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Summary 

In the Inductively Coupled Plasma (ICP) tool, a plasma at low pressures ( <10-2 Torr) is 
generated by coupling a radio frequency (13.56 MHz) electromagnetic field into the reaction 
chamber. The resulting ion density of "'1011-1012 ionsper cm3, referred to as a high density, 
allows for a fast etch of several different materials in process gases like CHF3, C2F 6 , C3F 6 

and C3F5/H2 gas mixtures. 
The ions can be accelerated towards the surface with energies up to 150 eV by applying 

a rf bias power on the substrate. When no bias power is applied, passive deposition of a 
fl.uorocarbon film takes place. The deposition has been characterized in a CHF3 discharge. 
Based on these results a consistent model has been developed. 

When the deposition is suppressed by applying rf bias power, etching of the substrate 
takes place. The primary focus of this workis silicon etching in fl.uorocarbon plasmas. It has 
been found that the etching of silicon is controlled by a fl.uorocarbon film of typically "'3 nm 
in thickness. However, this thickness shows only a week dependenee on the rf bias power. 

It has also been observed that the silicon etch rate is proportional to the etch rate of 
fl.uorocarbon material as a function of different process parameters. Perhaps of more general 
interest, it is shown that the etch ra te ratio of two materials (e.g. silicon, silicon nitride, pho
toresist or silicon dioxide) is a constant as a function of the varied parameters (e.g. pressure, 
inductive power, bias power) when both materials are covered by a relatively thick fl.uorocar
bon film. These results were used to test a suggested model. Assuming that atomie fl.uorine 
is responsible for the etching of all materials, the fluorine transport through a fl.uorocarbon 
film is described by a diffusion process leading to an expression for the etch rate. 

Finally, results of an initial study on the etch characteristics of a novel low K dielectric 
material, Parylene-N, have been reported. Like silicon dioxide, Parylene-N finds its applica
tion in the semiconductor technology as an insulator. It has been found that the dielectric 
constant of Parylene-N is decreases with prolonged plasma exposure. This effect is possibly 
due to the diffusion of atomie fl.uorine from the discharge into the Parylene-N. Further, it has 
been found that for the investigated process conditions, the Parylene-N etch rates are typi
cally lower than the silicon dioxide etch rates. The selectivity of Parylene-N to photoresist 
is for the same conditions typically around a value of 1, which has to be improved for the 
pattern transfer from resist into Parylene-N. 
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Chapter 1 

Introduetion 

A plasma is a fully or partially ionized gas containing electrons, ions and neutrals. Due to the 
motion of these particles, collision processes will occur, leading to excitation, radiation and 
ionization. Beside these pure physical effects, also chemica! effects play an important role in 
plasmas. There is a large variety of chemical and physical effects known among the gases that 
are used in the different reactors. The combination of chemica! and physical effects reveal 
some unique properties of plasmas, which are widely applied in the semiconductor technology. 
In this section a brief introduetion is given to show the applications and the impact of plasma 
processing on the technologkal developments in the semiconductor industry. 

1.1 Plasma Processing 

Plasma processing is involved in the manufacturing of lntegrated Circuits (IC's). A well 
known production step is etching features in a silicon dioxide layer on top of silicon. In tigure 
1.1 the process is schematically depicted. To make a feature in the silicon dioxide a second 
layer is required to proteet the silicon dioxe that is not supposed to be etched. This layer is 
a photoresist layer. By exposing the photoresist to a light pattern, a mask is developed by 
changing the chemical composition of the exposed photoresist. The pattem transfer is called 
lithography. There are two different ways to etch the structure after illumination, wet and 
dry etching. 

In wet (or chemical) etching, chemical active species in a liquid or vapor phase are used 
to etch the developed photoresist and the underlying silicon dioxide. The etching process is 
isotropic, resulting in a undercutting of the photoresist. This undercutting is of the order of 
the silicon dioxide thickness. The lateral sizes will shrink in the future and that axial sizes 
have to increase. For such features the undercutting can be bigger than the lateral size of the 
features. Therefore other methods needs to be applied. The advantage of wet etching is that 
the etchant ( the active species) can be very selective. The etchant will only et eh the silicon 
dioxide and not the silicon. 

In dry ( or physical) etching it is possible to obtain high directionality of the ions. This 
distribution allows the process to etch the features anisotropically as is shown in tigure 1.1. In 
this case it is harder to establish good selectivity of the oxide over the silicon. The selectivity 
is detined as the etch rate of oxide divided by the silicon etch rate under the same process 
conditions. However, at specitic process conditions it is still possible to obtain high selectivity. 
For example, in an Inductively Coupled Plasma (ICP) it is possible to achieve a selectivity of 
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Figure 1.1: After pattern transfer two different etch processes can be aplied, dry and wet etching. 

"'40 [SCH95, RU96a]. 

1.2 Impact of Plasma Processing on Technological Develop
ments 

In the previous section an example of an application of plasma physics in the semiconductor 
technology is shown. The semiconductor industry impraves the productivity in most other 
industries, which need electronk components in their products. In 1990 the semiconductor 
industry had sales world-wide of 50 billion dollars [NRC91] and in 1994 the world-wide sale 
of plasma reactors alone amounted to one billion dollars [NRC95]. This amount is expected 
to double in the next five years. 

About 30 percent of the equipment in semiconductor chip manufacturing is plasma-based 
[NRC91]. In order to make large volumes of low-cost semiconductors, the quality of manu
facturing equipment and materials has to be improved. The trend to realise this, is to scale 
down the lateral sizes of the features to obtain more IC's out of one wafer. Inherent to the 
shrinking of the lateral sizes, the vertical sizes cannot shrink at the same level due to con
ductivity limitations [OEH96]. This leads to high aspect ratio features. The aspect ratio is 
defined as the ratio of the depth and the width of a trench. The sealing down is shown in 
figure 1.2. The challenge is to realise low-cost 0.25 J.Lm processing. The dots are obtained 
in Reactive Ion Etching (RIE) processing. However, conventional low-density RIE plasmas 
are not able to continue the dashed trend in figure 1.2, since the etching of high aspect ratio 
features is limited by typically a high operation pressure and a low ion density. Next tothese 
limitations, it is not possible to establish high etch rates in RIE processes, which are required 
for low-cost processing. To overcome these problems, new high-density plasma reactors and 
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Figure 1.2: The shrinking down of the lateral sizes of the features in the I C's leads to an exponential 
increase in the transistor density (Moore's Law). (From [NRC91]) 

high-density etch processes are being developed. 

1.3 Outline of This Report 

This report presents results obtained in an ICP-tool utilizing fl.uorocarbon gases. The ICP
tool is a high density plasma (1011 - 1012 cm-3 ) operatingat low pressures (5-30 mTorr). 

In the past one could optimize the processes by only 'turning the knobs', i.e., empirica! 
methods. However, the needs in the semiconductor technology demand more understanding 
of the processes in the plasma and of the surface interactions, since the optimized regions 
are too 'narrow' to be discovered by only empirical means. This thesis is mainly focussed 
on the understanding of the processes in fl.uorocarbon plasmas in the ICP. Two types of 
processes, described below, are stuclied experimentally, leading to two models. Even though 
the rnadelling employs a minimum of complexity, it is consistent with the experiments. The 
results from the experiments and the rnadelling define a regime of process parameters, where 
selectivity can be maximized. 

In the 'passive' mode, i.e., when no extra electric field is applied to accelerate the ions, a 
fl.uorocarbon film is deposited on the processed substrate. By applying an electric field, the 
deposition can be suppressed by the ions and etching of the substrate takes place. However, 
a steady state fl.uorocarbon film is still present during the etching process. The film thickness 
and the etching of the substrate are dependent on each other. This fl.uorocarbon film is 
responsible for selective etching of silicon dioxide over silicon [RU96a]. The fl.uorocarbon film 
is much thicker on silicon (about 2 nm) than on silicon dioxide ( <0.5 nm). The main question 
in this thesis is, how etching through a fl.uorocarbon is established and why there are different 
film thicknesses on different substrates. In order to answer these questions, the thesis has the 
following structure. 

In chapter 2 the used measurement techniques are explained. A detailed investigation on 
the usefulness of X-ray Photoelectron Spectroscopy (XPS) for studying the fl.uorocarbon reac
tion film chemistry will be presented. Results of this study show that it is in principle possible 
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to determine chemica! concentrations as function of depth into the substrate. However, in 
practice the measurements can not be clone with satisfactory accuracy. XPS experiments can 
therefore only reveal surface chemistry and fluorocarbon thicknesses. Todetermine the fluora
carbon film thickness, however, it is more convenient to use ellipsometry. After discussing the 
measurement techniques, the experimetal setup of the ICP tool is reviewed in chapter 3. This 
chapter also explains how the plasma is generated and how ions can be manipulated. Chap
ter 4, 5 and 6 contain the experimental results obtained with CHF3 gas and C2F6jC3F6jH2 
gas mixtures. First the deposition behavior in fluorocarbon plasmas is discussed in chapter 
4. In order to etch, first this deposition rate has to be suppressed before etching can take 
place. The results obtained in a CHF3 plasma lead to a simplified deposition model, which 
is compared with experimental data taken in C2F6/C3F6/H2 gas mixtures. Chapter 4 ends 
with a discussion about the chemica! composition of the deposited fluorocarbon films. The 
fluorine concentration in these films turns out to be important in the eching process. The role 
of the fluorocarbon film in silicon etching is stuclied in chapter 5. First, experimental results 
obtained in a CHF3 plasma are shown. It will turn out that the fluorocarbon film is not only 
interacting with the ions and the molecules in the gas phase, but that the fluorocarbon film 
is also affected by the silicon. This effect is clarified in a model that describes the transport 
of reactive fluorine through the fluorocarbon film. The model results in a very important 
conlusion: the selectivity is constant as function of the process parameters when both ma
terials are covered with a thick fluorocarbon film. One can only manipulate the selectivity 
when on one of the substrates the fluorocarbon film is suppressed. This statement is checked 
by results obtained in plasmas using C2F6/C3F6/H2 gas mixtures. Chapter 6 shows the first 
result on parylene-N etching. Paylene-N is a low-K dielectric that may be implemented as 
an insuiator in future IC's. The conclusions are summarized in chapter 7. At the end of this 
thesis, chapter 8, a future research plan is presented. 
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Chapter 2 

Measurement Equipment 

This chapter describes the measurement techniques that are applied to obtain the data pre
sented in chapter 4, 5 and 6. A lot of processes in plasmas are taking place at the same 
time. For example, excitation, radiation, ionization and dissociation processes occur in the 
gas phase and the substrate is exposed to chemica! reactions and ion impact. Different mea
surement techniques are available to monitor these processes. The techniques used are, X-ray 
Photoelectron Spectroscopy (XPS), ellipsometry and the Langmuir Probe. 

During etching of silicon a fluorocarbon film is present. lt would be very useful for 
the study of silicon etching, if the fluorine concentration in the fluorocarbon film can be 
measured as a function of depth, since atomie fluorine is assumed to be the etching precursor 
[OE87a, OE87b]. Therefore, the concentration depth profile is correlated to the silicon etching. 
XPS is in principle capable to perfarm depth profiling. Unfortenately, section 2.1 shows that 
depth profiling requires more accuracy in the measurements than can be realized. Despite the 
fact that depth profiling cannot be performed, XPS is applied to measure the total fluorine 
content in the fluorocarbon film and todetermine the fluorocarbon film thicknesses on silicon. 

Next to XPS, also ellipsometry can be used to obtain the fluorine content in the fluorocar
bon film and the fluorocarbon film thickness. Ellipsometry measurements provide the optical 
properties of thin films. Section 2.2 explains how the refractive index of the fluorocarbon film 
is related to its total fluorine content. Ellipsometry is also applied to determine the deposition 
and etch rates during plasma processing. The advantage of ellipsometry is that it is less time 
consuming than XPS and can be used in situ. 

Section 2.3 describes the Langmuir Probe. The Langmuir Probe is used to determine the 
ion density in plasmas. lt will turn out in section 5 that the ions play a dominant role in the 
etching process of silicon. The energy at which the ions impact on the substrate depends on 
the ion density and the applied rf bias power, as will be shown in section 3.4.2. 

2.1 X-ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) is widely applied for determining the surface chem
istry of processed samples. XPS is based on the photoelectric effect [BRI90]. An X-ray souree 
is used to excite care electrans to unbound states. The kinetic energy of these electrans con
tains information on the energy state of the electron befare photon absorption. The kinetic 
energy can be translated in the chemical properties of the spot where the electron was ejected. 

