knowledge of
detailed plasma-surface reactions, which are often unknown or only incompletely known.

The experimental results obey quite well this estimation in case of hydrocarbon or
organosilane feed gases [58]. In case of fluorocarbons, some deviations have been ob-
served, which is attributed to differences in plasma fragmentation patterns for different
monomer feed gases [58].

Since CFx monomers have(4–x) unsaturated carbon bonds, they can establish chem-
ical bonds with other CFx monomers already adsorbed on the surface, or with already
polymerized chains CnF2n−x (x� n). A reaction with CF leaves 2 unsaturated bonds
available for further addition reaction, a reaction with CF2 leaves only one bond, while
the addition of CF3 terminates the chain. It can be concluded that the presence of highly
unsaturated CFx monomers are required for the formation of polymers, while more sat-
urated CFx radicals would result in shorter polymer chains and/or lower polymerization
rates.

Since the concentration of atomic fluorine decreases the concentration of CFx

monomers with a low degree of saturation (equ. (4.8)), which are essential for the poly-
merization reaction, the fluorine-to-carbon ratio determines the polymerization ability of
the discharge. This simplifying parameter was originally introduced by Coburn and Win-
ters [53] and by Kay et al. [59, 60] (fig. 4.9). For high fluorine to carbon ratios (F/C> 3),
etching occurs. For lower F/C, polymer is deposited. Polymerization is suppressed for
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higher dc bias due to sputtering of depositing polymer by energetic ion bombardment
(compare equ. (4.20) in section 4.2). As a consequence, the boundary shifts to lower F/C
values. Addition of oxygen reduces the concentration of free carbon due to formation of
CO or CO2, thus increasing the F/C ratio, while hydrogen reacts with fluorine to form FH,
thus reducing the F/C ratio. In a similar fashion, silicon loaded into the reactor consumes
fluorine due to the etching reaction Si+4F→ SiF4. Therefore, the F/C value is reduced
with increasing loading. In order to obtain anisotropic etching profiles in reactive ion
etching systems, the process is operated at the boundary between etching and deposition,
such that polymerization takes place on areas not irradiated by ions (i.e. sidewalls), and
etching takes place on areas under energetic ion bombardment (i.e. the bottom of the
trench).

Originally, the fluorine to carbon ration (F/C) should be calculated from the stoichiom-
etry of the active species, which may differ from the feed gas stoichiometry. However, it
is also possible to estimate the F/C ratio by the stoichiometry of the fee gas mixture, if the
influence of the following reactions are considered.

The addition of oxygen to a fluorocarbon discharge increases the etching ability of the
plasma. This is caused by the reaction of oxygen with carbon to produce inactive CO or
CO2 [58], thus increasing the F/C ratio.

The addition of hydrogen to a fluorocarbon discharge, on the other hand, increases
the polymerization ability of the plasma, which is caused be the recombination of atomic
fluorine with hydrogen into HF, thus decreasing the F/C ratio. Hydrogen can be supplied
into the discharge by adding H2 or hydrogen containing gases to the feed gas mixture. For
instance, the addition of CH4 to a CHF3 discharge decreases the F/C ratio and increases
the polymerization ability.

Therefore, the F/C ratio of a fluorocarbon discharge can be estimated by:

F/C = ∑F−∑H

∑C−∑O
, (4.10)

where summation extends over all feed gas species weighted by their flow rates (as long
as the H concentration is low enough to not cause etching of deposited polymer film). For
instance, if the feed gas mixture consists ofa sccm of SF6, b sccm of CHF3 andc sccm
CH4, then the F/C ratio is given by:

F/C =
6a + 3 b − b −4 c

b + c
, (4.11)

because SF6 supplies 6 F, CHF3 supplies 3 F, one H and one C, and CH4 supplies 4 H
and one C. If the F/C ratio is below 2, then polymerization occurs, because the CFx are
the dominant plasma species; if it is above 2, then etching of silicon occurs, because then
fluorine is the dominant plasma species. The formation of a plasma polymerized film in
a fluorocarbon discharge can be utilized to promote anisotropic etching of silicon: If the
F/C ratio of the discharge is set to slightly below 2, then a polymer layer is deposited at the
sidewalls of holes or trenches etched into a silicon sample. If the bottom of the trench is
subject to energetic ion bombardment, the deposited polymer film is constantly removed
due to sputtering, hence etching occurs at the bottom of holes or trenches, despite the
low F/C ratio. Therefore, etching proceeds only in vertical direction, causing anisotropic
etching profiles.
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d’Agostino et al. [36, 57, 58, 61] have proposed an Activated Growth Model (AGM)
for the deposition of polymer. According to their model, radical monomers (CFx) have
two pathways for reactions:

1. Recombination with other unsaturated species in the plasma to produce
di-, tri-, or polymers in the gas phase and their subsequent deposition on the sub-
strate surface. This process is relevant only for operating pressures of 2 torr and
above. As a result, the produced polymer deposits as powder or ”snow” rather than
as a compact film [58]. This reaction pathway can be excluded for the present work,
because of the operating conditions chosen, and the polymer morphology obtained.

2. Adsorption and reaction with activated polymer sites (POL)∗
n) at the substrate sur-

face to produce longer polymer chains (POLn+1). The required activation is done
by ion or electron irradiation of the polymer deposited on the substrate surface,
where it is important that the electron or ion energies are low enough to a avoid
sputtering or etching of the already deposited polymer.

d’Agostino et al. have stated an expression for the deposition rate based on their proposed
activated growth model for operating pressures below 2 torr [36, 57, 58, 61]:

DR= K[CFx] f (ne), (4.12)

where[CFx] is the concentration of unsaturated monomers in the plasma or gas phase,K
is a rate constant, andf (ne) a function of the electron or ion density of the discharge. The
physical meaning of this function is to describe the amount of ion or electron irradiation
of the surface, and hence the rate at which activated polymer sites are produced.

The rate constantK summarizes rate constants for the polymerization rate at activated
sites,Kp,

DR= Kp[CFx]Θact, (4.13)

whereΘact is the degree of activated polymer sites at the substrate surface; and for the
rate constants for the activation and deactivation processes,Ka andKd, respectively:

dΘact

dt
= Ka f (ne)Θpol−KdΘact, (4.14)

whereΘpol is the degree of polymer surface coverage. With the steady state condition,
dΘact/dt = 0, andΘpol = 1, the effective rate constantK writes

K =
Kp Ka f (ne)

Kd
. (4.15)

Takahashi et al. [62] have investigated the effect of the addition of hydrogen to a
CHF3 discharge on the polymer deposition mechanism. With increasing partial pressure
of hydrogen, the deposition rate initially increases (for low hydrogen partial pressure),
and then decreases for higher hydrogen addition. They reported that due to the addition
of hydrogen, the density of CF3 and CF2 in the plasma diminished, due to the reactions

CFn + H → CFn−1 + HF (n = 2;3) , (4.16)
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and the density of the CF radical consequently increased for low hydrogen addition.

The dominant precursor for the deposition of fluorocarbon films under these experi-
mental conditions is CF. Hydrogen abstracts fluorine from the plasma species, and thereby
increases the F/C ratio, increasing the deposition rate for low partial pressures of hydro-
gen.

For higher hydrogen additions, the density of the CF radical decreased together with
the density of CF2 and CF3, hence the deposition rate decreases for higher hydrogen
additions. The decrease of the CF radical for higher hydrogen additions is attributed to
the increasing relative surface loss probability of the CF radical with increasing hydrogen
partial pressure. They have proposed a model for the deposition accounting for competing
etching of the deposited film by atomic fluorine:

DR= KCF[CF]sCF−KF [F]rF , (4.17)

where [CF] and [F] are the concentrations of the CF radical and the F atom in the gas
phase, respectively;KCF andKF are rate constants for the deposition and etching process,
respectively;sCF is the sticking coefficient of the CF radical on deposited polymer film,
and rF is the reaction probability of the fluorine atom with polymer. The effect of ion
irradiation of the polymer surface is implicitly included in theKCF rate constant.

In the present work, hydrogen is added to a CHF3 discharge as methane (CH4) at low
concentrations, thereby increasing the deposition rate compared to a pure CHF3 plasma.

Sowa et al. [56] have investigated the polymer deposition kinetics of inductively cou-
pled plasmas of CHF3 or C2F6/H2 gas mixtures. Under their experimental conditions, the
etching of polymer by atomic fluorine was negligible. They found that the deposition rate
depends on the CF and CF2 radical and the ion currentI :

DR= k1[CF]+k2i [CF2]I, (4.18)

where thek1 andk2i are rate constants. According to their model, polymerization takes
also place at non-activated surface sites (first term in equ. (4.18), which represents depo-
sition in the absence of ion bombardment).

Rauf et al. [20] have proposed a deposition rate model for C4F8 discharges considering
C, CF2, C2F4 concentrations and the ion current:

DR=
1

ρsi
{k1ΦC +Min(k2Φion,k3)ΦCF2 +Min(k4,k5Φion)ΦC2F4}, (4.19)

whereρsi is the silicon atomic density.

To summarize, a general deposition rate expression can be written as

DR= αΦCFx +βΦCFxΦion− γΦion−δΦF. (4.20)

This model considers neutral monomer deposition (1st term), ion-induced deposition (2nd
term), sputtering of deposited polymer due to ion bombardment (3rd term), and chemical
etching of polymer due to fluorine1 (4th term). The corresponding coefficients areα
– δ, which itself may depend on species or ion energy flux. Depending on the process

1Chemical etching due to hydrogen radicals could be considered in analogous form.
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conditions, one or more of these effects can be neglected. For instance, if the ion energy
flux to the sample surface is below the sputter threshold, the 3rd addend considering
polymer sputtering can be omitted. In equ. (4.20), deposition of etching effects have
been assumed being proportional to the fluxΦX instead to the concentration [X] of the
corresponding species, because a concentration of species afar from the sample surface
does not cause any reactions — deposition, sputtering or etching — at the sample surface.
Only if these species arrive at the surface, they can cause or become involved in surface
reactions, like polymerization or etching. However, for flat samples, where no shadowing
effects are present, the flux of a species to the surface is proportional to the concentration
of that species in the plasma bulk. For the deposition of polymer on structured samples,
such effects must be considered. In this case, the species flux to a point on the sample
surface also depends on the sample topography and the position of that point (see section
5.2.6), and the deposition rate is no longer a function of just the species concentrations.
Therefore, the formulation of the deposition rate as a function of the species fluxes instead
of species concentrations seems to be a more reasoned concept.

In the case of polymer deposition for sidewall protection during the gas chopping
etching recipe, the ion energy flow to the surface is low, hence ion-induced deposition
and polymer sputtering are not considered. Also, chemical etching of already deposited
polymer is assumed to be negligible.
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4.2.1 Equipment characterization
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Figure 4.10: Polymer deposition rate as function of the rf power for different operating
pressures at 30◦C sample temperature.

Some conclusions can be made from the presented deposition models.

1. Increasing operation pressure should increase the deposition rate provided that in-
creasing pressure causes an increase in monomer concentration[CFx] in the gas
phase.

2. Increasing dc bias or rf power should increase the deposition rate due to increasing
ion bombardment of the substrate surface, and hence increasing number of activated
polymer surface sites (equs. (4.14), (4.18)), as long as the ion energy is low enough
to not cause polymer sputtering.

Fig. 4.10 shows the polymer deposition rate for process conditions listed in table 4.3
for 3 different operating pressures as a function of the dc bias applied to the substrate. At
zero dc bias (i.e. the substrate is at floating potential), the deposition rate is equal for all
3 pressures, that means, no pressure dependence can be observed. For a dc bias of 30 V,
a strong pressure dependence of the deposition rate is obvious. For the low pressure, the
deposition rate decreases with dc bias, for mid-range pressure, the deposition rate remains
constant, and for the high pressure, the deposition rate increases with dc bias.

The deposition rate behavior for high pressure and for high dc bias follows the pre-
dictions made from the conclusions of the activated growth model, whereas for zero dc
bias and low pressure, the situation is different. The constant deposition rate, indepen-
dent of the operating pressure for floating potential may be due to supply of unsaturated
monomers in abundance so that the generation of activated polymer surface sites is the
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CHF3 (sccm) 40
CH4 (sccm) 7
pressure (mTorr) 10 – 55
sample temperature (◦C) -50 – 100
ICP power (W) 600
rf power (W) 0/20
dc bias (V) 0/60 – 70
He backing (Torr) 15

Table 4.3: Standard process conditions for the polymer deposition experiments.

rate limiting step, not the supply of monomers; due to deposition on non-activated surface
sites (equ. (4.18)); or due to a pressure-independent concentration of CFx in the plasma.
In the later case, the rate limiting step may still be the supply of unsaturated monomers,
but the monomer flux to the surface, however, may be independent of the operating pres-
sure. This is supported by simulations by Rauf et al. who simulated the flux of monomers
and the deposition rate of a C4F8 discharge and compared it with experiments [20, 21].
They found a slight decrease of the deposition rate with increasing pressure and attributed
this effect to slight decrease of the concentration and the flux to the substrate of CF and
CF2 at an operating pressure above 15 mTorr. Although the feed gases in our experiments
are different (CHF3/CH4), a similar effect may have taken place.

The deposition rate increases with dc bias for the high operating pressure, which is
a consequence of the increased number of activated polymer sites, due to increased ion
energy flux to the surface (equs. (4.12), (4.18)). For the low operating pressure, the
deposition rate decreases, although the ion energy flux to the surface also increases. The
difference between these two situations is the operating pressure. In the low pressure
regime, ions suffer nearly no collisions during their travel through the sheath, hence the
average ion energy is high enough to sputter the deposited polymer. For the high operating
pressure, the ions suffer several collision in the sheath where they lose some of their
kinetic energy with every collision, so that the average ion energy is lower than in the low
pressure regime. As a consequence, the sputter rate is so low that the creation of activated
polymer sites (and hence the increasing deposition rate) over-compensates the loss of
polymer due to sputtering. These explanations are supported by measurements by Wang
et al. who have measured the energy distribution functions of ions of CHF3 inductively
coupled plasmas as a function of the operating pressure [63]. They found that the mean
ion energy decreases from 33 eV at 5 mTorr to≈ 20 eV at 20 mTorr operating pressure,
at an excitation power of 200 W. In the mid-pressure regime, sputtering and creation of
activated polymer sites are just balanced, hence no increase in the deposition rate with dc
bias.
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Figure 4.11: Polymer deposition rate as function of the sample temperature for 55 mTorr
operating pressure and 0 W rf power.

The rate constant for polymerization at activated sitesKp implicitly accounts for the
sticking probability of impinging monomers at the substrate surface. Since the sticking
probability decreases with increasing temperature [58], it is expected that the deposition
rate decreases with increasing temperature. This is shown in fig. 4.11. Under these exper-
imental conditions, the deposition rate decreases from 53 nm/min at -50◦C to 5 nm/min
at 100◦C.
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4.3 Anisotropic etching of silicon
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Figure 4.12: Directional etching caused by adjusting the ion-to-neutral flux. At low ion-
to-radical flux ratio, the etching is isotropic (a). Increasing the ion-to-radical flux ratio
increases the vertical etching rate over the lateral etching rate, resulting in an anisotropic
etching profile (b). The experimental results are shown below. An isotropic etching profile
is obtained for a 5 sccm Ar/1 sccm SF6 gas mixture, 17 mTorr operating pressure, and
100 V dc bias (15 W rf power) in a parallel plate reactive ion etching reactor at an etching
rate of 50 nm/min (Oxford Instruments Plasma Technology System 80) (c). Reducing the
radical flow, by reducing the SF6 flow from 1 sccm to 0.5 sccm, while keeping the other
process conditions constant, results in an anisotropic etching profile at 25 nm/min (d). In
order to maintain the dc bias, the rf power had to be increased to 25 W.) (Taken from the
author’s diploma work [64].)

The term ”anisotropy” is used to describe the amount of directionality of an etching
process. It is defined as

A := 1− ERlat

ERvert
, (4.21)

whereA is anisotropy,ERlat the lateral andERvert the vertical etching rate.
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Anisotropic plasma etching profiles in silicon can be achieved by a number of different
techniques; nevertheless the key feature always is the reduction of the lateral etching rate
and/or the enhancement of the vertical etching rate. The available strategies are:

1. Adjustment of the ion-to-neutral (or more accurate: the ion-to-radical) ratio. This
can be done by adjusting the flow ratio of radical precursors (e.g. SF6) to ion
precursors with no chemical activity (e.g. noble gases such like argon) and/or by
adjusting the excitation power, dc bias and operating pressure, in to generate a
directed flux of energetic ions to the surface (fig. 4.12).

2. Etching in SF6/O2 plasmas at low substrate temperatures under ion bombardment
(cryo etching). In this case, the spontaneous etching rate of fluorine with silicon is
reduced, and the sidewall is partially oxidized, preventing the sidewall from chem-
ical etching by fluorine. Ion bombardment of the bottom of the trench profile pro-
vides the activation energy for the etching reaction (fig. 4.13).

This so-calledcryo etching techniquecan have some disadvantages. It cannot be
applied with photoresist masks, since photoresist produces cracks and delaminates
at the required low sample temperatures. Therefore, it is required to deposit a so-
calledhard mask, like oxide or nitride, on the sample prior to lithography. The
lithographic structures then must be transferred from the photoresist mask into the
hard mask by an additional etching step. This arrangement therefore introduces
a further process step which requires a longer total processing time. In order to
maintain the low sample temperature despite the heat generated by the plasma, the
ion bombardment and the reaction enthalpy, a sufficient thermal contact between
sample and sample holder is required. Such thermal contact is provided for samples
which have a flat backside surface, like wafers, but cannot be guaranteed for certain
pre-processed MEMS samples, such like silicon membranes (refer to chapter 6).
In addition, hard masks usually introduce some intrinsic stress into the sample.
Although the stress of deposited hard masks can be eliminated by adjusting the
deposition parameters (for instance, silicon nitride can be deposited with a wide
range of intrinsic stress, from compressive to tensile, by adjusting the parameters
of the PECVD deposition process), the different thermal expansion coefficients of
hard mask and silicon might introduce some stress when the sample is cooled down
from room temperature to cryo temperature.

Therefore, this cryo etching technique can be applied for wafer-type samples if
smooth and flat sidewalls are required at relatively high etching rates. The applica-
tion of such etching techniques for the fabrication of MEMS, however, introduces
some disadvantages or technological problems, which do not seem to be apparent
with the gas chopping etching technique.

3. Deposition of a sidewall passivation layer during the etching process under ion
bombardment of the bottom of the trench (fig. 4.14). This can be done by adjusting
the F/C ratio of fluorocarbon based discharges.

By setting the F/C value at 2 or below, polymer deposits on all substrate surfaces
which are protected from energetic ion bombardment (see fig. 4.9). Since the ion
flux is directed vertically to the sample surface by adjusting pressure and dc bias
accordingly, the sidewalls of etching profiles are not hit by ions, but the bottom of
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Figure 4.13: Anisotropy caused by
low sample temperature. Due to the
low sample temperature, the sponta-
neous etching of fluorine with silicon
reduces dramatically. This effect is
enhanced by the addition of oxygen
to the process gas mixture (a). Etch-
ing proceeds only due to ion bom-
bardment (ion-enhanced etching). Be-
cause of the direct flow of ions, etch-
ing proceeds only at the bottom, not at
the sidewalls (a). Samples have been
etched in an ICP reactor (Oxford In-
struments Plasma Technology System
100) with a 90 sccm SF6/9 sccm O2

process gas mixture, 20 mTorr operat-
ing pressure, 60 W ICP power, 40 V dc
bias, and a helium backing of 15 Torr,
at -60◦C (b) or -125◦C (c). The verti-
cal etching rate reduces from 3µm/min
(b) to 0.5 µm/min (c) as the sample
temperature decreases from -60◦C to -
125◦C, but the anisotropy of the pro-
file increases with decreasing sample
temperature. The sample etched at -
60◦C (b) still suffers considerable lat-
eral etching due to the spontaneous
etching reaction of fluorine with sili-
con, which vanishes at a sample tem-
perature of -125◦C (c).

the trench is. Therefore, the polymer film is constantly removed at the bottom of the
trench by sputtering or ion-enhanced etching [65], leaving clean silicon available
for etching with fluorine.

This situation is shown in figs. 4.15 and 4.16. For higher dc bias, and consequently
higher ion energy flux to the sample, etching occurs even for low F/C values. This
dependency between ion bombardment, F/C ratio and etching and deposition was
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used to change the etching characteristics of silicon of a fluorocarbon discharge
(SF6, CH4 and CHF3) from isotropic to anisotropic, by varying the F/C ratio while
maintaining a dc bias of 50 or 130 V to the sample. The flow rates of the feed
gases have been largely varied. However, if anisotropy of the etched samples is
plotted versus the F/C ratio calculated according to equation (4.11), all samples
fit nicely in the trend. Anisotropy does not occur until the F/C value is≤ 2. The
vertical and lateral etching rates also decreases with decreasing F/C value, where
the lateral etching rate vanishes for F/C≤ 2, indicating that for F/C≤ 2 and no or
only low ion energy flux deposition of polymer films rather than etching of silicon
takes place. As a consequence, the anisotropy of the etching process increases to 1.

Etching and deposition are competing reactions taking place at the same time.
Therefore, as anisotropy increases, the etching rate decreases. Since this technique
relies on the proper balance between etching and deposition, which are temperature
dependent processes (fig. 4.11), anisotropy is lost when the sample temperature
increases (see fig. 4.17). Sufficient thermal contact is provided for wafer-type sam-
ple with a flat backside surface, but cannot be guaranteed for membrane-like or
pre-processed MEMS samples (refer to chapter 6). Therefore, this etching tech-
nique does not seem to be stable or reliable for the structuring of membranes for
the fabrication of open-stencil masks, or similar MEMS devices.

A major disadvantage of all these approaches stems from the use of energetic ion bom-
bardment and the competing reactions taking place. Energetic ion bombardment in gen-
eral reduces the etching selectivity to photoresist due to sputtering, resulting in mask
erosion. Competing etching and deposition reactions reduce the etching rate, compared
to the pure etching reacting alone, thereby increasing the required process duration and
the etching selectivity.

Pure chemical etching of silicon (i.e. etching of silicon with fluorine) provides high
selectivity to photoresist, due to the selective etching reaction, and potential high etching
rates, if chemical active radicals (i.e. atomic fluorine) are supplied in sufficient quantities.
These conditions can be assured by adjusting process parameters like excitation power,
operating pressure and flow rates of the precursor gases accordingly.

