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Introduction
1

Project motivation

One cannot imagine our society without integrated circuits (I.C.’s). In addition to being
vital components of computers, these semiconductor devices can be found in all kinds of
consumer electronics and production lines. The impact of I.C.’s on everyday life is clearly
shown by the problems that threaten society on January 1, 2000 because of the millennium
bug in the (embedded) software of I.C.’s. The semiconductor industry is still growing and
new fields based on production techniques similar to those as I.C.’s emerge. An example
is the production of micro-electro-mechanical systems (MEMS). These devices include
mechanical parts like cantilevers and gears. The last two years, MEMS have also been

Figure 1: A gear chain as an example of micro-electro-mechanical systems
(MEMS). The left-hand figure shows the chain with a mite approaching. The
right-hand figure is a magnification of the gear train. The middle top gear is the
drive. With these devises rotation speeds of 250,000 rpm have been reached.
(Courtesy of Sandia National Laboratories’ Intelligent Micromachine Initiative;
www.mdl.sandia.gov/Micromachine.)

2
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photoresist
SiO2
n-type Si
i

ii
aluminum

p-type Si
iv

v

iii
drain

gate source

vi

Figure 2: Basic steps for the fabrication of a FET. In step i the desired pattern is
exposed on the resist layer. In step ii the pattern is transferred into the underlying
layer (in this case SiO2 ) by etching after which the residual photoresist is removed
(step iii). The last basic step is the doping of material or the (step iv) deposition
of new material, in this case aluminum (step v). Between step iv and v some
production steps are left out. Step vi shows the final device after the desired
pattern is transferred into the deposited aluminum.

integrated with ”traditional” electric I.C. components. The most widely used examples
of MEMS are the accelerometers in airbag systems of cars. Another example is shown in
Fig. 1.
The production process of I.C.’s and MEMS generally consists of three main steps,
which are repeated several times (5-20) before a complete device is finished. These steps
are shown in Fig. 2 for the case of a field effect transistor (FET). The first process is
the lithographic exposure with the desired pattern of a photoresist layer after which the
exposed (or non-exposed) area is removed by chemicals (step i). The next step is the
transfer of the resist pattern into the underlying layer by means of etching (step ii).
Here, surface atoms on the spots not covered by the photoresist are removed by means
of a chemical reaction. After the residual photoresist has been removed (step iii), the
underlying Si is doped (step iv). After this, SiO2 is deposited and the previous steps
are repeated. Finally, aluminum is deposited on top of the surface (step v). After the
aluminum has been patterned and etched, a complete I.C. has been made (step vi).
This thesis is about the etching process (step ii). In industry, this process is usually
carried out in plasma reactors 1 . In the plasma, the gas used (e.g. CF4 , CHF3 SF6 , Cl2
with possible additives like H2 , N2 or O2 ) is dissociated to produce the reactants for the
etching reactions. The plasma thus consists of ions, electrons, radicals, neutrals and even
negative ions (see Fig. 3 for a CF4 plasma). The gases used in the plasma always contain
halogen atoms like F, Cl or Br for their potential to etch silicon-based semiconductor
materials. Most commonly used reactor types for etching are capacitively coupled RFdiode sources, but nowadays inductively coupled sources are taking over (Fig. 3). These
new sources have the advantage that the energy of the ions in the plasma can be controlled

1 Project motivation

3

RF

Matching network

+

CF3

gas
+

F

CF
CF2

pump

+
+

(e.g. CF4)

Matching network
RF bias voltage

Figure 3: An inductively coupled plasma source with the possibility to independently control the ion energy incident on the wafer, as used to fabricate modern
integrated circuits.

independently of other plasma characteristics by using an additional bias on the wafer.
These new plasma sources offer more possibilities to ”turn the knobs” and find the optimal
settings for each etching application.
However, despite these improved possibilities to tune the plasma to the desired production conditions, fundamental knowledge becomes more and more important as I.C.
production reaches its fundamental limits. Over the last decades, the performance of
I.C.’s has been doubled about every 18 months. This is known as Moore’s law 2 . According to this law, predictions show that the feature size will decrease from 0.15 µm
nowadays to less than 50 nm around 2010 (Fig. 4). As a consequence, the number transistors will increase to 109 per chip. Present-day problems in etching trenches, such as
aspect-ratio dependent etching (ARDE or RIE-lag), micro-trenching and notching, will
limit the performance of future I.C.’s and thus have to be solved. This cannot be done
without fundamental studies, both experimental as theoretical of the underlying mechanisms behind these phenomena.
To study the etching process more fundamentally, it was decided to isolated the surface
reactions. A plasma by itself is already difficult to understand fundamentally, let alone a
situation where one has to include the interaction of the plasma with the surface, which results in etching. Thus the relevant ingredients of the plasma (neutrals, ions and electrons)
are simulated in a multiple-beam setup in which the separate beams are independently
controllable. Coburn and Winters were the first to do so 4 , and many studies followed 5 .
However, most experiments have only shown qualitative results. A more quantitative
approach would certainly be desirable. This thesis is about the research done on such

Chapter 1
1010
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4

103
1980

1990

2000

2010

year

Figure 4: Evolution of feature size and number of transistors per chip in integrated
circuits. The marks indicate the number of transistors for the chips of Intel 3 . The
observed trends indicate a doubling in the number of transistors per chip and a
decrease in line width by a factor of two every 18 months. This behavior is known
as Moore’s law.

a multiple-beam setup, called SCEPTER (Surface Chemistry Experiment for a Physical
Theory of Etch Reactions). This setup is designed to produce quantitative results 6, 7 . The
molecule XeF2 is used as a convenient source of halogen-containing neutrals. To simulate
the ions coming from the plasma, Ar+ ions are used whose energy can be varied in order
to discriminate between chemistry and energy effects.
In the next section, first the experimental setup is described in detail after which the
layout of this thesis is elaborated.

2

Experimental setup

Here an abridged description of the experimental setup is presented. A fairly complete
description of the setup has already been given by Vugts et al. 8 . A short overview will
be given in each chapter which focuses on the parts of the setup, which are important for
the experiments described in that chapter.
The setup consists of two vessels connected by a pair of flow resistances and a differential
pumping stage (Fig. 5). The sample chamber has a semi-spherical flange, in the center
of which the sample is positioned. This flange has six ports that are used to direct the
possible beams of neutrals, ions, electrons and photons towards the surface of the Si
sample (Fig. 6). This chamber is pumped by a serial configuration of two turbomolecular
pumps of 500 `s−1 and 50 `s−1 , respectively. The sample is mounted on a sample holder
by a nickel retainer plate which serves for calibration. The sample holder can be heated
by a coaxial heating wire and is connected to a liquid nitrogen vessel by a copper braided
wire for cooling the sample below room temperature. The temperature is measured by

2 Experimental setup

5

sample
chamber
5

1
4
2

3

8

6
7
0

250

detector
chamber

500 mm

Figure 5: Horizontal cross section of the multiple-beam setup. 1) sample, 2) central
semi-spherical flange, 3) differential pumping stages, 4) flow resistance, 5) sample
holder with liquid nitrogen vessel, 6) ionizer, 7) ion optics and quadrupole mass
filter, 8) ion gun. The electron gun and XeF2 supply are not shown (out of
horizontal plane).

photons
XeF2

(45 , 90 )

(52 , 135 )

sample

Ar+ ions

electrons
(52 , 45 )

=0

(45 , 180 )

CDA

product analysis
to QMS
( , )= (0 , 0 )

Figure 6: Schematic picture of the different beams representing the plasma ingredients (neutrals, ions, electrons and photons) in SCEPTER. The polar angles
(θ, φ) of each beam are indicated.
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a coaxial thermocouple (alumel/chromel) 1 mm behind the sample. Furthermore, the
sample holder is electrically isolated from the rest of the setup by a piece of ceramic in
order to be able to measure the ion current by an electrometer connected to the sample.
The XeF2 gas is supplied to the surface by a multichannel array which produces a
strongly peaked flow on the sample. The XeF2 (at room temperature a white crystal) is
contained in a small temperature controlled vessel connected to the multichannel array
by a capillary (0.17 mm diameter and 10 mm length) that serves as a flow resistance. The
XeF2 flow is controlled by adjusting the temperature of the XeF2 vessel with a Peltier
element. Because of the strong temperature dependency of the vapor pressure of the
XeF2 -crystal, the XeF2 flow on the Si surface can be set in the range from 0.06 ML/s to
3.6 ML/s.
The ions are produced in a Kratos WG 537 Macrobeam ion gun. The Ar gas is
injected into the ion gun with a needle valve. The ion gun is differentially pumped by a
turbomolecular pump (150 `s−1 ). The ion energy can be varied from 0.5 to 2.5 keV and
the maximum ion current is 10 µA, corresponding to a flux of 0.1 ML/s on the Si sample.
The mass spectrometer is placed in the detector chamber which is pumped by a 50 `s−1
ion-getter pump. The flow resistances, which are differentially pumped by a 25 `s−1 iongetter pump, act as an angular selector which ensure that 85% of the mass spectrometer
signal consist of species which directly leave the sample surface and reach the ionizer
without wall collisions. The central detection area (CDE) of the sample as seen by the
mass spectrometer has a diameter of 3 mm. In the ionizer the reaction products are
ionized by a 70 eV electron beam. The resulting ions are extracted and injected in a
Balzers quadrupole mass spectrometer. The mass selected ions are then detected by an
electron multiplier.

3

Scope of this thesis

The reaction layer plays a crucial role in the etching of silicon as described in the previous
section. During spontaneous etching, a thick reaction layer is formed on the surface with
a high fluorine content. This reaction layer was the main subject in the thesis of Vugts 7 .
This thesis is the follow-up of Vugts’ thesis and is about the reaction layer dynamics
during ion-assisted etching. Each chapter treats a complete subject and may be read
independently.
Since the work presented in this thesis relies heavily upon previous work done on
SCEPTER, the state of the art at the beginning of this thesis work will be summarized in
chapter 2. It will serve as an introduction on the etching of Si in a multiple-beam setup
and it will list open questions still to be answered.
In chapter 3, the extreme sensitivity of the etching process to small concentrations
of metal contamination is reported. Chapter 4 treats the dynamics of the reaction layer
under ion bombardment on the time scale of 1-100 s at room temperature. To describe the
experimental results, previously developed models are used. In chapter 5, the dynamics
of the reaction layer under ion bombardment are studied as a function of the sample
temperature in the range of 150−800 K. Below 150 K the XeF2 condenses on the surface
and forms a thick layer that blocks the etching. The ion-induced dynamics of this specific

4 Status of chapters

7

reaction layer of condensed XeF2 is studied in chapter 6.
So far, the reaction layer has exclusively been studied by mass spectrometry, which is an
indirect method. A technique to directly measure the characteristics of the reaction layer
is ellipsometry. In chapter 7 this technique is introduced and the assembly on SCEPTER
together with a sample exchange mechanism is described. Also the first ellipsometric
results will be presented. Finally, in chapter 8, some remarks will be made about possible
future research.

4

Status of chapters

Chapters 3 to 6, which form the main part of this thesis, have all been submitted for
publication in the Journal of Vacuum Science and Technology. Because of this, some
overlap between the chapters was inevitable. In order that only one version of each
chapter is in circulation, it was chosen to print the chapters in this thesis in the same
form as published. Notes added at a later stage after submission or publication of the
paper, are included as footnotes. The status of each chapter is:
• Chapter 3: published in J. Vac. Sci. Technol. A 17, 755 (1999).
• Chapter 4: accepted for publication in J. Vac. Sci. Technol. A 17, Nov./Dec. issue
(1999).
• Chapter 5: submitted to J. Vac. Sci. Technol. A for publication.
• Chapter 6: in revision after acceptation for publication in J. Vac. Sci. Technol. A.
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2
Etching of silicon
1

Introduction

In general, three steps must be accomplished before etching can take place: (1) reactant
adsorption, (2) chemical reaction to produce reaction products, and (3) desorption of
reaction products. In this section a short summary of these steps is given for the case
that Si is etched by XeF2 and Ar+ ions, as measured by Vugts 1 . First the theory of
spontaneous etching (i.e. etching without ions) will be presented, followed by the theory
of ion-assisted etching. After this review of the present knowledge about Si etching, some
questions will be raised about (ion-assisted) Si-etching which still need to be answered to
provide a full understanding of Si etching.
To describe the etching process quantitatively, we introduce the reaction probability 
of XeF2 , defined by:
Φs (XeF2 ) − Φ(XeF2 )
.
(1)
=
Φs (XeF2 )
Here, Φs (XeF2 ) is the incoming XeF2 flux on the sample and Φ(XeF2 ) the XeF2 flux that
does not react with the silicon and leaves the surface again. The formation of reaction
products SiFx is expressed by the product formation probability δx :
δx =

x Φ(SiFx )
.
2 Φs (XeF2 )

(2)

Here, Φ(SiFx ) is the flux of SiFx reaction products desorbing from the surface.

2

Spontaneous etching

In the absence of ions, XeF2 reacts spontaneously with Si with a reaction probability of
 ≈ 0.2 at room temperature. In the case of spontaneous etching at room temperature
SiF4 is the only reaction product: δ4 =  = 0.2. Before the XeF2 reacts with the Si it
first physisorbs in a precursor state. Since the etch rate is proportional to the XeF2 flux
over a wide flux range, the precursor layer must be low at room temperature under our
experimental conditions.
As a function of temperature, the etch rate is determined by the desorption of the
reactant XeF2 from the precursor state with a desorption energy of Ed = 32±4 meV. Thus,
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Figure 1: Production coefficients δ4 and δ2 for SiF4 and SiF2 formation, respectively, and the reaction probability  for spontaneous etching as a function of
temperature T .

the precursor concentration and the reaction probability  increase when the temperature
is lowered (Fig. 1). At 150 K the reaction probability  = 1. Below this temperature
condensation of XeF2 on the surface blocks the etching process. In the temperature range
T = 150 − 600 K, SiF4 is the only reaction product. Above 600 K, also SiF2 with a
desorption energy E2 = 260 ± 30 meV becomes a significant reaction product. This
results in an increase of the total reaction probability  for T > 600 K (Fig. 1).
The temperature dependence of the formation probabilities δ4 and δ2 for SiF4 and SiF2 ,
respectively, during spontaneous etching can now be described by the following Arrhenius
equations
δ4 = δ4,0 eEd /kB T ,
δ2 = δ2,0 e−E2 /kB T ,
 = δ4 + δ2 .

(3)
(4)
(5)

Summarized, spontaneous etching can be described by the following global reaction
scheme:
XeF2 (g)
XeF2 (p) + Si(s)
XeF2 (p) + SiF2 (s)
SiF2 (s)

−→
←−
−→
−→
−→

XeF2 (p),
Xe(g) + SiF2 (s),
Xe(g) + SiF4 (g),
SiF2 (g).

(6)
(7)
(8)
(9)

The first step describes the physisorption of XeF2 in a precursor state. Because of thermal
desorption, physisorbed XeF2 can also leave the precursor state again as XeF2 gas. Step 2

3 Ion-assisted etching
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Figure 2: Schematic representation of the formation of the reaction layer. For a
low XeF2 dose (< 102 ML), a monolayer coverage with SiFα species is formed
which gradually changes into a complex structure with Siy Fβ chains.

describes the formation of a fluorinated surface, modeled with SiF2 surface species. Step 3
describes the etching reaction of the formation of volatile SiF4 which leaves the surface
spontaneously. Finally, step 4 describes the desorption of SiF2 surface species, which only
becomes important above 600 K.
In the global reaction scheme for spontaneous etching, it is assumed that the reaction
layer consists of SiF2 species. However, in reality the reaction layer is far more complicated. When starting on a clean Si surface, it takes over a XeF2 dose D = t · Φs (XeF2 ) =
104 ML to reach a steady-state reaction layer at room temperature. When the XeF2 flux
is turned on, first a monolayer coverage (Fig. 2) is formed consisting of SiFα (0 < α < 4)
surface species. After about 102 ML XeF2 this monolayer coverage gradually changes into
a multilayer coverage with complex Siy Fβ chains (Fig. 2). In this case the fluorine content
of the reaction layer can be as high as 40 ML. These chains lead to the formation of SiF4
[Eq. (8)].
Both at temperatures below and above room temperature the fluorine content of the
multilayer coverage decreases and the reaction layer becomes more like a monolayer coverage.

3

Ion-assisted etching

In the presence of ions the reaction probability  increases from 0.2 to 0.83 at room
temperature for high ion-to-neutral flux ratios (Fig. 3). In addition to an increased SiF4
production, SiF2 is also released from the surface by the ion bombardment. The SiF4 and
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Figure 3: Reaction probability  as a function of the ion-to-neutral flux ratio R in
the case of ion-assisted etching.

SiF2 productions account for 90% of the reaction products released from the surface. In
Fig. 3 the reaction probability  of the XeF2 is shown as a function of the ion to neutral
flux ratio R for various XeF2 fluxes. The enhancement by ions is only dependent on this
Ar+ /XeF2 -flux ratio. For a flux ratio of R = 0.1 a saturation is reached and the reaction
product formation is limited by the impinging XeF2 flux. The enhanced release of SiF4
during ion-assisted etching is generally explained by chemical sputtering, defined as the
production of weakly bound species by ion bombardment, followed by desorption. The
release of SiF2 is explained by physical sputtering, defined as the direct release of surface
species upon ion impact. Chemical sputtering accounts for about 40% of the reaction
product formation and physical sputtering for about 60% in the limit of high R.
A global reaction scheme in the case of ion-assisted etching looks like:
−→
(10)
XeF2 (g) ←− XeF2 (p),
XeF2 (p) + Si(s) −→ Xe(g) + SiF2 (s),
(11)
XeF2 (p) + SiF2 (s) −→ Xe(g) + SiF4 (g),
(12)
SiF2 (s) −→ SiF2 (g),
(13)
SiF2 (s)
SiF2 (s)

Ar+

−→
Ar+

−→

SiF4 (g),

(14)

SiF2 (g).

(15)

Here, the first 4 steps are the same as in the case of spontaneous etching. Due to a
thinner reaction layer during ion bombardment, the spontaneous SiF4 formation [Eq. (12)]
decreases. The total SiF4 production increases again due to step 5 which describes the ioninduced formation of SiF4 from SiF2 surface species (chemical sputtering). A more detailed
reaction pathway is not known. Finally, step 6 describes the ion-induced desorption of
SiF2 surface species (physical sputtering).

4 Open questions
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Figure 4: Enhancement of the reaction probability  and the SiF4 formation probability δ4 as a function of temperature for an ion-to-neutral flux ratio R = 0.012.
The vertical dashed line indicates the condensation point of XeF2 at T = 150 K.
At T = 250 K a maximum enhancement is observed.
The enhancement of  and δ4 as a function of temperature is shown in Fig. 4. These
measurements were done at R = 0.012. A maximum enhancement in both  and δ4
is observed around T = 250 K. At T < 200 K the SiF4 production decreases by ion
bombardment, i.e. ∆δ4 < 0. This negative enhancement is explained by a decrease
in the precursor concentration. Below T = 150 K, spontaneous etching ceases due to
XeF2 condensation, but in the presence of ion bombardment, the etching continues due
to sputtering. A simple description of the reaction products in terms of SiF4 and SiF2
is no longer possible as a function of temperature. The distribution (with important
contributions of SiF3 and SiF) is more complex and also temperature dependent.

4

Open questions

In the case of spontaneous etching, we have a clear picture. However, in the case of ionassisted etching, despite numerous studies many questions remain about the specific role
of ions and the structure of the reaction layer 2, 3 . First, the term ”chemical sputtering”
is frequently used as a common denominator to explain the enhanced SiF4 production by
ion bombardment. However, this terms leaves many reaction pathways open which lead to
the formation of SiF4 . A second question in ion-assisted etching is how ion bombardment
increases the reaction probability. The enhanced product formation and release during
ion bombardment is known, but the necessarily larger sticking probability of fluorine is
not yet understood. Only a qualitative description can be found in literature 4 , which
explains the higher reaction probability by a thinner reaction layer.
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The key to the answer to these questions may be found in the structure of the reaction
layer. In the case of ion-assisted etching only papers have been published about ex situ
characterization of the reaction layer during the ion bombardment 5–7 . This still does
not give a complete picture, because the reaction layer might be changed during the
transport of the sample. Although it has been proposed that the reaction layer becomes
thinner during ion bombardment 6–8 , a detailed description of the reaction layer during
ion-assisted etching has not been given, let alone as a function of temperature.
Even when all of the above questions are answered, still a gap remains between the
etching in a molecular beam setup and etching in a plasma reactor. For example, studies
of etching in a plasma reactor show that the reaction layer thickness increases with ion
bombardment, opposite to the observations in beam setups 9 . Only when a link between
both worlds has been established, the microscopic knowledge from beam etching can be
used to understand the macroscopic features observed in plasma etching.
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3
Silicon etch rate enhancement
by traces of metal
Abstract
We report the effect of nickel and tungsten contamination on the etch behavior of silicon. This
is studied in a molecular beam setup, where silicon is etched by XeF2 and Ar+ ions. The etch
process is directly monitored by the SiF4 reaction products which leave the surface. The effect
of contamination appears very pronounced after the ion beam is switched off: it leads to a
temporary enhancement of the spontaneous etch rate on a time scale of 500 s. With traces of
contamination on the order of 0.01 ML, the etch rate may be enhanced by a factor of 2 for W and
somewhat less for Ni. It is concluded that the contamination moves into the silicon by diffusion
to vacancies created by the Ar+ ions. For 1 keV Ar+ ions the contamination moves to a depth
of 25 Å, comparable to the penetration depth of the ions. After etching a 170 Å thick layer, the
catalytic effect of contamination is reduced to less than 5%. A simple model, which describes
the measured effect of contamination very well, indicates that only 3% of the contamination
is removed when a monolayer of silicon is etched away. Besides this catalytic effect, there are
indications that contamination can also lower the etch rate under certain conditions, because
of the formation of silicides. From the measurements no conclusions could be drawn about the
underlying mechanism of etch rate enhancement.

1

Introduction

During the production of an integrated circuit, a wafer can suffer several types of contamination which may influence the next step in the process and the final reliability of
the device. As dimensions of features are still decreasing, damage to the wafer becomes
more critical. The main form of contamination consists of traces of metal, sputtered from
walls or electrodes, which are deposited on the surface of a wafer. Depending on the
type of reactor and materials used for electrodes, traces of Ca, Fe, Zn, Cr, Mn, Ni, Cu
and K in the range from 0.01 to 0.4 ML may be found on the wafer after etching. Even
after extensive cleaning some of these contaminants remain on the surface 1 . Another
source of contamination consists of solutions used for, e.g., resist development which may
leave traces of Na and K on the surface 2, 3 . The increasing concern about contaminants
is illustrated by the development of sensitive equipment to detect even smaller traces of
contamination 4 .
As we focus on the effect of contamination on the etch behavior, the intentional doping
of silicon with, e.g., B or P may also be regarded as contamination of the wafer. Contamination can have different effects on the etch behavior. Some contaminants (e.g. B 2 )
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reduce the etch rate, but most contaminants (K, Na 2, 3 ; Cu 5, 6 ; and P 7 ) increase the etch
rate. The effect of metal contamination has so far only been studied for Cu on silicon.
Some monolayers of Cu may increase the etch rate of silicon by F2 by a factor of 100 at
temperatures above 60 ◦ C. At room temperature no significant effect was reported 5, 6 .
The contamination of Cu can also result in anisotropic etching 6 . The effect of tungsten
contamination has been described briefly in an appendix of a paper by Vugts et al. 8 and
the authors initially attributed the effect to damage-enhanced etching 9 .
In this study we report on the effect of nickel contamination on the etch behavior of
silicon by XeF2 and Ar+ ions at room temperature. The effect of contamination is found
to be very pronounced when the Ar+ ions are switched off. Under clean conditions, the
etch rate drops to the spontaneous etch level within several seconds after the Ar+ ions have
been switched off. In the presence of contamination, the etch rate also drops initially, but
then increases temporarily and reaches the steady state situation of spontaneous etching
again on a time scale of 500 s.
In Sec. 2 the experimental setup and the sources of contamination are described. In
Sec. 3, the effect of nickel contamination is studied as function of XeF2 flux, ion flux and
ion energy. As a function of these parameters, the effect of the contamination changes.
This observed behavior is explained in Sec. 4 by a diffusion process of the contaminants
to vacancies produced by the Ar+ ions in the silicon. This mechanism is simulated with
a simple model which describes the observed behavior very well. Furthermore, previously
measured contamination effects of tungsten 9 are compared with those caused by nickel.
This leads to a consistent picture of the influence of metal contamination. In Sec. 6 the
conclusions are summarized.