Section 2.1.1 starts with an introduetion on the instrumental setup. The interpretation of 
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Figure 2.1: The XPS setup. X-ray photons eject care electrans from atoms in the sample. The 
electrans are detected by an energy resolvent hemispherical analyzer. The energy spectrum of the 
detected electrans reveal the surface chemistry of the sample. (From [BRI90]) 

the energy spectrum of the detected electrous is discussed insection 2.1.2. The discussion on 
the XPS ends with Angle Resolved X-ray Photoelectron Spectroscopy (ARXPS) in section 
2.1.3. In ARXPS measurements electrous are detected under different angles with respect to 
the normal of the sample. The energy spectra of the emitted electrous at different detection 
angles contain depth profile information of the chemica! composition of the sample. However, 
it will be shown that the translation from these spectra into a depth profile is limited by the 
experimental accuracy. 

2.1.1 Instrumentation 

In our setup, there is no XPS equipment directly hooked up to the process chamber. To 
prevent contamination, a processed sample is transported under ultra high vacuum conditions 
from the ICP-tool to the XPS chamber [SCH95]. 

After photon ejection from a core orbital, the electron has to cover the distance from the 
sample to a analyzer. To prevent scattering of the ejected electrous with gas molecules, the 
pressure in the XPS chamber has to be low enough. For typ ie al dimensions of a spectrometer, a 
vacuum of 10-5-10-6 mbar is required [BRI90]. The operating pressure of the XPS is typically 
10-8-10-9 mbar. 

A schematic view of the XPS system (ESCALAB MKII) is shown in figure 2.1. X-ray 
photons release electrous in the sample. The electrons are guided by a lens to a concentric 
hemispherical analyzer. By applying a voltage on the hemispheres, only electrons in an 
adjustable energy range reach the detector at the end of the hemispherical analyzer [BRI90]. 
The detection rate at different voltages provides an energy spectrum of the emitted electrons. 
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Figure 2.2: Low resolution XPS survey scans of processed silicon. The peaks correspond to 
elements present in the fluorocarbon film and the silicon. The flat background signal is due to 
continuus Bremsstrahling radiation of the electrons. The survey scan is taken under two different 
angles between the analyzer and the sample. 

The electrous are ejected by photons from an X-ray source. The kinetic energy EK of the 
electrous can be expressed as 

EK = hv - EB - eljJ, (2.1) 

where hv is the energy of the X-ray photons, EB is the binding energy of a core level electron 
and ei/J is a work function term('"'"' leV). An example of the work function term is charging 
up of the sample during an XPS run. If electrous are released from the sample, the sample 
may charge up and reduce the kinetic energy of the electrons. In order to obtain accurate 
energy spectra, it is important that the X-ray souree satisfies the following two conditions. 
The energy of the photons must be high enough so that a sufficient range of core electrous of 
different atoms can be photoejected. Secondly, the linewidth of the photons must not limit 
the energy resolution required for the analysis of the energy spectra. In the set up used, a soft 
X-ray souree is installed with the Mg Ka line. The photon energy of this souree is 1253.6 eV 
with a linewidth of 0.7 eV. The spot of the x-rays on the sample is .-v0.5 cm2. 

2.1.2 Speetral Interpretation 

Figure 2.2 shows a wide scan spectrum of a processed silicon sample. The silicon substrate is 
etched in a fluorocarbon plasma and is covered by a fluorocarbon film of about 3 nm thick. 
The scan is taken at two different angles between the analyzer and the plane of the sample. 
The effect of different angels will be discussed later. The binding energy is plotted on the 
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Figure 2.3: Scan of C(ls) spectrum. The four different peaks correspond to four different core 
electrens of a carbon atom. 

x-axis and the counts of electrons is plotted in arbitrary units on the y-axis. Each peak 
corresponds to a specific electronic state as indicated. The background signal is a continuous 
distribution and is due to Bremsstrahlung radiation [BRI90]. 

The C(ls) peak in the spectrum is used for the study of fiuorocarbon materiaL A scan of 
the C(ls) spectrum is plotted in figure 2.3. The C(ls) peak consist of four different peaks, 
belonging to four different core electrons. The first peak corresponds to a C-C bond, i.e., 
the detected electrons are ejected from carbon atoms bonded to only carbon atoms. The 
second peak corresponds to a C-F bond, i.e., the detected electrons are ejected from carbon 
atoms bonded to only one fiuorine atom. The third and fourth peak correspond to a C-F2 

and a C-F3 binding, respectively. A C-F 4 bond is not detected, since CF 4 is volatile at room 
temperature. The peaks are broadened by three effects: the natural line width of the core 
level, the width of the x-ray souree and the hemispherical analyzer resolution. The total 
broadening is the convolution of these effects. Because of the broadening, a peak has to be 
integrated before it can be compared with other peaks. The fiuorine content in the film can 
be expressed by the F jC ratio, which is defined as1 

FjC = Ac-F + 2Ac-F2 + 3Ac-F3 

Ac-e + Ac-F + Ac-F2 + Ac-F3 ' 

(2.2) 

where A is the area of the peak of a certain bond. The F /C ratio is equal to the average 
amount of fiuorine atoms bonded to one carbon atom. The XPS intensities can be fitted 
by a software program that deconvolutes the total spectrum and calculates the areas of the 
different peaks in a spectrum [HA92a]. For figure 2.3 the deconvolution is shown by the 
dashed lines. Beside four different carbon peaks, also a background signal (Bremsstrahlung) 
is deconvoluted. 

1It is assumed that the work function term ecf; is constant during photoejection and that the cross section 
for photoejection (see equation 2.4) is the same for every bond type. 
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Table 2.1: lnelastic mean free path À for electrans ejected by photons with an energy of 1253.6 eV. 
The error of these values is 5-10 A. Es and EK are the binding and the kinetic energy of the 
ejected electrons, respectively ( e<jJ = 0). 

I Element I Es (eV) I EK (eV) I À (Á) J 

Al(2p) 73 1180.6 25 
Si(2p) 102 1151.6 25 
C(1s) 287 966.6 23 
N(1s) 402 851.6 22 
0(1s) 531 722.6 20 
F(1s) 686 567.6 18 

Next paragraph explains how the scanning depth into the material depends on the analyzer 
angle. At a 90 ° angle between the analyzer and the plane of the substrate, the scanning depth 
is larger than at lower angles. This is shown in figure 2.2, that contains a scan of a processed 
silicon substrate with a fluorocarbon film on top. As opposed to the signal at 90°, the Si 
signal at 15 degrees cannot be observed. At 15 degrees most detected electrans are ejected 
from the fluorocarbon film, whereas at 90 degrees it is also possible to detect electrans ejected 
from the silicon. This effect is clarified in the next section. 

2.1.3 Angle Resolved Measurements 

XPS is a surface sensitive analytica! technique because of the rapid attenuation of the ejected 
electrans in a solid. This attenuation is described by a mean free path of 0.5-3.0 nm. The 
mean free path À shows a strong dependenee on the electron energy and a weak dependenee 
on the composition of the solid [BRI90] 

Àcx~. (2.3) 

Equation 2.3, basedon an empirica! relation, prediets the mean free path with only a limited 
accuracy. Ref. [BRI90] gives 25 Áfor the mean free path of a core electron (2p) ejected from 
a silicon atom. It is now possible to get a rough estimate of the mean free paths of electrans 
ejected from core levels of other atoms. The mean free path of several elements are given in 
table 2.1. 

If the analyzer would have an infinitely small angular resolution, only electrans ejected 
along the x coordinate would be detected, see figure 2.4. A certain point on the x-axis 
corresponds to a depth of x sine. The measured intensity of electrans ejected from a certain 
element i is equal to [BUS85] 

Ii( B) = k-1 
( B)JoCJi fooo dx Ci(x sin B) exp ( ~:) , (2.4) 

where CJi is the photo-ionization cross section, Jo is the x-ray photon flux, ci(x) is the concen
tration of element i as function of depth ( measured parallel to the normal of the surface), Ài is 
the mean free path of the ejected electrons, e is the angle between the plane of the sample and 
the analyzer and k( B) is an instrumental factor depending on the sample-analyzer geometry. 
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Figure 2.4: The total signal that is detected at analyzer angle e can be calculated by integrating 
the concentration profile with the exponential attenuation factor over the x-coordinate. 

If k(B) would not be included, than the measured intensity should be angle independent fora 
semi-infinite homogeneaus substrate (ci(x) is constant). The ratio of Ii(B) over Ii(90°) should 
be equal to one in this case. From the XPS measurements on a semi-infinite homogenous 
substrate, it can be concluded that this is not the case. Therefore, an angular correction 
factor has to be included in Equ. 2.4. The dependenee of k on the analyzer angle e is shown 
in figure 2.5 for an ARXPS measurement on a crystalline silicon sample. The sample was 
sputtered for 15 minutes with 5 keV argon ions to make sure that the toplayer contains a 
thick homogeneaus toplayer. The ratio of Ii(90°) and Ii(B) for Si(2p) is plotted versus the 
analyzer angle in figure 2.5, where k(90°) is set to one. Later on in this discussion, k(B) will 
turn out to be only an instrumental effect. To compensate for this instrumental effect, at 
augles below 25° the correction factor k( B) has to be taken into account in order to campare 
the measured intensitities at different angles. The correction factor is also determined for an 
unprocessed photoresist sample (1100 nm), 0(1s) and C(1s). Photoresist is a polymer and 
shows the same correction factor as for sputtered silicon. However, the correction factor for 
a thick Si02 layer does not show the same behaviour. Possibly, the unprocessed Si02 sample 
contained a contamination layer, because it was stared at atmospheric pressure. 

The k-factor, also called spectrometer factor , is instrument dependent and contains two 
important factors [SHE88] 

• The angular asymmetry factor L('y), sametimes called the anisotropy of photoelectrons 
or anistropy term. 

• The analyzer étendue, G(Ei). 

The angular asymmetry factor L( 'Y) depends on how the intensity is distributed with respect 
to the relative orientation of the x-ray souree and the detection system of the spectrometer. 
The angle between the x-ray souree and the detection system, "f, is fixed to 65° for the VG 
ESCALAB. L('y) depends also on the type of the core energy level (i.e. , 1s, 2s, etc), the atomie 
number of the atom concerned and the x-ray photon energy [SHE88J. Diffraction effects can 
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Figure 2.5: The angular correction factor k as a function of the analyzer angle. 

Sample 

Figure 2.6: Position of the sample, x-ray souree and the detection system. 

be neglected [BRI90]. The dependenee of L('y) is included in the software that is used for the 
analysis. The data in figure 2.5 is thus independent of L('y). 

The analyzer étendue is defined as the product of the area analysed and the analyzer 
transmission [SHE88]. Only a part of the sample is exposed to x-rays. The sample size 
is about 2 cm by 2 cm and the spot size is a bout 0.5 cm2 . The position of the sample is 
schematically depicted in figure 2.6. When the analyzer angle increases, also the illuminated 
part increases. If the analyzer opening or the sample size would be a limiting factor, a 
lower detection intensity at higher analyzer angles would be expected. However, the opposite 
is observed in figure 2.5. A possible origin for the angular dependenee of k is that the 
transmission function for the lens and the hemispherical lens may change when the angle 
is adjusted. The x-ray souree projects a finite spot size on the sample. The projection of 
ejected electrons in this spot on the analyzer changes by adjusting the angle if the transmission 
function is angle dependent. Or in other words, at higher angles more electrons are lost in 
focussing the electrons to the hemispherical analyzer. This transmission at different angles 
is only angle independent if the spotsize is infinitely small. According to ref. [PIJ81] and 
[BUS85] it is, therefore, important to minimize the spotsize of the x-ray souree to minimize 
the correction factor. In our setup a large spotsize is chosen to increase the count rate of 
electrons and the correction factor has to be taken into account. 
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The effect of re:flection and refraction of ejected electrous at the surface also increases at 
smaller analyzer angles. However, these effects are negligible in the applied energy range and 
at augles larger than 10° [BUS85, BRI90]. 