A so-called Gas Chopping Etching Technique transfers several advantages of isotropic,
pure chemical etching of silicon (high selectivity to photoresist, high etching rate) to
anisotropic etching profiles.



4.3. Anisotropic etching of silicon 41

F/CFx

I
+

F

(CF )x n(CF )x n

(a) (b)

(c) (d)

Figure 4.14: Anisotropy caused due to the deposition of a sidewall passivation layer (a).
The process gas mixture is adjusted for plasma deposition conditions on sample areas
without ion bombardment. Ion bombardment of the bottom due to a directed flow of ions
causes a constant removal of deposited film clusters due to sputtering. Therefore, the
etching proceeds at the bottom, while lateral etching is suppressed, causing anisotropic
profiles (a). The samples have been etched in an ICP etching reactor (Oxford Instruments
Plasma Technology System 100) at 600 W ICP power, 130 V dc bias, 20 mTorr oper-
ating pressure, 10◦C sample temperature and 15 Torr helium backing. The gas mixture
was varied from 20 sccm SF6/25 sccm CHF3/0 sccm CH4 (b), to 20 sccm SF6/25 sccm
CHF3/15 sccm CH4 (c), and to 20 sccm SF6/25 sccm CHF3/20 sccm CH4 (d), resulting in
F/C ratios of 2.75 (b), 2 (c), and 1.4 (d). The rf power was adjusted to maintain a dc bias
of 130 V. The vertical etching rate decreases from 600 nm/min (b) to 18 nm/min (c) to
7.5 nm/min (d), while the lateral etching rate decreases from 300 nm/min (b) to 0 nm/min
(c, d). These experiments clearly demonstrate that vertical sidewalls do not appear until
the F/C ratio is 2 or less (c, d). The transition from isotropic to anisotropic profiles appears
for F/C ratios between 2 and 3 (refer also to fig. 4.16).
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Figure 4.15: Etching rate and anisotropy for SF6/CH4/CHF3 plasmas versus the F/C ratio.
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Figure 4.16: Etching rate and anisotropy for SF6/CH4/CHF3 plasmas versus the F/C ratio.
The transition from isotropic to anisotropic etching appears for F/C ratios between 2 and
3.
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Figure 4.17: Temperature dependence of the etching rate and anisotropy of an
SF6/CHF3/CH4 reactive ion etching process.
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4.4 Gas Chopping Etching Technique

Gas Chopping Etching relies on the temporal separation of the etching and deposition
reaction. This idea was first described by Tsujimoto et al. in 1986 for the etching of
tungsten or silicon using SF6 as the etching gas and NH3 as the deposition gas [66].
The rippled shape of the sidewalls obtained by gas chopping etching techniques was first
shown by Rangelow in 1990, when he used a gas chopping etching technique for the
etching of polyimid nano dots using Oxygen as etching gas and a mixture of CHF3 and
CH4 as deposition gases [67, 68]. Later, this technique was applied for the etching of
silicon, using SF6 as etching gas and CHF3 as deposition gas (see, for instance, ref [1]).

The principle of this etching technique is depicted in fig. 4.18, using the etching of
silicon as an example.

The details of this process are listed in table 4.4.

As the first step, the passivation layer is deposited, which is done in a low-dc bias
regime, resulting is no or only little ion induced polymerization, hence the film is isotrop-
ically deposited, on the bottom and the sidewall of the etched profile. The process gases
used are a mixture of CHF3 and CH4.

After this step, the polymer layer has to be removed at the bottom by means of sput-
tering due to energetic ion bombardment. The process gases used are a mixture of SF6,
Ar and O2.

After the polymer removal step, etching proceeds, mainly isotropically, at the bottom
of the trench. The process conditions usually are the same as the polymer removal step.

In the experiment, the polymer removal step and the etching step are integrated into
one cycle, called the etching cycle. Blauw et al., however, have made experiments with
a triple cycle gas chopping recipe, where the polymer film was removed employing a
dedicated de-passivation step using O2, CO2 or SO2 as polymer etching gas at a dc bias
of 90 V [69].

Since the process gases required for the passivation and the etching cycle are different,
they are continuously switched during the complete recipe or process. The passivation
cycle requires a carbon-rich depositon plasma (low F/C ratio), while the etching cycle
requires a fluorine-rich plasma (high F/C ratio). Therefore, the process gases are con-
tinuously switched from SF6/Ar/O2 to CHF3/CH4 and vice versa. This chopping of the
process gases is one major difference to conventional continuous-flow etching techniques,
where the process gas mixture is constant during the complete etching process, and is the
reason for the namegas chopping etching technique.

Adjustment of the process parameters, like chopping frequency,cycle ratio(ratio of
the duration of the etching vs. the deposition cycle), or etching rate per etching cycle
allows to tailor the etching recipe for different requirements, like the fabrication of sub-
µm structures with smooth sidewalls, with almost vanishing ripple size (fig. 4.19) [1],
or the fabrication of high aspect ratio through-the-wafer interconnects (via holes) at high
etching rate (fig. 4.20).Parameter rampingis employed to combine the properties of
different etching recipes into one process, for instance an almost ripple-free recipe (at low
etching rate) is employed for the precise pattern transfer from the photoresist mask into
the top of a structure, while the completion of the etching is done with an etching recipe
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Figure 4.18: Schematic sketch of the gas chopping etching technique

with higher etching rate, at the cost of a rougher sidewall, where the increased sidewall
roughness can be accepted.

The large parameter space, in connection with options like parameter ramping or mul-
tiple cycle recipes (more than 2 cycles repeated) makes a process simulation tool for gas
chopping etching techniques desirable.
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(a) (b)

(c) (d)

Figure 4.19: Different gas chopping profiles etched into silicon. A typical gas chopping
profile is shown in fig. (a) where the walls are 300 nm wide and 18µm deep. The
rippled sidewall structure is clearly visible. The process can be tuned for quite smooth
sidewalls, as shown in fig. (b) or (c). Fig. (b) shows a structure realized on a thin silicon
membrane. The smallest structures are about 70 nm wide, with the size of the ripples
(almost) vanishing (Volland et al. [1]), while the rippled structure of the sidewall is still
present in the sidewalls of fig. (c). Fig. (d) shows a magnified view of the interface
between resist mask and silicon of fig. (c). The size of the ripples is about 30 nm.



48 Chapter 4. Plasma Processing

(a) (b)

(c) (d)

Figure 4.20: Comparison of the ripple size of different gas chopping recipes. The profile
in fig. (a) was etched employing 45 cycles of etching and passivation (17 s each), reaching
10 µm, while the profile in fig. (c) was etched with only 17 cycles (180 s etching/90 s
passivation), reaching more than 130µm depth. A magnification of the upper part of
the profile of fig. (a) is shown in fig. (b). The ripple size is about 250 nm, while the
ripple size of the profile of fig. (c) is close to 8µm (d). Also visible in fig. (d) is the
sidewall passivation layer deposited. The layer thickness decreases with profile depth,
which results in some sidewall erosion at half of the depth of the profile (c). The profiles
in this figure and in fig. 4.19 show the versatility of the gas chopping etching technique,
which can be adapted to fabricate small sub-micron structures (fig. 4.19 (a), (b)) as well as
through-the-wafer holes. This technique also allows to control the sidewall quality, from
smooth (fig. 4.19) to micron-sized roughness. Control of sidewall roughness is beneficial
for micro-mechanical devices (anti-stiction) or electrical devices.



Chapter 5

Transport phenomena

In chapter2: Plasmathe generation of particles in the plasma was described. In chapter
4: Plasma Processingthe reaction of these particles with the sample surface was ad-

dressed. Since the chemical or physical reaction of the plasma particles, i.e. ions and
radicals, with the surface depends on their concentration at the surface or their flow rate
to the surface, and also on their kinetic energy, knowledge of the particle transport form
the plasma bulk to the sample surface is essential for the comprehensive understanding of
plasma etching processes.

The transport phenomena can be divided into two subgroups:

a) Transport of particles from the plasma bulk across the sheath towards the vicinity
of the sample surface.

b) Transport of particles from the vicinity of the sample onto the surface of the sample.

Since in the plasma sheath there are electrical fields, ions and electrons are accelerated.
Due to collisions with other particles of the gas phase, colliding particles lose some of
their kinetic energy, or suffer changes of their direction (scattering) or their electric charge
(ionization, neutralization). These phenomena are described by gas phase dynamics.

Transport of particles close to the surface, on the other hand, are described by surface
transport phenomena, like shadowing and/or reflection at surfaces, adsorption/desorption
kinetics and surface diffusion. Also, since the sample is electrically charged, trajectories
of charged particles may be considerably deflected by these electric fields.

Plasma particles arriving near the sample surface with energy (EDF: energy distribu-
tion function) and angular distributions (ADF: angular distribution function) determined
by the plasma sheath properties interact with the surface, depending on the angle of inci-
dent, kinetic energy or ionization state. Therefore, the transport phenomena are divided
into sheath and surface transport.

5.1 Ion transport across the sheath

Depending on the electrical fields in the sheath, charged particles gain kinetic energy
due to acceleration. Depending on the pressure in the sheath, particles suffer more or
less collision during their travel across the sheath. Depending on the ratio of the plasma
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frequency of the particles of interest and the excitation frequency, and depending on the
time required for crossing the sheath, the energy of charged particles is modulated by the
r.f. fields. All these effects determine the energy and velocity distributions (EDF and
ADF, respectively).

Ions reach the sheath region with an energy slightly above thermal energy (Bohm
criterion, equ. (2.23), [15, 17]). They become accelerated by the cathode voltage. If no
collisions with neither ions nor neutrals would take place, the ion would hit the cathode
with a kinetic energy equal to the potential energy lost during its travel across the sheath.
This non-collisional regime is called free-fall.

For a dc discharge, the kinetic energy of the ions impinging at the cathode would be a
peak with a width resulting from the energy distribution of the ions at entering the sheath.

In the case of rf excitations, the ions can enter the sheath region at all phase angles
of the excitation frequency. For instance, the ions can enter the sheath at a positive half
cycle, so they get accelerated by a voltage equal to the dc bias offset plus the rf voltage
amplitude. On the contrary, if ions enter the sheath during a negative half cycle, the
acceleration voltage is the dc bias minus the rf amplitude. This effect causes a double
peaked ion energy distribution at the cathode [17].

If collisions of ions with neutrals take place, the situation becomes different. Two
types of collisions can take place: charge-transfer or elastic collisions. If an ion is elasti-
cally scattered at a neutral atom, the energy of the ion after the collision depends on the
angle of impact and the impact parameter. Therefore, in average the ion can attain a range
of energies after a elastic collision. This results in a broad ion energy distribution at the
cathode without prominent peaks [70].

If a charge transfer takes place, the ion transfers its charge to the neutral atom, and in
turn becomes neutralized. The effect is the generation of ions of thermal kinetic energy
within the sheath. These ions are generated at a lower potential energy than the ions orig-
inating from the bulk plasma, hence their kinetic energy after falling through the sheath
to the cathode cannot be as high as the energy of those ions originating from the plasma.
For rf excitation, the energy of these ions is also modulated: Since these ions are born at
various phase angles (with respect to the excitation frequency), the total acceleration volt-
age through which they depends on this phase angle, resulting in a multiple peaked ion
energy distribution. Wild and Koidl [71], and Manenschijn and Goedheer [70] have mea-
sured and calculated ion energy distributions at the cathode for collisional rf discharges,
at operating pressures ranging from 3 to 300 mTorr. Liu et al. [29] have measured and
simulated ion angular and energy distributions in an Ar plasma. They also found that
increasing operation pressure results in a decreasing mean ion energy.

5.2 Particle transport at the sample: Reactant transport

Once the plasma particles are generated, they arrive at the sample with an energy and
velocity distribution determined by the plasma temperature and the sheath transport prop-
erties. The local flow rates at the sample are determined by the sample topology, material
and temperature. The dependence of the local flow rates on the sample properties is sum-
marized asreactant transport. During the deep etching of silicon, trenches and holes with
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a high aspect ratio (ratio of depth vs. width) are produced. Since the etching rates depend
on the supply of etchants (radical, ions), the achieved etching depth, and further more the
profile quality, depends on the reactant transport. These effects are summarized as aspect
ratio dependent etching.

The mean free pathl of particles (neutrals or ions) in the pressure range employed
in this work is in the range of several 100µm up to several millimeters, whereas the
characteristic dimensionsd of the features considered are in the micrometer range. The
Knudsen numberKn = l

d is therefore much larger than one, indicating molecular flow
regime [72, 73]. Inside the etched trenches, particle-particle interactions are rare and only
particle-surface interactions are considered.

5.2.1 Ion shadowing and specular reflection

At the surface of an flat, unstructured sample, particles (i.e. ions) originating from all
solid angles can reach the surface without being hindered. The local ion flux therefore is
the integral of the ion angular distribution function (IADF) over all angles of the full half
space above the sample (i.e. azimuthal angle from -90◦ to 90◦, polar angle from -180◦ to
180◦). This local flux is called theopen field flux.

The flux to the bottom of a deep trench is hindered due to shadowing. The integral of
the IADF extends only over the visible horizon, which is smaller at the bottom than at the
top of the sample. Reflections of ions at the sidewalls of features cause ions to reach the
bottom which do not have a direct line-of-sight from their origin to the bottom. Therefore,
ion reflection increases the ion flux to the bottom, compared to non-reflective situations.

Abachev et al. [74] have theoretically investigated the influence of shadowing and
reflection of ions at the sidewalls, where they have assumed a cosine angular distribution
for the reflected ions. Arnold et al. [75] have assumed specular reflection of ions, where
the reflection probability depends on the angle of incidence, according to a model by
Wilson et al.: Between 0◦ and 60◦ (where 0◦ corresponds to perpendicular incidence and
90◦ to glancing incidence), all ions are absorbed, and the reflection probability is zero.
Between 60◦ and 90◦ (glancing incidence), the reflection probability increases linearly
from 0 to 1. In addition, they have assumed that ions which have been reflected two
times, have lost so much energy that they do not contribute to etching anymore, hence
they have considered only direct and single reflected ions.

Other researchers have completely neglected ion reflections at the sidewalls [54], and
consider only direct line-of-sight shadowing.

Numerical simulations revealed that ion reflections can be neglected in the case of
rippled sidewalls generated by gas chopping etching recipes (see chapter 9). Therefore,
ion reflections are neglected in the present model.

5.2.2 Neutral shadowing and diffuse reflection

The same arguments as for ion shadowing also apply for the neutral shadowing. How-
ever, the large decrease of the local neutral flux to the bottom of trenches with aspect
ratio, caused by direct shadowing, is not consistent with the slighter observed decrease of
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the etching rate. Obviously, more reactant arrives the bottom of trenches than would be
possible if direct shadowing would be the only significant neutral surface transport effect.

Coburn and Winters [46] have first introduced conductance considerations into the
field of high aspect ratio etching. They assumed that neutrals impinging at the sidewalls
of trenches have a vanishing reaction or sticking probability. It is assumed that particles
adsorbed at the sidewalls have lost all information on their angle of incidence (in contrary
to the case of ion reflection). They desorb diffusely from the surface of the sidewall, fol-
lowing a cosine angular distribution (cosine law, diffuse reflection). This is the standard
assumption made in the calculation of conductances of long pipes or tubes in vacuum
technology. Furthermore, the mean free path of particles (radical, atoms) under the oper-
ating pressures typical for plasma etching of silicon is much larger than the dimensions
of the features (molecular flow regime). Coburn and Winters have balanced the incom-
ing flux (at the entrance of the trench), the reflected fluxes and the amount of etchant
consumed by etching, using the reaction probability at the bottom as a parameter, to de-
termine the etching rate at the bottom, provided that the etching rate is proportional to the
flux of neutrals.

This model (molecular flow plus diffuse reflection) is still used in the literature, albeit
in expanded form (non-vanishing sidewall reaction probability) [43–45]. For irregular or
arbitrarily shaped profiles, calculations are made by Monte-Carlo simulations.

5.2.3 Surface diffusion

Surface diffusion describes the effect that adsorbed particles are mobile and can travel
across the surface. The diffusion flow density~j for isotropic surface diffusion is given by

~j =−D ∇n, (5.1)

whereD is the diffusion coefficient, andn is the concentration of the diffusing particles.

The diffusion coefficient is given by

D = D0exp

(
−Ed

kBT

)
, (5.2)

whereD0 = kl2ν, with l the distance between adsorption sites,ν the vibration frequency
of the adsorbed atom, andk a geometry factor (number of nearest adsorption sites),Ed the
energy barrier for surface diffusion, andkBT the thermal energy of the adsorbed particle
(P. Thoren [49]).

The change of the concentration of adsorbed particles depends on the divergence of
the surface diffusion current,div~j, the rate of particle consumption due to etching or
deposition reactions,Rr = αPrn, which is proportional to the concentration of etchant and
the reaction probabilityPr ; the flux of adsorbing particles from the gas phase,Φn, and the
desorption rateΦdes= Cdesn, whereCdes is the desorption coefficient (extended model of
Singh et al. [76]):

ṅ =−div~j−αPrn+Φn−Φdes= D4n− (αPr −Cdes)n+Φn . (5.3)

(αPr defines a reaction frequency.) Now let’s consider particle transport from an area sub-
ject to direct line-of-sight irradiation of particles into a completely shadowed area. We
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make the assumption that the fluxΦn of adsorbing particles vanishes in the shadowed area
(i.e. no reflection, neither diffuse nor specular, is taken into account), and that the concen-
tration n of adsorbed particles at the interface (x = 0) between shadowed and irradiated
area is constantn0, and vanishes forx→ ∞. Searching for the steady-state concentration
distribution (ṅ≡ 0), equation (5.3) then reduces to:

D4n = (αPr −Cdes)n (5.4)

The steady-state solution is

n(x) = n0exp

(
−
√

(αPr +Cdes)
D

x

)
= n0exp

(
−x

λ

)
, (5.5)

with λ : = 1/

√
(αPr+Cdes)

D the diffusion length.

Note that the particle concentration distribution functionn(x), equ. (5.5) doesnot
scale with aspect ratio.

Surface diffusion of adsorbed reactants was believed to be another significant transport
mechanism for reactants [76, 77] in plasma etching. However, the effect of surface diffu-
sion would be too low to explain the flux of reactants to the bottom of trenches [75, 76].
Furthermore, the independency of the concentration distribution functionn(x) from the
aspect ratio indicated that surface diffusion would not be a major contribution foretchant
transport [77].

5.2.4 Charging effects

Due to the difference in electron and ion temperature and mobility, the angular distribution
of ion and electrons differ. Therefore, the upper parts of features are preferably hit by
electrons, while the bottom of features exhibit a comparably higher ion than electron
current. This would cause the upper parts of features to charge up negatively, while the
bottom charges up positively. In conductive materials, like silicon, the different charges
can be compensated by electrical currents. The situation becomes extremely different
when etching insulating materials, for instance, when etching so-called SOI wafers (SOI:
silicon on insulator), where a top silicon device layer (around 10µ thickness) is on top
of a thin (≈ 1µ) oxide layer, bonded to a handle silicon wafer of standard thickness. The
charge implanted into the oxide layer, due to ion bombardment, cannot be compensated by
the electron induced negative charge on the silicon device layer. This results in electrical
fields strong enough to considerably distort the ion trajectories: Ions are deflected away
from the center of the bottom to the edges or corners. As a consequence, the device silicon
layer is considerably underetched at the interface between the device and the oxide layer.
This effect is called footing or notching.

Hwang and Giapis have investigated the notching effect by means of simulations [78,
79].
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Figure 5.1: Aspect ratio dependent
etching. Cross-section of a profile
etched with a gas chopping etching
recipe. The depth of etching decreases
with decreasing feature width (RIE-
lag). The profile slope also depends on
the feature width: The sidewalls of the
wide openings are negatively sloped.
A groove is formed at the foot of the
larger features (trenching).

5.2.5 Aspect ratio dependent etching

Due to the dependence of the reactant supply to the bottom of holes with high aspect ratio,
due to the above mentioned reactant transport effects, the etching rate in high aspect ratio
etching depends on the aspect ratio of the etched structures. These effects are know in the
literature asaspect ratio dependent etching (ARDE)[15, 31, 80] (fig. 5.1).

Since the flow of reactants into high aspect ratio structures usually is lower than the
flow into low aspect ratio structures, the etching rate of features decreases as their aspect
ratio or depth increases. A perfect example for this effect calledRIE lag (reactive ion
etching lag)is shown in fig. 5.1, where the wide features (low aspect ratio) are etched
much deeper than the high aspect ratio features.

Also in this figure, a notch or groove near the sidewalls of wide features can be seen.
Here, the etching rate at the intersection between sidewall and bottom is increased. There
are several possible reasons for this effect. One is the specular reflection of ions at the
sidewall, increasing the ion flux at the edges of the bottom. This effect is calledtrenching
(fig. 5.1). Another reason may be the difference of polymer deposition and ion bombard-
ment of the bottom. If the polymer deposited at the center of the feature is thicker than
at the edges, due to a higher monomer flux to the center than to the edges of the bottom,
the center is more efficiently passivated than the edges. If, on the other hand, the ion flux
is uniform over the bottom, due to a highly collimated flow, then the polymer passivation
layer will be removed earlier at the edges than in the center of the bottom, causing the
edges to etch faster than the center.

5.2.6 Aspect ratio dependent deposition of polymer

Studies on plasma polymerization usually have been carried out on flat unstructured sam-
ples, where surface transport effects are not relevant. Therefore, there is little or no lit-
erature available on apect ratio dependent deposition of plasma polymer. However, the-
oretical and experimental studies of the deposition of metal layers in contact holes are
available (see, for instance, P. Thoren [49, 81]). Here, reflection (diffuse or specular) of
metal atoms at the surface of the target was not considered, but surface diffusion. Increas-
ing diffusion coefficients result in a smoother thickness distribution of the deposited metal
layers. Since the diffusion coefficient is temperature dependent (equ. (5.2)), increasing
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temperature of the substrate results in a smoother thickness distribution of the deposited
metal layer.