2
2.1

Experimental setup
Apparatus

The multiple-beam setup is described in detail by Vugts et al. 10 . We limit ourselves to a
brief description of the key features used in this study.
The silicon sample is placed at the intersection of the XeF2 beam and the Ar+ beam in
a UHV chamber (10−8 mbar) on a temperature controlled sample holder (100−1000 K).
In this study, all measurements are performed at room temperature. The Si(100) samples
(n type, phosphorus, 2−3 Ω cm) are cleaned with HF to remove native oxide before being
mounted. Several samples are used during the experiments. The XeF2 beam and Ar+
beam are incident under 52◦ and 45◦ , respectively, with respect to the surface normal.
The sample is attached to the electrically insulated sample holder by a nickel retainer
plate, with an opening of 5 mm in diameter (Fig. 1).
The XeF2 gas is supplied by a multi-capillary effusive gas source. During the experiments a XeF2 flux Φs (XeF2 ) of 2 and 3 ML s−1 is used. For silicon 1 ML corresponds to
6.86 × 1018 m−2 . For the Ar+ beam, the ion energy is 1 keV, and its intensity is given in
terms of the total ion current in µA hitting the Si sample and Ni retainer plate (Fig. 1 and
Sec. 3). The ion current is not corrected for the influence of the emission of secondary
electrons.
The etch reaction is monitored by a quadrupole mass spectrometer (QMS) in a separate
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Figure 1: Sample holder. The various sizes of the components are indicated in mm.
As the Ar+ ion beam partly hits the nickel retainer plate, Ni + can be sputtered
and deposited on the Si sample (hatched) by a bias voltage of −100 V.
UHV chamber (< 10−8 mbar) positioned along the surface normal of the sample. The
central detection area (CDE) seen by the QMS is 3 mm in diameter. With the mass
spectrometer, the nonreacted XeF2 flux Φ(XeF2 ) (XeF+ signal) and the reaction product
SiF4 (SiF+
3 signal) are measured. From the XeF2 flux Φs (XeF2 ) leaving the inert Ni and
the nonreacted XeF2 flux Φ(XeF2 ) leaving the Si surface, the reaction probability  of the
XeF2 is calculated
Φs (XeF2 ) − Φ(XeF2 )
.
(1)
=
Φs (XeF2 )
The SiF4 signal yields the production coefficient δ4 , defined by
δ4 =

4 Φ(SiF4 )
.
2 Φs (XeF2 )

(2)

As SiF4 is the only reaction product at room temperature, it follows from the F-atom
balance that  = δ4 in a steady-state situation, which is used as a calibration of the
production coefficient δ4 . The silicon etch rate R (ML/s) at any moment is now easily
calculated by:
δ4
(3)
R = Φ(SiF4 ) = Φs (XeF2 ).
2
For Si(100) the etching of 1 ML corresponds to a depth of 1.38 Å. Equation (3) only
holds for spontaneous etching at room temperature. For ion-assisted etching SiF2 is also
produced and this has to be taken into account in the F-atom mass balance 8 .
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2.2

Sources of contamination

Nickel
The nickel retainer plate used to clamp the silicon sample (Fig. 1) was found to act as a
source of Ni contaminants, since Ni is sputtered from this cover under ion bombardment.
The sputter yield is 1.7 atoms/ion for Ni when bombarding with 1 keV Ar+ ions at
normal incidence 11 . Ni+ ions will also be sputtered 12, 13 and by applying a negative bias
(−100 V in our experiments), these ions can be deflected towards the silicon. The nickel
contamination was confirmed by low energy ion scattering measurements as a diagnostic
tool (see Sec. 3). The measurements were performed in a setup similar to the energy
resolved ion scattering spectrometry (ERISS) setup with 5 keV Ne+ ions 14 . With this
method only the top layer of the sample is analyzed and a low ion current is being used
to prevent damage to the sample. Deeper layers have been analyzed after the silicon has
been sputtered by Ne+ ions with a higher current.
Tungsten
The source of tungsten contamination (reported previously 8 ) is an ionization gauge. The
tungsten filament of the gauge reacts with residual XeF2 which results in the formation
of WF6 . This process is enhanced by electron and ion impact 15 . Thus a background of
WF6 is formed in the vessel and WF6 can be deposited on the Si, although the gauge
is completely out of sight of the sample. No WF+
x signal in the mass spectrometer was
8, 9
reported , but the signal is probably below detection limit. The contamination by WF6
can be eliminated by a liquid N2 vessel which acts as a cryopump for both XeF2 and WF6 .
In contrast to the Ni contamination, which is produced only if the ion beam is on, this
W is ever present when the ionization gauge is switched on. During the measurements
presented here, the ionization gauge was always switched off and the liquid N2 vessel was
filled.

3
3.1

Experimental results
Etch behavior

Figure 2 shows the response of the production coefficient δ4 when the Ar+ ions are switched
off. In the upper graph no contamination is present and, within a few seconds, the production coefficient δ4 drops to the production coefficient measured before the ion bombardment. However, in the presence of nickel contamination (see Sec. 3.3), the SiF4
production is temporarily enhanced (lower graph of Fig. 2). On a time scale of 500 s
the spontaneous value is recovered. For the measurements described here, the production
coefficient δ4,0 of SiF4 for spontaneous etching in a steady-state situation was measured
to be
(4)
δ4,0 = 0.15 ± 0.03.
In Fig. 3 the influence of the XeF2 flux is shown for 2 and 3 ML/s. In these measurements
the sample was bombarded with ions for 60 s. To compare the different fluxes, the time
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Figure 2: Effect of contamination on the production coefficient δ4 for SiF4 . On
t = 0 the Ar+ ions are switched off. In case of a clean surface (upper plot), the
etch rate drops immediately to the spontaneous value δ4,0 . In the presence of contamination we observe a temporary increase (hatched area) until the steady-state
value δ4,0 is reached after 500 s. The maximum increase at t = 60 s varies, depending on the specific conditions. The maximum enhancement may even become
equal to the ion-assisted etch rate.

axis t is replaced by the total dose D of XeF2 that reached the sample after the ions have
been switched off
D = Φs (XeF2 ) × t.
(5)
From the measurements it is seen that the temporary enhancement appears for both fluxes
at the same dose of XeF2 . The maximum enhancement during the experiments differs
with time and sample. From the measurements of the beam shape, it is concluded that
this can be explained by differences in the shape of the ion beam caused by differences in
the argon gas feed in the ion source.
We conclude that the source of the enhancement is located in a layer that needs to be
removed by etching before the enhancement disappears. It is easily calculated that the
maximum enhancement is reached after etching 18 ± 5 ML (25 Å) and that the effect
of contamination is reduced to less than 5% after 120 ± 15 ML (170 Å) has been etched
away.
In Fig. 4 the influence of the ion current is shown. The sample was bombarded with
ions for 180 s. It thus follows that the maximum enhancement is reached after a number
of Si layers has been removed, ranging from 30 ML for the highest currents to almost zero
at 1.4 µA. The maximum enhancement, however, drops for higher ion currents. For the
highest ion current, δ4 even drops below the spontaneous value δ4,0 immediately after the
ions have been switched off.
The influence of the ion bombardment time Tion on the etch rate enhancement is shown
in Fig. 5. These measurements were done for an ion current of 6 µA. The maximum
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Figure 3: Influence of the XeF2 flux on the enhancement of the production coefficient. The horizontal scale is the total dose of XeF2 after the ions have been
switched off. Measurements are shown for XeF2 fluxes of 2 and 3 ML/s.
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Figure 4: Influence of the ion current. Shown is the response after the ion beam
is switched off, for various ion currents with bombardment time Tion =180 s.
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Figure 5: Enhancement for various values of the ion bombardment time Tion .
Shown is the response after bombardment times of 30, 60 and 120 s at an ion
current of 6 µA.
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Figure 6: Influence of the ion energy on the enhancement. The average response of
three measurements is shown for 1 and 2.5 keV Ar+ ions after the Si is bombarded
with a 6 µA ion current for 60 seconds.
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Figure 7: Ion beam profile as measured with a wire scanner of width 1 mm. The
graph shows the profile as used for the measurements in this article.

enhancement increases with increasing bombardment time, but appears after about the
same dose of XeF2 .
The influence of ion energy is shown in Fig. 6. The measurements were done with an ion
current of 6 µA during 60 s. It is clearly shown that the point of maximum enhancement
moves deeper into the silicon for higher energy. Also, directly after switching off the ions,
the etch rate drops below the spontaneous rate for the 2.5 keV ions. The same effect was
measured for the highest ion current as shown in Fig. 4.

3.2

Measurements of the ion beam shape

In order to confirm the sputtering of nickel from the retainer plate, the shape of the ion
beam is analyzed in a separate experiment. This is done by mounting a wire (double
wound 0.5 mm Ni wire) vertically on the sample holder instead of a silicon sample. The
wire is electrically insulated from the sample holder and placed 2 mm above it. The current
of the ion beam hitting the wire (in the order of nA) is measured with an electrometer.
In Fig. 7 the shape of the ion beam is shown. The beam has a Gaussian central peak
with a width of 5 mm and a very broad background. The asymmetric dip in ion current
around x =-8 mm is explained by the influence of secondary electrons. These electrons
are emitted in forward direction with respect to the ion beam, incident at 45◦ , from the
sample holder behind the scanning wire. These electrons thus have a maximum influence
on the total measured current when the ion beam is on the left of the scanning wire and
the electrons are “reflected” to the wire. From this beam profile, we see that about 50% of
the ions hits the nickel retainer plate, since the ion beam is much wider than the exposed
silicon sample with a diameter of 5 mm. In later experiments, the broad wings of the
ion beam profile could be reduced by using a higher argon pressure in the ion source and
improving the focus and width of the ion beam.
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Surface analysis

An etched Si sample used for the measurements described in the previous section was taken
out for surface analysis. This sample was etched for 1000 s at a XeF2 flow of 3 ML/s
and a 1 keV ion beam of 6.0 µA, after the surface was cleaned from previous runs by
spontaneous etching. The XeF2 flow and ion current were stopped simultaneously. Lowenergy ion scattering spectroscopy (LEIS) measurements showed no contamination on the
surface. A repeated measurement after sputtering a layer with a depth of an estimated
30 Å showed a nickel concentration of approximately 0.01 ML. This nickel contamination
together with the beam shape confirms the earlier conclusion that sputtered nickel from
the retainer plate causes the observed etch behavior displayed in Figs. 3−6.

4
4.1

Discussion
Mechanism of enhancement by contamination

In the previous section, the measurements show that the appearance of the enhancement
clearly depends on the ion bombardment. The effect of ions on contaminants deposited
on a surface of silicon has been described by Hart et al. 16 . After deposition of 0.13 ML
Cu on Si, they found that copper, when bombarded with 20 keV Ne+ ions, moves into the
silicon as deep as 600 Å instead of being sputtered. When successively bombarding this
silicon with 800 eV Ar+ ions, they found that copper moves back towards to surface to a
depth of less than 125 Å. From these results it was concluded that the copper moves into
the silicon by the mechanism of enhanced diffusion by defect production, these defects
being created in the silicon by the energetic ions. The copper atoms thus migrate to
depths comparable to the penetration depth of the incident ions.
This mechanism of enhanced diffusion presumably also causes the nickel contamination
to move into the silicon. In order to further corroborate this conjecture, we developed
a model. To simulate the vacancy distribution for 1 keV Ar+ ions as a function of the
depth d we use the “TRIM” program developed by IBM 17 . The ion angle is set at
45◦ with respect to the surface normal, in agreement with the experimental setup. The
vacancy distribution v(d) (Å−1 ) as calculated with “TRIM” is transformed to an average
distribution <v(d)> to include the movement of the surface due to the etching with a
rate R = 0.5 δ4 Φs (XeF2 ). This procedure is schematically shown in Fig. 8. The ion
bombardment starts at t = 0 and ends at t = Tion . Since a depth z = d at t = Tion
corresponds to a depth d + Tion R at t = 0, the average vacancy distribution is calculated
by integration over this range of depths, that contributes to the creation of vacancies at
the final depth z = d
Z Tion
1
v[d + (Tion − t0 )R]dt0 .
(6)
<v(d)>Tion =
Tion 0
A steady-state distribution is reached when Tion R > dmax , with dmax the maximum penetration depth of the ions. In Fig. 9 the calculated vacancy distribution v(d) (solid line) is
shown as well as the steady-state distribution <v(d)> (dotted line) for 1 keV Ar+ ions on
silicon. Since a steady-state distribution is reached in our experiments after about 30 s
of ion-assisted etching, this distribution is used.
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z=d

Figure 8: Schematic view of the surface position during ion-enhanced etching, as
used for the calculation of the steady-state vacancy distribution during ion-assisted
etching from t =0 to t = Tion . The depth d is defined with respect to the surface
position at t = Tion when the etching is stopped.

From our etching results it was concluded that the maximum enhancement appears
after etching a layer with thickness of about 18 ML. From Fig. 9 it can be seen that,
at this depth, the concentration of vacancies has been reduced to 10% of its value at
the surface. Thus the maximum enhancement corresponds very well to the depth range
of the vacancies. It was also observed that the effect of contamination disappears only
after etching of 120 ML. This is much deeper than the ion range. We conclude that a
large fraction of the nickel is not etched but remains on the surface. Nickel thus has a
catalytic effect on the etch rate of silicon. This explains that the position of the maximum
enhancement corresponds to dmax , since at this point all nickel in the sample has been
accumulated on the surface. Figure 6 shows that increasing dmax of the ions by increasing
the ion energy indeed causes the nickel to move deeper in the silicon.
The above description is correct only if the diffusion of the nickel atoms is fast enough
to follow the movement of the surface and the vacancy distribution. Only under these
conditions, the nickel will move as deep as the ion penetration depth dmax . As the diffusion is assumed to be governed by the vacancy mechanism, the diffusion coefficient should
increase with the vacancy concentration 18 and thus with ion current or ion energy. Consequently, as a function of the ion current, the nickel should move deeper into the silicon.
This can indeed be seen in Fig. 4, where the maximum enhancement and thus the nickel
moves deeper into the silicon with increasing ion current.

4.2

Model

To obtain more insight in the process of etching in the presence of contamination, the
measurements were simulated with a simple model. The nickel diffusion is assumed to
be fast enough to follow the moving surface. The average vacancy distribution <v(d)>
is thus used as the distribution function for the Ni contaminants. The total etch rate
is given by the sum of the spontaneous etch rate [Eq. (3)] and the enhancement due to
the nickel contamination. The enhancement is assumed to be linear in the amount of
nickel on the surface with a proportionally factor α. In our simulation the etch rate Ri
for monolayer i depends on the amount of nickel Ci in this monolayer. The etch time of
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Figure 9: Solid line: vacancy distribution v(d) calculated with “TRIM” for 1 keV
Ar+ ions incident at 45◦ . The dashed line corresponds to the steady-state vacancy
distribution when the movement of the surface is included.

this monolayer is equal to 1(ML)/Ri . It is assumed that the nickel is removed from the
surface with an efficiency γ, with 0 < γ < 1. The total amount of nickel Ci on the surface
of monolayer i is thus equal to the sum of the amount of nickel diffused in monolayer i
and the fraction (1 − γ)Ci−1 , which remains on the surface after monolayer i − 1 has been
etched. The total amount of nickel diffused into the silicon is Ctot . This results in the
following equations:
Ci = (1 − γ)Ci−1 + Ctot <v(i)> ×1(ML),
δ4
Ri = ( + αCi )Φs (XeF2 ),
2
ti = ti−1 + 1(ML)/Ri .

(7)
(8)
(9)

With Eqs. (7) through (9), the etching of the contaminated layers is simulated in a
computer program. To compare this model with the measurements we effectively have
two independent fitting parameters: the nickel removal efficiency γ and the total amount
of nickel Ctot diffused into the silicon. We will now compare the various experimental
observations with the results of this model.
Nickel contamination
With this model of Eqs. (7) through (9) the data of Fig. 5 with nickel contamination
as a function of the ion bombardment time Tion were simulated. These measurements
were done for the highest ion current and thus should best match the assumption of fast
diffusion. In the simulation it is further assumed that the total amount of nickel Ctot is
proportional to the ion bombardment time Tion . The result of the simulations is shown
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Figure 10: Results of the simulation (dotted curves) of the temporary enhancement
by nickel contamination for various bombardment times for the data of Fig. 5.
in Fig. 10 (dotted line). The removal efficiency is set at γ = 0.035 throughout ∗ . As can
be seen in the figure, the model simulates the experimental data well with only two free
parameters to describe all three curves.
Tungsten contamination
The model may also be applied to the measurements with tungsten contamination (Fig. 8
of Ref. [9]). These measurements were performed with 0.5 keV Ar+ ions and a XeF2 flux
of 0.6 ML/s. In the simulation the vacancy distribution for 0.5 keV Ar+ ions was used.
During these experiments, no steady-state vacancy distribution is reached for low ion
bombardment times and this has been taken into account in the simulations. In Fig. 11
the experimental data 9 and the model are presented 19 . For these measurements the
maximum enhancement saturates in time and the parameter Ctot is adjusted in such a
way as to get the same maximum enhancement for each bombardment time. The removal
efficiency is held constant at γ = 0.035, which describes the decrease of the etch rate
again well for long ion bombardment times.
It is seen that the position of maximum enhancement is not reproduced very well by
the model. This can be explained by a limited diffusion of the tungsten causing it to
be closer to the surface. One reason is that less vacancies are produced for 0.5 keV Ar+
ions than for 1 keV ions. Also the diffusion coefficient may be lower for tungsten. For
longer bombardment times, however, the contamination has more time to move deeper
into the silicon and move closer to the penetration depth of the ions. With a steady-state
vacancy concentration, increasing the bombardment time does not change the vacancy
∗

An analysis of the sensitivity of the model curve to the value of γ reveals that γ = 0.035 ± 0.01
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Figure 11: Measurements (solid curves) and simulation (dotted curves) for the
temporary enhancement due to tungsten contamination. The parameter α, determining the maximum enhancement, is manually adjusted to compensate for the
saturation of the maximum enhancement as a function of Tion .

concentration. Consequently, in this case when contamination moves deeper into the
silicon, this is only a diffusion phenomenon with a constant diffusion coefficient. In Fig. 11
it can be seen that the positions of maximum enhancement (in XeF2 dose) as measured
and calculated with the model match better for longer bombardment times, confirming
the diffusion model as the underlying mechanism of contamination transport.
Possible reaction products for W and Ni to leave the surface are WF6 and NiF2 . As
both metals show the same removal efficiency of γ = 0.035, we conclude that the volatility
of WF6 and the nonvolatility of NiF2 do not influence the data. However, it cannot be
excluded that the metals leave the surface as other reaction products.

4.3

Decrease in etch rate by contamination

In Figs. 4 and 6 it was shown that immediately after the ions have been switched off,
the production coefficient drops below the spontaneous value δ4,0 for high ion currents
and high ion energy. Also the maximum enhancement decreased. This might indicate
the formation of some kind of blocking layer on top of the silicon, which decreases the
etch rate and the diffusion of nickel in the silicon. This process may be related to the
formation of Ni2 Si, whereas the enhancement is related to atomic nickel. The product
Ni2 Si is already formed at 200 ◦ C and its heat of formation is −46.9 kJ/mol 20 . Verdonck
et al. postulated from their experiments that the energy to form the silicide is provided
by the ion bombardment 1 . Selamoglu et al. concluded from their measurements that
fluorine might be able to extract Si from silicides and leave (in their experiment) atomic
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Cu on the surface 6 .
In our experiment, silicides might block the production of SiF4 , thus accounting for the
low production coefficient immediately after the ions have been switched off. Once some
Si has been extracted from the silicides, the production coefficient δ4 increases again and
the Ni concentration deeper into the silicon will enhance δ4 even more.
These data do not provide direct evidence for the formation of silicides, but they
do show that a blocking layer is possibly formed under conditions when more energy is
transferred to the surface by the ions, i.e., conditions where silicides are more likely to
form.

4.4

Difference between W and Ni contamination

From the measurements with W and Ni contamination, the enhancement due to W contamination is seen to be much larger (see Figs 10 and 11). In order to discuss the difference
between W and Ni contamination, we need to know the concentration of Ni and W.
We can estimate an upper limit for the tungsten flux from the partial pressure of WF6 .
We assume a partial pressure of tungsten of 10−9 mbar (one tenth of the vessel pressure) as
an upper limit. This results in a tungsten flux of 5.8 × 10−5 ML/s. After 25 s a maximum
of 1.4 × 10−3 ML will be deposited on the surface (when the sticking coefficient is unity).
This concentration results in a maximum enhancement of the production coefficient of
δ4 = 0.22.
The nickel concentration after Tion = 1000 s was measured to be 0.01 ML at a depth of
20 ML. During this process, however, the nickel will diffuse into the silicon as described
previously. We assume that no nickel was sputtered. As 20 ML is the penetration depth
of the ions we conclude that 0.01 ML is a lower limit of the total amount of nickel in
the silicon as more nickel may be present below the surface. Extrapolating the measured
linear dependence between nickel concentration and ion bombardment time, we estimate
the total concentration of nickel after 100 s ion bombardment at 1 × 10−3 ML as a lower
limit. This concentration results in a maximum reaction probability of 0.18.
From these considerations we have to conclude that tungsten enhances the etch rate
more than nickel. From our measurements nothing can be concluded about differences in
the diffusion coefficients for tungsten and nickel.

4.5

Mechanism of enhancement by metal contamination

So far, only the mechanism of diffusion of the contamination has been discussed. In this
section we will discuss the mechanism of the enhancement of the etch rate. Almost all
impurities in silicon enhance the etch rate (see Sec. 1). The most extensive study on the
effect and mechanism of contamination was done in the case of F2 etching of silicon in
the presence of copper contamination 5, 6 . Here, a 100-fold enhancement was measured for
temperatures higher than 80◦ C. Since almost no enhancement was measured in etching
with atomic fluorine, a possible mechanism suggested by the authors is that Cu catalyzes
the fluorination of the silicon
2Cu + F2 → 2(Cu−F),
Cu−F + Si → (Si−F) + Cu.

(10)

5 Review of earlier work
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On the other hand, a mechanism involving silicide formation is favored by the same
authors (Mucha et al. in Ref. [21)], although the authors could not distinguish between
these two possible catalytic cycles
(Cu)s + (Si)s → (CuSi)s ,
(CuSi)s + F2 → (Cu)s + (SiF),

(11)

where the subscript s indicates that the species are bound to the silicon surface. In the
second reaction step of Eq. (11), Si is extracted from the silicide as shown by Selamoglu 6 .
As a next step, (SiF) will react with more fluorine to form final products.
Our results, however, show an enhancement at room temperature in etching with XeF2 ,
which is comparable to etching with atomic F. Under these circumstances no enhancement
was reported by Selamoglu et al. 6 . This might be explained by the fact that their
measurement of the etch rate by interferometry is not accurate enough to measure a
small enhancement. Calculations by Chou et al. show that Cu forms initial stages of
silicides at room temperature and weakens the bonds between surface and underlying
silicon atoms on Si(111) 21 . This could very well explain our results. The difference in
enhancement by W and Ni can be explained by a difference in weakening of bonds.
Another difference is that our contamination diffuses into the silicon, whereas the Cu
contamination of Selamoglu et al. was put on the surface of the silicon (by deposition, by
spontaneous plating from solution or by physical rubbing of the silicon with the metal).
Their measurements showed no enhancement at 185 ◦ C for Si rubbed with Ni. This may
indicate that only contamination diffused into the silicon can enhance the etch rate. This
can be explained by strain around the contaminant induced by the different dimensions
of the contaminants, changing the lattice parameter 18 . This stress may cause silicon
bonds to break more easily and react with the fluorine. In this case, contamination
catalyzes the formation of final products from fluorinated silicon. This fluorinated silicon
is connected to the silicon bulk with bonds under stress. The initial fluorination takes
place at dangling bonds at the surface and these bonds are not influenced by strain in
the lattice. This mechanism explains both the fact that the etch rate is enhanced for
a variety of contaminants and that W enhances the etch rate more than Ni because of
its bigger size, thus inducing more stress in the lattice ∗ . The mechanisms discussed in
this section explain the etch rate enhancement from a totally different catalytic effect of
the contamination. From our measurements we cannot distinguish between the various
mechanisms, but the enhancement by silicide formation is favored.

5

Review of earlier work

In this section the effect of metal contamination on earlier publications by our group is
reviewed 8–10, 22–24 . As shown in the present article, the enhancement in silicon etch rate
is not due to damage-enhanced etching as previously concluded 9 , but due to W contamination from the ionization gauge. The conclusions regarding this enhancement 9 should
∗

Diffusion is a passive process, driven by external forces. From this viewpoint, it seems less likely that
the contamination will move to a site where it induces more stress in the lattice, because strain in the
lattice corresponds to an energetically less favorable state of the lattice.
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therefore be disregarded. In the other articles the ionization gauge always switched off
and the liquid nitrogen vessel was filled, thus eliminating the contamination by tungsten.
We stumbled across the nickel contamination after measurements with Ar+ ions had
been done without any signs of contamination 8, 24 . It was found that the imperfect
focusing of the ion beam (Fig. 7) resulted in sputtering and subsequent deposition of
nickel. By adjusting the inlet pressure of Ar into the ion source, a well focused ion beam
was produced and previously published results were reproduced 25 . We thus conclude
that all previous papers by our group are not influenced by nickel contamination.

6

Conclusions

We found that tungsten and nickel contamination migrates in silicon during ion-assisted
etching of silicon with XeF2 and Ar+ ions. The mechanism of this migration is enhanced
diffusion by the production of vacancies by the Ar+ ions. As the diffusion coefficient
increases with the vacancy concentration, higher ion currents move the contamination
deeper into the silicon. The maximum depth for the contamination is the penetration
depth of the ions. From the experiments it is concluded that nickel is migrated to a depth
of 25 Å for 1 keV Ar+ ions, in good agreement with the ion penetration depth. When
etching, the contamination accumulates at the surface and enhances the spontaneous etch
rate of silicon. A simple model simulates this observed behavior of enhancement for high
ion currents well. Comparison of contamination with nickel and tungsten reveals that
tungsten enhances the etch rate most. Traces of tungsten less than 0.01 ML may enhance
the etch rate by a factor of 2. Two mechanisms for the catalytic effect of contamination
are proposed, but from the experiments no distinction between the two can be made.
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4
Reaction layer dynamics in
ion-assisted Si/XeF2-etching:
ion flux dependence
Abstract
The etch rate of Si by XeF2 can be enhanced by more than a factor of eight by ion bombardment.
This enhancement is studied in a multiple-beam setup by looking at the response of reaction
product signals upon ion pulses on time scales of 1−100 s in a multiple-beam setup. On a time
scale of 100 s, it is found that ion bombardment causes fluorine depletion of the reaction layer
and changes the structure of the reaction layer. This lower fluorine content results in a lower
contribution of the spontaneous SiF4 production during ion bombardment. For the enhanced
SiF4 production two processes are found from pulse measurements on the time scale of 1−10 s.
First, ion bombardment creates weakly bound surface species, e.g. SiF2 , that can react in the
reaction layer to SiF4 . Second, XeF2 reacts with these species with a higher reaction probability,
thus enhancing the SiF4 production. The relative importance of both mechanisms is determined.
Further, the limiting steps during spontaneous and ion-assisted etching are discussed, revealing
that the creation of dangling bonds is the reason for the higher sticking probability of XeF2
during ion-assisted etching.