In principle, it should be possible to extract the concentration profile Ci (x) from the 
measured intensity Ii(O). One approach is to expand ci(x) in a set of basis functions. The 
integral on the right hand side of Equ. 2.4 can then be calculated and expressed in the 
expansion coefficients am of the basis functions. The dirneusion of the set of basis functions 
is equal to or less than the amount of augles included in the ARXPS measurement. The 
equations to be solved are 

(2.5) 
n 

where (}m is an angle included in the ARXPS measurement and In(Om) is the integral of 
Equ. 2.4 for (}m including a basis function labeled n. Equ. 2.5 is a matrix expression. After 
inversion of the matrix, the expansion coefficients am can be determined and ci(x) can be 
approximated. The most common functions are block functions [IWA78, PIJ81, BUS85]. 
An inversion with a set of Legendre polynomials as a basis for ci(x) is shown in figure 2.7. 
The solid line is the profile2 used to calculate the intensities that would ideally be obtained 
at the different augles included in the ARXPS measurement. The dashed line is the depth 
profile calulated from these intensities. When more augles are included, the calculated profile 
approximates the postulated profile better. A derivation of the inversion and an explanation 
of the parameters "'and (in figure 2.7 can be found in appendix A.l. 

The weakness of this method is that it is very sensitive to slight variations in the measured 
intensities. This is shown in figure 2.8, where an error of 0.1% is randomly added to the 
intensities that would be obtained in an ideal measurement. This small error in the input 
causes large oscillations in the extracted profile. Apparently, the method is numerically very 
unstable. This has also been observed for inversions with block functions. The matrix on 
the right hand side of Equ. 2.5 is ill-conditioned. The determinant of the matrix is much 
smaller than the coefficients in the matrix. The coefficients in the inverse of the matrix will, 
therefore, be unstable for slight variations in the input3 . This problem can be attacked by 
only selecting 'physically' acceptable concentration profiles in the set of solutions. A guess of 
the coefficients is made such that the profile is 'physically' acceptable. This guess profile is 
translated into an intensity, that is compared with the measured intensity. If these intensities 
do not match, a new guess of a 'physically' acceptable concentration profile is made, until the 
measured intensities are fitted well [IWA78, PIJ81, BUS85]. 

2 In order to avoid confusion in this discussion, 'profile' refers to the concentration of a certain element as 
a function of depth in the substrate, i.e., c;(x). 'Intensity' refers to the amount of detected electrous as a 
function of the analyzer angle, i.e., /;(0). 

3 This can be illustrated by a matrix of dirneusion two: 

A=(a b) 
c d ' 

A-1 _ _ 1_ ( d 
- det(A) -c 

-b) 
a ' 

where A- 1 is the inverse matrix of A. The determinant of A, det(A), is equal to 

det(A) = ad- bc. 

The errors in a, b, c and d induce large errors in the coefficients of the inverse matrix, when det(A) is much 
smaller than a, b, c and d, resulting in an inaccurate depth profile. 
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Figure 2.7: ARXPS inversion of an ideal measurement with no error in the measured intens1t1es. 
The inversion is carried out for measurements including 1 to 6 angles. The solid line is the assumed 
depth profile. This profile is used to calculate ideal ARXPS intensities at different angles (n). The 
dashed lines show the depth profile calculated from these intensities. 
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Figure 2.8: ARXPS of a non-ideal measurement. A random error of 0.1% is added to an ideal 
measurement. The inversion is carried out for non-ideal measurements including 1 to 6 angles. 
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Figure 2.9: ARXPS inversion based on a non-matrix method. Unfortunately, the inversion gets 
instable, when only small errors are added to an ideal measurement. 

In order to apply this fitting technique, the accuracy of the angular resolved XPS must 
still be high. The analyzer inlet aperture should be as small as possible to obtain a good 
angular resolution. However, the signal intensity decreases, requiring long measurements of, 
typically, a few hours at low emission angles [PIJ81]. These long runs are not allowed in 
the study of fluorocarbon films. It has been observed that the fluorine concentration in the 
fluorocarbon film intensity drops significantly in a few hours. Also high x-ray flux intensity 
and precision manipulation of samples is required for ARXPS. 

Until this point, deconvolution has only been performed with a matrix method. However, 
in spite of the inaccuracy of the current XPS measurements, depth profiling based on a 
different methad may still be possible. It has been claimed that inversion of Equ. 2.4 is 
not unambiguous, but more profiles are possible, that are very different but mapped into the 
same intensity distri bution Ji ( (}) by Equ. 2.4 [BUS85]. This can explain the instability of the 
matrix inversion. However, the inversion of Equ. 2.4 is unique as is proved appendix A.2. 
This gives another impulse to find a different methad for depth profiling. 

It is possible to calculate the profile without a matrix inversion. If the profile can be 
expressed in a Taylor expansion, the Taylor coefficients can be calculated directly by differ
entiating the intensity Ii(e). This methad is explained in appendix A.3. The results of the 
deconvolution are shown in figure 2.9. The solid line is the profile out of which the intensity 
Ii ( (}) is calculated. The dashed lines are the profiles calculated with this intensity. But again, 
slight errors added to the ideal measurement induce large oscillations in the calculated profile. 
It can be concluded that also this methad appears to be numerically instable. 

The reason for this is that the exponential in Equ. 2.4 smears out every detail of the 
concentration profile in the intensity distribution. A change in the profile that is centered 
around a certain depth is hardly visible in the intensity profile. Therefore, a slight change 
in the intensity profile results in a large change in the concentration profile, which makes an 
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inversion very sensitive for errors in the input. 
Also in the literature it has been found that the deconvolution of the measured intensities 

is extremely sensitive to small errors [CUM95]. ARXPS measurements provide only depth 
information, when the profile is known tosome extent and only a few ("' 3) parameters need 
to be determined. Depth profiling without restricting the solution to a certain set of profiles 
is impossible with the current accuracy in the measurements. Depth profiling would provide 
more insight in the transport of atomie fl.uorine through the fl.uorocarbon film. However, 
fl.uorine profiling in the fl.uorocarbon film by ARXPS requires knowledge about the transport 
mechanism in the film instead of providing it. Therefore, XPS is not applied for fl.uorine 
profiling and XPS measurements are only taken at two angles (15° and 90°). These two angles 
make it still possible to obtain some depth information. In section 2.2.2, XPS is also used 
to determine the total fl.uorine content in a fiuorocarbon film. The fl.uorine concentration 
is related to the refractive index of the fl.uorocarbon film [C094b]. This relation makes it 
possible to study the properties of the fl.uorocarbon film also by ellipsometry instead of the 
more time consuming XPS. 

Although depth profiling is limited by experimental accuracy, it is still possible to measure 
fl.uorocarbon film thicknesses on top of processed samples. To determine this, one has to 
assume that both the film and the underlayer have a homogeneaus chemical composition. 
The attenuation length of the electrans puts a constraint on the maximum film thickness that 
can be deterimined, which is of the order of the attenuation length. There are now various 
methods to determine the thickness d: 

• Using a processed and an unprocessed sample by looking at the concentration of an 
element that is only present in the underlying layer. With Equ. 2.4 one can calculate 
the thickness out of the measured intensities of the two samples 

d = , .. ()l (Iunpr(())) 
Az sm n Ipr(()) , (2.6) 

where Iuntr(()) is the intensity measured under angle () for the unprocessed sample, Ipr(()) 
is measured for the processed sample containing a top film and Ài is the inelastic mean 
free path of an electron ejected by an element of the underlying layer. 

• Using a processed sample by looking under two angles at the concentration of an element 
that is only present in the underlayer. The thickness can now be calculated by 

d =À· (-1-- _1_)-1ln (k(()l)Ipr(()1)) (2.7) 
z sin()2 sin()1 k(()2)Ipr(()2) 

where Ipr(()1,2) is the intensity measured under angle ()1,2· 

• Using a processed sample by looking from two angles at the concentration of an element 
that is only present in the toplayer. This equation is more complicated than the previous 
on es: 

(2.8) 

and has to be solved by iteration methods [MAT93]. However, in the case where ()2 is 
small enough, i.e., sin ()2 « dj Ài, the film thickness can be approximated by 

d =-À· · () l (1- k(()l)Ipr(()l)) (2.9) 
z sm 1 n k(()2)Ipr(()2) . 
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Figure 2.10: An incident beam of light is reflected by the sample. The optical properties of the 
layer can be determined by analysing the changes in the field components Ep,s and Rp,s· The 
incident angle cjJ is 71.73° . 

When the first method is applied to determine the thickness, one has to be sure that the 
unprocessed sample is clean and does not contain a contamination layer. 

Determining the film thickness is time consuming. The sample needs to be transported 
under ultra-high vacuum to the XPS and scanned under one or two angles. For surface studies 
on crystalline silicon, also ellipsometry can be applied. This is explained in the next section. 

2.2 Ellipsometry 

Ellipsometry is a measurement technique where the optical properties of a film are determined 
by analysing the elliptical polarization of a reflected light beam. The technique is most often 
used to measure the refractive index and thickness of thin films . Ellipsometry is a popular 
experimental method sirree it is non-destructive and can be used in situ. The basic principle of 
ellipsometry is quite simple. However, the rnathematics that are involved make the description 
in most cases complicated. A complete mathematica! description of ellipsometry is beyond 
the scope of this thesis , but can be found in ref. [AZZ77]. 

2.2.1 Principles and Experimental Setup 

In figure 2.10 an incident beam of light is reflected by a sample. Ep andEsare the incident 
electric parallel (p) and perpendicular ( s) components of the electric field. These components 
can be written as 

Eop exp(iap) exp(iwt- iki · r) , 

Eos exp(ias) exp(iwt- iki · r), 

(2 .10) 

(2.11) 

where ap and as are phase factors , w is the angular frequency and ki is the wave vector. For 
the components of the reflected electric field Rp and R s a similar set can be written down 

Rop exp(i;3p) exp(iwt- ikr · r), 

Ros exp(if3s) exp(iwt- ikr · r), 
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Figure 2.11: The Polarizer Compensator Sample Analyzer Setup. The rotating compensator 
allows for the phase modulated measurements of the ellipsametrie angles w and .6. without any 
dependency on the light intensity. 

where {3p and f3s are phase constants and kr is the wave vector. One can define now a 
'normalized' reflection coeffi.cient p by dividing the incident by the reflected components at 
the surface [COL93] 

Rp/ EpI (Rop/ Eop) ( . . . . ) 
p = R / E - = Ro / E exp W:s - zf3s - W:p + z{3p . 

s s r=O s Os 

Equation. 2.14 can be rewritten introducing the ellipsametrie angels W and .6. 

that finally leads to 

p tan(w) exp(i.6.), 

(
Rop/Eop) 

W = arctan Ros/ Eos , 

p = tan(w) exp(i.6.) = f(n, ~, d). 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

The function f depends on the optical properties and thicknesses of the different layers on 
top of the sample. For a sample covered by only one layer, this function depends on the 
refractive index ( n is the real part and ~ is the imaginary part) and the thickness d of the 
film, as is indicated in Equ. 2.18. By measuring W and .6., one can relate these to f(n , ~ , d) 
and determine several optical properties or thicknesses of the different layers on the sample. 
Equation 2.18 is called the fundamental equation of ellipsometry. 

In the experimental setup an in situ ellipsometer is installed to monitor the changes in op
tical properties of the sample during processing. A schematic view of the ellipsometer is given 
in figure 2.11. The ellipsometer (SOFIE Instruments) is used in a Polarizer-Compensator
Sample-Analyzer setup. A He/Ne laser, 632.8 nm, produces a beam of light with unkown 
polarization. The polarization is set by a depolarizer foliowed by a polarizer. The beam 
passes now through an anti-reflected coated rotating birefringent plate (the compensator) . 
This results in a phase-modulated light beam arriving on the sample. The incident angle is 
set to 71.73°, which is close to the Brewster angle. At this angle, the parallel field component 
is not reflected and the surface sensitivity is optimized at this angle [COL93]. After reflection 
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Figure 2.12: Si mulation of the trajectories of deposition in the w .6.-plane for different indices of 
refraction of the deposited materiaL The material is deposited on silicon substrate. 

Table 2 2· Indices of refraction . . 
Material n 1\. 

Si 3.866 -0.028 
Si02 1.462 0 
Si3N4 2.0 0 
Photoresist 1.69 0 
CF x 1.37-1.65 0 

the light passes through a second polarizer ( the analyzer) and the intensity is measured by a 
photodetector. The photodetected signalis analysed by Fourier series. Only modulated light 
rates are used to calculate w and .6., eliminating the effects caused by variations in the light 
intensity of the incident beam. The ellipsametrie angles are processed by a computer. The 
computer stores the ellipsametrie angles versus time. The stared angles are averaged over a 
one second time interval. 

An example of raw ellipsometry data is shown in figure 2.12. The plot shows different 
deposition curves of fluorocarbon on a semi-infinite thick silicon sample for various indices of 
refractions. The lines show trajectodes in the w .6.-plane during fluorocarbon deposition. By 
simulating the measured trajectodes the deposition rates can be extracted out of the fit. In 
table 2.2 shows the refractive indices of several materials. 