Aspect ratio dependent deposition is an important effect for gas chopping etching tech-
niques, since the profile and net etching rate is largely determined by the balance between
the etching and deposition cycles. Since no data on aspect ratio dependent deposition of
plasma polymers were available in the literature, a number of experiments was carried
out in order to collect the required deposition parameters (see chapter10: Aspect ratio
dependent deposition).

5.2.7 Loading effects

It has been observed that the etching rate of silicon depends on the silicon area to be
etched. The higher the area to be etched, the lower the etching rate under constant process
parameters. Since the etching rate depends on the silicon load of the reactor, these effects
are calledloading effects. Usually, it is distinguished between macro loading and micro
loading.

5.2.7.1 Macroloading

The loading effect was first discovered in connection with the etching of silicon wafers
in hexagonal reactors. The etching rate decreased, when number of silicon wafers loaded
into the system increased [15, 17]. This effect is attributed to a depletion of etchant due to
the large area to be etched. Since the etchant reacts with silicon to form volatile reaction
products, etchant is consumed by the etching reaction. Therefore, the chemical etching
reaction makes an additional loss term in the balance of generation of active species in the
plasma (due to plasma dissociation) and loss. This causes a reduction of the mean etchant
density in the reactor, and consequently a reduced mean etching rate.

Therefore, the macro loading effect could be considered as a feedback of the etching
reaction onto the plasma by means of influencing the particle generation and loss balance.

5.2.7.2 Microloading

The dependence of the local etching rate on the local pattern density is called micro load-
ing [15, 31, 80]. Similar to the macro loading effect, this is also caused by a depletion
of etchant. In contrary to macro loading, the depletion does not result in a reduced mean
etchant density, but in a reduction of the local etchant density in the vicinity of high pattern
density areas. In the vicinity of low pattern density areas, the consumption of etchant is
lower, hence the local etchant density is higher than in the vicinity of high pattern density
areas, and consequently the local etching rate is higher.

Therefore, the micro loading effect could be considered as problem of reactant trans-
port from the plasma onto the sample surface. Micro loading occurs if the amount of
reactant consumed per time in high pattern density areas cannot be compensated by a
high enough flux of etchant from the plasma bulk to the surface, leading to a local deple-
tion of reactant and a slowed down etching rate.
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In reality, both effects occur at the same time. As the etching of silicon takes place
only at the wafer surface, not at the chamber walls of the reactor, a loading effect which
is macroscopic with respect to the wafer, is microscopic with respect to the complete sur-
face area (including wafer and chamber walls) in contact with the plasma. A depletion
of etchant due to (wafer scale) macro loading causes a decrease of the mean etchant den-
sity and the development of a gradient etchant concentration, from plasma bulk towards
the wafer. Therefore, such a strict distinction between the two loading effects and their
reasons may be a bit artificial. Nevertheless, it serves as a guiding rule when considering
these effects in profile simulations.
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Sample temperature

As described in chapter4: Plasma Processing, the temperature of the sample is one
important parameter for the evolution of the etching profile. For instance, an increas-
ing sample temperature causes reactive ion etching processes to change from directional
(anisotropic) to isotropic. Therefore, it is important to keep the sample temperature con-
stant during the etching process. This is done by a thermal controlled sample holder
(chuck), the temperature of which can be adjusted between -160◦C and +180◦C and kept
constant by a temperature controller. The sample is loaded onto the chuck by a robot arm,
and mechanical contact between sample and chuck is made by clamping the sample to
the chuck by three ceramic fingers [32, 33]. Thermal contact between sample and chuck
is made by a so-called helium backing, where helium is injected between the sample and
the chuck.

The thermal contact is sufficient for full-wafer samples. However, in the field of
MEMS fabrication, often membrane-like samples have to be structured by plasma etching.
Since for membrane-like samples, the distance between sample backside and chuck is
almost the thickness of a wafer (300− 400 µm), the thermal contact is worse and heat
transfer from sample to chuck is less efficient than with bulk samples.

A considerable amount of heat is transferred from the plasma into the sample, which
must be transferred to the chuck by means of conduction, in order to maintain a con-
stant sample temperature. The input heat depends on the gas temperature, radiation and
reaction enthalpy.

Thermal simulations using an FEM software package (TOCHNOG[82]) shall estimate
the sample temperature as a function of the input power (heat load) and sample geometry,
such as membrane thickness or diameter.

Due to the surface roughness of the sample backside and the chuck, the contact is
not a perfect area contact but made only by several small dots. This surface roughness is
approximated in the model by a homogeneous gap of 5µm between chuck and sample.
This gap is filled with helium at a pressure of 10 Torr. At this pressure, the mean free path
of helium is larger than the gap width, therefore the thermal conductivity does not depend
on the gap width. This effect is taken into account by calculating a thermal conductivity
for the use in the simulation model as the product of the gap width and the thermal transfer
coefficient.

The circular shaped samples are for simplicity approximated by a quadratically geom-
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dD

Figure 6.1: Thermal simulation of a membrane. The maximum temperature is reached in
the center spot, while the wafer rim is at ambient temperature.
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Figure 6.2: Cross section of the model geometry.

etry (fig. 6.1).

The model geometry is shown in fig. 6.2. The boundary condition at the sample chuck
is a constant temperature (Dirichlet boundary condition), and constant heat flow density at
the sample top (Neuman boundary condition forz= h). The adiabatic boundary condition
(no heat flow) was applied to the sides of the sample.
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The equation to solve is the heat conduction equation,

cρ
∂T
∂t

= λ
(

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
, (6.1)

whereT is the temperature,ρ the material density,c the specific heat of the material, and
λ the heat conductivity of the material. Equ. (6.1) implies that no heat is generated inside
the bulk of the sample. The boundary conditions are

∂T
∂z

∣∣∣∣
z=h

= − q̇0

λ
(6.2)

T|z=0 = T0 (6.3)

∂T
∂z
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x or y=±D/2

= 0 (6.4)

whereq̇0 is the heat flow density at the sample top,T0 the chuck temperature, andD
the sample diameter. The maximum sample temperature is plotted as a function of the
gap between chuck and sample backside (fig. 6.3). This plot indicates, that the exact gap
width has only minor influence on the simulated sample heating. The thicknessSof the
wafer was always 600µm.

The other figures show the maximum sample temperature as a function of the mem-
brane diameterd (with the total sample diameterD kept constant 10 cm) (fig. 6.4), of the
membrane thicknesst (fig. 6.5) and of the heat load (fig. 6.6). It can be summarized that
wafer-like samples have a sufficient thermal contact to the chuck to maintain the sample
temperature close to the chuck temperature.

Membrane-like samples are considerably heated during the etching process. Modifi-
cations of the sample geometry, such as higher membrane thickness or larger membrane
diameter would not considerably reduce sample heating, unless the modifications are sig-
nificant: Heating is not reduced until the membrane diameter is less than about 1 cm or
the membrane thickness exceeds 400µm. Therefore, for typical membrane geometries as
required for the fabrication of particle projection masks (ion projection lithography [5–8]
or heavy ion direct implantation [9, 10]), sample heating during the etching process is a
serious issue.

Due to technical constraints, it was not possible to measure the temperature on a sam-
ple during plasma etching. The comparison of the performance of etching processes car-
ried out on wafer samples, where the sample temperature is close to the chuck tempera-
ture, at different temperatures, with the same etching processes carried out on membrane
samples are consistent with a temperature raise of the membranes during etching by about
50◦ C.

The use of reactive ion etching processes for the structuring of membrane-like samples
would be a difficult task, because the temperature control of the sample is poor, and the
etching profile characteristic (directional or isotropic) depends on the sample temperature.
It’s therefore beneficial to employ an etching technique where the characteristic is inde-
pendent of the sample temperature. This is the case for gas chopping etching techniques.
With these etching techniques, the profile is always directional over a wide range of sam-
ple temperatures. Hence the application of such etching techniques seems to be more
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promising than the use of conventional continuous-flow reactive ion etching processes for
the processing of membrane-like samples.
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Figure 6.3: Maximum sample temperature as function of the gap between sample back-
side and table. The gap length has nearly no effect on the maximum temperature of a
membrane sample.
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Figure 6.4: Maximum sample temperature as function of the membrane diameter. The
simulated membrane thickness was 5µm and 100µm, respectively.
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Figure 6.5: Maximum sample temperature as function of the membrane thickness.

0 100 200 300 400 500
0

50

100

150

200
 

m
ax

c.
 te

m
pe

ra
tu

re
 [°

C
]

power [W]

  60 x 60 mm²
  5 x 5 mm²
  1 x 1 mm²

Figure 6.6: Maximum sample temperature as function of the applied power.



Chapter 7

Existing profile simulations

The first work in the field of profile simulations of reactive ion etching processes was done
by Viswanathan [83] and by Reynolds et al. [84] back in 1979. Viswanathan was employ-
ing a two dimensional string algorithm for the modeling of the surface, and considered
isotropic (chemical) and directional (ion-enhanced) etching rates. Remarkably enough,
resist erosion was considered. Similarly, Reynolds et al. were considering isotropic or
anisotropic etching rates in their string algorithm-based model. Due to the low aspect
ratio of their simulated structures, transport effects, like shadowing or reflection, were not
considered.

Because of the limited computation power available and the comparably simpler im-
plementation and faster execution time, profile simulations were usually limited to the
two dimensional case.

Tassopoulos et al. employed a modified string algorithm for the profile simulation of
the reactive ion etching of silicon in a CF4 discharge using SiO2 as mask [85].

Rangelow considered the dependence of etching yields of various materials (PMMA,
Cr, Au, Si and AZ1350 photoresists) on the angle of incidence of impinging energetic ions
to model the profiles of ion milling processes [50] (1983). Ion reflections or redeposition
of sputtered material were neglected.

Secondary effects like shadowing, trenching, ion reflection, and redepositon in ion
milling processes were considered by Rangelow et al. in a subsequent work [86] (1985).

Arikado et al. [87] (1988) considered an etching rate proportional to the ion flux to
the surface, and the simultaneous deposition of a sidewall passivation layer, the deposition
rate of which is proportional to the flux of unsaturated radicals (CF2 or CHF). Shadowing
of particles was considered. The ion angular distribution was assumed to follow a gaus-
sian distribution function, whereas the neutral radicals arrived with an isotropic velocity
distribution.

A similar approach was done by Ulacia et al. [88] (1988), who considered etching
by an ion beam with gaussian angular distribution (ADF: angular distribution function),
together with an isotropic chemical etching component.

In a subsequent work, Ulacia and McVittie simulated reactive ion etching profiles
based on a more physical model [89] (1989). They were simulating the ion transport
across the sheath by Monte-Carlo simulations, similar to a model first presented by Kush-



64 Chapter 7. Existing profile simulations

ner [90] (1985). Shadowing and reflection of ions was considered, whereas the flux of
neutrals was assumed to be uniform at the surface (i.e. shadowing or reflection of neutrals
was neglected).

A similar profile simulation model was presented by Shaqfeh and Jurgensen [91]
(1989).

A profile simulation for ion milling based on angular dependent sputter yield data
and ion angular (IADF) and energy distribution functions (IEDF) considering shadowing,
trenching, and re-deposition was developed by Rangelow et al. [86] (1985).

Pelka et al. [92] considered surface diffusion by an exponential approximation ac-
cording to equ. (5.5) (1989).

Thoren et al. [49, 81] (1990, 1991) considered shadowing, faceting, deposition and
re-deposition, and surface diffusion. A semi-three-dimensional model was developed by
taking advantage of the symmetry of selected shapes (circular, rectangular, etc.) of the
mask opening.

Singh and Shaqfeh considered re-emission (diffuse reflection) of radicals and surface
diffusion [76] (1992).

A cell-removal algorithm for 3 dimensional profile simulation was used by Pelka [93]
(1990).

McVittie et al. [94] (SPEEDIE, 1990) and Fichelscher et al. [95, 96] (SPEED, 1990,
1991) modelled both sheath dynamics and surface kinetics for the reactive ion etching of
silicon.

The effects of charging of insulated structures at the sample were considered by Hoek-
stra et al. [97] and Hwang et al. [78, 79, 98] (all 1997).

All of the above mentioned profile simulation models were applied to the simulation
of continuous gas flow reactive ion etching processes of low aspect ratio structures, were
plasma conditions are kept constant during the complete etching process, and where etch-
ing and deposition (passivation) take place as competing reactions at the same time.

Dauksher et al. [20, 99–101] have first introduced a simulation model for gas chopping
etching processes. In this etching technique, the etching and deposition (passivation) are
temporarily separated. However, they also were simulating low aspect ratio structures.

In the etching of high aspect ratio structures, reactant transport effects become more
relevant for a adequate modeling. Assumptions of a homogeneous flux of radicals (see,
for comparison, ref. [89]), for instance, are no longer justified.

The present work is dedicated to the profile simulation of gas chopping etching pro-
cesses of high aspect ratio silicon structures, which previously have not been reported in
the literature. In addition to the known aspect ratio dependent etching effects, also aspect
ratio dependent deposition or polymerization becomes a determining factor in the profile
evolution.



Chapter 8

Profile simulation model for gas
chopping etching processes

8.1 The ideal plasma etching simulator

An ”ideal” exhaustive simulation of plasma etching processes would consist of three sim-
ulation modules for the three major effects [102]. These are, the plasma simulation mod-
ule, the transport simulation module, and the surface reaction simulation module. These
modules describe the 3 major phenomena involved in plasma etching, which are gener-
ation of particles (activation), transport of plasma particles to the sample surface, and
reaction with the surface.

The plasma module should, based on the external input parameters like operating pres-
sure, gas flow rates and feed gas mixtures, excitation and platen power, and reactor ge-
ometry calculate the concentrations and energies (temperatures) of the generated plasma
species (ions, electrons, radicals, neutrals, monomers), which are the output parameters.

These parameters are input into the transport module, which consists of the sheath or
plasma transport module and the surface transport module.

The sheath transport module predicts, based on the plasma species concentration and
temperature, and considering the operating pressure and reactor geometry, the energy and
angular distribution functions (EDF and ADF, respectively), and the absolute flow rates
of the plasma species at the interface between plasma sheath and sample surface.

The reactant transport module considers effects like shadowing, reflection, or adsorp-
tion of the plasma species at the vicinity of the sample and at the sample surface. The
input parameters are the flow rates and ADF/EDF’s of the plasma species, and the output
parameters are the local flow rates of the plasma species at the sample surface.

The local flow rates of the plasma species are the input parameters of the surface re-
action module. The surface reaction module simulates the reactions of the plasma species
with the surface, considering the sample material and temperature. The output parame-
ters are local etching or deposition rates, which subsequently lead to a modification in the
surface geometry. The surface geometry represents the etching profile, which is the final
desired result of the complete plasma etching simulator.

This ideal plasma etching simulator is schematically depicted in fig. 8.1. The individ-
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ual modules are shown in the center. The side or boundary conditions, such as operating
pressure or reactor geometry, are shown on the left. The output parameters of one mod-
ule, which are the input parameters of the successive simulation module, are shown in the
center, and are connected with the simulation modules by arrows, indicating the direction
of calculation.

On the right side are the 3 major phenomena, generation, transport (diffusion, drift,
adsorption, reflection, desorption, as well as shadowing) and reaction, listed and assigned
to their simulation module.

Until now, it sounds like the simulations are quite simple: Start at the top, at the plasma
module, with the initial and boundary conditions, and continue calculations along the di-
rections of the arrows, always considering the applicable boundary conditions. However,
this would only be true if all modules, or all physical effects and phenomena taking place,
were de-coupled from each other, and would only be determined by the input parameters.

In reality, there are feed-back channels through which output parameters of one mod-
ule influence the boundary conditions of preceding modules. These feed-back channels
are represented by back arrows in fig. 8.1.

Due to the transport and adsorption of charged particles at the reactor or the sample
surface, an electrical potential builds up and influences the sheath transport (see also,
chapter5: Transport phenomena), and hence the ADF’s and EDF’s of plasma species. In
addition, the local charging of the surface leads to distortions of ion trajectories, known
as charging or notching effects (see chapter5: Transport phenomena).

The transport of plasma species to the reactor or sample surface makes a loss term in
the plasma simulation module, and in this way the transport module feeds back into the
plasma module. The reactions of plasma species at the sample surface consume reactant
and generate products, which desorb (in the case of etching) back into the gas phase. This
can be considered as a global loss (reactant) or generation (etch product) term for the
plasma module. In this way, the macro loading effect could be considered.

In addition, a high local open area density can lead to a depletion of etchant nearby
areas of high pattern density at the sample, because at high pattern density areas more
etchant is consumed than can be supplied from the plasma due to limited reactant trans-
port. In terms of simulation, this effect can be regarded as a feedback of the surface
reaction module onto the transport module. In this way, the micro loading effect could be
simulated.

Due to deposition and etching reactions at the sample surface, the sample geometry,
temperature and material are altered, which in turn affects the reactant surface transport
module (via adsorption properties and shadowing, reflection, etc.), and the surface module
itself, due to temperature and material dependence of the etching or deposition reactions.

Apart from the fact that each simulation module is a complex algorithm by its own, the
coupling and the feed back of all 3 simulation modules makes the perfect plasma etching
profile simulator a complex problem. The present work focuses on the surface reaction
module and on the reactant transport module. The input parameters of the surface trans-
port module therefore are not calculated by a simulator, but are assumed and considered
as fitting parameters or are calibrated. Since the simulation of the plasma and the sheath
are beyond the scope of the present work, the feed back of the surface transport and reac-
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Figure 8.1: The ideal profile simulator. Depicted on the left are the external parameters
like operating pressure or sample temperature. The internal parameters, like species con-
centrations or energy distributions, are shown in the center. The individual simulation
modules are connected by these internal parameters.
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Figure 8.2: The realized profile simulator. Plasma generation and plasma transport are
neglected. The angular and energy (ADF and EDF, respectively) distribution functions
are obtained by fitting and calibration.
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Figure 8.3: Flow chart of the WINSIM ETCH profile simulator.

tion modules onto the plasma or sheath are neglected. Fig. 8.2 schematically shows the
realized profile simulator. Those modules and effects greyed out are beyond the scope
of this work. The modules and effects printed in full color are considered in the realized
simulator.

8.2 The realized profile simulator

The realized profile simulator is based on a phenomenological etching and deposition rate
model, similar to that proposed by Gray et al. [52] or by Gogolides et al. [65].

The surface geometry is described by a string algorithm.

Reactant transport is either analytically calculated in case of direct line-of-sight shad-
owing, or simulated by Monte-Carlo techniques in the case of specular or diffuse reflec-
tion. Because of the operating pressure, the mean free path of the particles (1 mm to 1 cm)
is much larger than the dimensions of the features (<100µm). Therefore, particle-particle
interactions are very unlikely to happen, and can be neglected (molecular flow regime).
The required absolute flow rates and ADF’s are assumptions based on the literature, and
are subject to calibration.

The gas chopping plasma etching profile simulator consists of two self-developed
programs. The profile evolution with time is simulated by SIM ETCH (”W INSIM ETCH”),
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whereas the surface transport effects are calculated by the Monte-Carlo flow simulator
MOCASIM (”M OCCA FORWINDOWS”). The results of the Monte-Carlo simulations are
approximated by analytical fitting functions, which are used to calculate the local flow
rates in the profile simulator. During the actual simulation of the etching profiles, the
Monte-Carlo simulations are replaced by the analytical fitting functions. This arrange-
ment saves much execution time, since the time consuming Monte-Carlo simulations are
carried out only once, during the program development. Fig 8.3 shows a program flow
chart of the realized profile simulator.

8.2.1 Surface model

The geometry of the surface and the surface reactions between the plasma species and the
sample are dealt with in the surface model. The gas chopping etching technique relies
on the alteration between etching and deposition cycles, which is done by altering the
plasma conditions, such as feed gas mixture, pressure or power, accordingly to obtain an
etching or deposition plasma. Upon switching from etching to deposition or vice versa,
the plasma conditions are afar from the steady state conditions. These transient effects are
”virtually impossible” to simulate in detail [101], hence are neglected in this simulation,
and it is assumed that the plasma is stable and in steady state conditions throughout the
complete etching or deposition cycles (an assumption also made by Rauf et al. [20], who
employed etching and deposition cycles of 12 s and 5 s duration, respectively). Transient
behavior lasts for about 1 or 2 seconds upon ignition of the plasma or switching between
the cycles. Therefore, it can be neglected for cycle durations larger than 10 or 20 seconds,
especially for cycle durations of 45 s or longer, as used in the present work.

8.2.1.1 Modeling of the surface geometry

Several algorithms exist to model the evolution of the surface geometry during plasma
etching processes, namely the method of characteristics or the level set method [76, 91,
103, 104]. In this method the surface is implicitly defined by a functionF(x, t) = 0, where
x is the position andt the time. At a later timet +δt, the surface is implicitly defined by
F(x+~n(~v ·~n)δt, t + δt) = 0, where~n and~v are the normal vector of the surface and its
velocity, respectively.

A different approach is the cell removal method [78, 79, 93, 97–99, 105, 106]. The
sample volume is divided into small cells. Each cell represents a number of atoms or a
certain amount of volume of the sample. Depending on the local etching rates, the cells
are removed (etched) at individual speeds. The remaining cells represent the final etching
profile.

Amongst the most popular methods is the so-called ”string algorithm” [20, 49, 50,
83, 84, 89, 92, 94, 96, 100, 101, 107, 108], which is most advantageously applied to the
simulation of 2D surfaces. Here, the surface is divided into a number of nodes, which are
connected by line segments. The nodes move according to local etching and deposition
rates. The string algorithm is know as being simple to implement, powerful and giving
good results, but being sensitive to numerical instabilities like the formation of loops
[93, 104].
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Figure 8.4: String algorithm (a) and de-looping (b). The nodes are moved along their
local normal vectors, which are the angular bisectors of the normal vectors of adjacent
line segment. If the distance between two nodes extends the pre-defined mesh size, new
nodes are inserted as required (a). If any two nodes approach each other closer than the
pre-defined mesh size, they get connected, thus by-passing the loop. The redundant nodes
are discarded (b).

The string algorithm was introduced by Neureuther, Jewett, Hagouel, and Van Duzer
[107, 108] to simulate the profile evolution during resist development. They compared the
string algorithm with the cell-removal model and a ray-tracing method. They report that
all three simulation methods are capable of achieving good accuracy. They showed that
the string algorithm and the ray-tracing model converge against the same profile, whereas
the cell-removal method produces slightly different profiles. They conclude that the string
algorithm is the most versatile profile simulation technique.