1

Introduction

Although plasma etching has been the key process in the fabrication of integrated circuits
for many years, knowledge about the fundamentals of the etching process lags behind the
knowledge about production processes. This is mainly due to the complicated character
of the plasma environment. To cope with the increasing demands on the etching process,
a more detailed understanding of etching is desirable. To avoid the complex plasma
environment, beam experiments are performed to unravel the fundamentals of etching.
Many studies have given a detailed understanding of the etching process; most of this
work is reviewed by Winters and Coburn 1 .
From these studies the possible mechanisms of product formation during (ion-assisted)
etching of silicon have been suggested. In the present study we focus on the etching
of Si by XeF2 and Ar+ ions. During spontaneous etching (i.e., in the absence of the
ion flux) SiF4 is the only reaction product. Under ion bombardment, its production is
enhanced up to a factor of three while also SiF2 becomes a significant reaction product 2 .
The SiF2 production is explained by physical sputtering from the reaction layer 3 and
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the enhanced SiF4 production is explained by chemical sputtering 2, 4–10 or enhanced
spontaneous etching 1, 11 .
Despite this vast amount of results, only few quantitative results are available on the
importance of the various mechanisms. Vugts et al. showed the relative importance of
physical and chemical sputtering 2 . As chemical sputtering is generally described as a
process in which the ions enhance the rate of formation of reaction products 1 , this definition leaves open several reaction pathways and underlying mechanisms of enhancement.
In this paper we want to investigate the mechanism of chemical sputtering and provide
quantitative results. This is done by looking at the response of the SiF4 signal when
switching from ion-assisted to spontaneous etching and vice versa on various time scales.
Comparable measurements to reveal the mechanisms of ion-assisted etching by using
ion pulses have been performed by Joosten et al. 12 , but their experiment suffered from
metal contamination 13 . Also Coburn and Winters performed similar experiments, but
no quantitative results were shown 1 .
Since SiF4 is a volatile product, it is not a significant component in the reaction
layer 14, 15 but has to be formed in that layer. Thus the thickness and structure of the
reaction layer, which changes under ion bombardment, influences the SiF4 production 1, 11 .
In the present paper, the effect of ions on the reaction layer is investigated and discussed
in Sec. 3 and Sec. 4, after a brief description of the experimental setup in Sec. 2. It is
shown that ion bombardment causes fluorine depletion of the reaction layer, which decreases the etch rate. However, this does not explain an enhancement in the etch rate. To
investigate the enhancement, the response of the SiF4 signal to pulses of ions of 1 s and
less are presented in Sec. 5. On this time scale, the reaction layer is assumed constant
since its reconstruction has a time scale of 100 s. From these measurement, two different
processes are found for the enhancement in SiF4 production. The contribution of each
effect is measured as a function of ion flux. The results are compared with mechanisms
proposed in literature in Sec. 6. It is concluded that the SiF4 enhancement in ion-assisted
etching can be explained by chemical sputtering with two different reaction pathways for
the formation of SiF4 . Now the enhancement by ion bombardment is explained from the
viewpoint of enhanced etch product formation and release. However, also the adsorption
of XeF2 on the Si must be enhanced, thus the question ”How does ion bombardment cause
XeF2 to have an increased sticking probability ?” is answered in Sec. 7, based on the
experimental observations in the previous sections. Some concluding remarks are made
in Sec. 8.

2

Experimental setup

Only the main features of the multiple-beam setup are described here. A more detailed
description of the setup is given by Vugts et al. 16 .
The silicon sample is placed at the intersection of the XeF2 beam and the Ar+ beam
in an UHV chamber (10−8 mbar), but the pressure before performing experiments is
10−7 mbar after some days of experiments. In this study, all measurements are performed
at room temperature. The Si(100) samples (n type, 30−70 Ω cm) are cleaned with HF to
remove native oxide before being mounted. Several samples are used for the experiments.

2 Experimental setup
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Figure 1: Schematic view of the sample holder. The sample is clamped by a nickel
retainer plate. The actual silicon etching area is as far away from this plate as
possible to prevent sputtering of nickel by the ion beam.

One side of the sample is clamped onto the sample holder by a nickel retainer plate
(Fig. 1). The other end of the 25 mm long sample is used for the experiments and sticks
out of the sample holder. This is done to avoid sputtering of the nickel plate and sample
holder by ions, which causes deposition of traces of metal on the silicon and influences the
experimental results 13 . As a check, one sample was studied by low-energy ion scattering
spectroscopy (LEIS) and no traces of contamination were found. The nickel retainer
plate is used for calibration of the incident XeF2 flux, Φs (XeF2 ), by considering it as an
inert, diffuse scatterer. The XeF2 beam and Ar+ beam are incident under 52◦ and 45◦ ,
respectively, with respect to the surface normal. The sample is electrically connected to
an electrometer to measure the ion current.
The XeF2 gas is supplied by a multi-capillary effusive gas source. During the experiments XeF2 fluxes Φs (XeF2 ) of 0.6 and 1.1 ML s−1 are used. For silicon 1 ML corresponds
to 6.86 × 1018 m−2 . The 1 keV Ar+ beam is well described by a Gaussian profile with a
FWHM of 5 mm. From this it is calculated that an ion current of 1 µA corresponds to
an ion flux of 0.011 MLs−1 .
The etch reaction is monitored by a quadrupole mass spectrometer (QMS) in a separate
UHV chamber (< 10−8 mbar) positioned along the surface normal of the sample. The
central detection area (CDE) seen by the QMS is 3 mm in diameter. With the mass
spectrometer, the nonreacted XeF2 (XeF+ signal) and the reaction product SiF4 (SiF+
3
signal) are measured. From comparison of the incident XeF2 flux Φs (XeF2 ) and the
nonreacted flux Φ(XeF2 ) from the Si, the reaction probability  is calculated
=

Φs (XeF2 ) − Φ(XeF2 )
.
Φs (XeF2 )

(1)
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From the SiFx reaction product signals the production coefficient δx is calculated
δx =

x Φ(SiFx )
.
2 Φs (XeF2 )

(2)

In a steady-state situation a fluorine balance must apply for the system
=

X

δx .

(3)

x

In the case of spontaneous etching at 300 K, SiF4 is the only reaction product, which
serves as a calibration of the production coefficient δ4 . From previous measurements it
was concluded that all processes scale with the flux ratio R of the ion flux Φs (Ar+ ) and
the XeF2 flux Φs (XeF2 ), where the subscript refers to fluxes towards the surface 2
R=

Φs (Ar+ )
,
Φs (XeF2 )

(4)

which will be used to present our results.
Ion pulses are created by switching the acceleration voltage of the ion gun. From the
response of the X-ray signal, caused by the ions at the Si surface, it was measured that
the response time of this method is 24.8 ± 0.1 ms for 2.5 keV ions, well below the time
scales of our measurements. The SiF4 and XeF2 signals are measured with a multiscaler
having 256 channels and user-defined channel times. While counting, the multiscaler also
produces user-defined TTL-pulses (5 V) to switch the ion beam. In the pulse experiments
channel times of 50 and 5 ms have been used and the ion beam was switched on for 75
channels and switched off during a time varying from 5 to 175 channels.

3

Reaction layer depletion by ions

To study the effect of the ions on the reaction layer, we ideally have to start from a
steady-state reaction layer during spontaneous etching. As was shown before, steadystate is reached only after exposing a clean silicon sample to 25000 ML of XeF2 17, 18 .
In this way measurements would take days; moreover roughening would influence the
results 18 . Thus, it was decided to use an XeF2 dose in the order of 1500 ML to rebuild
the reaction layer between successive ion bombardments. In our experiments the steadystate reaction coefficient 0 and production coefficient δ4,0 during spontaneous etching
were measured to be
(5)
0 = δ4,0 = 0.15 ± 0.02.
In Fig. 2 the response of the reaction and production coefficients  and δ4 upon ion
bombardment are shown. The ion beam is switched on for 180 s at a flux ratio R = 0.013.
When the ions are switched on a transient peak in the SiF4 signal δ4 is measured.When
the ions are switched off, δ4 drops below the spontaneous value δ4,0 . These characteristics
are discussed later.
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Figure 2: Time-dependence of the reaction and production coefficient  and δ4
when the silicon is bombarded by ions for 180 s. This was measured at a flux
ratio R = 0.013. The dotted line shows the steady-state spontaneous values of
0 = δ4,0 = 0.15.
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Figure 3: Time-dependence of the SiF4 production coefficient δ4 , together with
the parameters used to characterize the measurements
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Ion switch-on

The production coefficient δ4 shows a peak immediately after the ion bombardment has
started. However, this peak is not accompanied by a similar peak in the reaction coefficient
, which increases monotonously until reaching a steady-state situation after about 30 s.
In a steady-state situation Eq. (3) applies, which leaves the initial reaction layer as the
only source of additional fluorine for SiF4 production during this transient peak. The
amount of fluorine Lloss released from the reaction layer in the form of SiF4 during the
ion bombardment time Tion is calculated from the measured time dependence of δ4 by
Z

Lloss (Tion ) =

Tion

0

2 [δ4 (t) − δ4,ion ] Φs (XeF2 ) dt,

(6)

where δ4,ion is the steady-state ion-assisted value of δ4 . In Fig. 3, Lloss is equal to the
hatched area where Tion was long enough to reach a steady-state situation. This area thus
corresponds to the total amount of fluorine released from the reaction layer to reach a
new steady-state situation under ion bombardment. The released amount of fluorine is
plotted in Fig. 4 (dashed line) as a function of Tion . It is seen that after about 100 s, no
additional fluorine is released from the reaction layer. In this experiment, Lloss = 9±1 ML
of fluorine were released.
Next, we determine the ion dose Dτ to remove the reaction layer, formed during spontaneous etching, after the ion bombardment has started. To this end, the time constant
τ for the release of fluorine from the reaction layer is determined from an exponential fit
of the decaying transient peak (see Fig. 3) and the ion dose is determined from
Dτ = τ Φs (Ar+ ).

(7)

This quantity is studied as a function of the flux ratio with Φs (XeF2 ) = 1.1 ML/s. The
result is shown in Fig. 5. We see that Dτ saturates around 0.5 ML Ar+ for high flux ratios,
indicating that a constant number of ions is needed to reach a steady-state reaction layer
under ion bombardment. For lower flux ratios, a lower ion dose suffices.

3.2

Ion switch-off

When the ions are switched off at t = 180 s (Fig 2), the SiF4 production coefficient drops
below the spontaneous value δ4,0 to a minimum value δ4,min (see Fig. 3). The spontaneous
value is recovered on a time scale of 1000 s. To investigate if this dip in the SiF4 production
is related to the release of fluorine from the reaction layer, the ion bombardment time
Tion has been varied. In this way the amount of released fluorine is controlled. In Fig. 4
the dip (δ4,0 − δ4,min ) is plotted for various ion bombardment times (data points). We see
that the depth of the dip and the fluorine release from the reaction layer show the same
behavior as a function of the ion bombardment time. This suggests a linear behavior
between Lloss and the decrease in spontaneous SiF4 production.
As a complementary measurement, one could also determine the fluorine uptake of the
reaction layer during reconstruction. This fluorine uptake Lgain is given by:
Z

Lgain =

∞

Tion

2 [(t) − δ4 (t)] Φs (XeF2 ) dt,

(8)

3 Reaction layer depletion by ions

39
0.06

8

0.04

4,min

6

0.03

-

0.05

4

0.02

4,0

Lloss (ML)

10

0.01

2

0

50

100

150

200

0
250

Tion (s)
Figure 4: Comparison between the amount of released fluorine when the ion bombardment is switched on and the dip in spontaneous etch rate when the ion bombardment is switched off. The dashed line gives the fluorine release Lloss by SiF4
formation upon ion bombardment (left-hand scale) and the data points show the
decrease in spontaneous etch rate (δ4,0 − δ4,min ) with respect to the steady-state
value (right-hand scale), both as a function of the ion bombardment time Tion .
This was measured at a flux ratio R = 0.013.
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layer as a function of the flux ratio. The drawn curve indicates the observed trend.
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since only SiF4 is produced during this stage. However, since the difference between 
and δ4 is small (see Fig. 2), this method was thus not used because of its inaccuracy.
Next, the depletion of the reaction layer is measured as a function of ion flux. A
direct method would be to measure the released fluorine content according to Eq. (6)
with Tion large enough to ensure steady-state ion-assisted etching. For lower ion fluxes,
however, it takes longer to reach steady-state etching. Thus small errors in δ4 during
ion-assisted etching will cause large errors in Lloss . In addition, Lloss will decrease for
lower ion currents, thus giving even more inaccurate results.
For this reason, an indirect determination of the effect of ion flux on the reaction
layer is made by measuring the minimum value δ4,min of the spontaneous SiF4 production,
because this value is directly related to the amount of released fluorine as was shown
in Fig. 4. In Fig. 6 the result is shown for measurements at two different XeF2 fluxes
(0.6 and 1.1 ML/s) on the same sample, but with three days of other measurements in
between. Both measurements show a similar behavior: with increasing flux ratios, δ4,min
is decreasing. The quantitative difference between the two sets of data is attributed to a
different surface roughness.
In the next section the results of the depletion of the reaction layer will be discussed
using models from literature.
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Figure 6: Minimum value of the spontaneous SiF4 production coefficient after the
ions are switched off as a function of the flux ratio R. The triangles were measured
at an XeF2 flux of 0.6 ML/s and the circles at a flux of 1.1 ML/s, measured three
days later. The dotted line is the result of the chain model fitted to the triangles.
The full line indicates of the kinetic model fitted to the closed circles (see Sec. 4).
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Model description of reaction layer depletion

It was shown earlier that, during ion bombardment, a new steady-state reaction layer
is formed having a lower fluorine content than the reaction layer during spontaneous
etching. In this section we use two models suggested in previous papers to describe this
depletion 2, 18 . We identify δ4,min as the spontaneous SiF4 production for the steady-state
reaction layer under ion bombardment.

4.1

Chain model

To describe the depletion of the reaction layer, we first use the chain model which describes
the formation of the reaction layer during spontaneous etching 18 . With increasing time,
the reaction layer changes from a monolayer consisting of a SiFα species to a multilayer
consisting of chains of Siy Fβ species. Here we extend the model to ion-assisted etching by
assuming an ion-induced removal of these SiF α and Siy Fβ species with a probability ∆pα
and ∆pβ , respectively. The rate equations for the formation of the reaction layer are now
given by
∂[SiFα ]∗
= kf Φs (XeF2 ) (1 − [SiFα ]∗ − [Siy Fβ ]∗ ) − kc Φs (XeF2 )[SiFα ]∗
∂t
− ∆pα Φs (Ar+ )[SiFα ]∗ ,
∂[Siy Fβ ]∗
= kc Φs (XeF2 )[SiFα ]∗ − ∆pβ Φs (Ar+ )[Siy Fβ ]∗ ,
∂t

(9)
(10)

where [SiFα ]∗ = [SiFα ]/ρN0 and [Siy Fβ ]∗ = [Siy Fβ ]/ρN0 are normalized to the number of
available sites ρN0 on the surface due to roughening of the surface (N0 =1 ML).
Equation (9) describes the growth of the monolayer coverage. The first term on the
right-hand side describes the formation of the monolayer coverage with a reaction probability kf ([1/ML]). The second term describes the transformation of SiFα -species to Siy Fβ
chains with a reaction probability kc ([1/ML]). The last term describes the ion-induced
release of fluorine with a probability ∆pα ([1/ML]). Equation (10) describes the formation of the multilayer coverage from the monolayer coverage and the release of Siy Fβ by
ion bombardment with a probability ∆pβ ([1/ML]). It should be stressed that the two
ion-induced loss terms in Eqs. (9) and (10) describe the effective action of the ions on
the growth of a steady-state reaction layer. The terms do not describe the process of
ion-induced etching.
To check if this extended chain model can describe the depletion of the reaction layer we
assume equal probabilities ∆pα = ∆pβ = ∆p for the monolayer and multilayer coverage.
Solving Eqs. (9) and (10) for a steady-state situation and using the parameters as given
Parameter
kf
kc
α
β

value
3.0 × 10−2
3.2 × 10−4
1.5
5.5

Table I: Numerical values of the parameters
of the chain model. They were obtained
from a fit to the fluorine content of the reaction layer during spontaneous etching as a
function of the XeF2 dose (from Ref. [20]).
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(Lβ ) coverage as a function of (δ4,0 − δ4,min ). Also the total fluorine content
(Lα + Lβ ) is plotted. All fluorine contents are normalized to a flat surface (ρ = 1).
For comparison with the measurements, the flux ratio R is plotted on the top
x axis.
in Table I, we use the extended chain model to calculate the new steady-state reaction
layer under ion bombardment as a function of R. The spontaneous SiF4 production of
this layer is given by 2
δ4,spon ∝ [SiFα ]∗ + 1.8[Siy Fβ ]∗ .
(11)
It is assumed that δ4,min corresponds to this spontaneous SiF4 production. The parameter
∆p, used to fit the chain model to the experimental data of δ4,min (Fig. 6), yields ∆p =
0.1 ML−1 . As δ4,min depends on the surface conditions, an additional scaling parameter
of 0.78 was used to scale the result δ4,0 − δ4,min of the model. The result is shown in
Fig. 6 (dotted line). We see that the extended chain model gives a good description of the
spontaneous SiF4 production of a steady-state reaction layer under ion bombardment.
With these results the fluorine content of the monolayer Lα = α[SiFα ]∗ and the multilayer Lβ = β[Siy Fβ ]∗ are calculated and shown as a function of (δ4,0 − δ4,min ) in Fig. 7.
On the top x axis, the corresponding flux ratio R is shown as derived from Fig. 6. We
observe that the total fluorine content (Lα + Lβ ) decreases linearly with (δ4,0 − δ4,min ),
while the fluorine content of the monolayer increases. This observation is in agreement
with the experimental results for the dependence of the dip in δ4 and Lloss in Fig. 4. It can
also be seen that under ion bombardment the reaction layer changes from a multilayer
coverage to a monolayer coverage with a small fluorine content. This is in agreement with
measurements of the structure of the reaction layer during spontaneous 17 and ion-assisted
etching 19 .
During ion bombardment, an amount of Lloss = 9 ± 1 ML of fluorine is released in the
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form of SiF4 for a flux ratio of R = 0.013, resulting in δ4,min = 0.1. Joosten et al. showed
that the production coefficient δ2 shows a similar transient peak as δ4 12 . We estimate the
fluorine release in the form of SiF2 to be an additional 50%. Thus, the total amount of
fluorine released from the reaction layer is on the order of Lloss =14 ML. When comparing
this to the calculated result in Fig. 7, we conclude that (δ4,0 − δ4,min ) = 0.05 corresponds
to a normalized release of fluorine of L = 3 ML. The measured value of 14 ML indicates
a roughness of ρ = 4.6, which should be compared to a roughness during spontaneous
etching in the range from ρ = 1 to ρ = 6 as reported by Vugts et al. 18 . We conclude
that the model describes the depletion of the reaction layer very well. Also the amount
of fluorine released from the reaction layer corresponds to the expected depletion.

4.2

Kinetic model

This model describes the SiF2 /SiF4 production and XeF2 consumption as a function of
flux ratio and assumes a reaction layer consisting of SiF2 species 2 . The rate equation for
the SiF2 species is given by 20
[SiF2 ]
∂[SiF2 ]
= k c Φs (XeF2 ) 1 −
∂t
ρN0

!

− ke c Φs (XeF2 ) [SiF2 ]
− (pp + pc )Φs (Ar+ ) [SiF2 ].

(12)

The first term on the right-hand side of Eq. (12) describes the fluorination of dangling
bonds with a sticking probability k c. The second term describes the spontaneous etching
of SiF4 with a reaction probability of ke c [1/ML]. The last term describes the chemical
and physical sputtering of SiF4 and SiF2 with a probability of pc and pp [1/ML]. The
factor c accounts for the fact that XeF2 is first trapped in a precursor state XeF2 (p), the
concentration of which is proportional to the XeF2 flux
[XeF2 ]p = c Φs (XeF2 ).

(13)

The value of the model parameters are shown in table II 2 . The SiF4 production δ4
consists of two contributions: residual spontaneous etching on a modified reaction layer

Table II: Numerical values of the parameters of the kinetic model. The values
are obtained by fitting the model to the steady-state values of ion and δ4,ion as a
function of the flux ratio R, as measured by Vugts et al. [2] (second column) and
this paper (third column).
Parameter
ck
(ρN0 ) cke
(ρN0 ) pp
(ρN0 ) pc
a) Vugts et al. [2]

value from a)
0.71
0.044
61.9
20.4

value from this paper
0.78
0.084
108.3
40.0
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and ion-induced etching
δ4 = δ4,spon + δ4,ion ,

(14)

with
δ4,spon = 2 ke c[SiF2 ],
δ4,ion = 2 pc R [SiF2 ].

(15)
(16)

The contribution δ4,spon can now directly be compared to δ4,min as obtained just after
the ions are switched off. In Fig. 6 we show δ4,spon as predicted by the kinetic model
with a scaling factor of 0.65 (full line). Good agreement with the experimental data is
obtained.
We thus conclude that both the chain and kinetic model describe the depletion of the
reaction layer as a function of the ion flux very well. The chain model in addition describes the transformation of the reaction layer from a multilayer coverage to a monolayer
coverage. In the next section the dynamic behavior of removing the reaction layer upon
ion bombardment is discussed.

4.3

Dynamics of reaction layer depletion

From the rate equation for the chain model [Eqs. (9) and (10)] and the kinetic model
[Eq. (12)] also the characteristic ion dose for depletion of the reaction layer (see Fig. 5)
can be calculated. In the chain model this ion dose Dτ,chain is equal to
Dτ,chain =

R
.
kc + R ∆p

(17)

In the kinetic model this dose Dτ,kin is given by:
Dτ,kin =

R
.
(k/ρN0 + ke )c + (pp + pc )R

(18)

With the data from Tables I and II, these ion doses are plotted in Fig. 8 together with
the experimental data from Fig. 5. As can be seen the kinetic model predicts a value of
Dτ which is a factor 45 too low, while the chain model predicts a value which is a factor
of 20 too high. This is explained as follows. The kinetic model only describes the fast
process of fluorination of dangling bonds and the release of SiFx reaction products. As was
shown before, during spontaneous etching the reaction layer consists of a relatively thick
multilayer reaction layer, which changes to a monolayer coverage under ion bombardment.
This removal of a thick reaction layer of chains of Siy Fβ is not included in the kinetic model.
This is for example shown by a normalized fluorine release of L = 3 ML as predicted by
the chain model compared to a release of L = 1.1 ML as predicted by the kinetic model.
This explains why the kinetic model underestimates Dτ .
The actual difference will be even higher as would be concluded from the difference in
fluorine content. Because of the chain-like structure, the fluorine has also moved deeper
in the silicon and thus several monolayers of Si have to be removed whereas the kinetic
model assumes the removal of one monolayer.
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Figure 8: The characteristic ion dose Dτ needed to reach a steady-state reaction
layer under ion bombardment as calculated with the chain model (dashed line) and
the kinetic model (full line) on a logarithmic scale as a function of the flux ratio
R. The dots correspond to the measured ion doses as shown in Fig. 5.

The chain model, on the other hand, does not include etching. This is shown by a
removal probability of ∆p = 0.1 for the chain model compared to a removal probability
of (pp + pc ) = 82 for the kinetic model. This difference of a factor of 820 in removal
probabilities for both models is the reason for the difference in ion dose Dτ of about 900.
However, the removal of the reaction layer by ∆p does not contribute to etching. Etching,
however, is an important step in the removal of the thick reaction layer. This results in
a too low value of ∆p when the chain model is fitted to the experimental results. From
this it is concluded that the chain model overestimates Dτ .

5

Mechanisms for SiF4 enhancement: experiments

In the previous section, the change in reaction layer has been described in detail. We
observed that the fluorine content in the reaction layer decreases when bombarded with
ions, which results in a lower production coefficient δ4 during subsequent spontaneous
etching. During ion-assisted etching, however, δ4 is enhanced, despite the lower fluorine
content in the reaction layer. To gain more insight in the mechanisms which result in this
enhancement, we performed pulse measurements. Before every pulse experiment the ions
are switched on for 180 s to form a steady-state reaction layer under ion bombardment
at the same flux ratio as in the subsequent pulse experiment. The pulse experiments are
performed with different ion bombardment times and various times between subsequent
pulses. Long pulses have been used with a length of 3.75 s and a time between subsequent
pulses varying from 0.5 s to 8.75 s. For every experiment about 20 long pulses are used.
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Figure 9: Results of the long-pulse measurements for R =0.005 and R =0.025 at
an XeF2 flux of 1.1 ML/s. In the upper panel the response of  is shown for ion
pulses of 3.75 s. In the lower panel, the response of δ4 on this time scale is shown.
The horizontal dotted line indicates δ4 during steady-state spontaneous etching.