ELSIM3D software is used to analyse the data. With ELSIM3D it is possible to simulate 
the deposition or etching of a sample with a multiple layer structure [KR090, HA92a] . 
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Figure 2.13: F /C ratio in fluorocarbon films vs the index of refraction. 

2.2.2 Stoichiometry of the Fluorocarbon Film 

The refractive index of a fluorocarbon film is dependent on the F jC ratio [C094b]. This 
section describes how XPS and ellipsometry can be combined to obtain a relationship between 
the F jC ratio and the index of refraction. 

XPS and ellipsometry are performed on several thick fluorocarbon films deposited on a 
bare silicon substrate under different process conditions. These films are deposited without 
biasing the wafer. During deposition the refractive index is determined by ellipsometry. 
Different parameter settings result in different refractive indices (as will be discussed in section 
4.4), that is observed as different curves in the 'll! .ö.-plane, figure 2.12 . After depositing a thick 
fluorocarbon film, ±100 nm, the sample is transported under ultra high vacuum to the XPS, 
where the F jC ratio is determined. The correlation betweentheF /C ratio and the refractive 
index is shown in figure 2.13. A linear behavior has also been observed in ref. [C094b] . 
The correlation in figure 2.13 allows for the fluorine content in the fluorocarbon film to be 
determined without performing XPS. 

2.2.3 Surface Analysis on Silicon 

To study the etching behavior of different materials, samples are processed that consist of a 
silicon substrate with the material of interest on top. The crystalline silicon substrate acts 
like a semi-infinite layer, sirree the refractive index of silicon has an imaginary part (table 2.2) 
that is suflident to absorb the light penetrating the silicon. During the etching of the material 
on the silicon substrate, the optical properties of the sample change. These are monitored 
by ellipsometry and related to the etch rate of the materiaL When only pure silicon is 
being etched, no changes in the ellipsometry are observed during steady state etching. It is, 
therefore, not possible to determine the etch rate of silicon with a pure silicon substrate. To 
determine the silicon etch rate, a multiple layer structure can be etched with silicon on top 
of the layer structure. In this study the structure consist of 250 nm poly-crystalline silicon 
deposited on 100 nm silicon dioxide. It is assumed that the etching of crystalline silicon is 
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Figure 2.14: Steady state reaction films during silicon etching. 
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Figure 2.15: Simulated W .6.-map fora fluorocarbon film with n=1.46. A W .6. point can be mapped 
into the reacted silicon and the fluorocarbon film thickness. 

the same as for poly-crystalline silicon. 
In chapter 5, it will be shown that during steady state etching, the silicon surface is reacted 

with fl.uorine atoms and is covered by a fl.uorocarbon film, see figure 2.14. As mentioned 
earlier, etching of pure silicon results in a constant W .6.-point and the etch ra te of silicon has 
to be determined by processing a multilayer structure including a silicon layer. However, this 
W .6.-point corresponds to the thicknesses of the steady state films on silicon as is indicated in 
figure 2.15. The mapping, shown in figure 2.15, depends on the refractive index of both films. 
The index of refraction of the reacted silicon film is assumed to be 3.866 -i · 0.8 [OEH93]. 
The refractive index of the fl.uorocarbon film depends on the stoichiometry of the film and is 
determined in section 4.4. 

This method is based on a very simple assumption that the surface modification can 
be decomposed in a silicon reaction film and a fl.uorocarbon film. This method is already 
succesfully applied before in ref. [BUC86, HA92b, OEH93]. However, in order to besure that 
ellipsometry is justified, XPS is applied on the steady state films. The comparison between 
the ellipsometry and XPS results is discussed insection 5.2.2. 
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Figure 2.16: Electron density ne and ion density ni in the sheath . Due to the positive charge 
distribution, ions are pushed towards the wall to compensate for the electron loss at the wall. 

2.3 Langmuir Probe Measurements 

Probe measurements are very useful to determine some key parameters in plasmas, e.g., ion 
density or electron temperature. A metal probe can be inserted in the plasma to draw a 
current from the plasma. The probe has to be small enough in order not to disturb the 
plasma. On the other hand, the probe has to resist the ion attack and the high temperatures 
in the plasma, that requires a certain minimum size. Most probes have a cylindrical tip, 
but also other configurations are common, like planar and spherical probes. The probes that 
are used to draw current from the plasma are mostly called Langmuir probes. In this work 
Langmuir probe measurements are performed to measure the ion density in the plasma. The 
theory and the experimental setup are discussed in section 2.3.3. In order to discuss the 
theory of Langmuir Probes, first a short introduetion is given on the sheath phenomena in 
section 2.3.2. 

2.3.1 Sheath Formation 

The thermal velocity of electrans is much higher than the thermal velocity of ions due to 
the large difference in mass. The loss rate of particles by thermal movement at a grounded 
chamber wall is, therefore, much higher for electrons than for ions. In case of an electrically 
isolated wall, as in the ICP, a negative charge density is built up at the wall by the electrons. 
Due to the negative charge density at the wall, a positive charge distribution is built up by 
the ions in a thin layer near the wall, see figure 2.16. This layer is called the sheath. Ions 
that enter the sheath by thermal movement are accelerated towards the wall by the positive 
charge distribution. On the other hand, the electrans that enter the sheath are slowed down. 
The charge distribution is formed in such a way that the net charge loss at the wall is zero. 
The potential of an electrically isolated wall surrounding the plasma, the fl.oating potential 
Vf, is negative with respect to the plasma potential [LIE94] 

1 ( mion) vf - V, = - T. -ln --
p e 2 27rme ' 

(2.19) 

where Vp is the plasma potential, Te is the electron temperature in eV and mion is the mass 
of an ion and me the electron mass . If the electron temperature is estimated at 3 e V, then 
the fl.oating potential with respect to the plasma is about 15 e V for CF i ions. 
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Figure 2.17: A voltage-current characteristic. Three regimescan be distinguished: the ion current 
saturation (A), the electron retarding (B) and the electron saturation current (C) regime. 

2.3.2 Theory of Langmuir Probes 

If a probe at a certain potential is injected in the plasma, a sheath covers the probe. The 
difference between the plasma potential and the probe potential is the voltage drop over the 
sheath. Depending on the probe voltage, electrans or ions will be collected. A voltage-current 
characteristic is shown in figure 2.17. The curve can be divided into three regimes 

• Electron saturation regime (C). When the probe potential exceeds the plasma potential, 
all electrans that enter the sheath by thermal movement are collected by the probe. 
At higher probe potentials more ions are repelled and the current tends to saturate, 
depending on the probe geometry [PMT90, LIE94]. In this case there is a negative 
sheath surrounding the probe. 

• Electron retarding regime (B). The plasmapotentialis higher than the probe potential. 
When the probe potential tends to the floating potential more electrons, entering the 
sheath by thermal movement, are repelled, i.e. there is a positive sheath. This results 
in a lower electron current from the plasma to the probe. When the probe potential 
equals the floating potential, there is no potential difference between the probe and the 
plasma, resulting in a zero current. 

• The ion saturation regime (A). The probe potential is now lower than the floating 
potential. For decreasing potentials, more electrons, entering the sheath by thermal 
movement, are repelled. The current will saturate when all electrans are repelled. The 
absolute value of the ion saturation current is lower than the electron saturation current, 
since the mobility of electrans is higher than the mobility of ions. The ion saturation 
current is often simply abbreviated to ion current. 

The presented probe experiments, section 3.4.2, the current is always measured in the ion 
saturation regime. The experimental setup is explained in the next section. 
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Figure 2.18: Schematic view of the PMT FastProbe system. 

2.3.3 Experimental Setup 

The ion current densities are measured using a Langmuir probe. The ion current densities 
measurements in the ICP are performed with the PMT FastProbe system. This system injects 
a probe within 0.25 sec in and out the plasma. The probe consistsof an insulated part and a 
small non-insulated probetip (0.1 cm2 ). During the injection also polymerization of the probe 
occurs, what can result in a change in the drawn current, by increasing the collecting area and 
the electrical conductance of the probetip. The injection time and the size of the probetip 
are small in order to minimize the polymerization on the probetip and the perturbation of 
the plasma. The space between the wafer and the probe is 2 cm. 

The setup of the PMT FastProbe system is drawn in figure 2.18. The probe is injected 
by a short compressed air pressure boost at the back of the probe. The probe scans 70% of 
the wafer diameter. The probe controller collects the following data: 

• Position of the probe. The probe position is measured by a voltage drop over a resistor. 
The resistor is dependent on the postion of the probe. 

• The drawn current. A power supply, controlled by the probe controller, biases the 
probetip at a voltage between -100 to 100 V. The drawn current is measured by a 
voltage drop over an adjustable (1 , 10, 100 or 1000 0) resistor. 

The position of the probe and the ion current signal are monitored by a 400 MHz digitizing 
starage oscilloscope. The data is transferred from the oscilloscope to a PC, where the data is 
analysed. In the experiments, a bias of -100 V is applied to measure the current in the ion 
saturation regime. The ion current density is given by [PMT90] 

I = ~ene JeT:. 
2 V-;;;:: (2.20) 

The ion density (equal to the electron density) can be calculated if the electron temperature 
is known. Typical ion current densities of 10 mA/cm2 fora CHF3 plasma in the ICP are mea
sured. If the electron temperature is estimated at 3 eV, the ion current density corresponds 
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to anion density of 2.6 · lüll cm-3 , where the ion mass is set at 50 amu, conesponding toa 
CFt -ion. 
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Chapter 3 

lnductively Coupled Plasma 

3.1 Introduetion 

The semiconductor industry nowadays is processing features with continously shrinking lateral 
sizes. To process these features with high aspect ratios, high directionality of the etch process 
is required to obtain straight sidewalls. Shrinking the lateral sizes puts high demands upon 
the plasma process conditions. To satisfy these demands, the etching process requires the 
following process parameters [OEH96] 

• Low pressure, 1 to 20 mTorr. At lower pressures, there is less scattering of ions with 
the gas molecules, so that it is easier to achieve high directionality of the ions. 

• Controllable ion energy, 20 to 400 eV. An optimum condition has to be found, where 
the damage caused by the ions is minimized and high selectivity is established. 

• High plasma densities, equal or greater than 1011 cm-3 . A high ion density is required 
to achieve high etch rates and good profile control of high aspect ratio features. 

• Uniform deposition over 200 mm diameter with regard to rate, stoichiometry and other 
properties. These demands can be satisfied by uniform ion and neutral fluxes to the 
substrate. 

• Accurate temperature control of the substrate is essential when metallization and tem
perature sensitive films like polymers are applied. 

In this chapter the Inductively Coupled Plasma tool and its properties are described. A 
short introduetion on the tool is given insection 3.2. Section 3.3 describes how the plasma is 
generated. The ions in the plasma can be accelerated towards the substrate, as is described 
insection 3.4. Throughout the different sections in this chapter, the process conditions in the 
ICP are compared with the given demands. 

3.2 Experirnental Setup 

The reactor is schematically shown in figure 3.1. The bottorn part of the reactor contains an 
electrastatic chuck, which is made of anodized aluminum and consists of a disk surrounded 
by an electrically isolated donut [SCH95]. Between these parts, a DC voltage of 625 V is 
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applied, such that a 125 mm (diameter) wafer is electrostatically clamped to the chuck by 
the induced image charges on the wafer. To prevent discharges between the wafer and the 
chuck, the chuck is made out of anodized aluminum, that has a high electric permittivity. 
The advantage of electrastatic damping above mechanica! clamping, is that the wafer in this 
case does not deform. The chuck is held on a temperature of 10°C. For a good thermal 
contact between the caoled chuck and the wafer, a helium pressure of 5 mTorr is applied at 
the backside of the wafer. Since there is always a smallleak from the backside of the wafer to 
the chamber, inert helium is choosen as thermal conductor to prevent contamination of the 
plasma. The temperature of the wafer can be monitored by a fluor optie probe. 

Normal operating pressure varies from 5 to 30 mTorr and is controlled by a throttle valve 
in the exhaust line. The chamber is pumped by a 450 1/s turbomolecular pump backed by 
a roughing pumpstack, consisting of a roots blower and a vane pump [SCH95]. The pump 
capacity is too low to sustain a plasma lower than 4-5 mTorr, dependent on the flow rate that 
is set. 