Shaqfeh and Jurgensen [91] have compared the level set method with the string al-
gorithm. They report that both methods converge against the same solution after mesh
and time-step refinement, however, the method of characteristics does not introduce spa-
tial resolution inaccuracy, and is less sensitive to time-step discretization [91]. On the
other hand, Pelka [93] and Katardjiev [103] report that the method of characteristics has
”limited applicability in predicting surface evolution” [103]. Especially, for non-smooth
surfaces, like cusps or edges, looping also occurs [109], and empirically derived smooth-
ing methods must be applied, making the simulation of surface evolution a substantially
more difficult task [103]. In addition, effects like ion reflection are difficult to consider
with this method. Katardjiev therefore suggested a method based on the principle of
wave-front propagation [103].

The group at Motorola (Dauksher et al.) have abandoned the use of the cell removal
algorithm [99] in favor of a string algorithm with de-looping in the curse of improvement
of their simulator [20, 100, 101].

A string algorithm [108] with de-looping is used in this work, because it has proven
ability in the modeling of surface evolution, is easy to implement, and its numerical in-
stabilities (looping) are eliminated by a de-looping algorithm.
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In the string algorithm, the surface is divided into nodes, which are connected by
line segments. The initial distance between the nodes is the predefined meshsize, which
defines the spatial resolution. Therefore, each node represents a surface area of the cir-
cumference of the meshsize. The time is divided into small finite time increments or
time stepsδt. The velocity of surface movement is the etching rateER, and the surface
movement done within one time step is the productER·δt.

The nodes are implemented asobjects, which store their position, the material of the
surface they represent (either silicon, polymer [sidewall passivation layer], or photoresist
[mask]) and material properties in their internal variables. Thesurface objectitself con-
sists of a doubly-linked list of nodes. The order of the nodes in thesurface objectdefines
the orientation of the surface in a way, that the gas phase is on the left and the material
(silicon) on the right. A normal vector is assigned to each node as the angular bisector
vector of the line segments connecting the node to its predecessor and successor. The
motion of each node takes place in the direction of its normal vector, where the speed of
that motion is determined from the etching rate.

Etching of silicon corresponds to a movement of the surface to the right, while de-
position would correspond to a motion of the surface to the left, since during deposition
the surface grows into the gas phase. Since the thickness of the deposited sidewall passi-
vation polymer is much thinner than the dimensions of the features, polymer deposition
is not modelled as a surface motion, but considered by mapping the local polymer thick-
ness onto an additional internal variable that contains the polymer thickness at each node
(similar to the approach of Rauf et al. [20]).

As in the curse of surface evolution the distance between neighboring nodes increases,
surface simulation would become coarse. In order to maintain precise spatial resolu-
tion, additional nodes are inserted when the distance between neighboring nodes becomes
larger than the predefined meshsize plus arefinement tolerance(percentage of the mesh-
size). The material properties of these new inserted nodes are determined from the neigh-
boring existing nodes.

While etching convex corners, neighboring nodes may converge closer than the mesh-
size. As etching proceeds, artifacts like loops can occur. To avoid this, nodes which have
converged closer than the predefined meshsize minus aremove tolerance(percentage of
the meshsize) are connected by a line segment, resulting in a bypass of the loop, and the
connection to the nodes forming the loop is truncated. Those nodes forming the loop are
discarded and deleted from memory. This procedure is calledde-looping.

Fig. 8.2.1.1 illustrates the string algorithm, the insertion and removal of nodes, and
the loop artifacts.

The string algorithm is stable only if the surface movement within one time step is
lower than the distance between each nodes [49]. Therefore, the time incrementδt must
be adjusted in a way that the product of the etching rate and the time step is lower than
the predefined meshsize.

A routine could constantly check whether the local displacement is larger than the
distance between neighboring nodes, and could automatically reduce the time increment
if this is the case. In the present implementation, such routines were discarded in favor
of a simpler implementation and faster program execution. Therefore, the user must take
care of the proper value of the time increment.
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8.2.1.2 Etching reaction model

In the previous section, it was shown that the surface motion is determined by the local
etching rates. The aim of the etching reaction model is to calculate the local etching rates
from local plasma species flow rates and material properties (etching yields). Sputtering
of silicon can be neglected for the ion energies under consideration (see chapter4: Plasma
Processing), so only spontaneous and ion-enhanced etching of silicon must be considered.
Spontaneous etching of silicon is due to the chemical reaction between impinging fluorine
with silicon, therefore spontaneous etching is also called ”chemical etching”.

The total etching rate of siliconERsi can be written as the sum of the chemical and
the ion-enhanced etching rates,ERchemandERion, respectively [102]:

ERsi = ERchem+ERion (8.1)

The calculation and the modeling of the chemical and ion-enhanced etching rates are
described in detail in the following sections8.2.1.2.1: Chemical etching modeland
8.2.1.2.2: Ion-enhanced etching model, respectively.

8.2.1.2.1 Chemical etching model Following the arguments by Coburn and Winters
[40], it is assumed that SiF4 is the primary reaction product (see equ. (4.1) in section
4.1.1: Chemical etching). The relation between the etching rateERchemand the flux of
fluorineΦF is given by

ERchem= ηchemΦF , (8.2)

whereηchemis the chemical etching yield.

The reaction probabilityPreact for chemical etching is defined as the ratio of the frac-
tion of impinging fluorine atoms reacting with silicon to form SiF4 to the total flow of
impinging fluorine. Therefore, it is a cumulative reaction probability, taking into account
the mechanisms of adsorption, reaction and desorption of reaction product.

Fluorine atoms impinging onto the silicon surface have several pathways to react:
They can stick to (sticking probabilityPst) or get reflected (Pre f l) from the surface. The
adsorbed fluorine can either etch silicon (detailed chemical etching probabilityP̃chem), or
can contribute to the fluorine surface coverageΘ (detailed adsorption probabilitỹPads).
Both reaction of fluorine with silicon and desorption of products are considered by the
(detailed) etching probabilitỹPchem. The sticking probability depends on the surface tem-
perature and on the degree of fluorine surface coverageΘ (Langmuir adsorption, see sec-
tion 8.2.1.2.2: Ion-enhanced etching model). In particular, the temperature dependence
of the chemical etching yield is represented by the temperature dependence of the sticking
probabilityPst and the chemical etching probabilitỹPchem.

By balancing the flow of fluorine atoms impinging at the surface,ΦF , with the possible
reaction pathways, we obtain:

ΦF = Φre f l +Φads+
1
4

ΦSiF4, (8.3)

whereΦre f l is the reflected andΦads the adsorbing fluorine, andΦSiF4 is the flow of
SiF4 desorbing from the surface. (The fraction 1/4 appears because one fluorine atom
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Figure 8.5: Schematic sketch of the fluorine balance. The impinging fluorine is divided
into the reflected fluorine, the reacting and adsorbing fluorine. The adsorbed fluorine
increases the fluorine coverage, while the desorbing fluorine decreases the coverage.

contributes only to 1/4 of the SiF4 product flow.) The sticking probabilityPst and the
reflection probabilityPre f l are complementary, i.ePst+Pre f l = 1 . The same is true for the
chemical etching probabilitỹPchemand the detailed adsorption probabilityP̃ads, i.eP̃chem+
P̃ads= 1. The fluorine balance and the reaction pathways are schematically depicted in
figure 8.5.

The increase of surface coverage with time,dΘ
dt , depends on the adsorbed flow

Φads= PstP̃adsΦF , (8.4)

and the desorbing flow
Φdes= CdesΘmaxΘ, (8.5)

whereCdes is the desorption coefficient, andΘmax is the maximum fluorine surface cov-
erage, defined in section8.2.1.2.2: Ion-enhanced etching model. In an atomic beam ex-
periment, the desorption coefficientCdeswould represent only thermal desorption, while
under plasma conditions, desorption may also be due to radiation or ions with floating
potential energy (≈ 20 eV).

Then,

Θmax
dΘ
dt

= PstP̃adsΦF −CdesΘmaxΘ. (8.6)

Using
Φre f l = Pre f lΦF (8.7)

and
1
4

ΦSiF4 = PstP̃chemΦF , (8.8)

equ. (8.3) writes as

ΦF = Pre f lΦF +PstP̃chemΦF +Θmax
dΘ
dt

+CdesθmaxΘ. (8.9)
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In steady state, the fluorine surface coverage is constant, hencedΘ
dt = 0, resulting in

ΦF = Pre f l ΦF +PstP̃chemΦF , (8.10)

while also neglecting thermal or radiation induced desorption of fluorine.

The amount of reacting fluorine isPstP̃chemΦF , while the total amount of impinging
fluorine isΦF , hence the (cumulative) reaction probability for chemical etching is

Preact = PstP̃chem. (8.11)

SinceΦF −Pre f lΦF = PstΦF , because the reflection and sticking probabilities are
complementary,

Pst = Preact, (8.12)

which is only valid for steady state conditions and negligible desorption.

An approach considering fluorine desorption is to relate the impinging fluorine flow
to the total desorbing and reflecting fluorine flow. Going back to equ. (8.9), the desorbing
fluorine flow and the reflected flow are summarized as thetotal rejected flowΦre j :=
Φre f l +Φdes, resulting in

ΦF = PreactΦF +Θmax
dΘ
dt

+(Pre f l +Cdes
θmax

ΦF
Θ)ΦF , (8.13)

assuming thatΦF 6= 0. In steady state,dΘ
dt = 0, and the individual fluorine flow contri-

butions,PreactΦF and Φre j as well as the total fluorine flowΦF are constant. Atotal
rejection probability Pre j can be defined as

Pre j := Pre f l +Cdes
θmax

ΦF
Θ, (8.14)

which obviously depends on the coverage and the fluorine flow. Furthermore, a desorption
probabilityPdescan be defined as

Pdes:= Cdes
Θmax

ΦF
Θ, (8.15)

which is only valid under steady-state conditions for non-vanishing fluorine flow, resulting
in

Pre j = Pre f l +Pdes. (8.16)

Substituting equ. (8.14) into equ. (8.13) yields (steady state:dΘ
dt = 0)

ΦF = PreactΦF +Pre jΦF . (8.17)

Then,
PreactΦF = (1−Pre j)ΦF . (8.18)

With the definition of thetotal absorption probability Pabs,

Pabs := 1−Pre j, (8.19)



76 Chapter 8. Profile simulation model

the chemical etching reaction probabilityPreact is

Preact = Pabs. (8.20)

Therefore, the steady state etching reaction probability can be determined by measuring
the steady state absorption or total rejection probabilities (compare with equ. (8.12),
which is valid only if fluorine desorption is negligible).

The physical meaning of the absorption probability is the net fraction of fluorine ab-
sorbed (or accepted) from the gas phase (or equivalently from the flow of impinging flu-
orine) by either chemical etching or adsorption.

The physical meaning of the total rejection probability is the net fraction of fluorine
supplied from the sample into the gas phase, where no distinction is made wether the flu-
orine is reflected immediately after impinging onto the surface, or whether it is thermally
desorbing from the surface after a certain residence time. Or, in other words, the rejection
probabilityPre j is the fraction of fluorine rejected from the sample surface.

In steady state, the amount of fluorine adsorbing and desorbing (after a residence
time) is equal, makingdΘ

dt = 0. Therefore, the number of desorbing fluorine atomsΦdes,
as well as the number of reflecting fluorine atoms, is time-independent. The net flow of
rejected fluorine as a consequence is also time-independent, and therefore can be formally
written as proportional to the rejection probability. The concept of the total absorption and
rejection probability inherently considers desorption. It furthermore makes it possible to
determine the steady state (cumulative) etching reaction probabilityPreact from the flow
rates of the impinging and rejected fluorine.

The relation between the etching yieldηchemand the reaction probabilityPreact is given
by

ηchem= αchemPreact, (8.21)

whereαchem is the volume silicon removed per incident fluorine atom. It is calculated
from the silicon mass densityρSi = 2420 kg/m3 and the silicon atomic massmsi =
28.0855 u/atom·1.66056×10−27 kg/u = 4.66×10−26 kg/atom [110]:

αchem =
1
a

mSi

ρSi
, (8.22)

sincea fluorine atoms are required to remove one silicon atom. Since the reaction product
is SiF4 (section4.1.1: Chemical etching), a= 4, andαchem= 4.8×10−3 nm3/atom. The
chemical etching rate then would write:

ERchem= ηchemΦF = αchemPreact ΦF =
1
4

mSi

ρSi
Preact ΦF , (8.23)

which is a useful equation if the fluorine flux and the reaction probability is known. On
the other hand, if the etching rate is measured and the fluorine flux is known, the reaction
probability can be calculated.

Assuming an etching reaction probabilityPreact = 0.1 [43–45, 102, 111], and a fluo-
rine flux ΦF = 1019 atoms cm−2s−1 [20] for an inductively coupled plasma (ICP), then
the chemical etching rate would be 3µm/min, which is in agreement with typical silicon
etching rates for ICP plasmas.
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In case where the exact fluorine flux is unknown to the process designer or even to the
researcher [54], it is useful to normalize the fluorine flux to the open-field fluorine flux
under standard conditions,ΦF,0. The standard flux is the flux to an unshadowed area of
the sample (low aspect ratio) under chosen plasma process conditions, such as excitation
power, operating pressure or feed gas flow rate. These standard process conditions can be
arbitrarily chosen, but once chosen must be fixed for consistency. Equ. (8.2) then writes
as

ERchem= ηchemΦF,0
ΦF

ΦF,0
. (8.24)

If we define the standard chemical etching yield

η̃chem:= ηchemΦF,0 (8.25)

and the normalized fluorine flux

Φ̃F :=
ΦF

ΦF,0
, (8.26)

then the chemical etching rate is given by

ERchem= η̃chemΦ̃F . (8.27)

Here, the etching yield has the same numerical value as the etching rate under the above
chosen standard conditions. The relation between chemical etching yield and fluorine
flow is the same as defined by equ. (8.23), but it is not required to know the absolute
fluorine flow. Therefore, the etching rate formulation equ. (8.27) is more useful for many
practical applications.

In the profile simulator presented in this work, the chemical etching rate is imple-
mented according to equ. (8.27).

8.2.1.2.2 Ion-enhanced etching model In the simplest form, the ion-enhanced etch-
ing rateERion can be expressed as [80]:

ERion = νion(E)Φion(E), (8.28)

whereΦion(E) is the energy-dependent ion flow andνion(E) the ion-enhancement factor.
It depends on the sample temperature, the ion energy [27], the degree of fluorine surface
coverageΘ [52], and the volume silicon removed per incident ion,αion [39] (see also
section 4.1.3: Ion enhanced etching).

If the ions have an energy distribution function IEDFϕ(E), the etching rate can be
written as:

ERion = Φ0,ϕ

∫ ∞

0
νion(E) IEDFϕ(E) dE, (8.29)

whereΦ0,ϕ is a constant proportional to the total ion flow. (The subscriptϕ indicates that
the total ion flow as well as the ion energy distribution function may also depend on the
angle of incidence, see also section8.2.2.1: Ion transport.)

(A non-vanishing threshold energyEthresh 6= 0 is taken into account by the vanishing of
the functionνion(E) between 0 andEthresh, i.e. νion(E) = 0 for E ε [0,Ethresh). In the same
fashion, the upper limit of the integral is determined by the maximum ion energyEmax,



78 Chapter 8. Profile simulation model

i.e. the ion energy distribution function IEDFϕ(E), rather than by the limit∞, because
IEDFϕ(E)≡ 0 for E > Emax.)

Assuming the ion-enhancement factor can be divided into an energy-independent part,
ν0

ion, and energy-dependent factor,νE
ion(E), equ. (8.29) reduces to:

ERion = ν0
ionΦ0,ϕ

∫ ∞

0
νE

ion(E) IEDFϕ(E) dE. (8.30)

We further assume that the temperature dependence is fully represented by the energy-
independent factor ν0

ion, i.e. ν0
ion = ν0

ion(T), and
dνE

ion(E)/dT ≡ 0.

We can define theeffective ion energy angular flow densityas

ΦE
ion,ϕ := Φ0,ϕ

∫ ∞

0
νE

ion(E) IEDFϕ(E) dE, (8.31)

where effectiveness is meant with respect to ion-enhanced etching (by integrating over
νE

ion(E)). The totaleffective ion energy flowΦE
ion is given by integrating the effective ion

energy angular flow density over the visible horizon, represented by the horizon angles
ϕ1 and ϕ2. In case of unshadowed samples, the visible horizon is the full half-space,
represented by the horizon angles -90◦ and +90◦.

ΦE
ion :=

∫ ϕ2

ϕ1

Φ0,ϕ

∫ ∞

0
νE

ion(E) IEDFϕ(E) dE cos(ϕ)dϕ. (8.32)

(Compare with equ. (8.86) in section8.2.2.1: Ion transport. The angle-dependent ion
energy distribution function IEDFϕ(E) is equivalent to the ion angular energy distribution
function IAEDF(ϕ,E). The cos(ϕ) in the integral represents the tilt angle between the ion
beam and the surface area.)

Since ion-enhanced etching is a synergic effect of fluorine and ion bombardment, the
ion-enhancement factor depends on the degree of fluorine surface coverageΘ, where
Θ ranges from 0 (no fluorine adsorbed) and 1 (all adsorption sites occupied). The ion-
enhanced etching yield is defined by

ηion :=
ν0

ion

Θ
, (8.33)

hence (Volland et al. [102])
ERion = ηionΘΦE

ion. (8.34)

The degree of fluorine surface coverageΘ is defined as the ratio of the adsorbed
fluorine atoms to the maximum possible number of adsorbed fluorine atoms (or the ratio
of occupied sites vs. the total number of adsorption sites). The total number of adsorption
sitesΘmax can be estimated by the number of surface silicon atoms, assuming thatn
fluorine atoms adsorb per one silicon surface atom. The amount of silicon surface atoms
is estimated as the number of silicon atoms within a layer with a thickness of one silicon
lattice constantκ (κ = 0.543 nm). The volume density of silicon atoms is calculated from
the silicon mass densityρSi and the silicon atomic massmSi [102], hence:

Θmax= n
ρSi

mSi
κ . (8.35)
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Assumingn = 2 (i.e the vast majority of fluorine is adsorbed as SiF2), the maximal
fluorine coverage (i.e. monolayer equivalent) is 5×1015 cm2. (Winters and Coburn report
a surface coverage of 6×1015 cm2 on polysilicon, and 1.6×1015 cm2 on single crystal
silicon [40].) For comparison, the fluorine flow rate is of the order of 1019 cm−2s−1

(according to Rauf et al. [20]), hence a clean silicon surface is covered to saturation
within less than 10−3 s.

Fluorine adsorbs by Langmuir adsorption [52, 72], hence the sticking probabilityPst

decreases with coverageΘ:

Pst = P0
st (1−Θ), (8.36)

whereP0
st is the sticking probability for a clean silicon surface (i.e.Θ = 0). Balancing the

incident fluorine flow with the reaction pathways, we obtain:

ΦF = Φre f l +PstP̃adsΦF +PreactΦF +ΦF,ion . (8.37)

The term on the left-hand side is the incident fluorine flow. The first term on the right-
hand side is the reflected fluorine flow, the second term the adsorbing fluorine, the third
term the amount of fluorine chemically etching the silicon sample, and the last term the
amount of fluorine consumed by the ion-enhanced etching of silicon. The last term is
given by

ΦF,ion = b
ηionΘΦE

ionρSi

msi
, (8.38)

whereb is the number of fluorine atoms consumed by the ion-enhanced etching of one
silicon atom,msi is the silicon atomic mass, andρsi is the silicon mass density. Since the
etching product of the ion-enhanced etching of silicon is a mixture of SiF2 and SiF4 [52],
it is assumedb = 2.5 [102].

The reflected fluorine flow is given by

Φre f l = Pre f lΦF = (1−Pst)ΦF , (8.39)

and the adsorbing fluorine flow leads to increasing fluorine surface coverage (see also equ.
(8.6)):

Θmax
dΘ
dt

= PstP̃adsΦF −CdesΘmaxΘ. (8.40)

Re-arranging equ. (8.37) and substituting equations (8.36), (8.38), (8.39), and (8.40)
results in

Θmax
dΘ
dt

= P0
st(1−Θ)ΦF −PreactΦF −b

ηionΘΦE
ionρSi

msi
−CdesΘmaxΘ . (8.41)

The first term on the right-hand side is the adsorbed fluorine. The second term is the
fluorine consumed by chemical etching, the third term is the loss of adsorbed fluorine due
to ion-enhanced etching of silicon, and the last term is the loss of adsorbed fluorine due
to thermal desorption. The fluorine balance and the reaction pathways are schematically
depicted in figure 8.6.

Equation (8.41) is closely related to equation (8.9). Re-arranging equ. (8.9) yields:
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Figure 8.6: Schematic sketch of the fluorine balance. The impinging fluorine is divided
into the reflected fluorine, the reacting and adsorbing fluorine. The adsorbed fluorine
Φads contributes to the fluorine coverage, while the desorbing fluorine and the fluorine
consumed by ion-enhanced etching decreases the coverage.

Θmax
dΘ
dt

= ΦF −Φre f l−PstP̃chemΦF −CdesΘmaxΘ

= (1−Pre f l)ΦF −PreactΦF −CdesΘmaxΘ (8.42)

= PstΦF −PreactΦF −CdesΘmaxΘ,

which is just the same as equ. (8.41) (sincePst = P0
st(1−Θ)) with the loss term due to

ion-enhanced etching omitted (since only chemical etching was considered).

By defining the monolayer fluorine flux as

ϕF :=
ΦF

Θmax
(8.43)

and applying the steady-state conditiondΘ/dt = 0, equ. (8.41) reduces to

0 = P0
st(1−Θ)ϕF −PreactϕF −b

ηionΘΦE
ion

nκ
−CdesΘ. (8.44)

Solving forΘ yields

Θ =
(P0

st−Preact)ϕF

P0
stϕF + b

nκηionΦE
ion +Cdes

. (8.45)

Thermal desorption is assumed to be only a minor effect compared with the loss of ad-
sorbed fluorine due to ion-enhanced etching, hence thermal desorption is neglected, re-
sulting in

Θ =
(P0

st−Preact)ϕF

P0
stϕF + b

nκηionΦE
ion

. (8.46)
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(In the previously published paper ref. [102], a loss term due to chemical etching was not
considered, resulting inP0

stϕF instead of(P0
st−Preact)ϕF {P0

st = s0 in the notation of ref.
[102]}.)