The short-pulse measurements consisted of pulses with a length of 0.375 s and delay of
0.875 s between subsequent pulses. These short pulses are repeated 150 times in every
experiment. The measurements are done for various flux ratios R at an XeF2 flux of
1.1 ML/s. After every pulse sequence, the ions are switched off for about 1200 s to form
a new reaction layer during spontaneous etching, assuring the same initial conditions for
every experiment. By using a maximum time of 8.75 s between successive ion bombardments, it is ensured that the reaction layer is not rebuilt as this process occurs on a time
scale of 500 s, thus enabling us to study the mechanisms of SiF4 enhancement. In this
way the spontaneous and ion-assisted etching is measured on the steady-state reaction
layer under ion bombardment.
In Figs. 9 and 10 the responses of  and δ4 are shown for flux ratios of R = 0.005 and
R = 0.025 on long and short time scales, respectively. Also, the response for other flux
ratios has been measured, but these two measurements clearly show the characteristics in
the time response of  and δ4 as a function of the flux ratio.
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Figure 10: Results of the short-pulse measurements for R = 0.005 (left-hand panel)
and R = 0.025 (right-hand panel) at an XeF2 flux of 1.1 ML/s. The response of
δ4 is shown for ion pulses of 0.375 s. The dotted lines indicate the steady-state
value during ion-assisted etching for both flux ratios.

5.1

Long pulses

First the response of the reaction coefficient  is discussed (Fig 9). Both for the low and
high flux ratio, the value of  increases when the ions are turned on until a steady-state
situation is reached. When the ions are turned off,  decreases with an average time
constant of 0.85 ± 0.05 s independent of flux ratio. After the ions are switched on, the
time constant for reaching a steady-state situation decreases with increasing flux ratio R.
When expressed in terms of a characteristic ion dose Dτ , the same behavior as in Fig. 5
appears (not plotted). The saturation value of Dτ for a high flux ratio, however, is on the
order of 0.01 ML Ar+ .
Now the response of the production coefficient δ4 for the long-pulse series is discussed.
The result is shown in the lower panels of Fig. 9. When the ions are switched on with a low
flux ratio, we see a similar behavior as for  (left-hand panel): δ4 increases monotonically
until reaching a steady-state situation. For flux ratios R > 0.01 (right-hand panel of
Fig. 9), however, a peak in δ4 is observed upon ion bombardment. Similarly to the
argument in Sec. 3, it is concluded that during this peak excessive fluorine is released
from the reaction layer in the form of SiF4 . The characteristic ion dose Dτ to remove this
excessive fluorine and to reach a steady-state situation is now on the order of 0.01 ML
Ar+ instead of 0.5 ML (see Fig. 5) as was measured to remove the reaction layer. This
dose of 0.01 ML is in good agreement with the prediction of the kinetic model (Fig. 8).
From the height of the peak as a function of the time between successive measurements
it is concluded that the fluorine released in the peak sticks to the surface during the first
5 s after the ion bombardment. This fast fluorination of the surface is related to the
fluorination of dangling bonds (characterized by k c = 0.71 in the kinetic model). This
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peak appears only for high ion currents, as for higher ion fluxes more dangling bonds will
be produced and thus more fluorine is released. For low ion fluxes also some excessive
fluorine will be released but this is not seen as a transient in the SiF4 signal.
When the ions are switched off, the production coefficient δ4 first drops rapidly, followed
by a slower decrease to a value below δ4,0 . This drop of δ4 to δ4,min was already discussed in
Sec. 3. The slow decay time of the SiF4 signal to δ4,min is independent of the ion flux with
an average value of 2.6 ± 0.2 s. It is noted, however, that these measurements are done on
a single day and thus similar surface conditions (roughness) apply to these measurements.
It was seen that different surface conditions result in a different decay time.
The steady-state values of δ4,ion and ion have been fitted with the kinetic model in a
way analogous to the method described by Vugts et al. 2 . The fitting parameters are found
in Table II. The difference between δ4,ion and ion (see Fig. 9) is explained by physical
sputtering of SiF2 2 . The spontaneous value δ4,0 in our measurements was a factor of
two larger than the value of Vugts et al. In the model, this results in an increase in the
surface roughness ρ by a factor of two. With this assumption all other parameters are in
agreement within 10% of the values measured by Vugts et al.

5.2

Short pulses

The fast decay of δ4 , after the ions are switched off, is studied by using pulses of ions on
a shorter time scale. The response of δ4 to these pulses of 0.375 s is shown in Fig. 10 for
R = 0.005 and R = 0.025. From a comparison of the results with the steady-state value
δ4,ion during ion-assisted etching (dashed lines in Fig. 10), it appears that on this time
scale no steady-state situation is reached. For low flux ratios, δ4 is lower and for high flux
ratios it is higher than in a steady-state situation. This behavior is in agreement with the
response of δ4 during the first second of the long-pulse series (lower panel of Fig. 9).
From the decay of δ4 after this short pulse of ions for the different flux ratios, it is seen
that δ4 drops faster for the higher flux ratio than for the lower flux ratio. To investigate
this further, this decay was modeled with an exponential decay function plus a linear
decay to model the slow decay of 2.6 s on this short time scale. The time constant of
the exponential function decreases as a function of the flux ratio, whereas it was already
shown that the time constant of the slow decay is independent of the flux ratio. Since this
fast decay starts from a value above δ4,ion2 for the high flux ratio and it is also clearly seen
in the response for the long ion pulses (high in flux), it is concluded that these phenomena
are related.
Finally, it is mentioned that the behavior of δ4 and  for these short pulses is similar
to the results obtained by Coburn and Winters for a 1 Hz modulated ion beam 1 . Those
measurements, however, were not done for various ion fluxes.

5.3

Processes from pulse measurements

From these pulse measurements, two processes for enhancement of δ4 emerge. The first
process decays with a time constant in the order of 2.6 s, independent of flux ratio. The
final value of this decay is δ4,min . This slow process also appears in the response of  and
δ4 (only for low ion flux) when the ions are switched on.
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Figure 11: Various contributions to the SiF4 production coefficient δ4,ion for a
long-pulse measurement at a high flux ratio R = 0.025.

The second process is associated with the fast decay, with a time constant that depends
on the flux ratio. This process is related to the peak in δ4 for higher flux ratios. As
discussed earlier, the appearance of a peak is attributed to the formation of SiF4 within
the reaction layer.
From the pulse measurements the contributions of these two processes can be disentangled. In Fig. 11 the various contributions in the SiF4 signal are shown for the long-pulse
measurement at R = 0.025. The dip in SiF4 production δ4,min is taken from the average value around t = 8.75 s. Next the contribution associated with the slow process is
added. The slow decay is fitted with an exponential decay for t = 5 s to t = 8.75 s ∗ .
The slow contribution is the value of δ4 at the moment that the ions are switched off
(t = 3.75) when the fit function is extrapolated. Finally, the fast contribution is taken as
the difference between the steady-state value δ4,ion and two previous contributions. The
values of these contributions are shown in Fig. 12 as a function of the flux ratio R. The
dip in SiF4 production δ4,min is shown by the triangles and this result is similar to the
data in Fig. 6. The slow contribution is added, resulting in the diamonds. Finally, the
squares correspond to the steady-state values δ4,ion , thus leaving the difference open for
the process associated with the fast decay.
In the next section, various mechanism for the SiF4 enhancement discussed in literature
will be reviewed and compared with our experimental results of the two processes, thus
providing a physical mechanism of SiF4 enhancement.
∗

At t = 5 s there is no contribution anymore from the fast decay even for low ion fluxes.
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Figure 12: Contributions of the various mechanisms for SiF4 enhancement during
ion-assisted etching as a function of the flux ratio R. The triangles correspond
to the contribution of δ4,min , which is a reaction between SiF2 and XeF2 . Next
the contribution of the slow process is added, resulting in the diamonds. This
contribution to SiF4 production is attributed to the reaction of XeF2 with weakly
bound SiF∗2 . Finally, the squares correspond to the steady-state value δ4,ion . This
difference with the diamonds is the fast process, which is attributed to the reaction
of two weakly bound SiF∗2 species.

6

Mechanisms of SiF4 enhancement: discussion

A variety of mechanisms have been proposed and rejected for the enhancement in etching
by ions. In Fig. 12 different processes contributing to the enhancement in SiF 4 production
were distinguished. In this section we will put these processes into perspective of the
proposed mechanisms and try to establish a relation between the two.
Before a reaction product leaves the surface and contributes to etching, several steps
must be accomplished: (1) reactant adsorption, (2) chemical reaction to form etch products, and (3) etch product desorption 21 . To explain the enhancement of etching by ions,
at least one of these steps has to be enhanced. All proposed mechanisms can be grouped
to explain the enhancement of one of these steps. We will discuss the various mechanisms
as proposed in literature in the order of these steps.
Step (1) can be enhanced by ion-induced dissociation of physisorbed species,
resulting in species with a higher reaction probability to form SiF4 5 . Coburn and Winters
eliminated this mechanism, but Vugts et al. showed that with increasing ion flux the
XeF/XeF2 ratio increases, indicating dissociation of XeF2 2 . However, it is not known
whether the dissociated molecules react with a higher reaction probability with the Si or
leave the surface without any reaction. From the linear dependence of the etch rate on the
XeF2 flow over a wide range 22 , it is concluded that the physisorbed XeF2 concentration
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is very low at room temperature 2 . For this reason the influence of this mechanism is
limited and further neglected in this paper.
For the enhancement of step 2, the widely proposed mechanism is chemical sputtering, see Sec. 1. It is usually defined as a process in which the ions act to increase the
rate of formation of the product species. However, this definition leaves open a variety of
pathways to enhance the etch rate. To discuss the mechanism of chemical sputtering, the
results of a molecular dynamics (MD) study serve as our base 10 . As the authors noted,
these simulations cannot be expected to quantitatively reproduce experimental results,
but these studies surely complement experimental studies as shown by a very good agreement between the observations of their MD simulations and the definition of chemical
sputtering by Coburn and Winters 1 . They concluded that the creation of weakly bound
products during the collision cascade of the ions is a key mechanism. These products
would then disappear by desorption, chemical reaction or diffusion on a wide range of
time scales (10−8 − 100 s). When assuming a SiF2 -like surface 2, 19 , these would be weakly
bound SiF2 species, which react to form SiF4 . In this way the SiF4 production would be
enhanced.
Two possible chemical reactions have been proposed. First the reaction between two
weakly bound SiF2 species (denoted as SiF∗2 ) could produce volatile SiF4 4 :
SiF∗2 + SiF∗2 → SiF4 + Si.

(19)

A similar reaction involving SiF3 was also proposed 9 . The reaction should be interpreted
as a model reaction to describe the formation of volatile SiF4 within a reaction layer
consisting of SiF2 species. From a chemical viewpoint, the proposed reaction between
such massive molecules is unlikely.
Another reaction pathway is the reaction of weakly bound SiF2 with physisorbed XeF2
to form SiF4 . Weakly bound SiF2 is assumed to have a higher reaction probability than
strongly bound SiF2 :
(20)
SiF∗2 + XeF2 → SiF4 + Xe.
This reaction was suggested by Gerlach-Meyer, where we interpreted their excited SiF2
species as weakly bound SiF2 5 .
In Sec. 3 and 5, it was concluded that indeed SiF 4 is formed in the reaction layer, thus
favoring Eq. (19). From Fig. 10 it was concluded that for a high ion flux the production
of SiF4 is accompanied by a decay with a short time constant. This short time constant
becomes even shorter with increasing ion flux. This is well explained by the formation
of SiF4 within the reaction layer according to Eq. (19). The formation rate of SiF4 for
Eq. (19) is quadratic in the SiF∗2 concentration:
Φ(SiF4 ) = −

1 ∂[SiF∗2 ]
∝ [SiF∗2 ]2 ,
2 ∂t

(21)

where it is assumed that no new SiF∗2 is produced by the ions. For higher ion fluxes more
weakly bound SiF2 will be produced. From Eq. (21) it is calculated that, because of the
quadratic behavior, the SiF4 production decays faster when more SiF∗2 is present upon
switching off the ions. It is noted that the exponential function used to fit the decay in
Sec. 5 is only an approximation of the decay function predicted by Eq. (21). We thus
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attribute the process with the short time scale in Fig. 12 to the ion-induced reaction
between two SiF2 species in the reaction layer.
The slow process in Fig. 12 is now attributed to a reaction between SiF∗2 and XeF2 .
When the ions are switched off, weakly bound species are created, explaining the slow
increase in  and δ4 (for low ion fluxes, Fig. 9). This is in agreement with the measured
behavior of the time constant for  to reach a steady-state situation when the ions are
switched on. When the ions are switched off, the weakly bound species gradually decay
by either chemical reaction [Eq. (20)] or to strongly bound states, thus explaining that
the decay time of δ4 is independent of the flux ratio. After this decay, the spontaneous
etch rate of the depleted reaction layer is reached, as is discussed in Sec. 4.
Finally, for the enhancement of step 3 by ions, the mechanism of physical sputtering
is suggested. This mechanism, first suggested by Mauer et al. 3 , is defined as the direct
release of surface species upon ion impact and thus enhances the release of reaction products from the surface. This mechanism is described already by Vugts et al. and it was
concluded that this is the mechanism for SiF2 production in ion-assisted etching 2 . As
SiF4 first has to be formed (step 2), this mechanism might enhance the release of SiF4
from the reaction layer once it is formed, but this is only a minor effect as the release of
volatile SiF4 is not a limiting factor.
Now that a link has been established between the fast and slow processes from Sec. 5
and physical mechanisms for ion-enhancement, the origin of the peak in the SiF4 signal
for high flux ratios is discussed (see Fig. 9). This peak is attributed to fluorine which
sticks to dangling bonds on the silicon during the first seconds after the ions have been
switched off (Sec. 5). As discussed in Sec. 4, this is exactly the situation as described
by the kinetic model: dangling bonds produced by the ions are fluorinated again and the
fluorine leaves the surface in the transient peak at the onset of the ion bombardment.
Indeed the ion dose of Dτ = 0.01 ML needed to remove this fluorine is in good agreement
with the value predicted by the kinetic model.

7

How does ion bombardment cause XeF2 to have an
increased sticking probability ?

In the previous sections the question ”How does ion bombardment produce enhanced etching ?” was answered from the viewpoint of the release of reaction products. This section
serves to summarize our results and to answer the question in the title of this section. This
was inspired by a similar section by Tu et al. 4 with the same question, but the present
discussion is based on the knowledge of this work and work by other authors 1, 2, 4, 8, 10 .
To produce more reaction products during ion-assisted etching, more XeF2 is consumed and thus the sticking probability of XeF2 on the surface must increase during ion
bombardment. Coburn and Winters emphasized that a decrease in fluorine coverage will
cause an increase in sticking probability 23 . From our measurements it was concluded that
indeed the fluorine coverage decreases with ion bombardment. But what is the relation
between an increase in sticking probability and a decreasing surface coverage?
To answer this question we must realize that the overall sticking probability consists
of a combination of several sticking coefficients, related to the different reactions of XeF2
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to form a reaction layer and reaction products. In the case of a reaction probability, the
values from the kinetic model are used as an approximation for the corresponding sticking
coefficients (table II).
i) XeF2 is first physisorbed on the surface in a precursor state, before the XeF2 molecule is dissociated and fluorine is chemisorbed on the surface [Eq. 13]. The probability of physisorption is given by c. As the chemisorption of fluorine proceeds
via the physisorbed state, this probability is always included in the total reaction
probability of the various chemisorption states as discussed below.
ii) Physisorbed fluorine on a clean surface can fluorinate dangling bonds on the surface
with a probability k. The total sticking probability ck for XeF2 to fluorinate a
dangling bond is 0.71 2 .
iii) Physisorbed fluorine can also react with fluorinated sites and produce SiF4 . This
”sticking probability” is given by the reaction probability ke of SiF4 during spontaneous etching. The total reaction probability cke was calculated to be on the order
of cke = 0.044. After desorption of SiF4 the dangling bonds will be fluorinated again
(point (ii).
iv) Physisorbed fluorine may also react with the surface to contribute to the fluorination
of the reaction layer as described by the chain model. These ”sticking probabilities”
change with the thickness of the reaction layer and were calculated to be 0.03 and
0.0032 for monolayer and multilayer coverage, respectively. These sticking probabilities are responsible for the growth of a reaction layer and the increase of the etch
rate with increasing reaction layer thickness.
With these various reaction probabilities we can describe the rate-limiting steps in the
etching process.
During spontaneous etching, all dangling bonds are almost immediately fluorinated
(point (ii) and a SiF2 -like reaction layer is formed and the overall sticking probability of
XeF2 (which is equal to ) is limited by the adsorption of XeF2 on this fluorinated layer
to form SiF4 :
(22)
spont ≈ 2cke ,
This reaction probability is an approximation from the solution of Eqs. (12) and (15) 2 .
Upon ion bombardment, the reaction layer has a lower fluorine content (Sec. 4). For
high ion currents, even more fluorine is released from the reaction layer upon ion bombardment (see Fig 10). Now, the surface contains a lot of dangling bonds, which are
fluorinated again in the first seconds after the ions have been switched off. Thus, the
maximum reaction probability is now limited by the adsorption on these dangling bonds
(point ii). The maximum sticking probability max is somewhat higher than this sticking
probability on dangling bonds (ck), because of the sticking probability on SiF2 to form
SiF4 by chemical sputtering. With the kinetic model [Eq. (12)] this maximum value is
given by:


P
,
(23)
max = ck 1 +
1+P
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where P = pc /pp ≈ 0.32 is the ratio between chemical and physical sputtering. This
results in max = 0.88, close to the value of  = 0.83 measured by Vugts et al. for a high
flux ratio of R = 0.18 2 .
Because of this limitation by the reaction probability, max is almost independent of the
characteristics of the bombardment source (ion mass, ion energy) 4 . Different characteristics can only change the ratio between chemical and physical sputtering, thus changing
max .
From this discussion we see that the role of the ions is an enhancement in product
formation and product release. This results in the creation of more dangling bonds,
which results in an higher overall sticking probability of XeF2 . When starting on a thick
reaction layer, the rate of product formation is higher than the rate of XeF2 sticking on
the surface. To obtain a new balance in the product formation rate and the adsorption
rate, the reaction layer becomes thinner.

8

Conclusions

It was shown that ion bombardment lowers the fluorine content in the reaction layer and
produces a monolayer coverage of SiFα species instead of a multilayer coverage of Siy Fβ
species. These experimental data are supported by model calculations. The depletion of
the reaction layer is the result of a new balance between product release and adsorption of
XeF2 . The limitation in the adsorption changes from that for adsorption on a fluorinated
surface for SiF4 formation to that for adsorption on dangling bonds.
However, this depleted reaction layer results in a lower spontaneous etch rate. The
etch rate is enhanced by two mechanisms. First, physical sputtering accounts for the
higher product desorption of SiF2 2 . Second, chemical sputtering accounts for a higher
formation rate of SiF4 . It was shown that this higher formation rate of SiF4 has two
different origins. The first mechanism is the formation of SiF4 within the reaction layer.
The second mechanism is the formation of weakly bound SiF2 , which has a higher reaction
probability to react with XeF2 .
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5
Reaction layer dynamics in
ion-assisted Si/XeF2-etching:
temperature dependence
Abstract
We study the dynamics of the reaction layer during Ar+ ion-assisted Si etching by XeF2 in the
temperature range T = 150 − 800 K. Depending on temperature, the etch rate can be enhanced
a factor of eight by ion bombardment. The dynamics are studied with ion-pulse measurements
on a time scale of 1 − 100 s in a molecular beam setup. A reaction layer with a sub-monolayer
fluorine coverage and dangling bonds is found to be formed on the Si(100) surface during ion
bombardment. The dangling bond concentration increases with ion flux and is independent of
temperature in the range 150 − 600 K. Chemisorption on these dangling bonds results in a higher
reaction probability of XeF2 . The temperature dependence of the reaction probability of XeF2
is fully determined by the temperature dependence of the XeF2 precursor state. A simple model
gives a very good description of the reaction probability as a function of both temperature and
ion flux. The model description of the behavior of the precursor concentration as a function of
ion flux and temperature is confirmed by ion pulse measurements on a time scale of 1 s. Further,
it is concluded that the mechanisms for enhanced SiF4 formation during ion bombardment are
the same over the temperature range studied.

1

Introduction

Etching is one of the important steps in the production of semiconductor devices. The
characteristics of the etching process are largely determined by the reaction layer formed
on the surface. It can be defined as the surface layer consisting of intermediate reaction
products and residues of the etchant. The reaction layer can influence all steps of the
etching process: etchant adsorption, reaction product formation and release of reaction
products 1 . The role of the reaction layer depends on the specific etching process. In
the case of Si etching with CFx gases, the reaction layer limits the supply of reactants
(step 1) 2 . When Si is etched by XeF2 , Vugts et al. showed that it is the reaction
layer’s fluorine content which determines the spontaneous etch rate (step 2) 3 . Finally,
the condensation of Si2 F6 at 77 K which blocks the etching process is an example of cases
in which the reaction layer limits the release of reaction products (step 3) 4 .
Etching of Si by XeF2 and Ar+ is often used as a model system to study the fundamental
mechanisms behind etching 5 . However, despite the importance of the reaction layer, only
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little attention has been paid to the role of the reaction layer, particularly in the case of
ion-assisted etching 6–8 .
The formation of a reaction layer during spontaneous etching (i.e. without ions) at
ordinary temperatures can be summarized by the following steps 3 :
i) Physisorption of XeF2 in a precursor state.
ii) Chemisorption of the precursors. On a clean surface, chemisorption first takes place
at dangling bonds. Next, a SiFx like monolayer coverage is formed which changes
into a multilayer coverage with Six Fy chains on longer time scales 9 .
iii) Desorption of chemisorbed surface species (SiF2 ).
iv) Formation of volatile reaction products (SiF4 ), when physisorbed XeF2 reacts with
surface species.
The first two steps contribute to the formation of the reaction layer while the last
two steps remove surface species. A steady-state reaction layer is formed when there is a
balance between steps i) and ii) on one side and steps iii) and iv) on the other side. In the
presence of ions, steps iii) and iv) are enhanced, which results in a shift of the balance.
As a function of the ion flux, this was discussed in a previous paper 10 .
Temperature also influences the formation of the reaction layer and will shift the equilibrium. In the case of spontaneous etching the dynamics of the reaction layer as a function
of temperature were studied by Vugts et al. 11 .
In this paper we study the dynamics of the reaction layer during ion-assisted etching
in the temperature range 150 − 800 K. The measurements are done with an ion-to-neutral
flux ratio R = 0.025. For this flux ratio, it was concluded that the adsorption of fluorine
on dangling bonds created by the ions plays an important role at room temperature 10 .
The total reaction probability for this flux ratio is  ≈ 0.72 , which is near the maximum
reaction probability of  = 0.88 in the limit of high flux ratios.
This paper is organized as follows. After a brief description of the experimental setup in
Sec. 2, the dynamics of the reaction layer on a time scale of 100 s will be discussed in Sec. 3.
On this time scale, given a neutral flux of 0.55 ML/s, the reaction layer created during
spontaneous etching is removed when the ions are switched on and a new steady-state
situation is reached. When the ions are switched off again after 180 s, the reaction layer
will reconstruct to the initial situation of spontaneous etching. This process is studied by
looking at the response of the SiF4 production, since this reaction product is formed within
the reaction layer and thus gives information about the reaction layer. All experimental
evidence leads to the conclusion that, independent of temperature, a reaction layer with
a sub-monolayer fluorine coverage is formed in steady-state ion-assisted etching.
Based on this conclusion, a model is presented in Sec. 4 to describe the steady-state
values of the reaction probability of XeF2 , both as a function of temperature and ion flux.
This model gives a good description of the reaction probability and indicates that the precursor concentration decreases under ion bombardment, especially at low temperatures.
In Sec. 6, the behavior of the precursor layer is studied by short-pulse measurements
on a time scale of seconds. These pulse measurements confirm the model and also show
that SiF4 is formed by the same mechanisms over the whole temperature range. Finally,
the conclusions are summarized in Sec. 7.

2 Experimental setup

2
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Only the basic features of the experimental setup are described here. More details are
given in a previous article 12 . The Si(100) sample (n type, 30-70 Ωcm) is placed at
the intersection of the XeF2 and Ar+ beams in an ultrahigh vacuum (UHV) chamber
(5·10−8 mbar). The sample is mounted on a nickel sample holder which is heated by
means of a coaxial heating wire and cooled by a liquid nitrogen vessel. The temperature
of the sample is measured by a thermocouple which is placed 1 mm behind the sample
in the sample holder. In the experiments a XeF2 flux Φs (XeF2 ) = 0.55 ML/s and an ion
flux Φs (Ar+ ) = 0.014 ML/s were used. This corresponds to an ion-to-neutral flux ratio
R = 0.025. From previous measurements it is concluded that already for such low flux
ratios, the etch rate is limited by the neutral flux. During the experiments several Si
samples were used, which were cleaned by HF to remove native oxide.
The etching reaction is monitored by a quadrupole mass spectrometer (QMS) positioned along the surface normal of the sample in a separate UHV chamber (1 · 10−8 mbar).
The geometry of the flow resistances ensures that 85% of the mass spectrometer signal
consists of species that reach the mass spectrometer directly from the sample without any
wall collisions. To measure the XeF2 flux we used the XeF+ signal since this is the largest
signal.
The reaction probability  of the XeF2 gas is measured by comparing the XeF2 flux
Φ(XeF2 ) from the Si sample to the flux Φs (XeF2 ) diffusively scattered from an inert nickel
reference plate
Φs (XeF2 ) − Φ(XeF2 )
.
(1)
=
Φs (XeF2 )
The SiF4 signal is presented in terms of the production coefficient δ4 , defined as the
probability of an incoming fluorine atom to form SiF4 , as given by
δ4 =

4 Φ(SiF4 )
.
2 Φs (XeF2 )

(2)

The production coefficient δ4 is calibrated from a fluorine mass balance during spontaneous
etching in steady-state at room temperature when SiF4 is the only reaction product, hence
0 = δ4,0 .