A gas feed ring is applied to let the gases into the chamber in favour of the plasma 
uniformity. There is the possibility to install circular magnets below the gas feed ring to 
confine the plasma for a better plasma uniformity. The plasma is confined to a smaller 
part of the chamber by lowering the cylindrical housing (H), which is constructed of anodized 
aluminum, like all other chamber parts that are exposed to the plasma. The raisible housing is 
introduced to minimize polymer deposition on the chamber wall [C094a]. Polymer deposition 
takes place when fluorocarbon gases are used. To clean the chamber, an oxygen plasma is 
ignited after each run to remave the deposition, foliowed by a fluorocarbon plasma to season 
the chamber for the next run. 

The plasma is generated by the electromagnetic field (13.56 MHz) induced by the current 
through the coil (J), that is connected to a power supply by the matching network (G). 
A description of the matching network can be found in ref. [SCH95]. The coupling can 
be changed from capacitive to inductive by adjusting the capacitor setting (A,B and C). 
The generation of the plasma is further discussed in section 3.3. The coil is placed above 
a quartz window to proteet it from the plasma. This quartz window may turn out to be 
a disadvantage in the future. During processing, the window is sputtered by the plasma 
[MIR96]. The sputtered particles contaminate the substrate. To overcome this, an alumina 
window could be installed. 

The ions energy can be varied by applying rf bias power (3.4 MHz) to the chuck. The 
sheath that is formed above the wafer accelerates the ions towards the wafer, as will be 
discussed insection 3.4. The ionscan be accelarated up to 150 eV. The ion production and 
the control of the ion energy can be carried out independently, when the rf bias power does 
not exceed 2/3 of the inductive power [KEL93, SCH95, SCH96]. The matching network for 
the rf bias power is described in ref. [SCH96]. 

3.3 Plasma Generation 

The plasma is generated below the quartz window on which the solenoidal coil is lying, see 
figure 3.2. The power supply to coil, varied in a range from 200 to 1400 W at 13.56 MHz, 
is coupled electromagnetically through the quartz window. The power is dissipated in the 
discharge under the window. The electric field can be coupled into the plasma in different 
ways, depending on the setting of the matching network [SCH94]. One component of the 
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Figure 3.1: Experimental setup of the ICP. Explanation of the symbols: 

A: cap. A tun ing shaft 
B: cap. B tuning shaft 
C: cap. C tuning shaft 
D: RF power input 
E: gas input 
F: matchbox cooling 
G: matchbox 
H: raisable housing 

1: quartz window 
J: induction coil 
K: mass spectrometer 
L: ellipsometer 
M: wafer with sample 
N: gas feed ring 
0: multipole magnet holder 
P : Langmuir probe 
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Q: electrostatic chuck power in
put 
R: bias power input 
5: fluor optie probe 
T: fluorinert cooling 
U: backside helium input 
V: OES probe 



Figure 3.2: The planar coil that generates the plasma under the quartz window by an electramag
netic field. 

electrical field has an azimuthal direction parallel to the plane of the coil. This component 
supplies the power for the plasma generation, sirree electrans are accelerated in a circular 
motion parallel to the window. Electrans lose the gained energy in collissions with ions and 
molecules resulting in ionization, excitation and dissociation processes. 

lnductively coupled plasmas show a low density mode at low power due to capacitive 
coupling between plasma and high and low voltage ends of the coil by a longitudinal electric 
field perpendicular to the window [OEH96]. The longitudinal electric field component is 
confined to a layer near the surface of the window. The thickness of this layer, the skin 
depth, is of the order of 2.1 to 2.7 cm [LIE94] . ModeHing shows that the skin depth decreases 
when higher powers are applied [VEN94]. When the skin depth gets larger, the electric field 
can penetrate deeper into the plasma, resulting in a more uniform plasma at lower powers. 
This field drives electrans out of the plasma generation region. When the ratio of the energies 
of the azimuthal field (inductive) and the longitudinal ( capacitive) increases, a high plasma 
density mode can be achieved. 

The tool has the ability to adjust the coupling by choosing a different setting of the 
capacitors in the matching network [C094a, SCH95]. The setting of the matching network 
is not changed during the experiments presented in this thesis. To campare the results in 
ref. [SCH95], capacitor (B) in the matching networkis set to 270 pF. Plasma densities in the 
range of 1011 to 1012 cm - 3 are then realized. 

3.4 Cantrolling the lans 

For plasma processing, it is important that high directionality of the ions is realised. Ions can 
be manipulated by applying a rf bias power to the wafer. Ions are accelerated over a potential 
difference between the plasma and the wafer due to sheath formation above the wafer. How 
this sheath is formed is explained insection 3.4.1. The average energy of the ions impinging 
on the wafer is related to the rf bias power in section 3.4.2. 
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3.4.1 Self Bias Voltage 

A plasma prefers to arrange its ion and electron distribution in such a way there is no net 
charge distribution, i.e. a plasma is quasi-neutraL A small perturbation in the charge ·dis
tribution is compensated in a charaderistic time. The electrous can correct their spatial 
distribution in a time v; 1 . Ve is called the plasma frequency and is equal to [LIE94] 

(3.1) 

with e the elementary charge, ne the electron density, Eo the permittivity in vacuum and me 
the electron mass. When electric fields are applied with a frequency lower than the plasma 
frequency of the electrons, the electrous can screen this field out by rearranging its spatial 
distribution. The electron density in the ICP is of the order 1011 to 1012 cm - 3, conesponding 
to a plasma frequency of 0.5 to 1.4 GHz. The rf bias frequency of 3.4 MHz that is applied on 
the wafer is much lower than the plasma frequency of the electrons. The plasma frequency 
of the ions is typically much lower than the plasma frequency of the electrons. The plasma 
frequency for the ions is similar to Equ. 3.1 

(3.2) 

with mion the mass of the ion. Because of quasi-neutrality, the ion density equals the electron 
density. The plasma frequency for CFj ions with a density of 1011 to 1012 cm-3 is equal to 
1.3 to 4.0 MHz and is of the same order as the applied rf bias frequency. This means that for 
the ions it is harder to response to the applied rf bias voltage. 

When a rf bias voltage (3.4 MHz) is applied, electrous will response immediately to the 
rf voltage, since the mobility and the plasma frequency of electrous are high. However, the 
ion response is limited by a low plasma frequency and a low mobility with respect to the 
electrons. The difference in mobility leads the formation of a time dependent sheath above 
the wafer. The coupling between the chuck and the wafer is capacitive, since wafer and chuck 
are electrically insulated. Due to this capacitive coupling, the net current collected by the 
wafer from the plasma in one rf cycle has to be zero. The ion and electron current to the wafer 
are numerically simulated by Vender [VEN90]. He showed that the average wafer potential 
with respect to the plasma has to be negative, in order to keep the drawn current in one rf 
cycle zero. The de offset voltage is called the self bias voltage. The average ion energy is the 
difference between the plasma potential and the self bias voltage. In the next section, the self 
bias voltage is related to the rf bias power. 

3.4.2 Relation between Self Bias Voltage and Rf Bias Power 

Before relating the self bias voltage to the rf bias power, an explanation is given how the wafer 
potential is measured. The wafer potential is measured with a high voltage probe attached 
to the wafer. The voltage is analysed by a digitized storage oscilloscope. By averaging over 
an integer number of periods, the self bias voltage is obtained. The self bias voltages for a 
CHF3 plasma are plotted against rf bias power at 6 mTorr for different inductive powers in 
figure 3.3 . The self bias voltage is measured with respect to ground. To obtain the average 
ion energy at the wafer, the floating potential and the plasma potential have to betaken into 
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Figure 3.3: Self bias voltage measured for a CHF3 plasma at 6 mTorr for different inductive 
powers. 

account. The fl.oating potential with respect to ground is equal to the wafer potential when 
the wafer is not biased. The fl.oating potential is about 10 V according to figure 3.3. The 
fl.oating potential with respect to the plasma potential is already estimated to be around 15 
V, section 2.3.1. The energy of the singly ionized particles at the wafer is therefore 25 eV 
minus the measured wafer potential. 

The self bias voltage is linear in rf bias power. The proportionality constant will turn out 
to be the ion current to the wafer. This can be conlucled from Langmuir Probe measurements. 
In figure 3.4, the ion current density for CHF3 is shown versus inductive power at various 
pressures. In order to obtain the ion density in cm-3 one can apply Equ. 2.20. Assuming 
that the electron temperature equals 3 e V and the mass of an ion corresponds to 50 amu, 
one cantranslate the ion currents to ion densities (in 1011 cm-2 ) by dividing the ion current 
by 2 (Equ. 2.20). At higher inductive powers the ion (current) density increases, sirree at 
higher inductive powers more energy is dissipated in the ionization processes. By increasing 
the pressure, a higher neutral to ion ratio is created. The probability for ionization should 
increase in this case. However, figure 3.4 shows a decrease in ion density at higher pressures 
for CHF3, C2F6 and C3F6. This might be due to dissociative recombination as is proposed 
in [SCH95, SCH96] after Optical Emission Spectroscopy studies. 

In ref. [SCH95] the following relationship is obtained 

(3.3) 

where Prf is the rf bias power, I the ion current density and Aw the area of the wafer. 
This expression states that the supplied rf bias power is used to accelerate the ions from 
the plasma to wafer. This relation is very useful and simple to estimate the ion energy. At 
constant pressure and inductive power, the ion energy can be changed by simply adjusting 
the rf bias power. When the inductive power is decreased, i.e., the ion density is decreased, 
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Figure 3.4: Ion eurrent density vs induetive power at various pressures for 40seem CHF3, 28.8seem 
Argon, 20 seem C3F6 and 30 seem C2F6 

the self bias voltage will increase at constant rf bias power. In this case the same energy of 
the rf bias power is divided over less ions and the ions gain therefore more energy, i.e., the 
self bias voltage is higher. 

The wafer potentials at other pressures and gases can be found in a companion report 
[SCH96]. It is shown that relation 3.3 holds for every plasma in the ICP. 
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Chapter 4 

Deposition in Fluorocarbon 
Plasmas 

In today's technology there is a large number of different gases and reactors that are used for 
plasma processing. The etching will depend on the chemical activity of the gases. However 
physical effects like ion bombardment can play a dominant role in etching processes. In ref. 
[COB79] it is shown that silicon can be etched at a much higher rate when it is exposed to 
XeF2 gas and Ar+ ions, as opposed to only one of them. The boost in the etch rate is about 
a factor of 10. 

During etching in fluorocarbon plasmas, a fluorocarbon film will cover the substrate. This 
film prevents the substrate from direct ion impact and direct neutral flux from the gas phase. 
The question now is, how this film affects the etching of the substrate. The answer to this 
question is given in chapter 5. First the fluorocarbon deposition without biasing is stuclied in 
this chapter. If this process is studied, the effect of biasing is shown in chapter 5 

The first section 4.1 of this chapter shows the results of deposition experimentsin a CHF3 
plasma. Deposition rates for CHF3 plasmas have already been reported in ref. [SCH95, NIJ96, 
MIR96]. In the next sections a more complete study is presented. Actuated by the results on 
the deposition in a CHF3 plasma, a model is presented insection 4.2.2. The key assumptions 
in this model are that there is only one deposition precursor and that the dissociation rate 
of molecules is proportional to the inductive power. Section 4.3 shows the results on the 
deposition in C2F6/C3F6/H2 plasmas, that are compared to the deposition rates in a CHF3 
plasma and the model. At the end of this chapter, the dependenee of stoichiometry (chemica! 
composition) on different process variables is reviewed in section 4.4. 

4.1 Passive Deposition in a CHF3 Plasma 

When fluorocarbon gases like CHF3 or CF 4 are used, it is known that fluorocarbon film 
deposition occurs during plasma processing [OE94a, AG083]. The deposition precursors are 
created by dissociating the gas molecules when the inductive power is applied through the 
coil. This section shows the results obtained in a CHF3 discharge. The interpretation of the 
results willlead to a model that is presented in section 4.2.2. 

The deposition ra te on a silicon substrate without biasing ( the 'passive' deposition ra te) 
versus pressure for various inductive powers is plotted in figure 4.1. The deposition rate was 
determined in situ by ellipsometry. In the pressure range of 6 to 30 mTorr, the deposition 
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Figure 4.1: Passive deposition rate vs pressure at various induetive powers 200, 600, 1000, 1400 
W fora CHF3 plasma {40 seem flow). 

rate seems to vary slowly with the pressure. The deposition rate in this pressure range is 
more dependent on the inductive power. When the pressure is increased, more molecules are 
in the chamber. If the energy supply to dissociate molecules is the limiting factor, an increase 
in particles does not significantly contribute to the deposition rate. However, an increase in 
the inductive power will lead to more dissociation, as can be seen in figure 4.1. It can be 
concluded that the deposition mechanism is primarily limited by energy in the pressure range 
of 6-30 mTorr, at 40 seem flow rate. 