Since we want to express the fluorine flow relative to the normalized fluxΦ̃F , equ.
(8.26), we define a calibration factorΘcalb, which is the ratio of the fluorine standard flux
ΦF,0 vs. the maximum fluorine coverageΘmax:

Θcalb :=
ΦF,0

Θmax
. (8.47)

Then,
ϕF = Φ̃FΘcalb. (8.48)

Analogously to the case of chemical etching, we want to measure the ion-energy flow in
multiples of a standard ion-energy flow,ΦE

ion,0, which is the open-field ion-energy flow
under arbitrarily chosen standard conditions, i.e. excitation power, feed gas flow rates or
operating pressure:

Φ̃ion :=
ΦE

ion

ΦE
ion,0

. (8.49)

In the same fashion, we want to define the normalized ion-enhanced etching yieldη̃ion

as the numerical value of the ion-enhanced etching rate under standard conditions, i.e.
standard fluorine flowΦF,0 equ. (8.26), and standard ion-energy flowΦE

ion,0. The ion-
enhanced etching rate then writes as

ERion = ηionΘΦE
ion,0

ΦE
ion

ΦE
ion,0

. (8.50)

Under these standard conditions,Θ = Θ0, the standard surface fluorine coverage; and
ΦE

ion
ΦE

ion,0
= 1, and the standard ion-enhanced etching rateERion,0 is

ERion,0 = ηionΘ0ΦE
ion,0. (8.51)

Then, we define the normalized ion-enhanced etching yield:

η̃ion = ηionΘ0ΦE
ion,0. (8.52)

The ion-enhanced etching rate, equ. (8.34) then reduces to

ERion = η̃ion
Θ
Θ0

Φ̃ion. (8.53)

With the definition of thecover compensationfactor as

Θcomp:=
1

Θ0
, (8.54)

equation (8.53) becomes
ERion = η̃ionΘΘcompΦ̃ion. (8.55)

This concept makes the calibration of the ion-enhanced etching rate much more con-
venient, because it completely removes the need for the knowledge ofabsoluteflow rates
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or energies. Rather thanabsolutevalues,normalizedvalues for flow rates and yield fac-
tors can be utilized, which can easily be determined fromopen fieldetching rates under
standard process conditions. Hence, the ratio of ion-enhanced etching yield vs. purely
chemical etching yield, as well as the temperature dependence of the etching yield factors
can be determined simply from etching rate data, which can be easily obtained for every
plasma etching system. On the other hand, the determination and measurement ofabso-
lute ion energies and angular resolved ion or neutral flow rates at the sample position is a
challenge of its own [24]. Therefore, one of the most import aspects of model develop-
ment and simulation, namely thecomparison of simulations with experiments, is always
possible. Models and simulations which rely or are based on the knowledge of absolute
values, such as flow rates in units of atoms per second, suffer from the lack of comparison
of simulation results with experiments [54].

Using the normalized etching yields and flow rates, the fluorine surface coverageΘ
equ. (8.45) then writes as

Θ =
(P0

stΘcalb− a
nκ η̃chem)Φ̃F

P0
stΘcalbΦ̃F + b

nκ η̃ionΘcompΦ̃ion
. (8.56)

Under standard conditions,Φ̃ion = Φ̃F = 1, Θ = Θ0, andΘ0 = 1
Θcomp

, hence

Θcomp=
P0

stΘcalb

P0
stΘcalb− a

nκ η̃chem− b
nκ η̃ion

. (8.57)

The cover compensationΘcomp depends on the standard etching ratesERchem,0 =
η̃chem andERion,0 = η̃ion, the clean fluorine adsorption probabilityP0

st, and the fluorine
standard flow in units of surface coverage per timeΘcalb.

The standard etching rates can easily be determined from etching rate data.

The parametersa andb are thefluorine consummation factorsof the chemical and ion-
enhanced etching reactions, respectively, which represent the number of fluorine atoms
required to etch one silicon atom. They are assumeda = 4 for the case of chemical
etching, andb = 2.5 for ion-enhanced etching, reflecting the etching products SiF4 for
chemical, and a mixture of SiF2, SiF3 and SiF4 in the case of ion-enhanced etching.
The parametern represents the number of fluorine atoms adsorbed to one silicon surface
atom. It is assumedn = 2, reflecting the stoichiometric adsorption of fluorine as SiF2 at
the surface [40, 52, 65].

The fluorine standard flow in units of surface coverage per timeΘcalb can be calculated
from the standard etching ratesη̃chem, η̃ion, when the fluorine sticking probabilityPst is
known:

Θcalb =
a
nκ η̃chem+ b

nκ η̃ion

Pst
. (8.58)

AssumingPst = 0.1 [43–45, 102, 111], and using measured standard etching rates,
Θcalb≈ 103 ·Θmax/s, which is in agreement with Rauf et al. [20].

The sticking probability on a clean silicon surface,P0
st, is a free parameter. The ratio

of the sticking probability under standard conditions,Pst,0 to the clean sticking probability
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determines the standard fluorine surface coverage:

Θ0 = 1/Θcomp= 1−
Pst,0

P0
st

. (8.59)

Gray et al. [52] and Gogolides et al. [65] have reported values for the fluorine sticking
probabilities on clean silicon surfaces of 0.2 (”initial sticking coefficient”), resulting in
Θcomp= 2. Using these values results in simulated etching depths in agreement with the
experiments.

In the profile simulator, the ion-enhanced etching rate is implemented according to
equ. (8.55), the coverageΘ is calculated according equ. (8.56), the cover compensation
factorΘcomp according to equ. (8.57), andΘcalb is either a free parameter or calculated
from equ. (8.58).

8.2.1.2.3 Polymer sputtering and mask erosion For simplicity, mask erosion is com-
pletely neglected in the present model. An ideal mask is assumed which does not react
with radicals, or gets sputtered by ions. This is justified by the experimentally achieved
high selectivity between silicon and photoresist, rendering consideration of evolution of
the mask geometry unnecessary.

The sidewall passivation layer consists of plasma polymerized fluorinated monomer
(PPFM) films (see section8.2.1.3: Polymer deposition model). Polymer removal is con-
sidered mainly due to sputtering. Chemical etching is assumed to play only a minor role.

The sputter rateERsp is considered following a similar law as the ion-enhanced etch-
ing rate (equ. (8.28)):

ERsp = νspΦion, (8.60)

whereνsp is the polymer sputter coefficient. It is assumed thatνsp can be divided into an
energy-dependent and an energy-independent factor, analogously to equ. (8.32), hence

ERsp =
∫ ϕ2

ϕ1
Φ0,ϕν0

sp

∫ ∞

0
νE

sp(E) IEDFϕ(E) Φion dEcos(ϕ)dϕ. (8.61)

For simplicity, it is assumed thatνE
sp(E) = νE

ion(E), hence the effective ion energy flow for
polymer sputtering is the same as the effective ion energy flow for ion-enhanced etching
of silicon,ΦE

ion (equ. (8.32)).

Following the arguments that lead to the definition of the normalized ion energy flow
and the standard ion-enhanced etching yield, the polymer sputter rate can be calculated
from the standard sputter yield and the normalized ion energy flow (compare with equ.
(8.55)):

ERsp = η̃sp Φ̃ion. (8.62)

(Since sputtering does not depend on the fluorine surface coverage,Θ andΘcompdo not
appear here.)

A comparatively small chemical etching component is also considered (analogously
to equ. (8.27)):

ERpoly,chem=
∼
ηpoly,chem

∼
ΦF . (8.63)
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(Chemical etching is mainly considered in order to take into account the effect of polymer
erosion at the sidewall.)

The total polymer removal rateERpoly is the sum

ERpoly = η̃sp Φ̃ion+
∼
ηpoly,chem

∼
ΦF . (8.64)

8.2.1.3 Polymer deposition model

Several models for the plasma deposition of polymer exist in the literature (see also sec-
tion 4.2: Deposition). They write the deposition rate as the product of the concentration
of CFx radicals and a deposition yield or rate coefficient, where the researchers may or
may not distinguish between individual monomer species. d’Agostino et al. propose an
Activated Growth Model (AGM), where deposition takes place at polymer sites activated
due to ion or electron bombardment [36, 57, 58, 61]. Takahashi et al. consider a com-
petition between polymerization reactions due to CF and etching reactions due to atomic
fluorine [62]. Sowa et al. distinguish between the contributions of CF and CF2 [56].

Although the flux of monomers to an unshadowed surface is proportional to the con-
centration of the species in the plasma (and their mean speed), it makes more sense to
express the deposition rate explicitly depending on the local flux to the surface. Such
an approach was chosen by Rauf et al. [20] for the case of an C4F8 plasma, where they
distinguish between the different monomer species.

The model used in this work is similar to the chemical etching model, section8.2.1.2.1:
Chemical etching model.

The inert feed gases (CHF3/CH4) are ”activated” or converted by the plasma into
reactive species (unsaturated monomers) which can react with the surface. This activation
step is essential for the complete deposition process, because the inert feed gases do not
deposit films or otherwise react with the sample surface. The active species are monomers
CFx, with x≤ 4, whose concentration depends on the plasma process parameters. Rather
than trying to distinguish between the contributions of the individual monomer species,
all monomer species are lumped together into one cumulative monomer flow,Φmono. The
deposition rateDR is written as:

DR= ηpolyΦmono, (8.65)

whereηpoly is the polymerization yield. The deposition probabilityPdepois defined as the
fraction of the deposited monomers, divided by the total number of impinging monomers
[112]. Those monomers not polymerizing at the surface must bounce back or desorb back
into the gas phase (provided there’s no other reaction pathways).

The monomer particles arriving from the gas phase stick to the surface with the stick-
ing probability Pst,mono. The reflection probabilityPre f l,mono is complementary to the
sticking probability, i.e.Pst,mono+ Pre f l,mono= 1. The monomers sticking to the surface
may either polymerize (Ppoly) or adsorb (̃Pads,mono). Therefore, the deposition probabil-
ity Pdepo is the productPdepo= Pst,monoPpoly. The adsorbed monomers contribute to the
monomer surface coverageΘmono. The temperature dependence of the deposition rate is
considered by the temperature dependence of the sticking and polymerization probabili-
ties.
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Analogously to the case of chemical etching (section8.2.1.2.1: Chemical etching
model), a balance equation of the monomer flow can be written:

Φmono= Φre f l,mono+Φads,mono+Φpoly, (8.66)

whereΦre f l,mono is the desorbing monomer flow,Φads,mono the adsorbing monomer flow,
andΦpoly the amount of polymerizing monomers.

Analogously to equ. (8.6), the adsorbing monomer flow can be written as

γ
dΘmono

dt
= Pst,monoP̃ads,monoΦmono−Cdes,monoγΘmono, (8.67)

whereγ is a constant (translating between flow rate and coverage units), andCdes,monothe
monomer thermal desorption coefficient.

Substituting equ. (8.67),Φre f l = Pre f l,monoΦmono = (1− Pst,mono)Φmono, and
Φpoly = Pst,monoPpolyΦmono into equ. (8.66) yields

γ
dΘmono

dt
= Pst,mono(1−Ppoly)Φmono−Cdes,monoγΘmono. (8.68)

Applying the steady state conditiondΘmono
dt = 0 and neglecting thermal desorption

(Cdes,mono∼ 0) yields
Pdepo= Pst,mono, (8.69)

provided the sticking probabilityPst,mono 6= 0. This is only true if under steady state
conditions thermal desorption can be neglected. Analogue to the case of chemical etching
of silicon, rejection (equ. (8.14)) and absorption (equ. (8.19)) probabilities for steady
state conditions can be defined (providedΦmono 6= 0):

Pre j,mono:= Pre f l,mono+Cdes,mono
γ

Φmono
Θmono (8.70)

Pabs,mono:= 1−Pre j. (8.71)

The monomer flow balance then writes

Φmono= (Pre f l,mono+Cdes,mono
γ

Φmono
Θmono)Φmono+ γ

dΘmono

dt
+PdepoΦmono, (8.72)

which reduces to

(1−Pre j,mono)Φmono= γ
dΘmono

dt
+PdepoΦmono. (8.73)

In steady state (dΘmono
dt = 0),

Pdepo= Pabs,mono, (8.74)

which is valid also if thermal desorption must not be neglected.

The deposition yield then can be written as

ηpoly = VmonoPdepo= VmonoPst,mono, (8.75)
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whereVmono is the mean molecular volume of the impinging monomers (if the deposition
rate is measured in units of thickness per time). The deposition rate then is

DR= VmonoPdepoΦmono= VmonoPst,monoΦmono. (8.76)

This equation is only true as long as in steady state the impinging monomers have
only 2 reaction pathways, namely polymerization or reflection, and if thermal desorption
of adsorbed monomers can be neglected.

Considering thermal desorption, the deposition yield and rate write as

ηpoly = VmonoPdepo= VmonoPabs,mono (8.77)

and
DR= VmonoPdepoΦmono= VmonoPabs,monoΦmono (8.78)

respectively.

If a third reaction pathway is allowed, the situation becomes different. If in addition to
adsorption and polymerization, also recombination or other de-activation reactions (with
probabilityPdeac) of sticking monomers to form inert gaseous molecules are allowed, the
monomer flow balance equation writes as

γ
dΘmono

dt
= Pst,mono(1−Ppoly−Pdeac)Φmono−Cdes,monoγΘmono. (8.79)

In steady state (dΘmono
dt = 0) and neglecting thermal desorption,Ppoly = 1−Pdeac, and the

deposition probability isPdepo= Pst,mono(1−Pdeac) 6= Pst,mono.

Considering thermal or radiation induced desorption, and employing the absorption
probability, the deposition probability is

Pdepo= Pabs,mono−Pst,monoPdeac. (8.80)

This equation indicates, that the amount of monomers available for deposition is the to-
tal number of absorbed monomers, diminished by the amount of re-combining or de-
activated monomers.

In the general case, the deposition yield and rate are given by

ηpoly = VmonoPdepo (8.81)

and
DR= VmonoPdepoΦmono (8.82)

respectively.

Like in the case of chemical and ion-enhanced etching, the monomer flow is measured
relative to a standard monomer flowΦmono,0. The normalized monomer flow̃Φmono then
is

Φ̃mono:=
Φmono

Φmono,0
. (8.83)

Likewise, the standard deposition yieldη̃poly is defined as the deposition rateDR0 under
standard conditions:

η̃poly := DR0 = ηpolyΦmono,0. (8.84)
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The deposition rate then writes as

DR= η̃polyΦ̃mono. (8.85)

In the profile simulator, the deposition rate is implemented according to equ. (8.85).

8.2.2 Reactant transport model

If only unstructured flat samples are considered, particles from the full half-space above
the sample can reach the sample surface without being hindered by shadowing. As soon
as structured samples are considered, shadowing, and more general, reactant transport
effects in the vicinity of the sample surface must be taken into account. Portions of the
structured sample may shadow particles originating from certain angles of incident, thus
reducing the visible horizon for the sample.

Unless the sticking probability is less than unity, a portion of the incident particles is
reflected or is desorbing from the surface. These particles may impinge onto other areas of
the surface, where they may also be reflected or desorb. Reflections may be either specular
or mirror-like in the case of kinetic particles like ions, or diffuse, according to a cosine-
law, in the case of desorbing particles of thermal energy, like thermal neutrals. Multiple
reflections must be considered to calculate the particle flow at each area of structured
samples.

Because of the low operating pressure, the mean free path of the particles is much
larger than the dimensions of the features of interest. Therefore, molecular flow regime is
assumed, which is a usual assumption in the context of plasma etching [43, 46].

For regular-shaped profiles with certain symmetries, these calculation may be solved
analytically. This approach, however, usually fails for non-regular arbitrarily shaped
structures, such as profiles with rippled sidewalls. Therefore, the particle flow distribu-
tions are done by Monte Carlo simulations, using the self-developed program MOCASIM

(”M OCCA FORWINDOWS”).

In this simulation, a particle is generated at the trench entrance at a random position
and a random velocity following the appropriate distribution function. The trajectories
of each particle is tracked until it hits the surface of the sample or escapes back into the
plasma (gas phase above the trench entrance). If the particle hits the surface, it is decided,
based on the local reflection probability, whether the particle is reflected or absorbed. If it
is absorbed, the counter representing the local particle density is increased. If the particle
is reflected, the direction of the reflected particle is determined (based on the reflection
model, either specular or diffuse). The trajectory of the particle is again tracked, until it
hits a surface or escapes back into the plasma.

The calculations are two dimensional, therefore representing infinite long trenches
rather than circular or rectangular holes. Therefore, the angular distribution functions are
the projections of the three dimensional distribution functions onto a two dimensional
cross section plane.

Three dimensional Monte-Carlo simulations for the case of infinite long trenches have
also been carried out, where the results were identical to 2D results. (The only slight
difference occurs for wide ion angular distributions, where the width parameterσ was
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much larger than any practical value.) Therefore, the two dimensional calculations are a
good approximation of the long-trench-geometry.

Monte-Carlo simulations have been made for profiles with perfect vertical smooth
sidewalls, as well as for profiles with rippled sidewalls for aspect ratios (depth/width)
from 0 to 30.

In accordance with Gray et al. [52] surface diffusion is neglected.

Since the particle concentrations for the steady state conditions are required, the prob-
abilities used are the absorption and rejection probabilities, rather than the sticking and
reflection probabilities. In the case of ions, no distinction between absorption and sticking
probability, and between rejection and reflection probability is required.

8.2.2.1 Ion transport

In section8.2.1.2.2: Ion-enhanced etching modelan effective ion energy flow was defined
as the integral of product of the ion energy distribution function, the energy-dependent
enhancement factor and the ion flow (equ. (8.32)). Due to scattering event, ions with
off-axis angles of incidence have in the average a lower energy than non-scattered ions
(see chapter5: Transport phenomena). The ion energy flow to an area of the surface with
respect to the visible horizon can be calculated by

ΦE
ion(ϕ1,ϕ2) := Φ0

∫ ϕ2

ϕ1

∫ ∞

0
νE

ion(E) IAEDF(ϕ,E) dE cos(ϕ)dϕ, (8.86)

whereΦ0 is a coefficient proportional to the total ion flow, and IAEDF(ϕ,E) is the ion
angular energy distribution function. With the definition

IADF(ϕ) :=
∫ ∞

0
νE

ion(E) IAEDF(ϕ,E) dE (8.87)

the effective ion energy flow reduces to

ΦE
ion(ϕ1,ϕ2) = Φ0

∫ ϕ2

ϕ1

IADFcos(ϕ)(ϕ)dϕ. (8.88)

For simplicity, a gaussian IADF will be assumed, i.e.

IADF(ϕ) =
1

σ
√

2π
e−

ϕ2

2σ2 , (8.89)

whereσ is the FWHM parameter (fig. 8.7). A largerσ value represents a wider IADF.

8.2.2.1.1 Shadowing of ions Neglecting any reflections at the sidewalls, the effective
ion energy flow to a point at the surface is given by

ΦE
ion(ϕ1,ϕ2) = Φ0

∫ ϕ2

ϕ1

cos(ϕ)
1

σ
√

2π
e−

ϕ2

2σ2 dϕ, (8.90)

whereΦ0 is the open-field effective ion energy flow, and the coordinate system is the
coordinate system of the area of interest, where the angle of the surface normal vector is
0 (fig. 8.8). The cos function represents the tilting angle between ion beam and the area
of interest.

The flow according to equ. (8.90) is the direct line-of-sight flux.
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Figure 8.7: Ion flux to an un-shadowed area (a) and the IADF (b). The open-area flux is
the integral over the full half space, represented by the hatched area under the IADF (b).
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Figure 8.8: Ion flux to a shadowed area (a) and the corresponding IADF (b). The flux to
the shadowed area is the integral over the visible horizon, limited by the two anglesϕ1

andϕ2, represented by the hatched area under the IADF (b).

8.2.2.1.2 Ion reflection If reflections are allowed, ions from angles of incident beyond
the limiting anglesϕ1 andϕ2 of the visible horizon may reach the surface (fig 8.9 (a)).
Ion reflection is considered according to a model of Wilson et al. [113]. The ion reflection
probability depends on the angle of incidenceϕ. For 0≤ |ϕ| ≤ 60◦ (0◦ corresponds to
normal incidence, 90◦ to glancing incidence) the reflection probability is zero, i.e. all ions
are absorbed. For 60◦ ≤ |ϕ| ≤ 90◦ the reflection probability increases linearly from 0 to
1 (fig 8.9 (b)). The reflection is specular, i.e. the reflection angle is equal to the angle of
incident.

Arnold et al. [75] assume that after a few reflections the ions have lost all of their
kinetic energy, hence they are not relevant or effective for etching reactions. This is
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Figure 8.9: Ion reflection (a) and angular dependent ion reflection probability (b).

considered in the calculations by introducing a maximum number of allowed reflections,
after which the ions are deleted (if not absorbed before).

(The case of direct line-of-sight shadowing corresponds to a uniform reflection prob-
ability of 0.)

Calculations for this case are made by Monte-Carlo simulations. In reality, ions ap-
proach the entrance of a trench from a bulk volume above the entrance, which corresponds
to ions originating from a circular ”sky” above the trench entrance, where the ion source
density at this sky is constant with respect to the solid angle, i.e.dN/dΩ = const. (angu-
lar source). In the simulation, ions are generated on a line at the trench entrance, where
the ion source density is constant with respect to the area (length in two dimensions),
i.e. dN/dx= const. (line source). Therefore, the ion angular distribution of the particles
generated by the line source must equal the projection of angular source onto the line.
Therefore, the angular distribution function of the line source, ADFline is connected to the
angular distribution function of the angular source, ADFang through

ADFline(ϕ) = cos(ϕ)ADFang(ϕ). (8.91)

Fig. 8.10 illustrates the projection of an angular source onto a line source.