(3)

Here, the subscript ”0” indicates the steady-state values during spontaneous etching. For
the steady-state values during ion-assisted etching, we use the subscript ”ion”.
To include the temperature-dependent detection probabilities of the QMS, all measured
mass spectrometer signals I(T ) (both the XeF+ and SiF+
3 ) are corrected to Icorr , given by


Icorr

s



Troom 
= I(T ) 0.15 + 0.85
.
T

(4)

Here it is assumed that 85% of the signal consists of species directly leaving the surface
with a velocity distribution corresponding to the surface temperature T , while the other
15% consists of species which reach the mass spectrometer after at least one wall collision
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Figure 1: Typical response of the SiF4 production coefficient δ4 to an ion pulse of
180 s at a sample temperature of 300 K. During the peak an amount of fluorine
Lloss is released from the surface. Here, the chain-like reaction layer is removed and
a reaction layer with a sub-monolayer coverage is formed. After the ion switch-off,
δ4 drops below the spontaneous value δ4,0 to a minimum value of δ4,min . On the
time scale of 1000 s the chain-like reaction layer is reconstructed again.

and thus have a velocity distribution corresponding to the wall temperature T = Troom .
For the XeF2 signal scattered from the nickel, a different calibration curve is used, because
at high temperatures nickel cannot be considered to be inert to XeF2 3 .
Ion pulses are created by switching the acceleration voltage of the ion gun with a relay.
The response time of this system is 24.8±0.1 ms for 2.5 keV ions, well below the time scale
of our measurements. In the long ion pulses, the ion beam is switched manually and the
mass spectrometer signals are averaged for one second. For the short-pulse measurements,
the SiF4 and XeF2 signals are measured with a multiscaler which has 256 channels and
user-defined channel times. While counting, the multiscaler also produces user-defined
pulses (5 V) to switch the ion beam. In the short-pulse experiments, channel times of
50 ms have been used and the ion beam was switched on for 75 channels and switched
off for 175 channels. Before each short-pulse experiment it is ensured that a steady-state
reaction layer during spontaneous etching is formed. Then the ion beam is switched on
for about 120 s so a steady-state situation during ion-assisted etching is reached. Then,
the response of the SiF2 and XeF2 signal is measured for 15 subsequent ion pulses.

3

Long pulse measurements

A typical response of the production coefficient δ4 to an ion pulse of 180 s at room
temperature is shown in Fig. 1. In this figure, the parameters used to characterize the
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Figure 2: Steady-state values of 0 , ion and δ4,ion as a function of temperature
in the range T = 150 − 800 K. The solid line represents the SiF4 production
coefficient, as calculated with the precursor model assuming that 40% of the
reacting XeF2 molecules form SiF4 (Sec. 5).

SiF4 response as a function of the temperature are indicated. When the ions are switched
on, a peak in SiF4 production is observed. From the area under this transient peak, the
amount of fluorine Lloss released from the reaction layer can be calculated. After the
transient peak, a steady-state value δ4,ion is reached. Finally, when the ions are switched
off, the production coefficient δ4 drops below the spontaneous value δ4,0 and reaches a
minimum value δ4,min after some time. On a time scale on the order of 1000 s, the
steady-state value δ4,0 is recovered. Because of the influence of surface roughness on the
etching process as a function of temperature 13 , these parameters will only be discussed
qualitatively as a function of temperature.

3.1

Steady-state values

The steady-state values 0 , ion and δ4,ion for the measured flux ratio R = 0.025 are plotted
in Fig. 2 as a function of the temperature. We see that the spontaneous SiF4 production
δ4,0 = 0 increases with decreasing temperature from δ4,0 = 0.15 at room temperature to
δ4,0 = 0.95 at 150 K. From a comparison of δ4,0 with δ4,ion we see that the steady-state
SiF4 production is enhanced by the ions, while for lower temperatures it is decreased by
the ions. It is also seen that δ4,ion increases slightly with decreasing temperature. In
contrast to the production coefficient δ4,ion , the reaction probability ion always increases
under ion bombardment. The difference ion − δ4,ion is due to SiF2 production 13 .
The steady-state values during spontaneous and ion-assisted etching show the same
trend as reported by Vugts et al. 13 . In the present study higher values of δ4,ion and
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Figure 3: Response of the SiF4 production coefficient δ4 to an ion pulse of 180 s
for T < 300 K. For T < 210 K, the production coefficient δ4 drops when the ions
are switched on. The dashed lines indicate spontaneous SiF4 production δ4,0 for
each temperature. The steady-state value δ4,ion during the ion bombardment can
be found in Fig. 2. It is also seen that for at temperatures the steady-state value
of the SiF4 production is reached on a shorter time scale.

ion are measured as compared to the results of Vugts et al. because of the higher ionto-neutral flux ratio by a factor of two (R = 0.025 versus R = 0.012). For a detailed
discussion of the steady-state values as a function of temperature, we refer to Ref. 13. In
this section we focus on the dynamics of the reaction layer.

3.2

Transient response

In Figs. 3 and 4 the response of the production coefficient δ4 to an ion pulse of 180 s is
shown at temperatures in the range T = 150 − 260 K and T = 260 − 800 K, respectively.
Before the ions are switched on, it is ensured that steady-state spontaneous etching has
been reached.
When the ions are switched on, a transient peak in the SiF4 production is observed
over the temperature range 210 − 800 K (Fig. 4). From the area under the peak, it is
found that the amount of fluorine Lloss released from the reaction layer decreases at both
higher and lower temperatures, as compared to room temperature.
When the ions are switched off, δ4 first drops and at T < 600 K it reaches a value δ4,min
which is lower than the spontaneous value δ4,0 . In the temperature range 260 < T < 600 K
the value δ4,min increases at higher temperatures (Fig. 4). Above 600 K no dip in SiF4
production is observed when the ions are switched off: δ4,min = δ4,0 .
At room temperature, the spontaneous value δ4,0 is reached on a time scale of 1000 s
after the dip. In Fig. 3, it is seen that at lower temperatures the SiF4 signal reaches
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Figure 4: Response of the SiF4 production coefficient δ4 to an ion pulse of 180 s
for at T > 300 K. At ion switch-on a transient peak is observed. At ion switch-off,
it is observed that at T > 600 K the production coefficient δ4 does not drop below
the spontaneous value δ4,0 .

δ4,0 on a shorter time scale. However, after having reached the spontaneous value δ4,0 at
T < 210 K, the SiF4 signal reaches a maximum after about 600 s after which it drops to
reach δ4,0 again. At temperatures above room temperature the steady-state value is also
reached on a shorter time scale as compared to room temperature.
The response of  (not shown) shows no transient peak when the ions are switched on
but increases monotonically until the steady-state value ion is reached. When the ions are
switched off,  decreases on the time scale of seconds. After this fast decrease,  reaches
the same value as δ4 and shows an identical response as δ4 for the whole temperature
range, including the dip.

3.3

Spontaneous SiF4 formation

To obtain a better understanding of the spontaneous SiF4 formation, first the steps for
SiF4 formation are discussed in some more detail . With this information the experimental
results can be better understood. For the precursor concentration [XeF2 ]p in step i in the
formation of a reaction layer, Sec. 1), it is assumed that it is proportional to the incoming
XeF2 flux 14 ,
(5)
[XeF2 ]p = c Φs (XeF2 ).
At lower temperatures a larger precursor concentration is formed during spontaneous
etching 11, 13 and thus c increases at decreasing temperatures.
At room temperature, the reaction layer consists of SiF-SiF 2 -SiF3 chains 3, 9 . Gray et
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al. showed that under ion bombardment at room temperature the reaction layer consists
of SiF2 species 6 . Bermudez showed that at room temperature the reaction layer consists
of SiF, SiF2 and SiF3 species and less fluorinated species become more important at higher
temperature up to 550 K 15 . For the purpose of modeling we assume that the reaction
layer consists of only SiF2 species, independent of ion flux and temperature 14 .
The spontaneous SiF4 formation and thus the desorbing flux Φspon (SiF4 ) is now proportional to the precursor concentration [XeF2 ]p and the SiF2 concentration [SiF2 ] with
a reaction probability ke ,
Φspon (SiF4 ) = ke [SiF2 ] [XeF2 ]p = ke c [SiF2 ]Φs (XeF2 ),

(6)

where ke c is the overall reaction probability (physisorption followed by chemisorption) of
XeF2 to form SiF4 spontaneously.
The SiF2 surface species can also leave the surface and contribute to etching when
their thermal energy overcomes the desorption energy of 260 meV. This process is only
of importance for temperatures above 600 K 11, 16 .

3.4

Discussion of transient response

During the transient peak after the ions are switched on an amount Lloss of fluorine
is observed to be released from the surface. The interpretation is that the chain-like
reaction layer formed during spontaneous etching is removed (Fig. 1) 10 . The SiF2 surface
concentration decreases and a reaction layer with a sub-monolayer fluorine coverage is
formed. The lower fluorine content of this depleted layer results in a lower spontaneous
SiF4 production [Eq. (6)], which is reflected in the dip δ4,min . After the dip, the chain-like
reaction layer has to be rebuilt. This is a slow process 3 , which takes over 1000 s to reach
the steady-state spontaneous etch rate again. Thus the dip and the transient peak are
related: a smaller peak indicates less removal of the reaction layer, which results in a
smaller dip in the SiF4 production when the ions are switched off again 10 .
From the behavior of the transient peak as a function of temperature (Figs. 3 and 4), it
is concluded that less fluorine is removed from the reaction layer by the ions (decrease of
Lloss ), both at increasing and decreasing temperatures with respect to room temperature.
Above room temperature this is confirmed by a smaller dip in the SiF4 production (Fig. 4).
Below room temperature, the dip cannot be measured correctly because the SiF4 signal
increases again on a shorter time scale and coincides with the dip. This increase in
SiF4 signal is explained by a faster reconstruction of the precursor concentration at lower
temperatures which occurs on a much shorter time scale than the rebuilding of a reaction
layer 13 . The lower SiF4 production under ion bombardment is explained by a lower
precursor concentration [Eq. (6)]. Thus, besides the reaction layer, also the precursor
concentration is removed by ion bombardment.

3.5

Comparison to TDS measurements of spontaneous etching

When we compare the conclusions about the removal of the reaction layer by the ions to
the results of a study of the spontaneous reaction layer by thermal desorption (TDS) 11 ,
similar trends are observed. In TDS measurements, the reaction layer during spontaneous
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etching formed at a surface temperature T is studied by the SiF4 flux desorbing from the
sample when the sample is heated after the XeF2 flux has been turned off. As a function
of the heating temperature Theat several characteristics of the reaction layer are observed.
First, the removal of a precursor layer is observed as the so-called ”γ-peak” at around
Theat = 200 K. The desorption of weakly-bound species is measured in an ”α-peak” in the
temperature range of Theat = 300 − 600 K. We interpret this peak as the desorption of
species from the chain-like reaction layer 9 . At Theat = 600 K the ”α-peak” stops abruptly.
Finally, the desorption of tightly bound species is measured in a ”β-peak” in the range of
Theat = 600 − 900 K. This corresponds to the desorption of fluorine from a reaction layer
with a monolayer coverage.
Above a sample temperature of 600 K, no dip in spontaneous SiF4 production was
observed in our long pulse measurements (Fig. 4). In the TDS measurements only a
”β-peak” is observed when the sample is heated, corresponding to a monolayer fluorine
coverage during spontaneous etching. When the ions are switched on, still some release of
fluorine was observed which corresponds to the creation of dangling bonds. We conclude
that above sample temperatures of 600 K the reaction layer during ion-assisted etching
consists of a sub-monolayer fluorine coverage. When the ions are switched off, the dangling
bonds are fluorinated again: only a thin reaction layer has to be rebuilt and thus the SiF2
concentration reaches steady-state on a short time scale and no dip in the SiF4 formation
is observed. Because of spontaneous SiF2 release at T > 600 K, no chain-like structures
can be formed on the surface.
In the sample temperature range 250 − 600 K, the dip decreases at higher temperatures, which corresponds to the removal of a thinner chain-like reaction layer. From TDS
measurements it is concluded that the chain-like reaction layer has a maximum fluorine
content around room temperature. Thus, the fluorine removed by the ion bombardment
shows the same trend as observed by TDS measurements. We already know that the reaction layer during ion-assisted etching consists of a sub-monolayer fluorine coverage and
dangling bonds 10 . The correspondence between the TDS measurements and the long
pulse measurements now indicates that a reaction layer with a similar structure is formed
in the temperature range 250 − 600 K.
Finally, at sample temperatures below 250 K, it is concluded from our long pulse measurements that the amount of fluorine released from the reaction layer decreases at lower
temperatures. The TDS measurements show that the fluorine content of the Six Fy chains
decreases and a reaction layer with a monolayer coverage during spontaneous etching is
formed at lower temperatures. No multilayer coverage can be formed at these low temperatures because of the large SiF4 production. During spontaneous etching, the thick
reaction layer is replaced by a thick precursor concentration 13 , as observed in a ”γ-peak”
in the TDS measurements.
From this, we conclude that the reaction layer below room temperature also consists
of a sub-monolayer fluorine coverage under ion bombardment.

3.6

Temperature-independent reaction layer

For the ion-to-neutral flux ratio R = 0.025 it was concluded that a reaction layer with a
sub-monolayer fluorine coverage and dangling bonds is formed during ion-assisted etch-
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ing at room temperature 10 . From a comparison between TDS measurements and the
response of the SiF4 signal upon ion bombardment, we now propose that, independent of
temperature, such a reaction layer is formed. This suggests that dangling bonds are mainly
created by ion impact. From previous measurements it was concluded that besides the
reaction layer also the precursor layer is removed by ion bombardment 13 . Thus, in contrast to the reaction layer, the precursor concentration is a function of both temperature
and ion flux.

4

Model for reaction probability

In this section a model will be presented to describe the temperature dependence of ionassisted etching based on the suggestions from the previous sections that
(1) independent of temperature a reaction layer with a sub-monolayer coverage of SiF2
and dangling bonds is formed during ion bombardment;
(2) the precursor concentration depends both on the ion flux and the temperature.
Before the model is presented, first the steady-state reaction probability at room temperature is discussed.

4.1

Steady-state reaction probability

At room temperature the steady-state reaction probability 0 during spontaneous etching
is limited by the reaction probability ke to form SiF4 [Eqs. (2), (3) and (6)]
0 = 2 c ke ≈ 0.15.

(7)

Here, a totally fluorinated surface ([SiF2 ]=1) is assumed. During ion-assisted etching, ion
is limited by the much higher reaction probability kf to fluorinate dangling bonds


ion = c kf 1 +

P
1+P



= ck ≈ 0.88,

(8)

with P = pc /pp the ratio of the probabilities for chemical and physical sputtering for
the ion-induced formation of SiF4 and SiF2 , respectively 14 . The reaction constant k can
be considered as the effective reaction probability to fluorinate dangling bonds, which
includes the ion-induced reaction of XeF2 with fluorinated sites which results in the enhanced SiF4 formation.
In Eqs. (7) and (8) it is assumed that c is independent of the ion flux. The precursor
concentration c is already known as a function of temperature in the case of spontaneous
etching 11 . However, it was shown that c is a function of the ion flux. On the other
hand, we have experimental evidence in this paper that the reaction layer and dangling
bond concentration during ion-assisted etching is independent of temperature. Thus, to
capture the temperature dependence of the etching process, we describe the precursor
concentration [XeF2 ]p as a function of temperature and ion flux.
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Figure 5: Schematic representation of the reaction layer during ion-assisted etching
as used in the model to describe the precursor concentration [XeF 2 ]p . The precursor
concentration increases due to the incoming XeF 2 flux Φs (XeF2 ) and decreases
due to desorption and chemisorption onto dangling bonds. The reaction layer on
the silicon is represented by a surface consisting of fluorinated sites and dangling
bonds.

4.2

Precursor concentration

The precursor concentration [XeF2 ]p is described by the rate equation
[XeF2 ]p
∂[XeF2 ]p
= Φs (XeF2 ) −
− k [XeF2 ]p [Si].
(9)
∂t
τ
Similar to the reaction layer (Sec. 1), the steady-state precursor concentration [XeF2 ]p
results from a balance between several mechanisms (Fig. 5). In more detail, the increase
by the incoming XeF2 flux Φs (XeF2 ) (first term on the right-hand side of Eq. (9)) is
balanced by the decrease by thermal desorption and chemisorption (second and third
term on the right-hand side). Here, only precursor-mediated chemisorption of fluorine is
assumed. We assume that the thermal desorption of the precursor is the only temperature
dependent process, as described by the residence time τ of XeF2 in the precursor state
τ = τ0 exp (Ed / kB T ) ,

(10)

with Ed = 32 meV the desorption energy of XeF 2 from the precursor state 11 .
For chemisorption (third term on the right-hand side of Eq. (9)), the effective fluorination probability k of dangling bonds is included. It is assumed that the activation energy
for chemisorption is much smaller than the desorption energy and thus k is considered to
be independent of temperature. The chemisorption on fluorinated SiF2 sites is neglected.
This implies that the thermal desorption is the most important loss mechanism for XeF2
from the physisorbed state during spontaneous etching.
In a steady-state situation Eq. (9) results in
τ0
[XeF2 ]p = −Ed
(11)
Φs (XeF2 ) = c(R, T ) Φs (XeF2 ),
e kB T + τ0 k [Si]
which should be compared to Eq. (5) during spontaneous etching. We thus expressed the
factor c(R, T ) as a function of ion flux and temperature. Equation (11) is similar to the
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sticking probability as predicted by the standard model for precursor-mediated chemisorption 17 . Only, in these models the assumption is mostly made that thermal desorption is
much more important than chemisorption 18 , comparable to spontaneous etching in our
case. However, in the case of a high dangling bond concentration, chemisorption cannot
be neglected anymore.

4.3

Influence of ion flux

It is assumed that, with increasing ion flux, the Si surface changes from a totally fluorinated surface with only SiF2 species [SiF2 ]=1 ML to a surface covered with only dangling
bonds with [Si]=1 ML. Because of Si surface-site conservation we can write
[Si] + [SiF2 ] = 1 [ML].

(12)

The reaction probability  is given by the sum of the reaction probabilities on fluorinated
sites and dangling bonds:
 = 2 ke c(R, T ) [SiF2 ] + k c(R, T ) [Si],

(13)

with c(R, T ) given by Eq. (11). For spontaneous etching ([SiF2 ]=1 ML) and ion-assisted
etching in the high flux ratio limit ([Si]=1 ML), Eq. (13) again yields Eqs. (7) and (8),
respectively.
We now can use Eq. (13) to describe the experimental results of . The values τ0 ke and
τ0 k are fixed by two boundary conditions:
T = 150 K and [Si] = 0 :
T = 300 K and [Si] = 1 :

 = 0 = 1,
 = ion = 0.88.

(14)
(15)

The first condition corresponds to a spontaneous reaction probability of unity at 150 K
and the second condition corresponds to the maximum reaction probability in the high R
limit at room temperature [Eq. (8)]. These boundary conditions result in τ0 k = 2.1 and
τ0 ke = 0.043.
Before comparing the model to the experimental results, first the precursor concentration [XeF2 ]p in Eq. (11) is plotted in Fig. 6 as a function of temperature for different
values of the dangling bond concentration [Si]. It is seen that the precursor concentration
decreases a factor five in the range T = 150−800 K for spontaneous etching at [Si]=0 ML.
When going from a dangling bond concentration [Si]=0 to a concentration [Si]=0.25, the
precursor concentration drops by a factor of 2.5 at room temperature, and by more than
a factor of 6 at 150 K. It is stressed that this decrease is not the result of sputtering of the
precursor but results from a higher probability fro Xe2 to react with the reaction layer on
dangling bonds.
When these results are adopted to our experiments, a higher precursor concentration
must be released from the surface at lower temperatures when switching from spontaneous
to ion-assisted etching than at room temperature. Of course, also a larger concentration
has to rebuild when the ions are switched off again.
Now, our model can be used to describe the experimental results. The concentration
0 < [Si] < 1 ML of dangling bonds on the surface is the only scaling parameter of our
model: it is assumed to be independent of temperature. The temperature dependence is
given by the model once a value of the dangling bond concentration is chosen.
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Figure 6: Precursor concentration [XeF2 ]p for fixed Φs (XeF2 ) as a function of
temperature for a dangling bond concentration of [Si]=0 ML, [Si]=0.25 ML and
[Si]=1 ML.

5

Reaction probability: experiments versus model

In Fig. 7 the model is compared to the experimental results of ion for a flux ratio R =
0.012 13 and a flux ratio R = 0.025 (this work) as well as those for 0 . For the model
calculations, in addition to the limiting cases [Si]=0 ML and [Si]=1 Ml, also the curves
for [Si]=0.06 ML and [Si]=0.24 ML are shown, being the best fits to the experimental
results for the lower and the higher flux ratio, respectively. This indicates that flux ratio’s
of R = 0.012 and R = 0.025 produce dangling bond concentrations of [Si]=0.06 ML and
[Si]=0.24 ML, respectively. For ion-assisted etching, we see that the model describes
the measured temperature dependence very well for both flux ratios. The model fit for
spontaneous etching ([Si]=0) is not so good which may be due to surface roughness 13 .
Despite the good trend of our model compared to the experimental results, we still
see some small deviations for ion-assisted etching at higher temperatures. At T > 600 K
an increase in ion is measured (especially for R = 0.012) while our model predicts a
decrease. This is explained by the fact that above 600 K also spontaneous SiF2 release
becomes important, which results in a new mechanism for creating dangling bonds besides
the ion bombardment. Thus, the assumption that the dangling bond concentration is
independent of the temperature breaks down at T > 600 K and low flux ratios. For high
flux ratios (see R = 0.025), the creation of dangling bonds by thermal desorption of SiF2
seems to become less important.
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Figure 7: Experimental values of  as a function of temperature compared to
the results of the precursor model. The measured values of ion at a flux ratio
R = 0.012 13 and R = 0.025 are compared to the model with a dangling bond
concentration [Si]=0.06 ML and [Si]=0.24 ML, respectively. For the sake of completeness also the curves for [Si]=0 ML and [Si]=1 ML are shown.

5.1

Dangling bond concentration

At first sight the value [Si]=0.24 ML for the dangling bond for the measured flux ratio of
R = 0.025 concentration may seem very low, since at room temperature ion ≈ 0.7 which
is close to the maximum reaction probability for high flux ratios [Eq. (8)]. However,
a second look reveals that the spontaneous contribution to the reaction probability on
fluorinated sites has dropped over a factor of three, which is caused by a lower precursor
concentration and a somewhat lower SiF2 concentration [Eq. (13)]. Thus, despite the
apparently low dangling bond concentration, the reaction probability on dangling bonds
is responsible for about 90% of the total reaction probability.
A good way to interpret the dangling bond concentration [Si] is to consider the residence
time of SiF2 surface species 19 . Before a reaction product (SiF4 and SiF2 ) can be formed
(which results in the creation of a dangling bond), Si sites have to be fluorinated first. The
calculated bare and fluorinated sites concentration is an average surface coverage during
the ion bombardment. During ion-assisted etching the SiF2 residence time is much shorter
than during spontaneous etching. Thus a dangling bond concentration [Si]=0.24 ML
should be interpreted such that 24% of the time the surface site has dangling bonds and
the rest of the time the site is fluorinated to produce the reaction products. It is clear
that a very high ion flux is needed to assure that, on the average, a surface site is never
fluorinated ([Si]=1 ML). Since the ion-to-neutral flux ratio R determines the time a site is
fluorinated, it is also clear that the dangling bond concentration will only be a function of
this ratio. At room temperature this was shown for ion-assisted etching by Vugts et al. 14 .
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Thus at second thought, a dangling bond concentration of 24% seems very reasonable for
a flux ratio R = 0.025.

5.2

SiF4 production

We can also use the model to calculate the SiF4 production. Let us assume that the SiF4
contribution to the total reaction product formation is independent of temperature. At
room temperature this contribution of δ4 is 40%. In Fig. 2, the model curve δ4,ion = 0.4 ion
is plotted for our measurements at a flux ratio R = 0.025. It is seen that at T < 600 K
the SiF4 production is described very well with this simple assumption.

6

Short-pulse measurements

The response of  and δ4 is now studied as a function of temperature on a time scale of
seconds by using ion pulses of 3.75 s and a time between subsequent pulses of 8.75 s. This
is done for several reasons. First, from the transient at ion switch-off at these time scales,
conclusions can be drawn about the mechanisms for SiF4 production during ion-assisted
etching as a function of temperature 10 . Second, in Sec. 3 it was shown that the precursor
concentration is reconstructed on a much shorter time scale than the reaction layer. Thus
the dynamics of the precursor concentration can be studied using short ion pulses. These
measurements also serve as a validation for the model, where the precursor concentration
was described both as a function of ion flux and temperature. The model shows that
at lower temperatures a higher precursor concentration has to be rebuilt after the ion
bombardment has ceased (Fig. 6).
In Fig. 8 a typical response of  and δ4 at room temperature is shown. When the ions
are switched on, a transient peak in SiF4 production is measured, similar to the response
to pulses of 180 s (Fig. 1). This peak, however, decays on a time scale of seconds. Here,
the interpretation is that fluorine is released and dangling bonds are created: the reaction
layer changes from a monolayer fluorine coverage to a sub-monolayer fluorine coverage.
When the ions are switched off, first a fast decrease in SiF4 production is observed, followed
by a slower decay to δ4,min. These responses reflect two mechanisms which enhance the
SiF4 production on a depleted reaction layer during ion-assisted etching. The fast decay
reflects the formation of SiF4 within the reaction layer, modeled as the reaction of two
SiF2 surface species to form SiF4 . The slow decay reflects the enhanced formation of SiF4
from physisorbed XeF2 and excited SiF2 surface species, which decay during the slow
process to SiF2 species with a low reaction probability 10 .
In the response of  no transient peak is observed. During the increase of  at ion
switch-on, the higher reaction probability is attributed to the increasing dangling bond
concentration (cf. the response of δ4 ). The difference between  and δ4 during steady state
is explained by the production of SiF2 . The response of  at ion switch-off is much slower
than the response of δ4 . This difference is explained by the fluorination of dangling bonds.
The difference in the amount of fluorine that reacts with the dangling bonds during ion
switch-off (from the behavior of ) and the much smaller amount that is released in the
transient peak (hatched area in Fig. 8) is explained by an additional transient peak in the
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Figure 8: Typical response of  and δ4 to a short pulse on the time scale of
seconds at room temperature. The transient at ion switch-on is attributed to the
creation of dangling bonds. Upon ion switch-off, a fast and a slow response are
observed which are related to the formation of SiF4 within the reaction layer and
from excited surface species, respectively. At ion switch-off, it is seen that  has
a slower response than δ4 which is attributed to the fluorination of the dangling
bonds.