An interesting trend can be seen when deposition rates are measured at different flow 
rates [NIJ96, MIR96]. Particles in the gas phase are only in the chamber for a limited period 
of time. This residence time can be adjusted by varying the flow rate at constant pressure. 
The dependenee of the deposition rate is shown in figure 4.2 at four inductive powers. The 
deposition rate is plotted versus inductive power divided by the flow, that indicates how 
much energy is supplied per incoming molecule. At very low flow rates the supply of 'fresh' 
molecules is too low compared to the energy supply. The precursor density is low in this 
case, sirree the production of the precursors is low. The data in figure 4.2 is not measured 
in this 'mass' limited regime, sirree the deposition rate would have increased as a function of 
inductive power over flow. At high flow rates, the energy supply can be the limiting factor. 
The residence time of the molecules in the chamber to be dissociated is too short in 'energy' 
limited case1 . Also figure 4.2 suggest that the deposition rate takes place in the regime limited 
by the supply of energy. 

In figure 4.3 is shown how the ion ( current) depends on the flow ra te. The ion density 

1When the inductive power is high enough to create a significant amount of precursors, the deposition rate 
may also be limited by a low sticking rate of precursors on the wall and the wafer. The deposition rate will 
increase at lower flow rates in this case. 
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on the right y-axis is calculated from the ion current density with Equ. 2.20, assuming an 
ion mass of 50 amu and an electron temperature of 3 eV. The ion (current) density is almost 
independent of the flow, while the deposition rate is flow dependent. It can, therefore, be 
concluded that neutrals are definitely important in the deposition mechanism and that the 
ion ( current) density is not determining the deposition ra te. 

4.2 Suggested Deposition Mechanism 

The previous section showed that the deposition rate is only determined by the neutrals in 
the plasma. Next section 4.2.1 desribes a possible role of the ions and the neutrals in the 
deposition mechanism. In order to see if the suggested mechanism is consistent with the 
experimental data, a model based on very simple assumptions is presented in section 4.2.2. 
The key assumption is that there is only one (dominant) deposition precursor produced with 
a dissociation rate linear in the inductive power. 

4.2.1 Possible Role of lons and Neutrals in Fluorocarbon Deposition 

lons play an important role in the deposition mechanism as is shown in ECR experiments 
where ions are retarded or repelled by a grid over the wafer. These experiments show that the 
deposition rate without ions is lower than the deposition rate with ions. A ratio of deposition 
rates with and without ions up to 5 has been observed [OE94a]. Ions are accelerated over 
the sheath by the floating potential and can break bonds at the fluorocarbon surface. The 
gained energy of about 15 e V is enough to create dangling bonds, sirree a typical bond energy 
is about 5 e V [VED66]. The dangling honds at the surface may be required for the deposition 
precursor in order tostickon the surface. The ion flux to the waferin a CHF3 plasma at 1400 
W and 20 mTorr is about 9 · 1016 ions per cm2s. To get an idea of the partiele flux depositing 
on the wafer, the deposition rate of 450 nm/min for a CHF3 plasma (20 mTorr, 1400 W) 
corresponds to 3 · 1016 depositing particles per cm2s, assuming that the fluorocarbon film 
thickness deposited by one precursor is of the same order as a silicon monolayer thickness, 
3 Á. Although the flux of depositing particles and the ion flux differ slightly, the deposition 
rate may be precursor flux limited. In this case, there will be more dangling bonds than the 
precursor flux can occupy. The precursor flux is not necessarily equal to the flux that is finally 
depositing, sirree the precursors can have a certain probability to occupy a free site. 

4.2.2 Simplified Passive Deposition Model 

The precursors for deposition in a CHF3 plasma are CF x molecules or ions (C, CF, CF2 , .... ). 

It is still not established what molecules or ions are participating in the deposition process, 
although CF2 and CF, in less extent, appear to be the most import species [KIR94]. Without 
mentioning the precursor, the model assumes that there is only one (dominant) precursor 
and that the deposition rate is only determined by the thermal flux of this precursor. The 
model neglects any dependenee on the ions, assuming that the deposition rate is precursor 
flux limited. The model is also incomplete in the sense that it does not describe detailed 
chemical reactions between surface molecules, ions and precursors and does not include a 
spatial dependenee of the deposition. 
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The Reaction Mechanism 

The model describes different dissociation steps of the gas molecules. It uses a rather abstract 
reaction mechanism. To introduce this reaction mechanism, first an example is given. Suppose 
that CF2 is the deposition precursor for a CHF3 plasma. CF2 can be created in two steps 

CHF3 + e --+ 

CFt + e --+ 

CFt +H+ 2e, 
CF2 +F. 

( 4.1) 

The reactions require electronenergiesof the order of 15 eV [GOT94]. The '*', in the second 
step, denotes an excited state. Dissociative ionization in the first step is much slower than the 
dissociative recombination in the second step. The difference in rates is between one and two 
orders of magnitude2. In this case, the first step determines the production rate of CF2, i.e., 
only the first step is important for the precursor production (if CF2 is indeed the precursor). 
The model describes, therefore, the production of CF2 via Equ. 4.1 by only one step, with a 
dissociation energy that is equal to the sum of the energies required for both reaction steps. 
This is clarified below. 

The following abstract reaction mechanism is now introduced, 

Ao 
So,Eo 

A1+{Cl} ----t 

A1 
s1,E1 

A2 + {C2} ----t 

( 4.2) 

Ai-1 
Si-1,Ei-1 

A+ {Ci} ----t 

where Ao is the feed gas molecule and Ai is the molecule created in the ith step. { Ci} are 
species created in the ith step that are not affected any more by the inductive power. The 
energy that is required to split molecule Ai is expressed by Ei. The feed gas is dissociated 
into smallerand smaller molecules, according to Equ. 4.2, . For Equ. 4.1, Ao would represent 
CHF3, A1 represents CF2 and {Cl} represents H and F. This reaction mechanism is an 
oversimplified picture of the reactions occurring in the chamber. For example, the reaction 
mechanism assumes that there is only one reaction to dissociate a CHF3 molecule, but besides 

2 The process for dissociative ionization can he seen as a callision between two solid spheres. The cross 
section er• for this process can therefore he estimated by 

where ao is the Bohr radius (0.5Ûl.). 
Dissociative recombination is described by the Coulomb interaction. The attractive force between the 

electron and the ion results in a typical higher cross section. The cross section erG for Coulomb interaction is 
given by [SCH94] 

G 2 ÀD 
er = 47rb0 In( b;;), 

with bo and ÀD defined as 
bo e2 /12m::o ksTe, 

ÀD VEoTe/ene, 

where eis the charge of the electron, Eo the permittivity in vacuum, ks is Boltzmann's constant, Te the electron 
temperature and ne the electron density. For ne = 5 · 1011 cm - 3 and Te = 3 e V, this results in a Coulomb cross 
section of erG= 4.0 · 10-18 m- 2

. This crosssectionis about 400 times higher than the cross section for the 
solid spheres, or dissociative recombination is in this case 400 times more likely than dissociative ionization. 
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Figure 4.4: Cross section of the area where the plasma is generated. The dashed volume is the 
system where the dissociation rates and energy consumption rates are balanced to obtain a relation 
for the deposition rate. 

Equ. 4.1 there are also other reactions possible, 

CHF3 + e 

CHFt + e 
---+ CHFt + 2e, 
--t CF3 + H. 

(4.3) 

In this reaction it is assumed that CHFt is a stabie ion. The dissociative recombination in the 
second step is much faster than the ionization in the fi.rst step and the total reaction can be 
seen as one step. Reaction 4.2 cannot include reactions 4.1 and 4.3 simultaneously. However, 
if CF2 is the precursor, the production of CF2 via reaction 4.3 needs another reaction step. 
The production rate of CF2 is probably much faster via reaction 4.1, so that this reaction 
determines the deposition rate. 

Definition of the System 

Befare deriving the model, a definition of the system is given. The formulas that will be 
derived apply to the system indicated by the dashed volume in figure 4.4. The feedgas is fed 
into the chamber by a flow rate fin· The molecules are dissociated by electron impact due to 
the induced electromagnetic field of the coil. The dissociated particles are pumped out of the 
system by a flow rate fsy· A second drain of particles out of the sytem is the fluorocarbon 
deposition on the wafer. The exhaust flow fe is therefore not necessarily equal to the flow 
rate pumped out of the system, fsy· 

It has been observed that the deposition on the wall is negligible compared to the depo
sition on the wafer [SCHUN]. Two reasans for this can be addressed. One is that the flow of 
particles is directed parallel to the chamberwalls. The second, and most plausible reason, is 
that during plasma processing the walls heat up to 150-300 °C. The sticking rate of molecules 
on the wall may be much lower that on the caoled wafer. Wall interactions may lead to the 
formation of polymers. This possibility is excluded in the model for the sake of simplicity. 
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Also, for simplicity, it is assumed that anywhere in the system the density of different species 
is homogeneous. This system allows the modeHing of the deposition behavior in the ICP 
without complicated calculations. The next pragraphs show the derivation step by step. 

Dissociation Process 

The reactions in Equ. 4.1, 4.2 and 4.3 are sustairred by the electron density and electron 
energy. The energy of the electrous is provided by the electromagnetic field. The amount 
of energy that is coupled into the plasma is shared by dissociation, excitation, ionization 
processes and wall interactions. The last one is due to the energy transfer from ion impact 
to the wall. The sheath surrounding the wall accelerates ions towards the wall and the wafer 
resulting in an power transfer of about 50-150 W at normal process conditions. 

( 4.4) 

where Pindis the inductive power, Ploss is the powerlossin the matching network and chamber 
walls3 , V is the volume of the system, P diss is the power consumption per unit volume to 
dissociate the molecules, Pion is the power used per unit volume to ionize the molecules and 
Pexc is the power consumption per unit volume to excite the molecules. Pimp is the power 
dissipation in the wall due to the ion impact divided by the volume of the system. 

The first three terms on the right hand side of Equ. 4.4 are all governed by electron 
impact. The rates of these processes are proportional to the electron density and the density 
of particles that are involved in the collision process with the electrons. A change in density 
!:lnfiss ([m-3]) in time interval Llt, due to dissociation of a certain molecule of species labeled 
i, is proportional to its density ni and the electron density f: 

f:lndiss = S·n·ff:lt 
z z 't ' 

(4.5) 

where Si is a rate constant that is determined later. Equation 4.5 does not depend directly 
on the flow rate. It describes the change in density of molecules in the chamber due to the 
inductive power. It does not take into account that the particles are only in the chamber for 
a finite amount of time. This effect due to the flow rate is described below. 

Mass Balance 

By dissociating molecules, new molecules are created. The densities of different species Ai 
are therefore dependent on each other. This dependenee is found by balancing the changes 
in densities for the different species in the system. The reaction balance for the first reaction 
step in Equ. 4.2 is 

dno = fin _ no !sy _ Sonof = 0 
dt V n V ' 

(4.6) 

where the first term is the souree term equal to the partiele flow of the feedgas fin divided 
by the volume V of the system. The second term expresses the loss of the partiele flow fsy 
out of the system and the third term is the part that dissociates due to electron impact, Equ. 
4.5. The feedgas flow fin is, in general, not equal to the flow out of the system fsy· Molecules 
are dissociated in the chamber. To simplify the modelling, it is assumed that the dissociation 

3 This is rf power dissipated by the network and the chamber walls, i.e. a loss of power that is not coupled 
into the plasma. 
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degree is not too high, such that the partiele feedgas flow rate can be approximated by the 
partiele flow rate out of the system. Later on, by camparing the model with the experimental 
data, it turns out that the deposition precursor concentration is on the order of 4%. Assuming 
that the precursor concentration roughly reflects the dissociation degree, the partiele feedgas 
flow is then approximately equal to the partiele flow out of the system 

From Equ. 4.6 no can be calculated 

1 
no = n s EV. 