In case of ions, the line source ADF is

ADFline,ion(ϕ) = cos(ϕ)
1

σ
√

2π
e−

ϕ2

2σ2 . (8.92)

The normalized mean ion flux to the bottom of long trenches with rectangular cross
sections (smooth sidewalls) considering reflection is shown in fig. 9.4 and 9.5. Also
shown is the ion flux considering reflections for trenches with rippled sidewalls, and the
direct line-of-sight flux for smooth sidewalls, for comparison. There is no significant
difference between the reflected flux and direct line-of-sight flux for rippled sidewalls,
because due to the rippled sidewalls, the angle of incidence mostly corresponds to angles
of low or zero reflection probability (fig. 9.6). Only for mirror-like smooth sidewalls ion
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α

Figure 8.10: Illustration of the pro-
jection of a angular source with con-
stant angular source density onto a line
source at the entrance of a trench. The
number of of particles passing through
the line elementdx at the trench en-
trance scales with the cosine of the di-
rection α of the the particle with re-
spect to the normal direction (z axis).

reflection is a significant effect. Since the sidewalls considered in this work are rippled
due to the fabrication by gas chopping etching techniques, ion reflection can be neglected.

8.2.2.2 Neutral transport

Neutrals approach the sample with isotropic velocity distribution at thermal energy (see
section 5: Transport phenomena). According to equ. (8.91), the line source ADF for
neutrals is

ADFline,neu(ϕ) = cos(ϕ). (8.93)

(ADFang,neu(ϕ)≡ 1 is the isotropic neutral angular source ADF.)

8.2.2.2.1 Shadowing of neutrals The direct line-of-sight neutral flux is calculated
similar to equ. (8.90):

Φneu(ϕ1,ϕ2) = Φneu,0

∫ ϕ2

ϕ1

cos(ϕ)(ϕ)dϕ, (8.94)

whereΦneu,0 is the open field neutral flow.

It has been observed during the development of the simulation, that the neutral flow is
under-estimated by equ. (8.94). Therefore, diffuse reflection had to be considered.

8.2.2.2.2 Diffuse reflection If thermal neutrals impinge onto a surface, they are as-
sumed to lose all information about their angle of incidence. This results in a diffuse
reflection off the surface, where the ADF of the desorbing neutrals is random and follows
a cosine-law (fig. 8.11). (So-called kinetic neutrals, with energies comparable to ion ki-
netic energies, contribute to sputtering or ion-enhanced etching, hence should be treated
in the simulation as ions.)

The reflection probability of the sidewalls and the bottoms can be chosen indepen-
dently, allowing for different surface chemistry at the sidewalls and at the bottom. This is
required for the case of gas chopping etching techniques were the sidewall is coated with
a sidewall passivation layer, whereas the bottom is blank silicon. In case of ion-enhanced
etching, the absorption (sticking) probability at the bottom is increased (compared to the
sidewalls) due to ion bombardment.
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Figure 8.11: Neutral reflection at the
sidewall. Impinging neutrals are dif-
fusely reflected according to a cosine
law.



Chapter 9

Transport simulations

The transport simulations are done with the self-developed Monte Carlo flow simulator
MOCASIM . The Monte Carlo flow simulator calculates the particle distributions at the
sidewalls and the bottom. The distributions are mapped in color scale to the trench profile,
or displayed in histogram windows (fig. 9.1).

The mean adsorbed particle density at the bottomN is calculated by

N :=
∫

bottom areadN
bottom area

, (9.1)

whereN is the local particle density.

The mean bottom particle density was normalized to the mean bottom particle density
for a trench of zero aspect ratio:

Nnorm :=
N

NAR=0
=

N
Pbt

, (9.2)

wherePbt is the absorption probability at the bottom.

The particle flow to the bottom for ions and neutrals is compared for smooth and
rippled sidewalls.

9.1 Ion transport

The mean particle flow to the bottom of rectangular trenches with smooth sidewalls is
shown in fig. 9.2. Only direct line-of-sight shadowing was considered. The wider the
IADF, the more the ion flux decreases with increasing aspect ratio.

A comparison of the ion flux considering specular reflection for smooth and rippled
sidewalls is shown in fig. 9.4 and 9.5. The profiles which were used for the simulation
are shown in fig. 9.3. The reflection probability is calculated according to the angular
dependent reflection probability function as shown in fig. 8.9.

Reflection of ions at smooth sidewalls results in a larger ion flux to the bottom, com-
pared to the non-reflectional case. For rippled sidewalls, however, there is no signifi-
cant difference between the flux considering reflections, and the non-reflectional flux for



94 Chapter 9. Transport simulations

Figure 9.1: Screenshot of the self-developed Monte Carlo flow simulator MOCASIM . The
calculated particle density distributions are mapped to the trench profile in color scale, or
displayed as histograms. The right profile window (”direct flow”) displays those parti-
cles that hit the trench surface without being previously reflected, no matter whether they
remain adsorbed to the surface or desorb, while the left profile window (”total flow”) dis-
plays all particles which remain adsorbed to the surface, no matter whether they arrived
directly or have been reflected before. The distributions are also shown in histogram win-
dows. The mean absorbed particle density at the bottom is calculated by integrating over
the ”total hits” distribution at the bottom, shown in the bottom-left histogram window.
(Adapted from EIPBN 2002 poster presentation.)
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Figure 9.2: Normalized mean ion flow to the bottom of a trench with rectangular cross
section as function of the aspect ratio. Ion reflection was neglected. The wider the IADF
(largerσ values), the more the ion flux decreases with aspect ratio.

smooth sidewalls. It can be concluded, that in case of rippled sidewalls, specular ion
reflection is a minor effect which can be neglected.

The reason is depicted in fig. 9.6. For the rippled sidewall profiles, the angle of
incidence is close to the normal direction. Therefore, the reflection probability is zero
(fig. 8.9).

Therefore, the ion flux is calculated neglecting reflections, which is a good approxi-
mation.
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(a) (b) (c)

(d) (e) (f)

Figure 9.3: Rippled profiles used for the ion and neutral flow simulations of rippled
trenches. The aspect ratio is 2.5 (a), 5 (b), 8 (c), 11 (d), 17 (e), and 29 (f). The size
of the ripples is comparable to the trench diameter.
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Figure 9.4: Direct line-of-sight flux for smooth sidewalls and ion flux considering reflec-
tion for smooth and rippled sidewalls, for an IADF withσ = 1.5.
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Figure 9.5: Direct line-of-sight flux for smooth sidewalls and ion flux considering reflec-
tion for smooth and rippled sidewalls, for an IADF withσ = 5.
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ϕ ≈inc 0°

ϕinc

Figure 9.6: Ion reflection at rippled
sidewalls. Due to the concave curva-
ture of the sidewall area inside the rip-
ples, the angle of incidence is close to
normal (0◦), hence the reflection prob-
ability is zero (compare with fig. 8.9
(b)).
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9.2 Neutral transport

Neutral transport is calculated by Monte-Carlo simulations. The geometry are long trenches
with rectangular cross section (perfect vertical sidewalls). For comparison, the transport
of neutrals was also simulated for rippled sidewalls, which is the profile geometry found
for gas chopping etching recipes.

The results of the Monte-Carlo simulations are particle density distributions at the
sidewalls, bottoms, and the mean particle density at the bottom. The later value was used
for further evaluation.

The simulation results for smooth sidewalls are shown in figures 9.7, 9.8, 9.9, 9.10.
The normalized mean bottom particle density is plotted as function of the aspect ratioAR
of the profile, where in the case of neutrals, the sidewallPsw and bottomPbt absorption
probability are parameters.

From these results, it can be concluded, that the neutral flux to the bottom of trenches
decreases considerably with aspect ratio unless the absorption probabilities are close to
0.01 or less. Furthermore, the sidewall absorption probabilityPsw has a stronger influence
on the neutral transport than the bottom absorption probabilityPbt, which is due to the
larger sidewall area compared to the bottom area. For large sidewall absorption probabil-
itiesPsw, the impact of the bottom absorption probability on the normalized mean neutral
flux to the bottom vanishes (fig. 9.9, 9.10).
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Figure 9.7: Normalized mean neutral flow to the bottom and fitting function vs. aspect
ratio for zero sidewall absorption probability
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Figure 9.8: Normalized mean neutral flow to the bottom and fitting function vs. aspect
ratio for Psw = 0.10
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Figure 9.9: Normalized mean neutral flow to the bottom and fitting function vs. aspect
ratio for Psw = 0.50
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Figure 9.10: Normalized mean neutral flow to the bottom and fitting function vs. aspect
ratio for Psw = 1.00
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parameter value error

ARn 0.003 0.06
m 0.38 0.02
n 1.29 0.08
p 1.06 0.04
q 0.69 0.03

Table 9.1: Parameters of the fitting function equ. (9.3).

width

P

(a)

width

P1

∆x

(b)

Figure 9.11: Calculation of the local particle flux for nodes within (a) or outside (b) of the
mask opening.

9.2.0.3 Analytical fitting function

An analytical functionf = f (AR,Psw,Pbt) was fitted to the neutral flow simulation data:

f (AR,Psw,Pbt) = arctan

(
1

(AR+ARn) · (m·Pbt
p +n·Psw

q)

)
· 1

π/2
, (9.3)

where the parameters are listed in table 9.1.

The fitting function is also depicted in figures 9.7, 9.8, 9.9, 9.10.

The neutral flow to the surface of the profile in the etching profile simulation is then
calculated from this fitting function, in the following way: First, an aspect ratio value is
assigned to each node of the string representing the surface, where the mask thickness is
considered. If the node is within the mask opening, then the local flow is calculated using
the fitting function equ. (9.3) (fig. 9.11 (a)).

If the node is without the mask opening, i.e. itsx-value is lower than thex-value of the
left mask edge or larger than thex-value of the right mask opening, the fitting function is
multiplied with a ”diffusion”-term exp(∆x

λ )

f (AR,Psw,Pbt) = exp(
∆x
λ

) ·arctan

(
1

(AR+ARn) · (m·Pbt
p +n·Psw

q)

)
· 1

π/2
, (9.4)
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Figure 9.12: Normalized neutral flow to the bottom for smooth (dashed line) and rippled
sidewalls (solid line). The absorption probability was equal for sidewalls and bottom,
and varied from 0.01 to 0.50. Only for low absorption probabilities (≤ 0.025) there is a
significant difference between smooth and rippled sidewalls.

where∆x = |xNode−xmask edge|, andλ is a ”diffusion length” (fig. 9.11 (b)).

It should be emphasized thatthis diffusion term is only a mathematical construct used
to estimate the neutral flux and does not represent a physical reality, since surface diffu-
sion of adsorbed fluorine is not probable [52].

The analytical fitting function was derived from simulation results for smooth side-
walls. A comparison of neutral flow for smooth and rippled sidewalls (fig. 9.12) revealed
that there is no significant difference between smooth and rippled sidewalls, as long as
the absorption probabilities are above 0.025. Only for very low absorption probabilities,
a difference between rippled and smooth sidewalls exists. The rippled profiles used for
theses simulations are same as for the ion flow simulations inside rippled trenches, and
are shown in fig. 9.3.

The size of the ripples used in these simulation was comparable to the trench open-
ing (feature size). Therefore, the simulations for the rippled sidewall profiles represent
simulations for an upper limit of the sidewall roughness.

From these results, it can be concluded, that in terms of neutral transport due to dif-
fuse reflection, the roughness of the sidewalls is not an important parameter. Hence, the
simulations of smooth sidewalls provides reliable data for the etching profile simulations.

The analytical fitting function can reproduce the numerical simulations of neutral
transport with good agreement. Therefore, the analytical fitting function is used in the
etching profile simulation to calculate the neutral flux.
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Chapter 10

Aspect ratio dependent plasma polymer
deposition

The term ”aspect ratio dependent plasma polymer deposition” is used here to summarize
the dependence of polymer film thickness distribution or film composition on the aspect
ratio of the structure on which is was deposited. Usually, studies on plasma polymeriza-
tion have been carried out on unstructured, flat samples, hence aspect ratio effects could
not be observed. The knowledge of the dependence of the deposited film thickness on
the aspect ratio is an important factor for the simulation of gas chopping etching profiles.
Since no data on the aspect ratio dependent plasma polymer deposition was available,
experiments to clarify this problem had to be carried out1.

10.1 Theory and experimental setup

The local polymer film thicknessTpoly(~x) at position~x can be calculated from the deposi-
tion time∆t by

Tpoly(~x) = DR(~x)∆t, (10.1)

whereDR(~x) is the local deposition rate given by equ. (8.76). Normalizing the local
film thickness with respect to the film thickness at the top of the trench, yields

Tpoly,norm(~x) =
DR(~x)∆t

DRAR=0∆t
. (10.2)

Substituting the local deposition rates, yields

Tpoly,norm(~x) =
VmonoPdepoΦmono∆t

VmonoPdepoΦmono,AR=0∆t
, (10.3)

which simplifies to

1 A large portion of this chapter has been submitted to the Journal of Vacuum Science and Technology.



106 Chapter 10. Aspect ratio dependent deposition

(a) (b)

Figure 10.1: Polymer film deposited on long trenches with rectangular cross section (a).
Film deposited at the bottom of a trench (b).

Tpoly,norm(~x) =
Φmono

Φmono,AR=0
, (10.4)

which is the definition of the normalized monomer flowΦmono,norm, where normaliza-
tion is made with respect to aspect ratioAR= 0:

Tpoly,norm(~x) = Φmono,norm. (10.5)

Equ. (10.5) is only true if in steady state, only deposition or desorption are allowed
(refer to section8.2.1.3: Polymer deposition model). In this case, the absorption proba-
bility is equal to the deposition probability.

If furthermore the thickness of the deposited polymer film is thin compared to the
feature dimension, the polymer deposition does not considerable vary the profile geome-
try. In other words, the geometry alteration due to the deposition of polymer film can be
neglected.

In this case, the normalized polymer film thickness is exactly the normalized particle
distribution as calculated by the Monte-Carlo flow simulator (refer to section8.2.1.3:
Polymer deposition model).

Deposition experiments have been carried out on samples with trenches of nearly
rectangular cross sections with different aspect ratios (fig. 10.1). By comparing the ex-
perimental film thickness distributions with the Monte-Carlo simulations, the effective
polymerization or absorption probability can be determined (fig 10.2).

The process conditions of the deposition processes have been chosen identical to the
deposition recipe employed in the gas chopping etching processes, in order to gather
relevant data. The only exception was the deposition time. Since the film thickness was
measured using scanning electron microscopy, the film thickness should be at least about
100 nm. Therefore, the deposition was extended to 25-30 minutes.

In order to investigate the temperature dependence of the deposition probability and
film thickness distribution, deposition experiments have been carried out at 3 different
temperatures, 0◦C, 60◦C, and 100◦C.
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width

thickness top

thickness bottom

Figure 10.2: Cross section of a
polymer covered trench. The film
thickness at the bottom is normal-
ized with respect to the top film
thickness. The white dashed line
highlights the interfaces between
polymer film and bulk silicon.

sample temperature (◦C) 0 0 60 100
ICP power (W) 600 600 600 600
cathode power (W) 2 20 2 2
dc bias (V) 25∼30 80 25∼30 25∼30
pressure (mTorr) 50 50 50 50
CHF3 (sccm) 40 40 40 40
CH4 (sccm) 7 7 7 7
He backing (Torr) 10 10 10 10
He flow (sccm) 17 17 17 17
time (min) 23∼45 35 800 240

Table 10.1: Process conditions of the deposition experiments.

The dc self-bias in all experiments was low (< 30 V), suggesting that ion-induced
deposition (refer to equations (4.12) and (4.18)) can be neglected. In order to spot the
effect of ion bombardment, one deposition run was carried out at higher dc bias (80 V).

The exact deposition process parameters are listed in table 10.1.

10.2 Results

The deposition rate for zero aspect ratio decreases linearly from 31 nm/min at 0◦C to
8 nm/min at 100◦C. The increase of the dc bias from< 30 V to 80 V increases the de-
position rate by 8 nm/min at 0◦C. These results are plotted in fig. 10.3. The normalized
film thickness at the bottom of the trenches is plotted vs. the aspect ratio in fig. 10.4.
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Figure 10.3: Temperature dependence of the polymer deposition rate.

The data forT = 0◦C includes data from 6 samples, where the deposition time, the total
depth of the trenches, and the chamber conditions (freshly cleaned or after several etching
and deposition runs) were varied. Although the data shows some scatter, a clear trend can
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Figure 10.4: Deposited polymer thickness at the bottom.

be observed. All the data from the 6 sample fit nicely into the trend, and no significant
influence of the deposition time, total depth of trenches or chamber conditions can be
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Figure 10.5: Deposited polymer thickness at the bottom, with simulated distributions for
0◦C (Pabs= 0.15), 60◦C (Pabs= 0.07), and 100◦C (Pabs= 0.0375) sample temperature.

observed, suggesting that the deposition does not depend on these parameters.

The results for the deposition runs at higher temperatures (60◦C or 100◦C) also show
no significant difference to those of the low temperature (0◦C).

The simulated film thickness distributions for absorption probabilities of 0.25 and 0.1
have also been plotted for comparison. These two curves seem to be boundaries for the
experimental data, suggesting that the absorption probability is about 0.15 (solid curve in
fig. 10.4).

The deposition rate at 100◦C is by factor 4 lower than the deposition rate at 0◦C.
According to equ. (8.78), the absorption probability for 100◦C also should be by factor 4
lower than the one at 0◦C. Therefore, the experimental data at 100◦C should scatter around
the simulated distribution for 0.0375 absorption probability (see fig. 10.5). A similar
effect is expected for the 60◦C data, however, this effect would be smaller (Pabs≈ 0.07).
This is not the case, suggesting that the effective absorption probability does not depend
on the sample temperature.

However, since the deposition rate bears a significant temperature dependence, leads
to the conclusion that the absorption probability is not identical to the deposition proba-
bility.

Possible reasons for this discrepancy between the experimental data and the simula-
tion model shall be briefly discussed.

1. One reason may be the experimental error. Although the data for 0◦C show con-
siderable scatter, the data for 100◦C should scatter, provided the diffuse reflection
model was correct, around a curve according to a lower absorption probability
(curve for 0.0375 absorption probability in fig. 10.5), which would be significantly
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different than the curve for 0◦C, where the difference between these two curves
would be significantly larger than the data scatter. Therefore, it must be concluded,
based on the available data, that the proposed diffuse reflection model is not the
correct description of the transport and deposition processes.

2. Ion irradiation of the surface: According to the activated surface site growth model
by d’Agostino et al. [36, 57, 58, 61], film growth proceeds at activated surface
sites, where the activation is done by ion bombardment (equ. (4.12)). In terms
of our model, the deposition probability is increased by ion bombardment, which
would result in a high deposition probability at the top and the upper part of the
sidewall of the trench, and a lower deposition probability at the lower parts of the
sidewall and at the bottom, due to increased ion shadowing with increasing depth.
However, since the deposition probability decreases with increasing temperature,
still a smoother decrease of the film thickness at the bottom of the trenches with
increasing aspect ratio should be observed at higher temperatures. It is not yet sure,
whether this effect would be significant enough to be observed in the experiments.

3. Etching of the deposited film by atomic fluorine (equ. (4.17), ref. [62]): As-
sumed that the reaction probability of fluorine with the deposited polymer film, and
hence the etching rate increases with temperature, the following scenario would
take place: At low temperatures, where the reaction probability is low, a relatively
large fraction of the fluorine atoms impinging at the upper parts of the sidewalls
are not consumed by the etching of the film, but are diffusely reflected and even-
tually reach the bottom of the trench. Therefore, the etching rate at the bottom
would be high, compared to the etching rate at the top. At higher temperatures,
a larger fraction of impinging fluorine atoms are consumed by the etching of the
polymer film at the top and upper parts of the sidewall, due to the increased reac-
tion probability, hence only a smaller amount of fluorine reaches the bottom of the
trenches, hence the etching rate at the bottom would be low, compared to the etch-
ing rate at the top. As a result, the decrease of the film thickness at the bottom of
the trenches with increasing aspect ratio would be smoother at higher temperatures
than at lower temperatures, in contradiction to the experimental data. Therefore,
only if the etching rate of the deposited polymer film by fluorine decreases with
increasing temperature, the effect of etching of polymer film by fluorine would be
consistent with the experimental data.

4. Surface diffusion: In the simulation, surface diffusion was completely neglected.
Other researcher have investigated the effect of surface diffusion on the deposition
of metals (see, for instance, [49]). Increasing sample temperature led to a higher
mobility of the diffusing particles, and as a consequence, to a smoother thickness
distribution with increasing temperature, because adsorbed particles would diffuse
away from convex and into concave corners, thereby increasing the local radii of
curvature. Therefore, it can be expected that surface diffusion would, also in the
case of plasma deposited polymer films, lead to a smoother thickness distribution
with increasing temperature, which is contrary to the experimental data. There-
fore, it can be concluded, that, at least under the chosen process conditions, surface
diffusion is only a minor effect.
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Figure 10.6: Experimental data and simulated distribution assuming an de-activation pro-
cess with aK-value of 5.

5. ”De-activation” of monomers at the sample surface: According to all proposed de-
position mechanisms (equations (4.12), (4.17), (4.18), (4.19)), the deposition of
polymer film is due to monomers with unsaturated bonds (CFx, with x = 1− 3).
If such monomers can recombine with fluorine or hydrogen at the surface of the
sample, to form inert molecules CFxH4−x, with x = 1− 4, with a certain proba-
bility, then they would no longer be available for the deposition of polymer film.
Also, a recombination of two monomers to form an inert gas molecule, for instance
CF3 +CF3 → C2F6, would result in such a ”de-activation” process. Therefore, de-
pending on the value of the de-activation probability, an active monomer would, on
the average, be de-activated after a numberK of collisions with the surface, where
K represents the mean value of the maximum number of allowed collisions with the
surface. This proposed de-activation process represents a model where the absorp-
tion probability is not identical with the deposition probability, since, in addition to
polymerization and desorption, a third reaction pathway, namely de-activation, is
now allowed (see also section8.2.1.3: Polymer deposition model, equ. (8.80)).

If the de-activation probability is high enough, or equivalently the maximum num-
ber of allowed collisionsK is low enough, the aspect ratio dependent deposition
would be determined by the de-activation process rather than the deposition proba-
bility. Fig. 10.6 shows the experimental data and two simulation results for a dif-
fuse reflection model considering a de-activation process (K = 5), for a deposition
probability of 0.025 and 0.1, respectively. It’s assumed that the higher deposition
probability corresponds to low sample temperature (0◦C), while the lower sticking
probability represents the high temperature case (100◦C). Due to the de-activation
process, the two curves are nearly identical, suggesting, that indeed a de-activation
process could determine the film thickness distribution. Or, in other words, the
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sticking probability is determined mainly by the de-activation probability, and not
by the polymerization probability.