SiF2 production.
The response of δ4 at temperatures below and above room temperature is shown in
Figs. 9 and 10, respectively. On the time scale of these measurements, no steady-state
situation of spontaneous etching is reached during the ion switch-off period. The corresponding steady-state values are indicated in Fig. 9. The response of  as a function of
temperature is shown in Fig. 11. In the following sections, first the temperature dependence of ion switch-off and next the transient at ion switch-on is discussed.

6.1

Temperature dependence of switch-off behavior

At ion switch-off, a fast decay of SiF4 production is observed over the whole temperature
range in Figs. 9 and 10. Thus the production of SiF4 in the reaction layer is a valid
ion-assisted mechanism for enhanced SiF4 production at all temperatures.
After this initial fast decrease in δ4 , a temporary peak in δ4 is measured for T = 200
and 230 K (Fig. 9). This temporary peak after the ion switch-off increases with decreasing
temperature. It is explained by a competition of a decreasing excited SiF2 concentration
(slow decay) and an increasing precursor concentration. The broad peak in the SiF4
production is observed because the reconstruction takes place on a shorter time scale
than the decay of excited SiF2 surface species. At 230 K, the precursor concentration
is only lowered slightly by the ion bombardment and thus is reconstructed again after a
few seconds. For even lower temperatures T ≤ 173 K, a higher precursor concentration
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Figure 9: Response of the SiF4 production coefficient δ4 to an ion pulse of 3.75 s
at T < 300 K. At lower temperatures a temporary peak in the SiF4 production
is observed, as explained in the running text. The marks on the right-hand y axis
indicate the steady-state values δ4,0 at each temperature which are reached on the
time scale of hundreds of seconds.
Ar+ on

off

0.3
300 K
375 K
0.2
4

600 K
300 K
375 K
600 K

0.1

0
0

2

4

6

8

10

12

time t (s)

Figure 10: Response of the SiF4 production coefficient δ4 to an ion pulse of 3.75 s
at T > 300 K. At higher temperatures the slow response after ion switch-off
disappears and a steady-state situation is reached directly after the fast decay.
The marks on the right-hand y axis indicate the steady-state values δ4,0 at each
temperature which are reached on the time scale of hundreds of seconds.
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Figure 11: Response of the XeF2 reaction coefficient  to an ion pulse of 3.75 s.
In contrast to the response at T > 300 K, the reaction probability  does not
decrease immediately when the ions are switched off at T < 300 K.

has to be rebuilt, which takes longer. Here, no temporary peak is observed but the SiF4
production increases monotonically.
Above 300 K (Fig. 10), the slow response decreases at higher temperatures. Above
600 K no slow response is observed and constant SiF4 production is reached directly
after the fast decay. However, above 600 K roughening plays an important role as can
be concluded from the fact that 0 does not increase significantly at these temperatures
(Fig. 2), in contrast to the measurements by Vugts et al. 11 . The effect of roughening on
ion-assisted etching at these temperatures is not known and could result in a decrease of
the slow response. For this reason we choose not to discuss this feature further.
Now, the response of the reaction probability  is discussed (Fig. 11). Similar to the
response on a long time scale,  increases and decreases monotonously when the ions are
switched on and off, respectively. An interesting feature is observed when the ions are
switched off. Above room temperature  starts to decrease at the moment that the ions
are switched off (discontinuity in first derivative). At lower temperatures, however, 
decreases more slowly (continuous behavior of first derivative). At T = 173 K it is seen
that  stays constant for about two seconds after the ions have been switched off before
it starts to decrease, in stark contrast to the immediate response at room temperature.
This behavior of  at ion switch-off is attributed to the rebuilding of the precursor
concentration. According to the model, a thicker precursor layer has to be rebuilt (Fig. 6)
and thus more XeF2 will be physisorbed after ion switch-off at lower temperatures. This
can be seen in the response of , since it takes longer for the reaction probability to drop
at lower temperatures.
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Temperature dependence of switch-on behavior

Now that the decay of the SiF4 signal upon ion switch-off has been discussed, the transient
peak upon ion switch-on will be discussed. In the temperature range 300−600 K (Fig. 10) a
small transient peak is observed. This is attributed to the release of fluorine when dangling
bonds are created on the surface; at the time of ion switch-off these dangling bonds are
fluorinated again 10 . At lower temperatures the magnitude of this transient increases
significantly (Fig. 9). This is attributed to the removal of the precursor layer which has
been reconstructed during the ion switch-off period. Thus, the excess precursors react to
form SiF4 . This is another indication that a thicker precursor concentration is present at
lower temperatures.

6.3

Conclusions from short pulses

Summarizing, for the whole temperature range 150 − 800 K, the SiF4 formation on a
depleted reaction layer is enhanced by the same mechanisms as identified at room temperature. Also from the response of both  and δ4 we conclude that at lower temperatures
a thicker precursor layer is formed. This is in agreement with our model.
From the short-pulse experiments, the decrease of SiF4 production under ion bombardment below 210 K can be understood in some more detail. The reason is that the
spontaneous contribution decreases due to a lower precursor concentration. This is only
partially offset by the fact that the ion bombardment enhances the SiF4 production again
by the same mechanisms as at room temperature.

7

Conclusions

Based on ion-pulse measurements on the time scale of 1-100 s, we conclude that the
mechanisms for ion-assisted Si etching are independent of temperature. First, during
ion bombardment, a reaction layer is formed with a sub-monolayer fluorine coverage
and a low precursor concentration, which is independent of temperature. Secondly, the
mechanisms for enhanced SiF4 production on this depleted reaction layer are also found
to be independent of temperature.
The enhanced reaction probability of XeF2 during ion bombardment is explained by
the creation of dangling bonds. Physisorbed XeF2 reacts with these dangling bonds with
a high reaction probability than on fluorinated sites. A higher ion flux results in a higher
dangling bond concentration and thus a higher reaction probability. Since the creation of
dangling bonds by the ions is independent of temperature over a wide temperature range,
the temperature dependence of the reaction probability is described by the temperature
dependence of the XeF2 precursor concentration. A model of the precursor concentration,
with the dangling bond concentration as the only scaling parameter to include the ion
flux, gives a fairly good description of the reaction probability. For a flux ratio R = 0.025
the model gives a dangling bond concentration of 24% which should be interpreted in the
sense that 24% of the time a surface site has dangling bonds and the rest of the time the
site is fluorinated. At T > 600 K it is concluded that the dangling bond concentration is no
longer independent of temperature because of the spontaneous desorption of SiF2 , which
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also results in the creation of dangling bonds. However, this process can be neglected
for high ion fluxes, since then the creation of dangling bonds by ion impact is the most
important mechanism.
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6
Etching of Si through a thick
condensed XeF2 layer
Abstract
Etching of silicon by XeF2 is studied in a multiple-beam setup. At 150 K XeF2 condenses and
forms a layer on the silicon, which blocks the etching. In this paper, the etching characteristics
are studied when this blocking layer is removed by Ar+ ion bombardment. It is found that
1 keV Ar+ ions remove the condensed layer with a yield of 160 XeF2 molecules per ion for
1 keV Ar+ ions and 280 for 2 keV ions. It is possible to etch silicon by 1 keV ions through a
condensed XeF2 layer of 9 nm (45 nm for 2 keV ions), which is consumed to form SiF4 . As
a function of the initial condensed XeF2 layer thickness, it was found that the time to reach a
low-coverage steady-state etching situation increases. This is explained by Poisson statistics in
the small number of ions incident on the surface. When the ions are switched off, we observe a
positive transient in the SiF4 production. This is attributed to an increased XeF2 coverage on
the surface upon ion switch-off, whereas the etching is not yet limited by a blocking XeF2 layer.
After a few monolayers of XeF2 (1.5 nm, depending on surface roughness) have been condensed
on the surface, the spontaneous SiF4 production stops again.

1

Introduction

For etching of SiO2 , fluorocarbon gases are usually applied because of anisotropic etching,
high etch rate and high selectivity 1 . Etching then occurs through a CFx fluorocarbon
film, deposited on top of the material. In the absence of ion bombardment, the film
thickness grows and the surface is passivated. Upon ion bombardment, first the CFx
layer is removed from the surface and subsequently etching begins. Depending on process
conditions and material, CFx film thicknesses ranging from 1 nm (for SiO2 ) to 7 nm (for
Si) were measured on a sample in a steady-state etching situation 2 . This selective CFx
deposition on various materials is believed to be the key mechanism for selective etching.
The etch rate is inversely proportional to the thickness of this fluorocarbon film 3 . Because
of the importance of this passivating film, many of its characteristics have been studied 3 .
From these studies, models have been proposed to explain the transport of etchant flux
(both neutrals and ions) and reaction products (e.g. SiF4 ) through a passivating layer 2 .
The etching of Si under cryogenic conditions has already been studied for several
gases 4–6 . For example, Mullins et al. 4 concluded that Si etching by F-atoms is blocked
by Si2 F6 at 77 K. However, in none of these experiments results were presented of the
etching process after a thick layer of condensed gases had been deposited on the surface.
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Figure 1: Experimental setup (front and top view). The Si sample is clamped
by a nickel retainer plate. The different gas flows are incident from the left and
the mass spectrometer is positioned perpendicular to the Si at 330 mm from the
sample in a differentially pumped chamber.

To expand the knowledge about etching through passivating films, we studied the
etching of Si through a condensed XeF2 layer. As shown by Vugts et al. 7, 8 , XeF2 condenses
on Si at 150 K. As in the case of a CFx layer, the XeF2 layer blocks the etching of Si. Upon
ion bombardment first the passivating layer is removed after which etching is observed.
After a brief description of the setup, a typical measurement of the formation and
removal of the condensed XeF2 layer and its influence on the etch behavior is presented in
Sec. 2. Here, specific stages in the removal of the condensed layer are identified. On the
basis of additional experimental results, these stages are further discussed in Sec. 3−5.
The results for a condensed XeF2 layer are compared with the measurements for a CFx
layer in Sec. 6, where also some general concluding remarks on experimental results are
made.

2
2.1

Experimental
Multiple-beam setup

The multiple-beam setup used in our work is the same as described by Vugts et al. 9 .
The silicon sample is placed at the intersection of the XeF2 beam and the Ar+ beam
in an UHV chamber (5 · 10−8 mbar) (Fig. 1). On one side the Si(100) sample (n type,
phosphorus, 30−70 Ω cm) is clamped on the sample holder by a nickel retainer plate. The
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samples are cleaned with HF to remove native oxide before being mounted. The XeF2
beam and Ar+ beam are incident under 52◦ and 45◦ , respectively, with respect to the
surface normal. The sample is connected to an electrometer to measure the ion current.
To raise the temperature of the sample, a Thermocoax heating wire is wound around the
sample holder. For cooling the sample below room temperature, the sample holder is also
connected to a liquid nitrogen vessel by braided copper wire. In this way the temperature
can be controlled in the range from 100 K to 800 K. The temperature is measured by an
alumel/chromel thermocouple, which is placed 1 mm behind the sample. In this work the
sample temperature is 130 K.
The XeF2 gas is supplied by a multi-capillary effusive gas source. During the experiments a XeF2 flux of Φs (XeF2 ) =0.55 MLs−1 is used. For silicon 1 ML corresponds
to a surface density of 6.86 × 1018 m−2 . The Ar+ ions in the range of 0.5−2.5 keV are
produced in a Kratos WG 537 Macrobeam ion gun and its shape is well described by
a Gaussian profile with a FWHM of 5 mm. From this it is calculated that an ion current of 1 µA corresponds to an average ion flux of 0.011 MLs−1 on the 3 mm diameter
area viewed by the mass spectrometer. In the experiment, ion currents of 0.65 µA and
1.35 µA were used, which correspond to an ion flux of Φs (Ar+ ) = (7.2 ± 0.7)10−3 ML/s
and Φs (Ar+ ) = (1.5 ± 0.1)10−2 ML/s, respectively.

2.2

Structure of XeF2

XeF2 is a symmetric linear molecule and the Xe-F bond has a length of 1.98 Å. The crystal
structure of XeF2 is tetragonal, with lattice parameters a=4.315 and c=6.990 Å 10, 11 . The
molecules are aligned along the c axis (Fig. 2). From these parameters and two molecules
per cell, a density of 4.32 g/cm3 is calculated 10 . It is also calculated that 1 ML XeF2
corresponds to a thickness of 4.47 Å. It is noted that the unit ML in this paper refers to
the surface density of Si (1 ML(Si)=6.86 × 1018 m−2 ). The surface density for XeF2 is
1 ML(XeF2 ) = 3.31 × 1018 m−2 and corresponds to a XeF2 layer thickness of 2.158 Å.
However, it is unlikely that a perfect crystalline structure will form when XeF2 condenses on a rough Si surface. Despite this, we will use the values of the crystal when
calculating the thickness of the condensed XeF 2 layer in the experiments.

2.3

Process coefficients

The etch reaction is monitored by a quadrupole mass spectrometer (QMS) in a separate
UHV chamber (< 10−8 mbar) positioned along the surface normal of the sample (Fig. 1),
at a position 330 mm downstream of the sample. The central detection area seen by
the QMS is 3 mm in diameter. With the mass spectrometer, the nonreacted XeF2 signal
+
I(XeF+ ) and the SiF4 signal I(SiF+
3 ) are measured. The XeF2 signal I(XeF ) is calibrated
by measuring the XeF2 diffusively scattered from the nickel at room temperature. We
consider the nickel surface as an inert, diffuse scatterer and thus this signal corresponds
to the incident XeF2 flux Φs (XeF2 ). The nonreacted flux Φ(XeF2 ) from the Si yields the
reaction probability  of XeF2 at room temperature
=

Φs (XeF2 ) − Φ(XeF2 )
= 0.17 ± 0.02.
Φs (XeF2 )

(1)
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Figure 2: Structure of XeF2 : single XeF2 molecule and the structure of the XeF2
crystal. The small and large dots indicate the F and Xe atoms, respectively. The
circles and ellipses around the atoms indicate the interaction spheres of the F−
and Xe2+ ions 11 .

In a similar way, the SiF4 production coefficient δ4 is defined
δ4 =

4 Φ(SiF4 )
.
2 Φs (XeF2 )

(2)

In the case of spontaneous etching at room temperature SiF4 is the only reaction product 7 .
This enables us to calibrate the SiF4 signal I(SiF+
3 ) to the production coefficient δ4 , by
applying a fluorine mass balance
δ4 = .
(3)
To correct for the temperature-dependent detection probability, it is assumed that 85% of
the signal consists of species with the sample temperature T 9 . Thus, in order to be able
to use the calibration at room temperature Troom , all measured signals I(T ) at a sample
temperature T are corrected to Icorr :


Icorr

s

−1

Troom 
= I(T ) 0.15 + 0.85
T

.

(4)

When the Si is cooled to 130 K, the XeF2 condenses on the surface and blocks the
etching. Now the fluorine mass balance of Eq. (3) no longer applies and the reaction
coefficient  is no longer a true reaction coefficient. To describe the XeF2 signal at this
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temperature, the XeF2 reflection coefficient γ is introduced:
γ=

Φ(XeF2 )
.
Φs (XeF2 )

(5)

The case γ = 0 corresponds to a sticking probability equal to unity and no etching of the
silicon. The situation γ = 1 corresponds to a situation when no net XeF2 remains on the
surface.

2.4

Typical results

In Fig. 3 the signal coefficients γ and δ4 are shown when the ion bombardment is switched
on after a XeF2 layer of 200 ± 20 ML XeF2 has been condensed on the surface. The ion
current is 1.35 µA. The behavior of γ and δ4 is divided into four distinct stages. In
the first stage, the XeF2 condenses on the surface during a time T1 . Both γ and δ4 are
zero, indicating a sticking probability of unity and no etching. In the second stage the ion
bombardment is started on the condensed XeF2 layer and no SiF4 signal is measured. The
XeF2 signal γ obviously results from species which are removed from the condensed layer.
It was observed that this XeF2 signal is very noisy during the removal of the condensed
layer. This noise is characteristic for the removal of the XeF2 layer and will be discussed
later. After a time T2 a SiF4 signal is measured and the XeF2 signal drops. This marks
the end of stage 2.
In stage 3, SiF4 is produced and Si is etched under the influence of the ion bombardment. After a time T3 the SiF4 signal reaches steady-state.
Finally, in stage 4 the ion bombardment is switched off. The XeF2 signal immediately
drops to zero. The SiF4 , however, first increases above the steady-state signal under
ion bombardment before it drops to zero. Now a condensed layer of XeF2 forms on the
surface.
In the next three sections the different stages (2, 3 and 4) are discussed in more detail.

3
3.1

Removal of condensed XeF2 layer (stage 2)
Experimental results

To study the process of the removal of the condensed XeF2 layer, the ion bombardment
time T2 needed to reach etching is measured as a function of the thickness of the deposited
XeF2 layer. The XeF2 flux is continuously directed towards the surface. The deposition
time of the XeF2 layer is measured from the moment at which the ions are switched off
from a preceding measurement to the moment at which the ions are switched on again.
We assume that the total layer condensed XeF2 was removed after t = T2 (Fig. 3). This
assumption will be discussed later.
In Fig. 4 the result is shown for 1 keV Ar+ ions and ion currents of 0.65 µA and
1.35 µA. The results are shown in terms of the deposited XeF2 dose DXeF2 = Φs (XeF2 )T1
and the Ar+ dose DAr+ = Φs (Ar+ )T2 to remove this layer XeF2 . It is seen that the ion
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Figure 3: Measured XeF2 and SiF4 signal coefficients γ and δ4 , respectively, during
the removal of a XeF2 layer of 200 ML and subsequent etching at a sample temperature of 130 K. The XeF2 beam is continuous while the Ar+ beam is switched
on/off as indicated. In stage 2 only a XeF2 signal is observed. After ∆t = T2 a
SiF4 signal is measured, indicating that Si is etched. After ∆t = T3 , a steady-state
situation is reached. In stage 4 the ion beam is switched off again. The XeF2 signal
immediately drops to zero, while in the SiF4 signal first a peak is measured, before
it drops to zero.

dose increases linearly with the thickness of the layer for both ion fluxes, with an offset
on the order of 20 ML. This means that for a layer thickness of less than 20 ML, a SiF4
signal is measured directly upon ion bombardment. From the inverse slope of the lines
the net yield Ynet , defined as the amount of XeF2 sputtered from the deposited layer per
incident Ar+ ion, is calculated
Ynet DAr+ = Φs (XeF2 )T1 = DXeF2 .

(6)

The results are shown in Table I. This net yield, however, does not include the simultaneous deposition of XeF2 during the ion bombardment time T2 . This freshly deposited
XeF2 is also sputtered by the ions. The total yield Y is now calculated by including this
simultaneous deposition, as given by
Y DAr+ = Φs (XeF2 ) (T1 + T2 ).

(7)

For 1 keV Ar+ ions, the total yield is equal to Y ≈ 170 for both ion fluxes (Table I). For
increasing ion energy, the yield increases to Y = 300 at 2 keV. At this energy etching is
directly observed for XeF2 layers of 100 ML and less. From the yield Y a threshold ion flux
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Figure 4: Ion dose DAr+ to remove a layer DXeF2 of condensed XeF2 . The results
are shown for an ion current of 1.35 µA (closed squares) and 0.65 µA (open circles).
From the slope the net yield Ynet of removed XeF2 molecules per incoming Ar+ is
calculated.
Φthres (Ar+ ) = 3.2 10−3 ML/s (0.3 µA) for an incident XeF2 flux Φs (XeF2 ) = 0.55 ML/s is
needed to counterbalance the incoming XeF2 flux. In this case the condensed XeF2 layer
does not grow, nor is it removed (Ynet = 0). This is in agreement with the measured ion
flux for which no etching stage was reached after a layer of XeF2 was deposited.

3.2

Discussion

In the calculation of the yield Y , it was assumed that all of the condensed XeF2 layer
has been removed when the first SiF4 signal is measured. This assumption is supported
by the fact that different ion fluxes result in the same yield. This yield also results in a
threshold ion flux, which has the right order of magnitude.
However, in our measurements the measured XeF2 signal corresponds to an apparent XeF2 flux leaving the surface of γ Φs (XeF2 ) = 0.39 ML/s (Fig. 3), while a flux
Table I: Values of Ynet , Y and Ycor for two ion fluxes and ion energies.
Ion energy
1 keV
1 keV
2 keV

Ion current
0.6 µA
1.35 µA
1.25 µA

Ynet
Y
Ycor
90 ± 9 167 ± 17 159 ± 17
133 ± 13 170 ± 17 157 ± 17
263 ± 26 300 ± 30 280 ± 30
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Φ(XeF2 ) = Y Φs (Ar+ ) = 2.52 ML/s is removed from the surface. For an ion current of
0.65 µA a XeF2 signal of γ Φs (XeF2 ) ≈ 0.2 ML/s was measured. This shows that the
XeF2 as measured by the mass spectrometer is proportional to the ion flux, in agreement
with the fact that the same yield Y is obtained for equal ion fluxes.
The observed discrepancy is explained as follows. First, in the calculations of the
measured XeF2 signal it is assumed that the species leave the surface with a velocity
distribution corresponding to a temperature of 130 K [Eq.( 4)]. Molecules with a higher
kinetic energy have a smaller detection probability resulting in a possibility for underestimating the measured XeF2 signal. This accounts for a factor of two (assuming a velocity
distribution of 1000 K), but not a factor of six difference. Second, the mass spectrometer
is mounted perpendicular to the sample while the ion beam is incident under 45◦ . Thus
some transfer of momentum from the ions to the sputtered XeF2 species, would lead to
an angular distribution away from the mass spectrometer. This is thought to be the main
reason for the discrepancy in detected and sputtered XeF2 species.
The measured yield of 170 and 300 for 1 and 2 keV ions, respectively, seem very large
compared to the normal yields on the order of 0.1−10 for metals and semiconductors. The
reason for this difference is the low binding energy (0.03−0.5 eV) of condensed molecules,
where only van der Waals forces apply. This binding energy is at least one order of
magnitude smaller than those of metals 12 . Sputter yields for other condensed gases are
on the same order of magnitude as the measured yields. For example, the yield of 1 keV
Ar+ ions on condensed Ar, Kr and Xe layers is 412, 191 and 92, respectively 13 . For
condensed molecules, a yield on the order of 500 was reported for 6 keV Ar+ ions on
condensed CH4 14 and a yield of 26 for 1 keV Ar+ ions on condensed SiCl4 4 .
It was also observed that the XeF2 signal is very unstable during the removal of the
condensed XeF2 layer (stage 1 in Fig. 3). This may be explained by the possible sputtering
of (XeF2 )n clusters. Indeed, in the case of Kr also van der Waals molecules like Kr2 and
Kr3 were observed, but their yield is at least one order of magnitude smaller than the yield
for Kr 15 . Another explanation is the detection of electronically excited species. A more
fundamental reason is given by the observation of explosion-like expansion of sputtered
condensed species in molecular dynamics simulations (MD) 16 . Due to different structures
in the condensed XeF2 layer, these explosions could result in unstable sputter yields
for individual ions. The MD simulations 16 also showed huge fluctuations in yields per
simulation indicating an unstable process, but this might also result from the simulations
themselves and contain no physical information.

4
4.1

Etching of Si (stage 3)
Experimental result

After the XeF2 layer has been removed from the surface, a SiF4 signal is measured and
the Si surface is etched (Fig. 3). The behavior of the SiF4 signal was found to depend
on the initial thickness DXeF2 of the film deposited on the surface (Fig. 5). For an initial
thickness of 17 ML, a peak of SiF4 is measured and the steady-state situation is reached
after 15 s. However, for an initial XeF2 layer thickness of 132 ML the signal increases
slowly and the steady-state situation is reached after a time T3 = 150 s. It is also seen,
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Figure 5: Response of the SiF4 production coefficient δ4 to the onset of etching
after time T1 + T2 for various thicknesses of the XeF2 layer (stage 3 in Fig. 3).
The signals are only plotted until a steady-state situation is reached.

that the peak broadens for increasing initial thicknesses.
The time T3 to reach a steady-state situation is plotted as a function of the initial
XeF2 thickness for two different ion fluxes in Fig. 6. The lines indicate the observed
1
trend: T3 ∝ (DXeF2 ) 2 . It is also seen that for a lower ion flux, it takes longer to reach
a steady-state situation. It was also measured that T3 decreases with ion energy in the
range of 1 to 2.5 keV (not plotted).