1+~ 
f 

(4.7) 

(4.8) 

Up to this point, it has not been pointed out what the precursor is or where the precursor 
is produced in reaction 4.2. Suppose that CF2 is the deposition precursor and is created in the 
first step (i = 1) of reaction 4.2. The deposition ra te is then proportional to the thermal flux 
towards the wafer, sirree it has been assumed that there are enough free sites. The thermal 
(Maxwellian) flux to the wafer is proportional to the precursor density n1 [LIE94]: 

(4.9) 

where kB is Boltzmann's constant, T the temperature of the neutrals and m is the precursor 
mass. The probability that a precursor sticks when arriving at a free site is given by the 
sticking coefficient K,. The deposition rate VcFx can now be written as 

2 
ZDR 

VcFx =rAK,. A. ZDR, (4.10) 

where A is the area of the wafer and ZDR is the thickness deposited by one precursor. The 
first part on the right hand side of Equ. 4.10 is the amount of precursors that stick on the 
surface per unit time. The second part of Equ. 4.10 divides this by the amount of precursors 
required to deposit one fluorocarbon monolayer. The last part of Equ. 4.10 is the thickness 
deposited by one precursor. The deposition rate can be calculated if n1 is known. Balancing 
of n 1 is similar to Equ. 4.6 

(4.11) 

This equation contains the last term of Equ. 4.6 as a souree term. The last term represents 
the deposition on the wafer, where K is defined as 

(4.12) 

where V is the volume of the system. Laterit will turn out that V drops out in the description 
of the deposition rate. With Equ. 4.8 it is possible to calculate n1 

SonEV 
f 

SofEV) (1 + S1JEV + Kn[)" 
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The deposition rate is proportional to n1 when the precursor is created in the first step. 
Suppose now, that CF is the dominant precursor and is produced, for example, in step 

i = 2 of reaction 4.2. The deposition rate is then proportional to n 2 instead of n 1 . More 
general, if the dominant precursor is created in step i, then the deposition rate is proportional 

n 
~= 0 

( 1 + S;n/V + KnJ) rr~-:,1 (si!Ev + 1) 
( 4.14) 

where Kis now the sticking probability of Ai and the sticking probability of all other particles 
is assumed to be zero. 

Balancing the Power Consumption 

One reaction balance has nat been taken into account yet, i.e., the power consumption has 
to be balanced. This is far from easy, sirree nat all the power that is supplied to the coil is 
coupled into the plasma. The power coupled in the plasma is shared by excitation, ionization 
and dissociation processes and by the power that is transferred to the chamber walls, see Equ. 
4.4. It is therefore hard to estimate what amount of the inductive power is used to dissociate 
the molecules in reaction 4.2. However, all the power in the plasma are proportional to the 
electron ( or ion) density. It is therefore reasanabie to assume that the power consumption 
in dissociation processes is proportional to the power coupled into the plasma. A second 
assumption one has to make in order to balance the power consumption is that the power 
coupled into the plasma is also proportional to the power supplied to the coil, i.e., the inductive 
power. Balancing the energy consumption and supply now yields 

(4.15) 

The factor ad ( <1) expresses what part of the inductive power is consumed for dissociation 
processes. For two different species Ak and A1 in the gas phase, the chance to be dissociated 
is independent of the density of the other. The ra te constant for dissociation of species Ak, 
Sk, is not dependent on E1 or n1 (l-=/= k), but only on the total density n, the electron density 
t: and its own dissociation energy Ek. With this statement it is, in principal, possible to 
calculate Sk. To simplify this calculation, all the dissociation energies are assumed to have 
the same value. This is nat a crude assumption, sirree for CHF3 the dissociation energies of 
different products areabout 15-20 eV [GOT94]. If all the dissociation energies are set to one 
value, Ei = Eo, Si simplifies to 

(4.16) 

and can be used in Eqs. 4.13 and 4.14. When the precursor is created in step i, the deposition 
rate 'Der" [m/s] is equal to (Equ. 4.14) 

1 (8kBT) l/
2 

3 p ( Eof ) -i ( adPind 1 (8kBT) l/
2 

Afi:p ) -l 
1JcF =- -- fi:ZDR-- + 1 1 + +- -- -- , 

x 4 1rm kET adPind Eof 4 1rm fkBT 
( 4.17) 

where the ideal gas law is substituted for n resulting in an expression for the deposition rate 
as function of the flow rate f, pressure p and the inductive power Plnd· 
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Figure 4.5: Deposition rate versus pressure at various inductive powers in a CHF3 plasma. The 
solid lines show the agreement with the model at pressures lower than 20 mTorr. 

Comparison of the Model with the Experiments 

The solid curves in figure 4.5 show the deposition rate predicted by Equ. 4.17 in comparison 
with the experimental data. For the fits it is assumed that aaPrnd/ Eo « 1, such that there 
are only two parameters left to fitfora given inductive power. The first fit parameter belongs 
top in the denominator of Equ. 4.17 

- ~ (8kT) 112 
AK 

p 1 - 4 1rm fkT (4.18) 

The second fit parameter is 

P _ 1 (8kT) 1
/

2 
( E0f ) -i KzJJR 

2-- - +1 --. 
4 1rm aaPrnd kT (4.19) 

The curve at 1400 W is fitted with both fit parameters variable. The sticking coefficient 
K is determined by Equ. 4.18 and fitparameter P1 to be (21 ± 5)%4 for precursors with a 
mass of 50 amu (CF2), at an estimated plasma temperature of 200 °C. This value for the 
sticking coeffident is found to be in the physical acceptable range of 0-100% and is therefore 
a reasonable value. Unfortunately, no literature values are known yet for comparison. From 
the 1400 W fit values, both fit parameters are found. Sirree P1 is independent of the inductive 
power its value is kept at the same value, as found from the fit on the 1400 W curve, in 
the fits for the other inductive powers. P2 is kept variabie for the different inductive power 
curves, see Equ. 4.19. The redprocal value of this parameter is plotted versus the redprocal 
value of the inductive power in figure 4.6. The data can be fitted with a linear fit curve, 
indicating that the precursor is produced in the first reaction step, i.e., i = 1 in reaction 4.2. 
Only at inductive powers lower than 220 W there is a discrepancy. It is not clear why the 
model fails at these low powers. Perhaps the linearity between inductive power and energy 

4 The error in the sticking coefficient is determined by fitting P1 for all curves at various inductive powers. 
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Figure 4.6: Reciprocal value of P2 vs the reciprocal value of the inductive power. The linear 
behavior shows that according to the model the precursor is created by one dissociaton step of 
the feed gas molecules. 

consumption by dissociation processes, proposed in Equ. 4.15, is not valid anymore. lt can 
also be observed that at higher pressures (>20 mTorr), the modellacks an accurate description 
of the deposition rate. This may be a result of the fact that at these higher pressures it is 
no longer allowed to approximate the flow rate of the feed gas by the exhaust flow rate as is 
assumed in Equ. 4. 7. The deposition ra te is then limited by a shorter residence time of the 
particles in the chamber. A secoud explanation is that at higher pressures the production 
of precursors increases while the ion current density decreases. At pressures higher than 20 
mTorr the deposition rate may also be dependent on the creation of free sites. 

The model already showed that it is able to reproduce the deposition rates in figure 
4.5. Figure 4.6 shows now another strong indication that the model is able to correctly 
describe the deposition rate in the ICP. It is likely that the precursor is created in the first 
dissociation step of reaction 4.2, since this is the fastest way of producing the precursor and 
it is supported by figure 4.6. The intersection of the fit with the y-axis in figure 4.6 is almost 
zero in agreement with the assumption adPind/ Eo « 1. The small intersection does not allow 
for ZDR and Eo/ad to be determined accurately. However, these values are determined below 
in a different way. 

The model also includes the effect of the flow ra te on the deposition ra te. Figure 4. 7 shows 
the comparison between model and experiment. To compare these data with the model, the 
following fit parameters are introduced 

( 4.20) 
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Figure 4. 7: Deposition rate versus the inductive power / flow ra te at various inductive powers. 
The solid lines show the fits of the model. 

Parameter Q3 can be calculated with the result for 1\, and is therefore a fixed parameter for 
each fit in figure 4.7. Q1 and Q2 are determined by fitting the curve for 1000 W. In order to 
check the model, Q2 is fixed at the same value for all curves at other inductive powers and Q1 
is the only the fit parameter. Figure 4.8 shows the fitted results of Q1 at different inductive 
powers. Equ. 4.20 is in agreement with obtained values for Q1, i.e., Q1 is independent of 
the inductive power. However, the model fails again at low inductive power. The obtained 
values for Q1 can be used to calculate ZDR independent of the plasma temperature and E 0 j ad. 

The result is ZDR = (2.6 ± 0.5) Á5 . There is no value from the literature known. To get an 
idea if the obtained value for ZDR is acceptable, one can compare it with a silicon monolayer 
thickness of 2.7 Á or a graphite monolayer of 2.1 Á. 

To estimate the precursor density, the deposition rate of 450 nm/min at 20 mTorr and 
1400 W, for a eHF3 plasma, is taken as an example. 450 nm/min corresponds to 29 fluoro
carbon monolayers per second. Applying Equ. 4.9 results in a precursor density of 1.8 · 1013 

cm-3, at a temperature of 200 oe and assuming that the precursor is eF2 with a stuicking 
probability 1\, = 0.21. At 20 mTorr and 200 oe, the density of all particles is equal to 4.0-1014 

cm-3. The precursor density is then equal to 4%. The approximation made in Equ. 4.7 is 
therefore valid, assuming that the total dissociation degree is roughly of the same order. 

Finally, next to 1\, and ZDR, the dissociation energy Eo divided by ad is determined 
from the fit in figure 4.8. Using the value from the 1400 W fit, it can be calculated that 
Eo/ad=(1.2±0.4) keV, which is much higher than the typical dissociation energy of about 
15 eV [GOT94]. This due to the fact that only a small amount of the inductive power is 
used for the dissociation of the molecules. As discussed, there is a power loss in the matching 
network and the chamber walls. The power that is finally coupled into tha plasma is shared 
by dissociation, excitation and ionization processes and the ion impact on the wall. 

Summarizing, even though the model is based on very simple assumptions, the comparison 
with the experimental data shows that the qualitative behavior can be explained in a satis-

5The error in ZDR is based determined by fitting Ql for curves at other inductive powers. 
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Figure 4.8: Fitparameter Ql shows no dependenee on the inductive power as predicted by the 
model. Only at low powers there is a discrepancy between the measurements and the model. 
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Figure 4.9: Deposition rateversus pressure and inductive power. The contour lines are calculated 
with the model and are consistent with the experimental data. 
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Figure 4.10: Deposition rate vs inductive power at various pressures for C2F6 and C3F6. 

factory way. The model is consistent with the data when the precursor production includes 
only one slow reaction step. This could be dissociative ionization, which is slower than the 
dissociative recombination. Also the quantitative description of the model leads to accept
able values for the fitparameters: K, = 22 ± 3% and ZDR = 2.6 ± 0.2 A. Together with the 
fitted value for Eo/ad, it is possible to describe the deposition behavior versus flow, inductive 
power and pressure with these three fit parameters. Figure 4.9 shows the deposition rate 
versus pressure and inductive power in a contour plot. The deposition rate is determined 
by Equ. 4.17 and is consistent with the experimental data shown in figure 4.1, at pressures 
lower than 20 mTorr. Figure 4.9 shows the mass and energy limited regions. At pressures 
higher than 20 mTorr, the rate at which free sites are created might be smaller than the 
production of the deposition precursors. In this case, the ion current density will determine 
the deposition behavior and the model may not give a good prediction of the deposition rate. 

Until now, only the deposition behavior in a CHF3 is presented. In the next section the 
deposition behavior in other plasmas will be shown and compared with CHF3 plasmas and 
the model. 

Interesting effects can be seen for the C2F6/C3F5/H2 gas mixtures. The deposition rate 
versus inductive power for pure C2F6 and C3F6 is shown in figure 4.10. The deposition rate 
is determined by ellipsometry on a bare silicon substrate. For increasing inductive power the 
deposition ra te for both C2F 6 and C3F 6 increases. More energy is available to dissociate the 
molecules, leading to a higher deposition rate, which has also been observed for CHF3 and is 
predicted by the model. 