Both curves reproduce the low-aspect ratio experimental data, while the high-aspect
ratio data is under-estimated. (This is, however, also the case for the 0.25 deposition
probability curve of the simple diffuse reflection model.) But, contrary to the simple
diffuse reflection model, this extended model, considering de-activation processes,
is consistent with the decreasing deposition rate and deposition probability with
increasing temperature. Further experiments, however, are required to clarify the
existence and nature of such de-activation processes.

Despite whether the proposed de-activation process plays a significant role or not, or
whatever the reason for the temperature independent film thickness distribution may be, it
can be concluded that the polymer film thickness decreases with aspect ratio according to
an absorption probability of about 0.15 (fig. 10.6). Therefore, a temperature independent
absorption probability between 0.1 and 0.25 can be used to calculate the polymer film
thickness distribution in the profile simulations.



Chapter 11

Profile simulations and experimental
results

The profile simulation model is implemented as a program called WINWIM ETCH running
under Windows (fig. 11.1). The profile simulator uses the transport parameters calculated
by the MOCASIM program (refer to chapter 9) to calculate the local flow rates of ions,
radicals, and monomers. The profile simulator displays the local flow rates of ions and
fluorine radicals in color scale mapped to the profile. From the local fluorine and ion flow
rates, the degree of fluorine surface coverage is calculated, and also displayed in color
scale. The sidewall polymer passivation layer thickness is also displayed in color scale
mapped to the profile (fig. 11.1). In this way, all of the importantinternal surface-related
parameters relevant for the profile evolution are displayed by the simulator.
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Fig. 11.2(a) Fig. 11.2(b)

etching deposition etching deposition

pressure (mTorr) 6 55 20 55
sample temperature (◦C) 30 30 100 100
ICP power (W) 600 600 600 600
cathode power (W) 22 8 29 8
dc bias (V) 110 50 100 50
SF6 (sccm) 10 - 10 -
Ar (sccm) 24 - 24 -
O2 (sccm) 3 - 3 -
CHF3 (sccm) - 40 - 40
CH4 (sccm) - 7 - 7
He backing (Torr) 5 5 5 5
time (s) 17 19 17 19
number of cycles 24 24

Table 11.1: Process parameters for the profiles shown in fig. 11.2. (from Volland et al.
ref. [102])

transport parameter Fig. 11.2(a) Fig. 11.2(b)

fluorine bottom absorption probability Pbt 0.1 0.1
fluorine sidewall absorption probability Psw 0.1 0.1
monomer absorption probability Pmono 0.5 0.5
ion angular spreadσ (◦) 0.5 0.8

Table 11.2: Transport parameters for the simulation of the profile shown in fig 11.2. (from
Volland et al. ref. [102])

11.1 Low aspect ratio etching

As a first test, simulated profiles have been compared with experimental profiles etched
according to gas chopping etching recipes listed in table 11.1. The difference between
these two recipes is the pressure during the etching cycle and the sample temperature.
Since the gas chopping frequency is relatively high, the etching rate per cycle is only
130 nm (30◦C sample temperature), resulting in small ripple sizes (fig. 11.2(a)). There-
fore, 24 cycles were required to etch to a depth of 3.3µm. The aspect ratio of this profile is
only 1.3. The transport parameters in this simulation were used as free fitting parameters.
The values which reproduced the experimental profiles are listed in table 11.2.

A higher operating pressure during the etching cycle and a higher sample temperature
results in an overall higher effective etching rate, and a larger ripple size (higher sidewall
surface roughness) (fig. 11.2(b)).

The simulated and experimental profiles are in good agreement. The simulation re-
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2 µm

(a)

2 µm

(45° tilt)

(b)

Figure 11.2: Experimental profiles and simulations for gas chopping etching recipes
listed in table 11.1: (a) sample temperature=30◦C, operating pressure during etching
cycle=6 mTorr, (b) sample temperature=100◦C, operating pressure during etching cy-
cle=20 mTorr. Depth, profile slope, and sidewall roughness are in good agreement with
the experimental profiles.Please note: Experimental profile (b) is shown at 45◦ tilting.

produces the depth of the trench, the profile slope and the sidewall roughness (ripple size).
This agreement between simulation and experiment suggests that the developed model is
a good approximation of the physical effects taking place during a gas chopping etching
process.
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11.2 Membrane etching

Micron sized features are etched into thin (5–10µm) silicon membranes, using the process
parameters as listed in table 11.1, columns (b), except the temperature set to 30◦C. In order
to tailor the sidewall roughness, the timing between etching and deposition was adjusted
for low ripple size in the beginning (top of the profile) (24 cycles of 17 s etching/19 s
deposition). Then the etching cycle time was extended to 18 s for the next 24 cycles,
resulting in higher etching rate, and a desired slightly retrograde profile slope, at the
expense of a larger sidewall roughness. This procedure of changing process parameters
during the process is calledparameter ramping. Since the etching was carried out on
membrane samples, these samples are sensitive to heating during the etching process
(refer to chapter 6). Therefore profile simulations for this etching recipe have been carried
out assuming a sample temperature of 20◦C, 40◦C, and 70◦C, respectively. The results of
these simulations, and the experimental profile are shown in fig. 11.3.

The difference between the etching recipe used for membrane etching and the etching
recipes used in the previous section is the transition behavior upon switching from the
etching to the deposition cycle and vice versa. The etching process used to etch the pro-
files shown in fig. 11.2 waits upon switching for the process parameters like pressure, gas
flows, etc., to stabilize, before the plasma is ignited. This procedure is called ”tolerance
checking”. The etching process used for membrane etching does no tolerance checking,
but ignites the plasma immediately upon switching between etching or deposition cycles.
As a consequence, the transition behavior of the two etching recipes are different. In par-
ticular, there is more ”mixing” between the etching and deposition cycles in the etching
process used to etch the membrane samples. This effect was accounted for by reducing
the etching yield in the simulations. A complete simulation of transition behavior would
be much more complicated and is regarded as ”virtually impossible”[101], therefore the
effect of ”mixing” is approximately considered in the way described.

In order to avoid excessive sample heating during the etching process, the etching
recipe is paused every 3 etching and deposition cycles for a few seconds to allow the
sample to cool down.

The profile simulations reveal that with increasing sample temperature the total depth
of the profiles increases. Also the sidewall roughness increases, and the profile slope be-
comes more negatively sloped. This is attributed to an increase of the etching rate with
temperature (fig. 4.7), but even more to the decrease of the deposition rate with temper-
ature (fig. 4.11). As a consequence, the etching rate per etching cycle increases with
temperature, because less time of the etching cycle is spent on polymer passivation layer
removal at the bottom, hence more time of each etching cycle is available for the actual
etching of silicon. Since the sidewall is less efficiently passivated (thinner sidewall pas-
sivation layer), the profile becomes more retrograde sloped with increasing temperature.
These effects are shown for a sample temperature variation of 50◦C (from 20◦C to 70◦C).
However, the profiles simulated for different sample temperature are similar, that is, the
etching characteristic remains the same. In this respect, the employed gas chopping etch-
ing technique isstable with sample temperature. Therefore, this etching technique was
used for the processing of silicon membranes.
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(a) (b)

(c) (d)

Figure 11.3: Influence of the sample temperature on the profiles of a gas chopping etching
recipe. The upper part of the profile was etched using 24 cycles of a 17 s etching and 19 s
deposition cycle. The lower part was etched with 24 cycles using an 18 s etching cycle
and a 19 s deposition cycle. The profile is smooth in the upper part, and becomes slightly
retrograde when the etching cycle duration was extended during the etching of the lower
part. The profile simulations are for 20◦C (a), 40◦C (b), and 70◦C (c) sample temperature.
Over this temperature range, the profiles are similar, and the characteristic of the profiles
remains the same, only the achieved depth of etching increases. In this respect, the gas
chopping etching technique isstable with temperature. The experimental profile, which
was etched into a silicon membrane, is shown in fig. (d) at 45◦ tilting angle. In order to
avoid excessive sample heating, the etching process was paused every 3 cycles for a few
seconds.
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11.3 Influence of reactant transport on the profiles of gas
chopping etching processes

The influence of the transport parameters on the profile shape is investigated by varying
the transport parameters of the profile simulations of fig. 11.2(a). The results of these
variations are shown in fig. 11.4. The width of the ion angular distribution was var-
ied between low (0.5◦) and high (5.0◦) value, and the neutral transport properties were
changed from diffuse reflection to direct shadowing (equivalent to diffuse reflection with
unit absorption probability). The increasing neutral absorption probability (equivalent to
switching from diffuse reflection model to direct line-of-sight model) reduces the supply
of etchant and monomers to the bottom of the trench. Under the conditions of the present
etching recipe (table 11.1) and the simulation parameters, this results in a reduced total
etching depth achieved with the direct shadowing model compared to the diffuse reflec-
tion model (fig. 11.4 (c), (d)). Increasing width of the ion angular distribution function
(fig. 11.4 (b), (d)) (IADF) results in two effects: 1st, the decrease of ion flux to the bot-
tom of the trench with aspect ratio (AR) is more pronounced for wider IADFs, due to
increased shadowing (refer to equation (8.90) and figure 9.2). 2nd, a larger fraction of the
ions hit the sidewalls, because more ions have an off-axis direction for wider IADF than
for narrow IADF. These two effects result in slightly reduced total etching depth, and in
non-vertical profile shapes (”strawberry shape”). The variations of the transport param-
eters used in this test was quite large, in order to obtain obvious changes in the profiles,
if the transport parameters would have any considerable effect on the profile shape. The
results of this test indicate, that the profile shape indeed is sensitive to the reactant trans-
port properties, even at the low aspect ratio of the profiles used in this test. The outcome
of these four simulations prompt for an in-depth investigation of the profile shape of gas
chopping etching processes, which is described in the following section.
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(a) (b)

(c) (d)

Figure 11.4: Dependence of the simulated profiles on the reactant transport properties.
For the simulated profiles on the left (a), (c),σ = 0.5, while for the profiles on the right
(b), (d), σ = 5.0. For the profile simulations in the first row (a), (b), diffuse reflection
of neutrals is assumed, while for the simulations in the bottom row (c), (d), direct line-
of-sight shadowing is assumed. Direct line-of-sight shadowing is equivalent to a diffuse
reflection with unit absorption probability (= zero reflection probability). Profile (a) is the
simulation of fig. 11.2 which reproduces the experimental profile.
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11.3.1 Influence of reactant transport on the profiles of high aspect
ratio gas chopping etching processes1

11.3.1.1 High aspect ratio gas chopping etching process simulation

By normalization, all particle flow functions pass through 1 for zero aspect ratio (see
fig. 9.7 to 9.10). If structures with low aspect ratio are etched and simulated, then only
values of the transport functions around zero aspect ratio are employed. In this region,
the transport functions are not much different for different parameters, like absorption
probability or ion angular spread.

For high aspect ratios, the transport functions are more dependent on the transport
parameters. Therefore, in order to thoroughly test the model, simulations should be done
for high aspect ratio profiles, in order to employ the whole range of arguments of the
transport functions, from zero to high aspect ratios, in the calculation.

The different transport parameters are valid only during dedicated periods of the com-
plete etching process. The monomer absorption probability is relevant only during the
deposition cycle. Ion transport is relevant only during the sputtering of the polymer film,
and during the ion-enhanced etching of the blank silicon. The sidewall and bottom ab-
sorption probabilities of fluorine are valid only during the etching of the blank silicon.
Although the polymer passivation film is also chemically etched by fluorine, this etching
rate is relatively low compared to the sputter rate, hence the fluorine transport parameters
become important only during the etching of silicon. Table 11.3 summarizes the valid
periods of the transport parameters.

Therefore, the timing between etching and deposition cycles is varied. A longer etch-
ing cycle time leaves more time available for the etching of silicon, hence the fluorine
transport parameters are valid for a longer time. On the other hand, a shorter etching
cycle time results in comparably more process time spent on the passivation cycle, where
the monomer absorption probability Pmono is the valid transport parameter.

Considering all these effects, the experiments were chosen to etch depths ranging from
40 to 150µm, and to create aspect ratios of about 30. In this way, all values of the particle
transport functions from zero aspect ratio to 30 are employed in the experiment and the
profile simulations.

The duration of the passivation cycle was fixed to 90 s, while the duration of the
etching cycle was 90 s or 180 s, thereby varying thecycle ratiofrom 1:1 to 2:1.

The experimental process conditions are listed in table 11.4. The transport parame-
ters have been used as free fitting parameters in the profile simulation2. By varying these
transport parameters and comparing the simulated profiles with the experimental results,
one common set of transport parameters could be identified that reproduces all experimen-
tal profiles. The experimental profiles and the simulations with these ”best” parameters
are shown in figs. 11.5 and 11.6. The simulation parameters are listed in table 11.5.

The simulated and the experimental etching depths for the 90:90 and the 180:90 cycle
timings are shown in figs 11.7 and 11.8. The simulations reproduce the absolute etching

1The results of this section have been published by Volland et al. in ref. [111].
2The neutral reactant transport functions for these simulations were normalized to unit aspect ratio [111].
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step species transport parameters

passivation CFx Pmono

polymer removal ions σ

etching ions + F σ, Pbt, Psw

Table 11.3: Valid cycles of the transport parameters. The duration of the passivation cycle
is set by the process designer. The total duration of the polymer removal step and the
etching step is the etching cycle time. The time required to clear off the polymer depends
on the polymer deposition rate. The time left for the etching step is the remainder of the
etching cycle time.

etching cycle deposition cycle

pressure (mTorr) 20 55
sample temperature (◦C) 0 0
ICP power (W) 800 600
cathode power (W) 6 2
dc bias (V) 60 20
SF6 (sccm) 45 -
Ar (sccm) 30 -
CHF3 (sccm) - 40
CH4 (sccm) - 7
He backing (Torr) 10 10
time (s) 90/180 90

Table 11.4: Process conditions for the high aspect ratio etching experiments (after ref
[102]).

simulation parameter value

fluorine bottom absorption probability Pbt 0.1
fluorine sidewall absorption probability Psw 0.02
monomer absorption probability Pmono 0.1
ion angular spreadσ (◦) 1.5

Table 11.5: Simulation parameters of the high aspect ratio etching profile simulations
(simulation a)).
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(a) (b)

Figure 11.5: Simulated and experimental profiles for the 90/90 cycle timing. The mask
openings are 1.2µm (a) and 3µm (b). The variation in the ripple size from top (small)
to middle (larger) can be found both in the simulation and the experimental profiles. The
aspect ratios are 28 (a) and 14 (b) at depths of 34µm (a) and 41µm (b) [111].

depths for both cycle timings, and also the slope of the etching depth vs. the trench width
of the experimental data. This slope is the characteristic parameter of the reactive ion
etching lag (RIE-lag).

The transport parameters used for these best simulations (simulation a)) are compared
with values reported in the literature. See tables 11.6, 11.7, 11.8, 11.9.

The transport parameters used in the profile simulations (printed in bold type) are in
good agreement with the values found in literature. Some deviations exist for literature
values obtained under different conditions (low aspect ratio, or atom beam).

It can be concluded that the presented model reproduces the experimental profiles
if the transport parameters used in the model are identical to the physical parameters.
This findings suggest that the presented model is in fact an adequate approximation or
description of the physical effects taking place in a gas chopping etching process.
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symbol value reference comment

Pbt 0.1 this work, [111] high aspect ratio
neut. bottom st.
probab.

0.1 [102] low aspect ratio

S 0.2 [43] effective value
S 0.03∼0.11 [45] depending on process

conditions
reaction probabil-
ity, S

0.00168 [37] atom beam, undoped
single crystal silicon

Table 11.6: Comparison of the values of the fluorine bottom absorption probability used
in simulation a) and the literature (adapted from ref. [111]).

symbol value reference comment

Psw 0.02 this work, [111] high aspect ratio
neut. sidewall st.
probab.

0.1 [102] low aspect ratio

F sidewall reac-
tion coefficient

0.015 [44] lossy Knudsen model

Table 11.7: Comparison of the values of the fluorine sidewall absorption probability used
in simulation a) and the literature (adapted from ref. [111]).

symbol value reference comment

σ 1.5◦ this work, [111] high aspect ratio
ion angular
spread

0.5◦-0.8◦ [102] low aspect ratio

σ 2◦ [114] effective IADF
σ 5◦ [75]

Table 11.8: Comparison of the values of the ion angular spread used in simulation a) and
the literature (adapted from ref. [111]).
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(a) (b)

Figure 11.6: Simulated and experimental profles for the 180/90 cycle timing. The mask
openings are 8µm (a) and 16µm (b). The shape of the ripples becomes less pronounced
from the middle to the bottom of the trench, which can be found both in the simulation
and the experimental profiles. The aspect ratios are 16 (a) and 9 (b) for depths of 128µm
(a) and 146µm (b) [111] .

symbol value reference comment

Pmono 0.1 this work, [111] high aspect ratio
sticking probabil-
ity

0.5 [102] low aspect ratio

Pmono 0.15 chapter 10, [115]

Table 11.9: Comparison of the values of the monomer absorption probability used in
simulation a) and the literature.
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Figure 11.7: Experimental and simulated etching depth of the 90:90 cycle
timing plotted vs. the trench width [111].
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Figure 11.8: Experimental and simulated etching depth of the 180:90 cycle
timing plotted vs. the trench width [111].
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simulation σ Pbt Psw Pmono comment

a) 1.5 0.1 0.02 0.1 ”best”
b) 5 0.1 0.02 0.1 sidewall erosion
c) 1.5 0.01 0.01 0.1 sidewall erosion
d) 1.5 0.1 0.02 0.01
e) 1.5 0.01 0.01 0.01
f) 1.5 1 1 1 direct shadowing

Table 11.10: Transport parameters used in the simulations. The parameters of the best
simulation are listed in the first row a). Simulations b) – e) assume diffuse neutral reflec-
tion and direct line-of-sight shadowing of ions. Simulation f) assumes direct line-of-sight
shadowing for both ions and neutrals, which corresponds to no neutral reflection (absorp-
tion probabilities equal to one). Those parameters which are changed with respect to the
best simulation are printed in bold type (adapted from ref. [111]).

(a) (b)

Figure 11.9: Simulated profiles for the 90/90 cycle timing considering an IADF with a
sigma value of 5◦ [simulation b)]. The mask openings are 1.2µm (a) and 3µm (b). The
aspect ratios are 23 (a) and 12 (b) at depths of 27µm (a) and 35µm (b).

11.3.1.2 Variation of transport parameters and their influence on the etching of
high aspect ratio profiles

Simulations have also been carried out employing transport parameters different from
those of the ”best” simulation a). The values used for these simulations are listed in table
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(a) (b)

Figure 11.10: Simulated profiles for the 180/90 cycle timing for large sigma (5◦) [simula-
tion b)]. The mask openings are 8µm (a) and 16µm (b). The aspect ratios are 14 (a) and
9 (b) at depths of 112µm (a) and 138µm (b).

11.10.

A summary of the results of these simulations with varied transport parameters are
shown in figs. 11.13 and 11.14, where the achieved simulated depth is plotted versus the
feature width. The simulation with parameters a) reproduces both the experimental results
of the 90:90 and of the 180:90 cycle timing, and is already discussed in the previous sec-
tion. Simulation b) exemplifies the influence of a wider IADF (largerσ value) (fig. 11.9,
11.10). Since the ions are more efficiently shadowed for a wider IADF, the etching depth
is reduced for both cycle timings. Reduced fluorine absorption probability (parameter set
c), Pbt=Psw=0.01) results in a higher etching depth, since the fluorine flow to the bottom
decreases less pronouncedly for lower absorption probabilities (compare also with figures
9.7, 9.8, 9.9, 9.10). A lower monomer absorption probability (Pmono=0.01, simulation
d)) reduces the achieved etching depth, since the monomer flow to the bottom decreases
slower than in the case of higher monomer absorption probability. In the 90:90 cycle tim-
ing, the etching depth does not depend on the trench width, i.e. there is no RIE-lag, while
for the 180:90 cycle timing, the slope of the curve is not changed. If both the monomer
and the fluorine absorption probabilities are reduced to 0.01 (simulation e)), the simulated
etching depth for the 180:90 cycle timing is in agreement with the experimental profiles,
misleading to the conclusion that parameter set e) is also a correct set of transport param-
eters. However, the simulation of the 90:90 cycle timing with the parameter set e) does
neither reproduce the experimental etching depths nor the slope of the curve, i.e. RIE-lag.
Simulation e) for the 90:90 cycle timing yields lower etching depths and no RIE-lag (no
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(a) (b)

Figure 11.11: Simulated profiles for the 90/90 cycle timing considering direct line-of-
sight shadowing [simulation f)]. The mask openings are 1.2µm (a) and 3 µm (b). The
aspect ratios are 13 (a) and 7 (b) at depths of 15µm (a) and 20µm (b).

dependence of the etching depth on the trench width), proofing that parameter set e) (low
absorption probabilities 0.01) does not represent the proper physical values. Simulation
f) considers only direct line-of-sight flux of neutrals, and thereby demonstrates the im-
portance of considering diffuse reflections of neutrals at the sidewalls and bottom of the
etching profile (fig. 11.11). Due to the direct shadowing of neutrals, which is equivalent
to unit absorption probability at sidewall and bottom, the supply of etchant and monomers
is largely reduced, compared to diffuse reflection.

The different behavior of the same parameter sets for different cycle timings exempli-
fies the importance of the simulation of difference cycle timings. Parameter set e) predicts
vanishing RIE-lag for the 90:90 cycle timing, while the effects of the reduced fluorine ab-
sorption probability and the reduced monomer absorption probability are cancelled out or
compensated for the 180:90 cycle timing.
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(a) (b)

Figure 11.12: Simulations considering direct line-of-sight shadowing for the 180/90 cycle
timing [simulation f)]. The mask openings are 8µm (a) and 16µm (b). The aspect ratios
are 15 (a) and 11 (b) at depths of 126µm (a) and 177µm (b).
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Figure 11.13: Comparison of the experimental and simulated profiles for different trans-
port parameters for the 90:90 cycle timing [111]. The experimental results are marked
with crosses (×). The indices a) – f) refer to the simulation parameters listed in table
11.10.
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Figure 11.14: Comparison of the experimental and simulated profiles for different trans-
port parameters for the 180:90 cycle timing [111]. Experimental etching depths are
marked by crosses (×). The indices a) – f) refer to the simulation parameters listed in
table 11.10.
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Chapter 12

Conclusion

In this work a profile simulation model for gas chopping plasma etching techniques for the
structuring of silicon has been developed. The simulation is based on a phenomenological
surface reaction model considering chemical and ion-enhanced etching of silicon, the
plasma deposition of polymer as sidewall passivation layer; and on a reactant transport
model considering ion shadowing and reflection, and diffuse reflection of neutrals inside
the trenches. The simulated profiles reproduce the depth of etching, the profile shape and
the sidewall roughness of corresponding experimental profiles.