4.2

Discussion

When the ions are switched on after only a thin layer of XeF2 was condensed on the
surface, a high peak of SiF4 was measured with δ4 = 2.5 immediately (T2 =0) upon ion
bombardment (Fig 5). This shows that the XeF2 layer (on the order of 20 ML) closest to
the surface is not sputtered from the surface as XeF2 but reacts to form SiF4 . Thus, for
1 keV ions it is possible to etch through a XeF2 layer of 20 ML and for 2 keV through
a layer of 100 ML. This dependency on the ion energy shows that the etching through a
XeF2 layer is an ion-induced process.
For an initial layer thickness of 16.5 ML, it is calculated that in the peak (Fig. 5) an
extra amount of 5 ± 1 ML SiF4 is released as compared to the steady-state situation. This
corresponds to the removal of 10 ± 2 monolayers XeF2 from the surface (fluorine mass
balance), which should be compared to the 16.5 ML XeF2 which were deposited before
the onset of the ion bombardment. This indicates that from the initial layer the XeF2
reacts to form SiF4 with a high reaction probability. This relatively good agreement is
very remarkable as a large discrepancy was observed between the actually removed and
measured amount of XeF2 during the removal of the condensed layer.
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Figure 6: Time T3 to reach a steady-state situation as a function of the dose
DXeF2 . The experiments were done at Φs (XeF2 ) = 0.55 ML/s and an ion current
of 1.35 µA (squares) and 0.65 µA (circles). The lines show the observed trend
1
T3 ∝ (DXeF2 ) 2 to guide the eye.

When a thicker film of XeF2 is deposited, the peak is broadened and T3 increases
(Fig. 5). A similar effect as a function of the film thickness was measured in the sputtering
of condensed H2 by 5 keV H+ 17 and the sputtering of condensed CO by 1 keV Ar+ 18 .
Indeed Fig. 5 is almost identical to the results of the H2 signal as a function of the
bombardment time for various initial thicknesses of the H2 condensate 17 . It was concluded
that the peak is a result of a maximum in the sputter yield for thin condensed layers. For
small thicknesses the yield increases with thickness but for thicknesses on the order of the
penetration depth of the ions, the yield decreases 17 . No explanation was found for the
maximum yield 17, 18 . However, there are indications that close to the surface species are
sputtered by a different sputter mechanism as shown by the good agreement of the SiF4
signal during sputtering of thin layers whereas a discrepancy was observed in the XeF2
signal during sputtering of thick layers. Indeed, only Si might be etched through a XeF2
layer when the penetration depth of the ions is large enough to reach the Si surface.
Also in our measurements, the peak indicates that the last 20 ML of XeF2 are reached.
The only difference is that the H2 peak results from an increased sputter yield near the
surface while the SiF4 signal results from ion-induced SiF4 formation at the Si surface.
Since SiF4 is only produced near the Si surface, the sputter yield as a function of the
thickness of the condensed layer is not of importance.
The question relevant to our measurements is whether the increase in T3 is due to an
increase in the thickness of the SiF4 layer through which the Si is etched or whether the
peak is smeared out due to a nonuniformity in sputter yield or ion flux over the surface.
This last argument was used by Chrisey et al. 18 to explain the broadening of the peak in
sputtered Co near the surface.

4 Etching of Si (stage 3)
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Figure 7: Schematic picture of the sputtering of the condensed XeF2 layer on the
onset of etching. The dotted line at the top is the height of the XeF2 layer when
the ion bombardment is started (corresponding to a deposited dose DXeF2 ). Due
to statistics in the number of ions incident on the surface area, differences in height
∆d form on the surface. The highest peaks are on the order of 2∆d and the height
differences over the surface are on the order of 4∆d.
This latter mechanism is elaborated here to explain the observed features. Because
of the low ion flux (on the order of 1−2 ions per second per area of 10 by 10 Si atoms)
and the high yield, statistics in the number of ions will result in a spread of the XeF2
layer thicknesses over the surface (Fig. 7). Etching starts at a spot on the surface where
all XeF2 have been locally removed. A steady-state situation is reached when the XeF2
has been removed from all of the surface. In our opinion the driving mechanism for these
variations in the XeF2 layer height is the Poisson statistics of the ion bombardment. Using
a simple model we will try to capture this picture in a quantitative sense.
The average thickness hd(t)i removed by the ion bombardment, is given by
hd(t)i = Ynet Φs (Ar+ ) t.

(8)

To calculate the number of ions arriving at the surface, we assume that each ion effects an
area A [1/ML] from the surface. The area A is thus given as the number of surface sites
capping the volume of XeF2 atoms that is removed. As a total of Y atoms is removed
2
from the surface, A is on the order of A ≈ Y 3 = 30.7 1/ML, when we assume that a
cube-shaped volume of atoms is removed by an incident ion. The total number hNi of
incident ions on such an area A is given by
hNi = Φs (Ar+ ) A t.

(9)

The spread ∆N in this number is given by Poisson statistics
1

h

i1

∆N = hNi 2 = Φs (Ar+ ) A t

2

.

(10)

The corresponding spread ∆d in removed layer thicknesses after sputtering for a time
t = T2 is now
∆N
1
∆d
=
=
(11)
1 .
hd(t)i
hNi
[Φs (Ar+ ) A T2 ] 2
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Figure 8: Time T3 to reach a steady-state SiF4 signal under ion bombardment as
a function of the square root of the sputter time T2 per unit ion flux Φs (Ar+ ).
Measurements with an ion current of 1.35 µA (squares) and 0.65 µA (circles) are
shown. A linear dependence between both variables is measured (line).

To check if these thickness variations are of importance, we calculate these variations for
some characteristic numbers. We take A ≈ 30 and Φ(Ar+ )T2 ≈ 3 (Fig. 4). For these
numbers the spread in thickness is on the order of 10% for a XeF2 layer of 400 ML.
These variations in the sputtered thickness are shown schematically in Fig. 7 on the
onset of etching. A steady-state situation is reached when all the highest peaks are
removed from the surface, measured from the lowest points. This thickness is assumed
to be on the order of 4∆d, accounting for 95% of all XeF2 species still remaining on the
surface. The time T3 to remove this thickness is now calculated by using Eq. (8) and
Eq. (11)
i1
4 h
4∆d
+ 2
T3 =
=
T
/Φ
(Ar
)
.
(12)
2
s
1
Ynet Φs (Ar+ )
A2
1

In Fig. 8, the measurements of T3 are plotted as a function of [T2 /Φs (Ar+ ] 2 for two
different ion fluxes. We see that the linear dependence of Eq. (12) applies quite well to
the measurements of both ion fluxes and that the results of both ion fluxes now coincide.
1
However, from the fit we find that the proportionality factor 4/A 2 = 2.9. This measured
value of A = 1.9 indicates that an ion removes a surface area of 1.9 atoms to a depth of
89 ML. We conclude that this is an unrealistically small value of A when compared to the
expected value on the order of A ≈ 30.
In the calculation it is assumed that the XeF2 is sputtered from the surface with the
same characteristics over the whole range. It was, however, already shown that the last
20 ML of condensed XeF2 are not sputtered from the surface, but Si is etched through
this layer while consuming it. Different characteristics for the removal of this last layer
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might explain the observed discrepancy in the value of A. Another explanation lies in
the fact that the simultaneous deposition of XeF2 , with its own distribution during the
removal is not included. It might well be possible that the XeF2 deposits preferably on
the surface peaks, thus increasing the time to remove the last height differences .
Another result of the previous discussion is that etching starts when a layer of hdi+2∆d
has been removed from the surface, which is lower than the total condensed dose DXeF2 .
As a consequence, the calculated yields are too high (Table I). The corrected yield Ycor
are calculated using Eq. (11) with A = 30 and included in Table I.

5
5.1

Growth of condensed XeF2 layer (stage 4)
Experimental results

As shown in Fig. 3, a peak in SiF4 production is observed when the ions are switched
off. The decay time of this peak varies from 6 to 30 s (at a continuous XeF2 flux of
0.55 ML/s), depending on the sample history. To investigate the origin of this peak, the
ion flux is interrupted when the SiF4 signal has not yet reached a steady-state situation,
i.e., during stage 3 in Fig. 3. The result is shown in Fig. 9. These measurements were
done after an initial layer XeF2 of 330 ML was deposited. The ion flux is 0.015 ML/s. It
is seen that the peak height dependents on the moment of the ion-beam switch-off. When
plotted as a function of the SiF4 production δ4,ion at the moment at which the ions were
switched off, it is seen that the peak height δ4,peak increases linearly with the SiF4 signal
at ion switch-off (Fig. 10). When the ions are switched off immediately after a SiF4 signal
is observed, no peak is measured and the SiF4 production decreases to zero within 0.1 s.
This immediate drop in SiF4 signal just after etching has started, is always measured,
independent of the initial XeF2 layer thickness. For example, this decrease is also found
when the ions are switched off at the peak value of the SiF4 production for an initial XeF2
layer with a thickness of 17 ML (Fig. 5).
When the ions are switched on again after an interruption of 60 s before steady-state is
reached (Fig. 9), the SiF4 signal returns to the initial SiF4 production δ4,ion before the ions
were switched off, preceded, however, by a second peak in SiF4 production. This peak
is similar peak to the transient measured in Fig. 5 after a thin XeF2 film was deposited.
The peak height is also dependent on the moment at which the ions are switched off: a
higher SiF4 signal leads to a higher peak at switch-off.

5.2

Discussion

The peak in the SiF4 production after ion switch-off is explained by the fact that no XeF2
is sputtered from the surface anymore. Thus the net influx of XeF2 increases. On the
other hand, the SiF4 production is not yet limited by a condensed XeF2 layer, and thus
the production of SiF4 increases. This shows that the formation of SiF4 is not the limiting
factor.
It was also found that the peak height is proportional to the SiF4 signal at the moment
at which the ions are switched off. (Fig. 10). This can be explained using the previous
discussion. The XeF2 is nonuniformly removed from the surface and islands of condensed

90

Chapter 6
Ar+ off on

off

on

0.75
Ar+

Ar+

Ar+

4

0.5

4,peak

0.25

4,ion

0
0

100

200

300

400

time t-T1-T2 (s)
Figure 9: Response of the SiF4 signal when the ion bombardment is interrupted
twice for 60 s during etching (stage 3) before a steady-state situation is reached.
The peaks are seen to grow with increasing SiF4 signal, both upon switch-on and
switch-off.

XeF2 remain on the surface. Only on surface spots where the etching is not blocked by a
condensed XeF2 layer, spontaneous SiF4 production is possible and thus the peak height
is proportional to the clean surface area. The SiF4 signal during the ion bombardment is
also proportional to the clean surface area, thus explaining the linear dependence.
The immediate decrease of the SiF4 signal upon ion switch-off at the beginning of stage
3 when etching starts, confirms that ion-assisted Si etching takes place through a last thin
layer of condensed XeF2 on order of 20 ML. At this stage, SiF4 is produced and released
through a condensed XeF2 layer with a 100% coverage of the surface. Because of this,
no peak is measured when the ions are switched off. This layer, however, is consumed
and in a steady-state situation no protective layer is present on the surface. From this
observation, it is concluded that one could use a pulsed ion beam in cryogenic etching.
Now, the surface is always covered by a protective XeF2 layer which might be favorable to
reduce surface damage by the ions. Because of the higher ion fluxes in a plasma reactor,
the influence of a partially removed XeF2 layer is no important issue anymore
The measured variations in the decay time of the SiF4 signal at ion switch-off (in the
range of 6−30 s) are an indication for a rough surface. For a rougher surface a thicker
XeF2 layer is needed to cover all the Si peaks on the surface. From a decay time of 6 s
we conclude that a layer of 3.3 ML XeF2 is sufficient to stop the etching of silicon. This
corresponds to a thickness of 1.5 nm. Since surface roughnesses on the order of 100 nm
have been reported 19 , a XeF2 layer of 1.5 nm indicates a surface almost without surface
roughness. We thus conclude that a thin layer of XeF2 on top of the surface stops the
SiF4 formation. The condensed XeF2 layer thus freezes the SiF4 production. Diffusion of
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Figure 10: Peak value of the SiF4 signal δpeak when the ions are switched off as a
function of the SiF4 signal δ4,ion at the moment of switch-off. A SiF4 production
coefficient δ4 = 0.25 is the steady-state situation during ion-assisted etching.

SiF4 through a condensed XeF2 layer is thus negligible.

6
6.1

Concluding remarks
Comparison with a CFx layer

It is clear that the nature of a XeF2 layer is different from a CFx layer. The XeF2
layer really blocks the spontaneous etching. During ion bombardment, etching can occur
through a layer on the order of 9−45 nm thick, depending on the ion energy, but in a
steady-state situation no protective layer is present on the surface. The CFx layer, by
contrast, acts as a reaction layer in a steady-state situation to supply reactants to form
reaction products. This is clearly shown in the case of Si, where diffusion of Si through
the CFx layer is the etching mechanisms 2 .
The fundamental difference is that etching through a CFx layer is limited by reaction
product formation while the etching through a XeF2 layer is limited by the release of the
reaction products.

6.2

Conclusions on XeF2 layers

When XeF2 is deposited on Si, XeF2 layers on the order of 3.3 ML (≈ 1.5 nm) block
the spontaneous etching of Si. The sputter yield of condensed XeF2 to remove this layer
is 160 ± 17 for 1 keV Ar+ and 280 ± 30 for 2 keV Ar+ . These yields are corrected for
the thickness variations of the removed XeF2 over the surface resulting from statistics in
the number of ions incident on the surface. From measurements of the etching behavior
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of silicon for various film thicknesses of condensed XeF2 it is concluded that ion-assisted
etching is possible through a XeF2 layer of 9 nm and 45 nm for 1 keV and 2 keV ions,
respectively. After this layer has been consumed to produce SiF4 , a steady-state situation
is reached. For increasing initial film thicknesses, the time to reach a steady-state situation
increases. A steady-state situation is reached when all XeF2 has been removed from the
surface. Due to statistics in the number of arriving ions over the surface, thicker layers
will result in more thickness variations which will take a longer time to be removed. A
simple model assuming Poisson statistics gives a good qualitative agreement, but fails to
describe the correct time scale to reach a steady-state situation.
Finally, it is suggested that when etching Si with XeF2 at low temperatures one could
use a pulsed ion beam to obtain less damaged surface, because the surface is always
covered by a XeF2 layer.
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7
Ellipsometry in beam etching
Abstract
For a better comparison between plasma etching and beam etching, an ellipsometer is added to
a multiple-beam setup in which Si is etched by XeF2 and Ar+ ions. First the behavior of an
amorphous Si layer under Ar+ ion bombardment is studied. To interpret the measured Ψ − ∆
plot, the surface is modeled as an amorphous Si layer (n = 4.63 − i 0.76) and an oxide layer.
The resulting layer thickness of the amorphous layer is a factor 1.3 too high which is attributed
to a different index of refraction due to experimental conditions. Next, the spontaneous etching
of silicon is studied. When the XeF2 beam is turned on, first a fast decrease of ∆ is observed
which corresponds to the fluorination of the surface. Subsequently, a slow decrease is observed
which corresponds to the roughening of the surface. It is concluded that a first link between
mass spectrometer results and ellipsometry has been established but that more measurements are
needed to give a full understanding of spontaneous etching of Si when studied by ellipsometry.

1

Introduction

Over the past decade, numerous experiments have been done to study the etching process
both in molecular beam setups 1 and plasma reactors 2 . However, despite these studies
and the knowledge that has been obtained in both areas, it is difficult to compare the
results of the different environments for etching. Moreover, contradictory results are
reported, such as an increasing fluorinated layer with increasing ion energy in a plasma
reactor, whereas one expects a decreasing fluorinated layer from the results of molecular
beam studies 3 . The main cause of this gap is that molecular beam experiments focus on
studying the reaction products desorbing from the surface by mass spectrometry, which
is impossible in a plasma. It would be very helpful to see the same diagnostic technique
used in both plasma reactors and molecular beam setups. Ideally, such a technique has to
be an in situ method 4 since it is almost impossible to preserve the conditions prevailing
during the etching reaction for ex situ measurements 5 .
Ellipsometry is such a diagnostic tool and commonly used for in situ real time monitoring during plasma processing. Moreover, it is used in production lines for process
control 6, 7 . In ellipsometry, polarized light hits a sample and the change in ellipticity
of the reflected light on a surface is determined. This provides information about the
complex index of refraction of the substrate and its overlayers. Thus, ellipsometry is a
good technique to study the surface and provide more insight on surface processes during
etching. Also, layer thicknesses can be measured within ≈ 0.1 nm 6, 7 . For these reasons it
was decided to study the etching process in a molecular beam setup with an ellipsometer.
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In this way the microscopic knowledge based on the analysis of reaction products can be
related to the macroscopic processes as measured by ellipsometry. This link can then be
used to interpret ellipsometric data in a plasma reactor.
In this chapter, first the new experimental setup will be described in Sec. 2. Then,
ellipsometry is described in some more detail. As a first measurement, the damage of
the Si surface is studied when it is bombarded by ions. In this way, the effect of ions
on a non-fluorinated surface is studied, which may be helpful in the interpretation of
the ellipsometric data in the case of ion-assisted etching. Next, the first ellipsometric
data of a fluorinated surface will be presented for the case of spontaneous etching. It is
concluded that a first link is made with the results of reaction product detection and that
more measurements are needed to get a full understanding of the surface processes during
spontaneous etching.

2

Experimental setup

The setup is essentially the same as described in Chapter 1, but has been extended with an
ellipsometer. In addition, a sample exchange mechanism has been installed to facilitate
frequent exchange of samples without letting the sample chamber up to air. The new
layout of the setup is shown in Fig. 1.
The home-built sample exchange mechanisms consists of a rotatable sample mechanism,
a loadlock with storage for six samples and a magnetic linear drive to transfer a Si sample
on a sample holder from the loadlock to the rotatable sample mechanism. The sample
mechanism in the sample chamber where the Si is inserted, can be heated with a heating
element up to 900 K. A valve between the loadlock and the sample chamber permits
new samples to be added in the storage when the sample chamber is still under ultra
high vacuum. A vacuum transport box can be connected to the loadlock to transport
samples in vacuum to ex situ surface diagnostic techniques as low-energy ion scattering
spectroscopy (LEIS). The loadlock is pumped by a turbomolecular pump of 56 `s−1 , which
results in a base pressure of 1 · 10−8 mbar.
A central semi-spherical flange was installed at the center of the setup with ports for
the ellipsometer. This flange also has two additional ports for the future installation of
a Fourier transform infrared (FTIR) ellipsometer. The ellipsometer is mounted under
φ = 30◦ degrees with respect to the horizontal plane (Fig. 2). The angle of incidence is
θi ≈ 74◦ . The configuration of the incident XeF2 , Ar+ and laser beam for ellipsometry is
shown in Fig. 2.
The ellipsometer is a home-built rotating-compensator ellipsometer in the polarizercompensator-sample-analyzer (PCSA) configuration with a wavelength of 632.8 nm (HeNe laser). The polarizer and analyzer are dichroic sheet polarizers, mounted on a manual
rotary stage (sensitivity of 1/60◦ ). The compensator is a zero-order quartz λ/4 retardation
plate, anti-reflection coated on both sites (R < 0.05%). The compensator is driven by a
synchronous motor with a 2:3 transmission, resulting in a rotation frequency of 33 Hz.
Connected to the compensator is an encoder which generates 256 pulses and one start pulse
per cycle of the compensator. These pulses are used to trigger a 12-bit ADC (resolution
2.44 mV) to measure the output voltage of a photodiode on which the reflected laser light
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Figure 1: Horizontal cross-section of the experimental setup in the plane of the
product beam axis. 1) rotatable sample mechanism with two sample holders,
2) central semi-spherical flange, 3) differential pumping stages, 4) flow resistance,
5) ion gun, 6) mass spectrometer, 7) rotary drive, 8) sample storage for 6 samples,
9) vacuum transport box. The ellipsometer is mounted on the central flange under
30◦ with respect to the horizontal plane. The XeF2 supply is not shown because
it is out of plane.
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Figure 2: Configuration of the XeF2 , beam, ion beam and laser light of the ellipsometer incident on the sample. The angles θ and φ are spherical coordinates.
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is incident. The laser beam is directed in and out of the vacuum through quartz windows,
which are free of stress. It was assured that these windows do not have any influence on
the polarization of the incoming and reflected laser light.

3

Ellipsometry measurements and modeling

In this section a short description is given about ellipsometry. A full review is given in the
book of Azzam and Bashara 8 . The change in ellipticity induced by a sample is expressed
by the ellipsometric angles Ψ and ∆, defined by
Rp
= tan(Ψ) ei∆ .
Rs

(1)

Here, Rp and Rs are the amplitude reflection coefficients for the parallel p and perpendicular s component of the polarized light with respect to the plane of incidence. Now,
tan(Ψ) (0 ≤ Ψ ≤ 90◦ ) is the ratio of the relative amplitudes of the reflected p and s
waves relative to the incident waves. The angle ∆ (0 ≤ ∆ ≤ 360◦) is the induced phase
difference between the p and s wave. The ellipsometric angles Ψ and ∆ depend on the
wavelength, angle of incidence and morphology of the surface (e.g. optical constants,
number of layers on substrate, layer thickness). Also surface roughness influences the
measured Ψ and ∆ values. A rough surface between medium 1 and medium 2 is usually
modeled as an additional layer with an effective index of refraction to include the surface
roughness. One of the approximations for this effective index of refraction is given by the
Bruggemann model:
1 − n
2 − n
f1
+ f2
= 0.
(2)
1 + 2n
2 + 2n
Here, 1 and 2 are the square root of the (complex) indices of refraction for medium 1
and 2, n the square root of the (complex) index of refraction of the new effective layer
and f1 and f2 the fraction of both media in the new effective layer (f1 + f2 = 1). In the
case of a rough top layer, medium 1 is vacuum (n = 1.00).
To measure the Ψ and ∆ of an unknown sample, one first has to calibrate the plane of
incidence and the ellipticity of the light before it irradiates the sample, which is determined
by the characteristics of the compensator. These characteristics are defined by the angles
Ψc and ∆c , which are defined in a similar way as the ellipsometric angles, however, now
with respect to the fast and slow axis of the λ/4 retardation plate. Thus, for an ideal
compensator Ψc = 45◦ and ∆c = 90◦ .
In our setup, the calibration is done as follows. Because the sample will have a somewhat different position every time it is inserted in the setup, first a transmission calibration is done to determine the plane of incidence. The maximum correction for the
plane of incidence is 0.5◦ , which shows the importance of this calibration. After this, the
compensator is calibrated. The average values for the compensator characteristics are
Ψc = 45.09◦ ± 0.03◦ and ∆c = 91.0◦ ± 0.2◦ . The angle of incidence is determined from
the measured Ψ and ∆ of the sample assuming that the Si surface (n = 3.86 − 0.02 i) is
covered with a thin oxide layer (n = 1.42). The angle of incidence and the oxide thickness
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are varied until computer simulations give the measured Ψ − ∆ value ∗ . The thickness
of the oxide layer is on the order of 1.4 nm and the angle of incidence θi is in the range
of θi = 74.1◦ − 74.5◦ . Because of the manual rotary stages , we estimate the error in the
angular position of the analyzer and polarizer to be at most 0.1◦ , which corresponds to
an error of 0.1◦ in Ψ and 0.5◦ in ∆ for a Si sample.
To interpret the measured ellipsometric angles Ψ and ∆, one has to model the morphology of the surface. The calculated Ψ and ∆ according to the model are then compared
to the experimental results and conclusions can be drawn about the index of refraction
or the layer thickness. When the model consists of a single substrate with no additional
layers, Ψ and ∆ can be calculated easily with Eq. (1) and the Fresnel equations for Rp
and Rs 8 . However, when several layers with different optical constants are present on
the substrate, multiple reflections have to be included and the calculation becomes more
complex. In our case a computer program based on the impedance formalism is used to
calculate Ψ and ∆ for a stack of layers 9 .

4

Surface damage by ion bombardment

4.1

Experimental results

The damage of the surface by ion bombardment has been measured as a function of the
ion energy Eion in the range Eion = 0.5 − 2.4 keV. The measurements were done for
ion fluxes of Φs (Ar+ )=0.011 ML/s and 0.022 ML/s. The energy is increased in steps of
0.5 keV. For each energy it was ensured that a steady-state situation was reached before
increasing the ion energy. It was found that the ion dose (= tΦs (Ar+ ) to reach steady
state is flux independent 10 . In Fig. 3, the measured Ψ − ∆ plot is shown for an ion flux of
0.022 ML/s. The steady-state values for each energy are shown by the markers. When the
ions are turned on, first a strong increase in ∆ is observed. In the range Eion = 1 − 2 keV,
∆ is almost constant and an increase in Ψ is observed. For even higher ion energies, Ψ
still increases and ∆ decreases again. The measurement with an ion flux of 0.011 ML/s
resulted in the same Ψ − ∆ plot.