The temperature increase of membrane-like samples during plasma etching processes
in a plasma etching system with helium backing was investigated by simulations. It was
found that the heating of membrane-like samples depends on the membrane thickness and
diameter. The thinner the membrane, and the larger the membrane diameter, the larger
the temperature increase. Heating can be avoided by making the membrane diameter
below 5 mm, or if the membrane thickness is more than 400µm. These geometrical
configurations are not practical e.g. for the fabrication of particle projection lithography
masks [5, 7–10], but the small membrane diameters can be employed for the fabrication
of silicon cantilevers [13].

The behavior of an gas chopping etching recipe for different sample temperatures was
simulated. The profiles are similar for different sample temperatures, which means that
the profile characteristics (anisotropy, profile slope and shape) do not undergo dramatic
changes as the sample temperature is varied. In this respect, the gas chopping etching
technique is stable with sample temperature. This behavior makes the gas chopping
etching technique an ideal technology for the structuring of M(N)EMS (micro or nano
electromechanical systems) or membrane-like sample, where sample temperature control
may be less than perfect.

Shadowing and reflection of ions at the sidewalls of trenches have been investigated
by means of Monte Carlo-simulations, using a self-developed Monte Carlo gas flow sim-
ulator. The reflection probability of ions impinging at a sample surface was assumed to
depend on the angle of impact, in a way that the reflection probability for ions at a normal
angle of incidence (vertical impact) vanishes. Furthermore, ion reflection is assumed to
follow a specular reflection law, where the reflection angle is equal to the impact angle.
Simulations based on these assumptions revealed that ion reflection is a considerable ef-
fect in the case of perfect mirror-like smooth sidewalls. However, in the more realistic
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case of rough or ”rippled” sidewalls, it was found that ion reflection is a negligible effect.
This is due to the fact that in the case of rippled sidewalls, because of the concave shape of
the sidewall ripples, in the vast majority of all impact events the angle between the local
surface normal and the ion trajectory is close to zero, corresponding to vertical impact,
where the reflection probability vanishes. These findings point out that for profiles with
rippled sidewalls, the neglection of ion reflection is an excellent approximation.

Transport of neutrals has been modeled considering shadowing and diffuse reflection
at the bottom and sidewalls of trenches. The reflection probability of neutral particles at
thermal energy is assumed to be independent of the impact angle, and the reflection angle
is random according to a cosine law (diffuse reflection). Balancing the flow of impinging
neutrals (radicals or monomers) with the amount reflected or desorbing from the surface,
and with the amount of neutrals undergoing chemical reactions with (etching) or at the
sample surface (plasma enhanced polymerization), yields that under steady-state condi-
tions the reaction probability (for the etching of silicon, or for plasma polymerization) is
equal to the absorption probability of the neutrals at the sample surface. The absorption
probability is defined as the fraction of the impinging flow of neutrals finally absorbed
from the gas phase, and transformed into either (etching) reaction product or deposited
polymer. The equality of absorption and reaction probability is only true if, apart from ad-
sorption, reflection and desorption, only one further (chemical) reaction, such as etching
or polymerization, is allowed.

Since the sidewalls of the anisotropic profiles etched with the gas chopping etching
technique are passivated by a plasma deposited polymer film which is nearly not etched
by the reactive fluorine radicals, the sidewall reaction probability, and as a consequence,
the sidewall absorption probability of fluorine is considerably lower than the fluorine bot-
tom absorption probability. On the other hand, the polymerization probability, and hence
the monomer absorption probability, is assumed to be uniform within a trench. Therefore,
absorption probabilities of neutrals at the sidewall and at the bottom have been indepen-
dently varied in the reactant transport simulations to cover the whole range of different
neutral reaction probabilities at the sidewalls and the bottoms of etching profiles. The cal-
culations according to this model have been done using the self-developed Monte Carlo
flow simulator.

Aspect ratio dependent plasma polymer deposition was investigated as a function of
the sample temperature, and compared with numerical flow simulations based on the de-
veloped polymer deposition model. It was found that under the experimental conditions
chosen, the deposition probability decreased from 0◦C to 100◦C sample temperature by a
factor of 4, whereas the monomer absorption probability is temperature independent 0.15.
It is the monomer absorption probability which determines the deposited polymer film
thickness distribution as a function of the aspect ratio of the trenches. Possible reasons
for the temperature independency of the monomer absorption probability are discussed.

The so-called transport behavior of ions, reactive radicals (fluorine) and unsaturated
monomers determine secondary effects summarized as ”aspect ratio dependent etching”.
The knowledge of these transport properties is required for the understanding and simula-
tion of high aspect ratio etching processes. Of the manifold physical effects determining
aspect ratio dependent etching, the fundamental effects, like shadowing or reflection, have
been considered in the modeling and simulation of the reactant transport. The effects of
reactant transport are especially important for the etching of high aspect ratio profiles.
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To the best of the author’s knowledge, for the first time the profiles of high aspect ratio
gas chopping etching processes have been simulated and compared with experimental
profiles. The transport parameters were treated as free fitting parameters, which were
varied until all of the experimental profiles could be reproduced using one common set of
transport parameters. The simulation model was able to reproduce profiles with different
aspect ratios, which were etched with different cycle ratios (ratio of the etching vs. the
deposition cycle duration), with the same set of parameters.

From these profile simulations, the fluorine-silicon etching reaction probability, the
effective ion angular spread, and the effective monomer absorption probability under
plasma processing conditions were determined. The fluorine reaction probability is 0.1,
the ion angular spread 1.5◦, and the effective monomer absorption probability is 0.1, un-
der the experimental conditions of this work.

The transport parameters used for these simulations were compared with values found
in literature, and with the monomer absorption probability determined from the aspect
ratio dependent polymer deposition experiments. It was found that the parameters deter-
mined from the profile simulations are in agreement with those found in literature and
those obtained from the polymer deposition experiments.

Since the profile simulator reproduces the experimental profiles if the transport pa-
rameters used in the simulation are those found in literature and determined from own
experiments, it is concluded that the profile simulation is an adequate description of the
effects taking place during a gas chopping etching process.

The influence of the reactant transport parameters on the profiles of gas chopping pro-
cesses was investigated by profile simulations using the developed etching profile simula-
tor. The transport parameters of ions (width of the angular distribution), etching radicals
(absorption probability of fluorine at the sidewall and bottom), and of the unsaturated
monomers (absorption probability) have been systematically varied to examine the effect
of the different transport parameters on the resulting profiles.

It was found, that for a certain set of transport parameters (low fluorine and monomer
absorption probabilities, or low monomer absorption probability alone) a RIE-lag free
etching regime is predicted for a cycle ratio of 90 s etching and 90 s passivation cycles.
RIE-lag free means that the depth of etching is independent of the trench diameter. How-
ever, this RIE-lag free regime would not be available when the etching cycle duration is
extended to 180 s, because for the 180/90 cycle ratio, the etching cycle dominates over
the passivation step. This indicates that the performance of an etching recipe is not de-
termined by one or a few parameters alone, but by the interaction of the etching and
deposition cycle, which in turn depend on the transport parameters, reaction (etching or
deposition) probabilities, and reactant flow to the sample.

This complex dependence of the performance of an etching recipe on the transport
effects gives reason for the use of profile simulations in the course of process development
or optimization.

The present work proposes a profile simulation model for gas chopping etching tech-
niques, taking into account the reactions of radicals, monomers and ions at the sample
surface, and the fundamental reactant transport effects. Therefore, the profile simulator
developed in this work is especially suited for the simulation of the etching of high as-
pect ratio structures, which are becoming increasingly important for the fabrication of
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advanced micro/nano electromechanical systems (MEMS/NEMS) or microelectronic de-
vices.



Kapitel 13

Zusammenfassung

In dieser Arbeit wurde ein Profilsimulationsmodell für ”Gas Chopping”-Plasma-Ätz-
Techniken zur Strukturierung von Silizium entwickelt. Die Simulation basiert auf
einem pḧanomenolgischen Oberflächen-Reaktionsmodell, das chemisches und ionen-
untersẗutztesÄtzen von Silizium, sowie Plasmadeposition von Polymer als Seitenwand-
Passivationsschicht berücksichtigt; und einem Reaktanden-Transportmodell, das Ionen-
Abschattung und -Reflexion, sowie diffuse Reflexion von Neutralen im Inneren derÄtz-
gräben ber̈ucksichtigt. Die simulierten Profile reproduzieren dieÄtztiefe, die Profilform
und die Seitenwand-Rauhigkeit entsprechender experimenteller Profile.

Die Temperaturerḧohung membranartiger Proben während des Plasmaätzens in Plas-
mäatzsystemen mit Helium-R̈uckseitenk̈uhlung wurde mittels Simulationen untersucht.
Es wurde herausgefunden, dass die Aufheizung membranartiger Proben von der Mem-
brandicke und ihrem Durchmesser abhängt. Je d̈unner die Membran, und je größer der
Durchmesser, desto stärker ist die Aufheizung. Die Aufheizung kann vermieden werden,
indem der Membrandurchmesser kleiner als 5 mm, oder die Membrandicke größer als
400µm gemacht wird. Diese Geometrie ist nicht praktikabel, z.B. für die Fabrikation von
Partikel-Projektions-Lithographie-Masken [5, 7–10], aber die kleineren Membrandurch-
messer finden bei der Herstellung von Silizium-Cantilevern Anwendung [13].

Das Verhalten eines ”Gas Chopping”-Ätzprozesses wurde für unterschiedliche Pro-
bentemperaturen simuliert. Die Profile sindähnlich f̈ur unterschiedliche Probentempera-
turen, was bedeutet, dass die Profilcharakteristiken (Anisotropie, Profilneigung und Pro-
filform) keinem bedeutenden Wandel bei variierender Probentemperatur unterliegen. In
dieser Hinsicht ist die ”Gas Chopping”-Ätz-Technik stabil bez̈uglich der Probentempera-
tur. Diese Eigenschaft macht die ”Gas Chopping”-Ätz-Technik zu einer idealen Techno-
logie für die Strukturierung von M(N)EMS (micro oder nano electromechanical systems,
Mikro oder Nano-Elektromechanische Systeme) oder membranartige Proben, bei denen
die Kontrolle der Probentemperatur nicht vollständig gegeben ist.

Abschattung und Reflexion von Ionen an den Seitenwänden vonÄtzgräben ist mittels
Monte-Carlo-Simulationen mit einem selbstentwickelten Monte-Carlo-Gasflußsimulator
untersucht worden. Die Reflexionswahrscheinlichkeit von Ionen, die auf die Probenober-
fläche auftreffen, wurde als abhängig vom Einfallswinkel angenommen, dergestalt dass
die Reflexionswahrscheinlichkeit für normalen Einfallswinkel (senkrechter Einfall) ver-
schwindet. Weiterhin wurde angenommen, dass die Ionen spiegelnder Reflexion unter-
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liegen, bei der Einfalls- und Reflexionswinkel gleich sind. Simulationen basierend auf
diesen Annahmen zeigten, dass Ionenreflexion ein bedeutender Effekt für den Fall per-
fekt spiegelglatter Seitenẅande ist. Hingegen wurde gezeigt, dass im realistischeren Fall
rauher oder ”geriffelter” Seitenẅande Ionenreflexion ein vernachlässigbarer Effekt ist.
Dies r̈uhrt daher, dass im Fall geriffelter Seitenwände, wegen der konkaven Form der ein-
zelnen Seitenwand-Riffeln, in derüberwiegender Mehrheit aller Kollisionen der Winkel
zwischen der lokalen Oberflächennormalen und der Ionentrajektorie nahe bei Null liegt,
entsprechend senkrechtem Einfall, für den die Reflexionswahrscheinlichkeit verschwin-
det. Diese Ergebnisse unterstreichen, dass für Profile mit geriffelten Seitenẅanden die
Vernachl̈assigung von Ionenreflexion eine ausgezeichnete Näherung darstellt.

Die Transporteigenschaften von Neutralen wurde modelliert unter Berücksichtigung
von Abschattung und diffuser Reflexion am Boden und den Seitenwänden der̈Atzgräben.
Die Reflexionswahrscheinlichkeit von Neutralen mit thermischer Energie wurde als un-
abḧangig vom Einfallswinkel angenommen, wobei der Reflexionswinkel zufällig ist ent-
sprechend einem Cosinus-Gesetz (diffuse Reflexion). Bilanzierung des einfallenden Neu-
tralflusses (Radikale oder Monomere) mit der reflektierten oder von der Oberfläche desor-
bierten Menge, und mit der Menge der Neutralen, die chemische Reaktionen mit (Ätzen)
oder an der Oberfl̈ache (plasmaunterstützte Polymerdeposition) eingehen, ergibt, dass un-
ter station̈aren Bedingungen die Reaktionswahrscheinlichkeit (für dieÄtzreaktion mit Si-
lizium, oder f̈ur die Plasmapolymerisation) gleich der Absorptionswahrscheinlichkeit der
Neutralen an der Oberfläche ist. Die Absorptionswahrscheinlichkeit wird als der Bruchteil
des einfallenden Neutralflusses, der endgültig aus der Gaspahse entfernt wird, und ent-
weder in (̈Atz-)Reaktionsprodukt oder abgeschiedenen Polymerfilm umgewandelt wird,
definert. Die Gleichheit von Reaktionswahrscheinlichkeit und Absorptionswahrschein-
lichkeit gilt nur, wenn, abgesehen von Adsorption, Reflexion und Desorption, nur eine
weitere (chemische) Reaktion, wieÄtzen oder Polymerisation, zugelassen wird.

Da die Seitenẅande der anisotropen Profile, die mit der ”Gas Chopping”-Ätz-
Technik gëatzt wurden, mit plasmadeponiertem Polymerfilm passiviert sind, der fast
nicht von den reaktiven Fluorradikalen geätzt wird, ist die Seitenwandreaktionswahr-
scheinlichkeit, und als Folge davon die Seitenwandabsorptionswahrscheinlichkeit von
Fluor betr̈achtlich niedriger als die Fluor-Absorptionswahrscheinlichkeit am Boden.
Andererseits ist die Polymerisationswahrscheinlichkeit, und folglich die Monomer-
Absorptionswahrscheinlichkeit als uniform innerhalb derÄtzgräben angenommen. Des-
halb wurden die Absorptionswahrscheinlichkeiten der Neutralen an den Seitenwänden
und am Boden in den Reaktanden-Transportsimulationen unabhängig voneinander vari-
iert, um den vollsẗandigen Bereich verschiedener Neutral-Reaktionswahrscheinlichkeiten
an den Seitenẅanden und am Boden abzudecken. Die Berechnungen entsprechend diesem
Modell wurden mit dem selbst entwickelten Monte-Carlo-Flußsimulator durchgeführt.

Aspektverḧaltnisabḧangige Plasmapolymerdeposition wurde als Funktion der Pro-
bentemperatur untersucht, und mit numerischen Flußsimulationen entsprechend dem
entwickelten Polymerdepositionsmodel verglichen. Es wurde gefunden, dass unter den
geẅahlten experimentellen Bedingungen die Depositionswahrscheinlichkeit von 0◦C
bis 100◦C Probentemperatur um den Faktor 4 zurückgeht, wohingegen die Monomer-
Absorptionswahrscheinlichkeit temperaturunabhängig bei 0,15 liegt. Es ist die Monomer-
Absorptionswahrscheinlichkeit, die die Verteilung der deponierten Polymerfilmdicke als
Funktion des Aspektverhätlnisses der̈Atzgräben bestimmt. M̈ogliche Gr̈unde der Tempe-
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raturunabḧangigkeit der Monomer-Absorptionswahrscheinlichkeit wurden diskutiert.

Die sogenannten Transporteigenschaften von Ionen, reaktiven Radikalen (Fluor)
und unges̈attigten Monomeren bestimmen sekundäre Effekte, die als ”aspektverhältni-
sabḧangigesÄtzen” (”aspect ratio dependent etching”) zusammengefasst werden. Kennt-
nis dieser Transporteigenschaften ist für das Versẗandnis und die Simulation von̈Atz-
prozessen f̈ur hohe Aspektverḧaltnisse erforderlich. Aus der Vielzahl der physikalischen
Effekte, die aspektverhältnisabḧangigesÄtzen bestimmen, wurden die grundlegenden Ef-
fekte, wie Abschattung und Reflexion, in der Modellierung und Simulation des Reak-
tandentransports berücksichtigt. Die Effekte des Reaktandentransports sind insbesondere
für dasÄtzen von Profilen mit hohem Aspektverhältnis bedeutsam.

Nach bestem Wissen des Autors wurden erstmals durch ”Gas-Chopping”-Ätzprozes-
se gëatzte Profile mit hohem Aspektverhältnis simuliert und mit experimentellen Pro-
filen verglichen. Die Transportparameter wurden als freien Fitparameter behandelt, die
variert wurden, bis alle experimentellen Profile mit einem gemeinsamen Parametersatz
zugleich reproduziert werden konnten. Das Simulationsmodel war in der Lage, Profile
mit unterschiedlichen Aspektverhältnissen, die mit unterschiedlichen Zyklenverhältnissen
(Verhältnis zwischenÄtz- und Depositions-Zyklendauer) geätzt wurden, mit demselben
Parametersatz zu reproduzieren.

Aus diesen Profilsimulationen wurden die Fluor-Silizium-Reaktionswahrschein-
lichkeit, die effektive Ionenwinkelverteilung, sowie die effektive Monomer-Absorptions-
wahrscheinlichkeit unter Plasmabedingungen bestimmt. Unter den experimentellen Be-
dingung dieser Arbeit ist die Fluor-Reaktionswahrscheinlichkeit 0,1, der Ioneneinfalls-
keulenwinkel 1,5◦, und die effektive Monomer-Absorptionswahrscheinlichkeit 0,1.

Die für diese Simulationen verwendeten Transportparameter wurden mit Literatur-
werten und der aus den aspektverhältnisabḧangigen Polymerdepositions-Experimenten
bestimmten Monomer-Absorptionswahrscheinlichkeit verglichen. Es wurde eineÜber-
einstimmung der aus den Profilsimulation bestimmten Transportparametern mit Literatur-
werten und den aus den Polymerdepositions-Experimenten bestimmten Werten gefunden.

Da der Profilsimulator die experimentellen Profile reproduziert, wenn die Transport-
parameter in der Simulation den Literaturwerten und den aus eigenen Experimenten be-
stimmten Werten gleichen, kann gefolgert werden, dass die Profilsimulation eine ange-
messene Beschreibung der bei einem ”Gas-Chopping”-Ätzprozess stattfindenden Effekte
darstellt.

Der Einfluß der Reaktanden-Transportparameter auf Profile von ”Gas-Chopping”-
Ätzprozessen wurde mittels Profilsimulationen mit dem entwickeltenÄtzprofilsimulator
durchgef̈uhrt. Die Transportparameter der Ionen (Breite der Winkelverteilung),ätzender
Radikale (Absorptionswahrscheinlichkeiten von Fluor an der Seitenwand und am Boden),
und unges̈attigter Monomere (Absorptionswahrscheinlichekit) sind systematisch variiert
worden, um den Einfluß der verschiedenen Transportparameter auf die resultierenden Pro-
file zu untersuchen.

Für einen bestimmten Satz von Transportparametern (niedrige Fluor- und Mono-
mer-Absorptionswahrscheinlichkeiten, oder niedrige Monomer-Absorptionswahrschein-
lichkeit alleine) wird ein RIE-Lag-freies̈Atzregime f̈ur ein Zyklenverḧaltnis von 90 s
Ätzen und 90 s Passivieren vorhergesagt. RIE-Lag-frei bedeutet, dass dieÄtztiefe un-
abḧangig vom Durchmesser desÄtzgrabens ist. Das RIE-Lag-freiëAtzregime ẅurde je-
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doch bei einer Ausdehnung derÄtzzyklendauer auf 180 s nicht mehr vorhanden sein,
weil für ein 180/90 Zyklenverḧaltnis derÄtzzyklusüber den Pssvationszyklus dominiert.
Das deutet darauf hin, dass das Verhalten einesÄtzprozesses nicht von einem oder nur
von wenigen Parametern alleine, sondern vielmehr durch das Zusammenspiel vonÄtz-
und Depositionszyklus, welche wiederum von den Transportparametern, den Reaktions-
wahrscheinlichkeiten (für Ätzen oder Deposition) und vom Reaktandenfluß auf die Probe
abḧangen, bestimmt wird.

Diese komplexen Abḧangigkeiten des Verhaltens einesÄtzprozesses von den Trans-
porteffekten begr̈undet den Einsatz von Profilsimulatoren im Verlauf von Prozeßentwick-
lungen oder Optimierungen.

Die vorliegende Arbeit schlägt ein Profilsimulationsmodell für ”Gas-Chopping”-̈Atz-
Techniken vor, welches die Reaktionen von Radikalen, Monomeren und Ionen an der
Probenoberfl̈ache, sowie die grundlegenden Reaktanden-Transporteffekte berücksichtigt.
Daher ist der in dieser Arbeit entwicklete Profilsimulator insbesondere geeignet für die Si-
mulation von Profilen mit hohem Aspektverhältnis, die zunehmend wichtiger für die Her-
stellung von Mikro/Nano-Elektromechanischen Systemen (M/NEMS) oder mikroelektro-
nischer Bauteile werden.
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M. Irmscher, F. Letzkus, R. Springer, A. Degen, I. W. Rangelow, F. Shi, E. Sossna,
B. Volland, R. Engelstad, E. Lovell, and R. Tejeda:Comparison of silicon stencil
mask distortion measurements with finite element analysis, J. Vac. Sci. Technol. B
17 (6), pp. 3107–3111 (1999).

[7] P.W.H. de Jager, G. Derksen, B. Mertens, E. Cekan, G. Lammer, H. Vonach,
H. Buschbeck, M. Zeininger, C. Horner, H. Löschner, G. Stengl, A.J. Bleeker,
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