4.2

Discussion

To interpret the measured Ψ − ∆ plot we use the optical model as proposed by Buckner
et al. 11 . In this model, the surface consists of a single-crystal silicon surface covered
with an amorphous Si (a-Si) layer with an index of refraction of n = 4.63 − i 0.76 and a
thickness D(a-Si). On top of this layer, a residual SiO2 layer with an index of refraction
of n = 1.465 and a thickness D(SiO2 ) is present (Fig. 4). The corresponding Ψ − ∆ plot
for this model for an angle of incidence of θi = 74.1◦ is shown in Fig. 3. It is seen that Ψ
mainly determines the thickness of the damaged layer and ∆ the thickness of the oxide
layer. In the range Eion = 1 − 2 keV, the curve is well described by the model with a
∗

Throughout this chapter, it is assumed that a thin oxide layer is present on the surface, since this is
commonly used in models in literature. After the HF dip, however, the surface will probably be hydrogen
passivated. The assumption of an oxide layer will not change any conclusions.
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Figure 3: Measured Ψ − ∆ plot for the growth of a damaged layer during ion
bombardment in the range Eion =0.5−2.4 keV. The markers indicate the starting
value of our Si surface with an oxide layer and the steady-state values for an
amorphous layer during 0.5, 1, 1.5, 2 and 2.4 keV ion bombardment. The dashed
lines indicate the simulation of Ψ and ∆ according to the optical model. The
curves are shown for thicknesses of the amorphous and oxide layer in the range
0−15 nm and 0−1.5 nm, respectively.
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Figure 4: Optical model used to interpret the Ψ − ∆ plot. The sample consists
of a Si(100) substrate with an amorphous Si layer (n=4.63−i 0.76) with thickness
D(a-Si) and a SiO2 layer (n =1.465) with a thickness of D(SiO2 ).
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Figure 5: Thickness D(a-Si) of the amorphous Si layer as a function of the ion
energy Eion . As a comparison also values from literature are plotted. In the legend
the angle of incidence of the ion beam is indicated.

residual oxide layer of 0.4 nm. This can also be due to surface roughness, since an oxide
layer and surface roughness cannot be separated with ellipsometry at one wavelength and
a single angle of incidence 12 . For higher ion energies a slight increase in oxide layer is
suggested by the model. This seems rather unrealistic. Possible explanations are surface
roughness, a decrease in the real part of the index of refraction of the amorphous layer or
the mixing of a fraction of crystalline Si in the amorphous layer 10, 13
From Fig. 3 the thickness of the a-Si layer can be obtained. The results are shown in
Fig. 5 together with values as found in literature 11, 14, 15 . The thickness of the damaged
layer by Ibrahim et al. for ion bombardment in the range Eion = 0 − 0.4 keV for normal
incidence were obtained by applying our optical model to their experimental results; the
actual thicknesses as given in Fig. 5 are not mentioned in their paper. Also the thickness
of the damages layer due to ion bombardment incident under 45◦ is shown as calculated
with the “TRIM” program 16 as the thickness for which the damage has decreased to 10%
of the maximum value. This depth is related to the thickness of the amorphous layer.
We see that our values are higher than the TRIM calculations, which agree well to
the results of Williams obtained with Rutherford backscattering 14 . Over the whole ion
energy range the measured thicknesses are a factor 1.3 too high. Our results correspond
quit well with the experimental results of Buckner et al. 11 . However, these measurements
were done with an ion beam at normal incidence whereas our ion beam is incident at
45◦ . We thus conclude that our thicknesses are too high. One reason might be that our
thicknesses are measured when the ion beam is still on while in the other experiments
they were obtained when the ion beam was switched off and the sample was taken out
of the vacuum 11 . We observed that when the ion beam is switched off, the surface will
relax and Ψ will decrease by about 0.5◦ 10 . In our model this corresponds to a decrease
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of the damaged layer of about 0.9 nm.
The values of Ibrahim et al. are lower than the TRIM values, whereas a higher value
was expected because these measurements were done at normal incidence. From the
differences in thicknesses of the amorphous layer of our experiment and of Ibrahim et al.,
we conclude that ellipsometry can only determine reliable thicknesses when a model is
used with accurate values of the index of refraction. Ibrahim et al. showed that the index
of refraction changes as a function of ion energy 15 , whereas the index of refraction of
n = 4.63 − i 0.76 as used in the model was obtained from measurements at an ion energy
of 20 keV 13 . To obtain a thickness of the amorphous layer which is in agreement with
the TRIM calculations we have to use an index of refraction of about n = 4.8 − i 1.2,
when no surface roughness is assumed. Thus, especially the imaginary part of the index
of refraction is significantly higher. The index of refraction of the amorphous layer might
dependent on the surface conditions when the ion bombardment is started and the cleaning
method. For example, impurities may move into the Si instead of being sputtered 17 . For
a complete comparison of the various results and the experimental conditions, we refer to
Buckner et al. 11 .
From these measurements we conclude that we understand the formation of an amorphous Si layer during sputtering of sample. Somewhat higher values of the thickness of
the a-Si layer were obtained but they can be attributed to the different experimental
conditions which result in a different index of refraction.

5
5.1

Spontaneous etching of silicon
Experimental results

The fluorination of the silicon surface was investigated at room temperature by an ellipsometric study. The XeF2 flux incident on the surface was Φs (XeF2 ) = 2.0 ML/s. The
angle of incidence of the incident laser light was θi = 74.2◦. The Si sample was cleaned
with HF before it was mounted in the setup. Since a thin oxide layer will remain on the
surface after cleaning, the sample was first sputtered by 1 keV Ar+ ions with a total dose
of 5 ML (3.4 · 1015 ions cm−2 ). Subsequently the ion flux was turned off and the XeF2
flux was turned on after 500 s.
In Fig. 6, the results for Ψ and ∆ are shown as a function of the XeF2 dose Φs (XeF2 ) t
at the moment the XeF2 is turned on (t = 0). In Fig. 7 the Ψ − ∆ plot is shown. From
the dose dependence, three specific stages are distinguished. After a startup effect, both
Ψ and ∆ decrease in stage I. In stage II, the value of Ψ increases whereas ∆ continuous
to decrease rapidly. Finally, in stage III, the value of ∆ decreases much more slowly as
compared to stage I and II. The angle Ψ shows a similar behavior, but the transition is
not very sharp. The deflection point and the start of stage III appears after a XeF2 dose
of 5 · 103 ML. In Fig. 7 the Ψ − ∆ plot is shown for the total process. The end of the
specific stages are indicated by markers.
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Figure 6: Ellipsometric angles Ψ and ∆ as a function of the XeF2 dose. Three
specific stages are shown. In stage I the amorphous layer is etched simultaneous
with the fluorination of the Si which continues in stage II. After a XeF2 dose of
4· 103 ML (end of stage II ) Ψ and ∆ start to decrease much more slowly and a
rough Si surface is formed.

5.2

Discussion

From the dose dependence of Ψ and ∆, a fast and a slow decrease in ∆ was observed
(Fig. 6). The fast decrease stops after a XeF2 dose of 4 · 103 ML. This corresponds very
well to the dose required to form a steady-state reaction layer 18 . From this we conclude
that the fast decrease of ∆ is related to the formation of a reaction layer. However, at
this point no steady state of Ψ and ∆ is reached which indicates that a second surface
process occurs besides the fluorination of the surface. This process becomes dominant
beyond a XeF2 dose of 4 · 103 ML. This is in agreement with the results of Vugts et al.,
who observed severe roughening of the surface 18 for a high XeF2 dose (up to 5 · 105 ML).
From this comparison we thus attribute the slow decrease in the ellipsometric angles to
the formation of a rough surface. This is also in correspondence with the results of Aliev
et al. who observed a similar behavior of Ψ and ∆ during fluorination of the surface and
subsequent surface roughening in the temperature range T = 600 − 900 K 19 .
In stage I, the initial decrease in Ψ is explained by the etching of the amorphous
layer which was produced during the sputtering of the oxide layer (Sec. 4). An accurate
calculation of the thickness of the etched layer is difficult because of the startup effect of
the XeF2 and the construction of the reaction layer which results in a lower SiF4 formation
probability. A first-order calculation indicates that about 4 ± 1 nm are etched when the
minimum value of Ψ is reached, in reasonable agreement with the values of thickness of
the amorphous layer from the previous section. Thus during this period the fluorination
of the surface and the removal of the amorphous layer coincide. The best way to avoid this
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Figure 7: Plot of Ψ and ∆ during the fluorination of the surface. At point 1 the
ion flux is turned on. At point 2 the ion flux is turned off and the XeF2 flux is
turned on after 500 s. Point 3 and 4 correspond to the removal of the amorphous
layer (end of stage I ) and the total fluorination of the surface (end of stage II ),
respectively. Point 5 and 6 are related to the model calculation. Point 4 is the
starting point on a clean Si surface and point 5 indicates the simulated point when
a steady-state SiFx layer has been formed. After this point, it is assumed that a
rough Si surface is formed. The calculated Ψ-∆ behavior is plotted for an index
of refraction of n = 2.0, n = 2.5 and n = 3.0. In the right-hand figure, the same
curves are plotted on a larger scale. The marked Ψ-∆ points (diamonds) indicate
the values for a rough layer with a thickness of 100 nm for the various indexes of
refraction.

and only measure the fluorination of the surface, is to heat the sample up to 1000 K after
the sputtering, which will remove the amorphous layer 15 . However, these temperatures
cannot be reached in our setup.
To describe our measurements, we use a simple model. During the fluorination of the
surface, we assume that a uniform SiFx layer is formed. For the index of refraction we
assume n = 1.60 3 Here, the removal of the amorphous layer is not included. After the
formation of the reaction layer we assume a rough Si surface is formed with on top of it a
SiFx layer with constant thickness (Fig. 8). For the index of refraction, we used the values
n = 2.0, n = 2.5 and n = 3.0. An index of refraction in this range is expected when we
calculate the index of refraction with the Bruggemann model [Eq. (2)] and assume that
the rough layer consists of Si and SiFx or vacuum. The calculated Ψ − ∆ plot for this
model is shown in Fig. 7 together with the measured Ψ − ∆ plot.
According to the model, the thickness of the SiFx layer at point 4 is D(SiFx ) = 13 nm
(Fig. 7). This value is very high compared to the values reported in literature of a reaction
layer with a thickness of several monolayers (0.6 − 1.0 nm) 20, 21 . Vugts et al. reported a
fluorine content of the reaction layer of 38 ML for rough surfaces 18 . Assuming an average
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Figure 8: Model for the Si surface during fluorination of the surface. For the stages
I and II the surface consists of a Si(100) substrate with a uniform transparent SiFx
layer (n =1.60) (left-hand figure). In the next stage the SiFx layer is assumed
constant at 13 nm and a rough Si layer is formed. For the index of refraction of
the rough layer various values are used.

of 2 fluorine atoms per Si atom, this corresponds to a SiFx thickness of about 2.5 nm.
This can be regarded as an upper limit in the case of a very rough surface.
There are several possible reasons for the observed discrepancy of the SiFx thickness.
First, we started etching on an amorphous Si layer which might influence the results.
Secondly, our model assumes an index of refraction of n = 1.60 for the SiFx layer. In
the measurements by Oehrlein, this index of refraction resulted in a SiFx layer thickness
which was within 50% of the XPS values 3 . This indicates that only a rough estimation
of the SiFx layer can be expected from the measurements. The most important reason,
however, is that in the results we cannot distinguish between an SiFx layer and a rough
surface. When the rough surface is modeled by an effective layer with the Bruggemann
model [Eq. (2)] the effective layer will almost be transparent, since the absorption of Si is
very small. It is impossible to distinguish between two transparent layers with a thickness
on the order of 10 nm. Only for thicker layers, differences in the index of refraction result
in a measurable deviation in the corresponding Ψ − ∆ plot.
In the right-hand figure of Fig. 7, the Ψ − ∆ curves for an increasing thickness of the
rough surface are plotted for a thickness up to 100 nm. This corresponds to the thickness
of the rough layer as observed by Vugts et al. after a XeF2 dose of 4 · 105 ML 18 . It is seen
that the Ψ − ∆ plot is sensitive for the index of refraction of the rough Si layer. Thus
for a higher XeF2 dose than used in our experiment (4 · 105 ML) it will be possible to
give an index of refraction for a rough fluorinated Si surface and more information can be
obtained for spontaneous etching.

6

Conclusions

We installed an ellipsometer on a molecular beam setup in order to bridge the gap between
plasma-etching and beam-etching experiments. The first experimental results on spontaneous etching showed two distinct stages in the etching process. First, a fast decrease in
∆ and a fast increase in Ψ is related to the fluorination of the surface. The subsequent
slow decrease and increase in Ψ and ∆, respectively was attributed to roughening of the
surface. Measurements on an even rougher surface should provide more insight how to
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interpret the ellipsometric results. We conclude that a first link has been established
between ellipsometric measurements and mass spectrometer measurements of the release
of reaction products.
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8
Future research
From the results presented in this thesis we conclude that we have obtained a detailed
microscopic picture of ion-assisted etching. With this knowledge it seems feasible to get
a good understanding about the effect of doping on the etching of silicon, which is still
lacking. It is known that the spontaneous etch rate depends on the doping level and
the kind of doping. However, no detailed measurements have been performed, especially
in the case of ion-assisted etching. Thus, experiments of spontaneous and ion-assisted
etching should be performed both on p (B) and n doped (P, As or Sb) samples with a
resistivity in the range of 1 − 1 · 10−3 Ωcm (samples with an even higher doping level
would be desirable but are very difficult to obtain).
The real challenge in future experiments is to relate the beam etching in our molecular
beam setup to the etching in a plasma reactor, i.e., to translate our microscopic picture
to a macroscopic picture as seen in plasma reactors. For this reason the setup has been
extended with an ellipsometer since this is a frequently used diagnostic tool in plasma
reactors. Now, the physics behind the damaged Si layer during etching as observed
during plasma etching may be revealed. The first link has already been established in the
case of spontaneous etching (Chapter 7). To give a complete description of spontaneous
etching, first experiments with a higher XeF2 dose should be performed and the roughness
of the surface as measured by ellipsometry should be compared with an atomic force
microscope (AFM). Next, ion-assisted etching should be studied by the ellipsometer.
Now, the measurements in a molecular beam setup can be compared to measurements
in a plasma. In addition to the present ellipsometer, also a Fourier Transform Infrared
(FTIR) ellipsometer may be mounted easily on our setup to give additional information
on the reaction layer.
Another way to link our microscopic knowledge to macroscopic etching, is to etch
features. Until now only the etching of unpatterned Si has been studied. However, the
(commercial) goal of etching is to make features by using a mask on the Si that patterns
for the desired microstructures. The etching of such a structure (with a width on the
order of 1 µm) will take several hours in our setup (as compared to several minutes in a
plasma reactor). The profile of the cross-section of the etched structures may be viewed
with a scanning electron microscope (SEM). This measured profile may be compared
with computer simulations based on our microscopic knowledge. This might also give
more insight in problems like aspect-ratio-dependent-etching (ARDE) which are observed
during the etching of features in a plasma reactor.
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Summary
In this thesis a study is presented on the fundamentals of ion-assisted etching of silicon.
The research was performed in the Atomic Physics and Quantum Electronics Group
(AQT/B) of the Physics Department at the Eindhoven University of Technology.
Etching is a key technique in the production process of integrated circuits. Industrial
etching is usually done in a plasma reactor. However, to unravel the detailed mechanisms
determining the etch process, a different approach was chosen. In this scheme, well defined
beams of XeF2 and Ar+ ions are directed towards the Si sample in an ultra-high vacuum
(UHV) setup. In this way the relevant ingredients of a plasma (neutrals and ions) are
simulated. The etching reaction is monitored by a quadruple mass spectrometer (QMS)
which detects the desorption of non-reacted XeF2 and the main reaction products SiF4
and SiF2 .
One of the first results of the present work is that small amounts of metal contamination
(order of 0.01 ML) have a large effect on the etching characteristics. In our measurements,
we study the effects of Ni and W contamination. Both types of contamination show a
similar effect, which appears most pronounced after ion bombardment. When the ions
are switched off, the spontaneous etch rate is temporarily enhanced by a factor of 2
for W contamination and somewhat less for Ni contamination. It is concluded that the
contamination moves into the silicon by diffusion to vacancies created by the Ar+ ions.
For 1 keV Ar+ ions the contamination moves to a depth of 2.5 nm, comparable to the
penetration depth of the ions. Due to the low removal rate of the contamination, the
catalytic effect is reduced to less than 5% after a layer of 17 nm of Si has been etched. A
simple model describes the temporary enhancement very well. No conclusions could be
drawn about the mechanisms behind the etch rate enhancement by traces of metal.
On contamination-free samples, ion-pulse measurements were done on a time scale of
1−100 s to reveal the mechanisms of ion-assisted etching. First, this process was studied
at room temperature. It was already known that the etch rate is enhanced by ions up
to a factor of eight (dependent on the ion flux). However, despite numerous studies
in the past the detailed mechanisms are not known. It is concluded that the reaction
layer, formed during spontaneous etching, is depleted of fluorine upon ion bombardment,
resulting in a thinner reaction layer. Moreover, the structure of the reaction layer changes
from a multilayer coverage with Six Fy chains to a reaction layer with a sub-monolayer
fluorine coverage and dangling bonds. The depleted reaction layer has a lower spontaneous
SiF4 production. The etch rate enhancement by ions is explained by a higher reaction
product formation by ion-induced reactions. However, to form more reaction products,
also more XeF2 has to react with the silicon. This is explained by the creation of dangling
bonds when the reaction products are removed from the surface. The reaction probability
 of XeF2 on these dangling bonds ( ≈ 0.75) is much higher than on fluorinated sites
( ≈ 0.07). For higher ion fluxes, more dangling bonds are created on the surface, resulting
in a higher reaction probability.
From experiments in the temperature range T = 150 − 800 K, it is concluded that
the same mechanisms are responsible for ion-assisted etching over the entire temperature
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range. It was found that, independent of temperature, a reaction layer with a monolayer
coverage and dangling bonds is formed during ion bombardment. Before XeF2 reacts with
a dangling bond, it is first physisorbed in a precursor state. The temperature dependence
of the reaction probability of XeF2 is now solely determined by the thermal desorption
of XeF2 from this XeF2 precursor concentration. A model of the precursor concentration
describes the reaction probability over the studied temperature range (150−800 K) very
well, with the dangling bond concentration as the only free parameter to include the ion
flux dependence. It is also concluded that the mechanisms for reaction product formation
are independent of temperature.
Below 150 K a totally different behavior is observed: XeF2 condenses on the Si surface
and forms a layer on the silicon, which blocks the etching. This blocking layer can be
removed by ion bombardment after which the etching will resume. It is found that 1 keV
Ar+ ions remove the condensed layer with a yield of 160 XeF2 molecules per ion. Due to
the small number of ions incident on the surface in our experiment, the removal of this
layer is described by Poisson statistics. When almost all XeF2 has been removed from the
surface, it is possible to etch through the last layer of condensed XeF2 having a thickness
of 9 nm. When the ions are switched off after all condensed XeF 2 has been removed from
the surface, we observe a transient peak in the SiF4 production. This is attributed to a
fast increase of the condensed layer and the precursor concentration upon ion switch-off
until a XeF2 layer on the order of 1.5 nm (depending on surface roughness) has condensed
on the surface which blocks the spontaneous etching process.
We conclude that we have obtained a detailed microscopic picture of the etching of
silicon by beams of neutrals and ions. However, there is still a gap between beam etching
and plasma etching. To bridge this gap an ellipsometer has been added to our setup,
because it is a common non-invasive diagnostic tool used in a plasma reactor. In addition,
also a sample exchange mechanism was installed to facilitate the frequent exchange of
samples. The first ellipsometric results of spontaneous etching show the construction
of a reaction layer followed by surface roughening. The XeF2 dose needed to build the
reaction layer as derived from the ellipsometric results is in good agreement with results
from the mass spectrometer. Additional experiments have to be performed to obtain a
full understanding of the roughening of the surface, but a first link between microscopic
and macroscopic features has been established.
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Samenvatting
In dit proefschrift wordt het onderzoek beschreven naar de beginselen van iongeassisteerd etsen. Het onderzoek is uitgevoerd in de werkgroep Atoomfysica en Quantumelektronica (AQT/B) van de faculteit Technische Natuurkunde aan de Technische Universiteit
Eindhoven.
Etsen is een sleuteltechniek in het productieproces van I.C.’s. Het vindt in de industrie
gewoonlijk plaats in een plasmareactor. Om de precieze mechanismen die het etsprocess
bepalen te ontravelen, werd er echter gekozen voor een andere benadering. Hierbij worden
goed gedefinieerde bundels van XeF2 en Ar+ ionen op het Si preperaat gericht in een
ultrahoogvacuum (UHV) opstelling. Op deze wijze worden de relevante ingrediënten
van een plasma (neutralen en ionen) nagebootst. De etsreactie wordt gevolgd met een
quadrupool massaspectrometer die de desorptie waarneemt van XeF2 dat niet gereageerd
heeft, en de belangrijkste reactieproducten SiF4 en SiF2 .
Eén van de eerste resultaten van het huidige onderzoek is dat kleine hoeveelheden
metaalverontreinigingen (in de orde van 0.01 monolagen) een groot effekt op de etseigenschappen hebben. Bij de metingen wordt het effect van Ni en W vervuiling bestudeerd.
Beide typen verontreiniging hebben eenzelfde effect, dat het meest uitgesproken naar voren
komt na een ionenbombardement. Als de ionen uitgeschakeld worden, wordt de spontane
etssnelheid door W vervuiling tijdelijk verhoogd met een factor twee en iets minder voor
Ni. We concluderen dat de vervuiling het Si indringt; het verspreidt zich namelijk naar
de beschadigingen van het ionenbombardement. De verontreinigingen dringen voor ionen
met een energie van 1 keV door tot een diepte van 2.5 nm, wat overeenkomt met de
indringdiepte van de ionen. Door de lage verwijdersnelheid van verontreinigingen, is het
katalytisch effect van de verontreinigingen verminderd tot 5% als een 17 nm dikke laag
Si geëtst is. Een eenvoudig model beschrijft de tijdelijke verhoging erg goed. Er konden
geen conclusies worden getrokken over de achterliggende mechanismen van de verhoging
van de etssnelheid door dergelijke metaalsporen.
Met preparaten die vrij van verontreiniging zijn, werden ionenpulsexperimenten op
de tijdschaal van 1−100 s uitgevoerd om de mechanismen van iongeassisteerd etsen te
bestuderen. Allereerst werden deze metingen bij kamertemperatuur uitgevoerd. Dat de
etssnelheid door ionenbombardement tot een factor acht (afhankelijk van de ionenflux)
versneld wordt t.o.v. de situatie zonder ionen, was reeds bekend. De details van de
achterliggende mechanismen zijn echter ondanks veel onderzoek in het verleden nog niet
begrepen. Wij concluderen dat tijdens het ionenbombardement de fluorinhoud van de
reactielaag, die tijdens spontaan etsen gevormd is, verbruikt wordt, wat tot een dunnere
reactielaag leidt. Tevens verandert de structuur van de reactielaag van een multilaag
bedekking met Six Fy ketens in een monolaag fluorbedekking met losse bindingen aan
het oppervlak. De dunnere reactielaag leidt tot een lagere spontane SiF4 productie. De
verhoging van de etssnelheid door ionen wordt verklaard door een grotere vorming van
reactieproducten door ion-geı̈nduceerde reacties. Om meer reactieprodukten te produceren, moet er echter ook meer XeF2 met het silicium reageren. Dit wordt verklaard door
de vorming van losse bindingen aan het oppervlak op het moment dat reactieproducten
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van het oppervlak verwijderd worden. De reactiewaarschijnlijkheid  van XeF2 met deze
losse bindingen ( ≈ 0.75) is veel groter dan die met gefluoriseerde bindingen ( ≈ 0.07).
Door een hogere ionenflux worden meer losse bindingen aan het oppervlak gevormd, wat
een hogere reactiewaarschijnlijkheid tot gevolg heeft.
Uit metingen in het temperatuurbereik van 150−800 K concluderen we dat dezelfde
mechanismen van toepassing zijn voor voor iongeassisteerd etsen over het gehele temperatuurbereik. Tijdens het ionenbombardment wordt onafhankelijk van de temperatuur een
reactielaag gevormd met een monolaag fluorbedekking en losse bindingen. Voordat XeF2
met een losse bindingen reageert, vindt er eerst physisorptie plaats in een precursor toestand. De temperatuurafhankelijkheid van de reactiewaarschijnlijkheid van XeF2 wordt
nu bepaald door de thermische desorptie van XeF2 vanuit deze precursor laag. Een model beschrijft de reactiewaarschijnlijkheid over het bestudeerde temperatuurbereik goed,
met de concentratie van losse bindingen als vrije parameter om de afhankelijkheid van de
ionenflux mee te nemen. We concluderen ook dat de mechanismen voor de productie van
reactieprodukten onafhankelijk van de temperatuur zijn.
Beneden 150 K wordt een totaal afwijkend gedrag waargenomen: XeF2 condenseert
op het Si oppervlak en vormt een laag die het etsproces blokkeert. Deze blokkerende
laag kan door ionenbombardement verwijderd worden waarna het etsproces hervat wordt.
Ionen met een energie van 1 keV verwijderen de gecondenseerde laag met een opbrengst
van 160 XeF2 moleculen per ion. Vanwege de kleine aantallen ionen die het oppervlak
raken in het experiment, wordt het verwijderen van de laag beschreven door Poisson
statistiek. Wanneer bijna de gehele gecondenseerde laag van het oppervlak verwijderd
is, is het mogelijk door de laatste gecondenseerde laag van 9 nm gecondenseerd XeF2
heen te etsen. Nadat de gehele gecondenseerde XeF2 laag verwijderd is en de ionen
zijn uitgeschakeld, wordt een tijdelijke piek in de SiF4 productie waargenomen. Deze
tijdelijke piek wordt toegeschreven door een snelle toename van de gecondenseerde laag
en de precursor toestand na het uitschakelen van de ionen totdat een XeF2 laag in de orde
van 1.5 nm (afhankelijk van de oppervlakteruwheid) op het oppervlak is gecondenseerd
die het spontane etsproces blokkeert.
Samengevat concluderen we dat er een gedetaileerd microscopisch beeld van het etsenproces van silicium met bundels verkregen is. Er is echter nog steeds sprake van een kloof
tussen plasma- en bundel-etsen. Om deze kloof te dichten is de opstelling uitgebreid met
ellipsometrie, wat een veelgebruikte oppervlaktediagnostiek bij plasma-etsen is. Tevens
is ook een preperaatwisselaar geı̈nstalleerd om het veelvuldig wisselen van een preperaat
te vergemakkelijken. De eerste ellipsometrie-resultaten van spontaan etsen laten de vorming van de reactielaag zien gevolgd door oppervlakteverruwing. De benodigde XeF2
dosis om de reactielaag te vormen zoals afgeleid uit de ellipsometrische resultaten, is in
goede overeenstemming met de resultaten van de massaspectrometer. Aanvullende experimenten moeten uitgevoerd worden om een volledig beeld van oppervlakteverruwing te
verkrijgen, maar een eerste connectie tussen microscopische en macroscopische kenmerken
is gerealiseerd.
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