The pressure dependenee of the deposition rate in C2F6 and C3F6 discharges can only 
partially be explained by the model. The pressure dependenee for a C3F6 plasma at 6 and 
10 mTorr is similar to a CHF3 plasma. However, at 20 mTorr and 1400 W inductive power, 
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Figure 4.11: The deposition rate vs gas composition for C2F6/C3F5 and C3F5jH2 gas mixtures at 
two pressures. The inductive power is fixed at 1400 W. The numbers in the plot on the right-hand 
side are the ratiosof the C3F5 and H2 flow. 

the deposition rateis lower than the deposition rate at 6 and 10 mTorr. Fora C2F6 plasma, 
the deposition rate is decreasing as a function of pressure for all inductive powers. This is 
different from a CHF3 discharge, where an increase in deposition rate is observed at higher 
pressures. This may be explained by the fact that the production ra te of free sites is of the 
order of the production rate of precursors. Figure 3.4 shows that the ion current density in 
C2F6 and C3F6 plasmas, at higher pressures, is about 40% lower than in the CHF3 plasma. 
The amount of free sites decreases at lower ion current densities and the deposition rate may 
now also be dependent on the ion current density. It is also plausible that a C3F6 plasma 
may contain more atomie fluorine than C2F6 and CHF3 plasmas. Next to the deposition 
precursors, the free sites at the surface may be occupied by atomie fluorine. The hydragen 
in CHF3 will scavenge a part of the atomie fluorine in the gas phase or at the fluorocarbon 
surface by forming volatile HF. For C3F5 and CHF3 there are roughly two F atoms per C 
atom. For C2F6 there are three F atoms available per C atom. Therefore, the amount of 
free sites in a C2F6 discharge may be more limiting than in C3F5 and CHF3 discharges, as is 
observed in figure 4.10. 

The effect of mixing the gases is shown in figure 4.11. The plot on the right hand side 
shows the deposition rate as a function of H2 addition at 1400 W. The ratiosof the C3F 6 and 
H2 flow rate are shown in the plot. A maximum in the deposition rate can be seen for 20 
mTorr. A similar maximum is also observed in an ECR system [ZHA96]. An explanation of 
the maximum in the deposition rate may be that the flow rate of C3F5 is decreased by adding 
more H2. The deposition mechanism then shifts from an energy limited to a mass limited 
regime. 

The deposition rate in C2F5jC3C6 mixtures scales linearly with the ratio of the two gases, 
as can beseen in the left hand side of figure 4.11. This suggests that the reaction mechanism 
that leads to deposition is independent of the two gases. 
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Figure 4.12: Index of refraction and F /C ratio of the fluorocarbon film during deposition versus 
pressure at various inductive powers in a CHF3 plasma. 

4.4 Stoichiometry of the Fluorocarbon Film 

The chemical composition of the deposited fluorocarbon filmdetermines the etching behavior 
through a fluorocarbon film. Before switching to the etching mechanism, the stoichiometry 
is discussed as a function of the process conditions. 

Insection 2.2.2 it was explained how the F /C ratio in a deposited fluorocarbon film can be 
determined by ellipsometry. The index of refraction of the fluorocarbon film during deposition 
is plotted versus pressure at different inductive powers in the plot on the left hand side in 
figure 4.12 . The index of refraction is related to the F /C ratio in the film in the plot on the 
right hand side of figure 4.12. The overall change in the F /C ratio is about 0.25 in figure 
4.12. At low inductive power and high pressure the film is more fluorine rich than at high 
powers and low pressures. A first explanation can be that at low powers and high pressures 
the gas molecules and ions are less dissociated. In this case, figure 4.12 suggests that there 
is more than one precursor. However, the modeland figure 4.6 predict that there is only one 
precursor. In order to prevent a contradiction, another explanation is desired. 

From deposition experiments in discharges with C2F6/C3F6 gas mixtures, it has become 
clear that the refractive index is independent of the inductive power and pressure. At every 
setting of pressure and inductive power, the refractive index is 1.39. The difference with 
CHF3 gases is the preserree of hydrogen in the plasma. It is known that during processing H 
atoms penetrate deep into the substrate [OEH85, OEH89]. The hydrogen can scavenge the 
fluorine in the fluorocarbon film, resulting in a higher refractive index or a lower F /C ratio. 
It seems to be, that in figure 4.12 the refractive index approaches the value 1.39 at higher 
pressures for all inductive powers. A similar behavior can be seen in figure 4.13, where the 
refractive index is plotted versus inductive power divided by the flow rate. Again, 1.39 seems 
to be the upper limit of the refractive index of the deposited fluorocarbon films. At high 
residence times of the particles, or at low flow rates, the effect of fluorine scavinging in the 
fluorocarbon film is more pronounced. Figure 4.14 shows the refractive index of the deposited 

48 



1.45 • 200W 1.15 • 200W 
0 400W 8 0 400W 
8 600W 

1.44 8 600 w 
'" 1000 w '" 

B • 8 • '" 1000 w 
B 1400 w '" 8 1.10 ,.oo.p,. '" B 

0 B 1400 w .. '" 
B 

1.43 8 8 8 

x 

'" 0 (]) 
"0 B 
E '" 

0 B 

·~ '" ~ 1.42 '" 1.05 '" ""§ B 
B 

c: 
ü 

~ '" 0 û: 
&! 1.41 8 8 8 

'" 8 B 

~ '" B 
B 

'l:m'b8 
0 '" '" 1.00 

• 8 • 8 1.40 

1.39 0.95 
0 20 40 60 80 0 20 40 60 80 

P1nJIIow (W/sccm) P1nJflow (W/sccm) 
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fiuorocarbon film when hydragen is added to a C3F6 plasma. The change in refractive index 
is more pronounced at higher H2 concentration and at lower pressures. Assuming that CHF3, 
C2F6 and C3F6 plasmas have the same deposition precursor, it can be concluded that the 
fiuorine scavenging in the fiuorocarbon film is decreasing at higher pressures. 

It is not clear, what the exact mechanism can be. A possible explanation is that at higher 
deposition rates, i.e., at higher inductive power and at higher pressures, the exposure time of 
the fiuorocarbon surface to the hydragen flux from the gas phase is small since the deposition 
rate is high, as is observed in figure 4.12 and 4.14. 
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Chapter 5 

Etching through a Fluorocarbon 
Film 

In the previous chapter the deposition mechanism is discussed for CHF3 and C2F 6jC3F6jH2 
plasmas. During these experiments the substrate is not biased. When a rf bias is applied, ions 
will be accelerated in the sheath. If the energy of the ions is high enough, the fluorocarbon 
deposition can be suppressed and etching of the substrate can take place. In this case there 
is a steady state fluorocarbon film present on the substrate. This fluorocarbon film regulates 
the etching of the substrate, but it will turn out that the fluorocarbon film thickness also 
depends on the properties of the substrate. The fluorocarbon film thickness and the etching 
are dependent on each other. 

Section 5.1 starts with an investigation of the etching processof a thick fluorocarbon film. 
The etch mechanism of the fluorocarbon film can than be compared with steady state etching 
of silicon. The fluorocarbon film thickness, the silicon reaction film thickness and the silicon 
etch rate are shown for different parameter settings in section 5.2. Despite the fact that the 
silicon etch rate is controlled by the fluorocarbon film, the silicon etch rate shows only a 
weak dependenee on the fluorocarbon film thickness. This observation cannot be explained 
by an existing model for silicon etching in a RIE-tool. Therefore, a new model is developed 
and is discussed in section 5.3. In section 5.4.1, silicon etching in C2F6jC3F6jH2 plasmas 
are shown and will be compared with the model and the results abtairred in CHF3 plasmas. 
In this report mainly the etching of silicon and fluorocarbon films is studied. An extensive 
investigation of etching processes including other materials ,e.g. , silicon dioxide, photoresist 
and silicon nitride in C2F6/C3F5/H2 plasmascan be found in a campanion report [SCH96]. 
At the end of this chapter, section 5.4.2, some results on silicon nitride, oxide and photoresist 
etching are shown. 

5.1 Etching of a Fluorocarbon Film 

In the last section of the previous chapter, the stoichiometry of the deposited fluorocarbon 
film is determined as a function of pressure and inductive power in CHF3 and C2F6/C3F6/H2 
plasmas. This section will discuss the etching of a thick deposited fluorocarbon film. During 
etching of the fluorocarbon film the fluorocarbon surface is exposed to radicals and high 
energy ions. It is hard to tell how the ions and the radicals interfere at the surface. The ions 
and the surface moleculescan be dissociated by ion impact. The toplayer of the fluorocarbon 
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turned on. This indicates a high defluorination of the deposited film. 

film is therefore dominated by ion enhanced chemica! reactions and sputtering effects. By 
understanding the processes in the fluorocarbon film, it is easier to explore the etching of the 
underlying substrate. This will be discussed in the next section. 

Section 3.4.1 explained how the ions gain kinetic energy across the sheath by applying an 
rf power to the substrate. The kinetic energy of the ions is equal to the self bias voltage, that 
shows a linear dependenee in the rf bias power. When the ion energy is high enough, it is 
possible that ions fragment into atoms or dissociate molecules at the surface. Dissociation of 
the molecules and the ions at the surface leads to a release of atomie fluorine at the surface. 
This effect can be observed in figure 5.1. The plot shows fluorocarbon deposition in the w .6.
plane fora C3 F5/H2 plasma at 1400 W inductive power and 6 mTorr. The total flow was 30 
seem and the H2 flow was set at 60%. The solid dots show the deposition without biasing 
( deposition is anti-clockwise from the bare silicon point). The open dots show the deposition 
at a self bias voltage of -100 V. The effect of ion bombardment is too low to establish etching 
of the fluorocarbon film. At the point where the bias power is turned on, a large change in 
index of refraction can be observed. Comparison between figure 5.1 and figure 2.12, shows 
that the index of refraction increases, when the bias power is turned on. This can also be 
translated into defluorination of the deposited fluorocarbon film. The ion impact releases 
fluorine in the toplayer of the fluorocarbon film. At low hydrogen concentrations, the fluorine 
has a certain probability to be incorporated in the fluorocarbon film or to diffuse into the gas 
phase. When more hydrogen is added, the fluorine that is released immediately react withs 
the hydrogen and form volatile HF. This effect is show in figure 5.1. 

The influence of the stoichiometry on the etching of a fluorocarbon film is shown in figure 
5.2. Two fluorocarbon films are deposited at different inductive powers, 600 W and 1400 
W, in a CHF3 discharge at 6 mTorr. A film deposited at 600 W is more fluorine rich than 
one that is deposited at 1400 W. When both films are etched at 600 W inductive power, it 
may be expected that the more fluorine rich film ( deposited at 600 W) is being etched at a 
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Figure 5.2: Etch rate of two fluorocarbon films with a different stoichiometry versus self bias 

voltage. The films were deposited at two inductive powers, 600 W and 1400 W, and both were 

etched at the same inductive power, 600 W. 

higher ra te, since it is easier to form volatile species like, for example, CF 4 . This argument 
is supported by the etch rates shown in figure 5.2. 

The idea, that the fluorine content in the fluorocarbon is important for the fluorocarbon 
etching etching, can also be used in interpreting the result of the following experiment, where 
the fluorocarbon film was deposited and etched at the same inductive power. The etch rate of 
the fluorocarbon film is plotted versus the inductive power at -85 V self bias voltage in figure 
5.3. At low inductive powers, the etching process is probably ion flux limited, because the 
F /C ratio of the fluorocarbon film is high and the deposition rate is low. At high inductive 
powers, the etch rate of the fluorocarbon film decreases with inductive power. Both deposition 
rate and ion current scale linear in the inductive power. It's therefore unlikely that a higher 
deposition rate, at higher inductive powers, can explain a maximum in the etch rate. The 
limiting factor appears to be the change in the stoichiometry of the deposited film. The film 
contains less fluorine at higher inductive power and is harder to etch. The etch rate curves 
shift to higher inductive power at higher pressures. This can be explained by the fact that 
the deposition rate increases and the ion current density decreases at higher pressures, see 
figure 3.4 and 4.1. 

In this paragraph, the etch rates of a thick fluorocarbon film are explained by the idea that 
fluorine is the etch precursor. It has yet not been answered how fluorine is transported in and 
to the fluorocarbon film. Befare trying to answer this question, the silicon etch rate in a CHF3 

discharge is discussed. The results on silicon etching provides the necessary information, that 
can be applied to establish a possible role of fluorine in the fluorocarbon film. 
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Figure 5.3: Etch rate of a fluorocarbon film biased at -85 V vs inductive power in a CHF3 plasma 
at various pressures. (From [RU96b]) 

5.2 Silicon Etching in a CHF3 Plasma 

This section will discuss the results obtained for silicon etching in a CHF3 plasma. During 
the etching of silicon, a fl.uorocarbon film is present on the silicon surface. It turns out that 
the silicon etching is only weakly dependent on the fl.uorocarbon film, see section 5.2.1. The 
film thickness is measured by ellipsometry, although the method that is applied to extract 
information about the steady state films by ellipsometry is not unambigious. To verify the 
obtained results, XPS was performed. The XPS results and the comparison with ellipsometry 
is presented in section 5.2.2. Based on these results, a possible role of the fl.uorocarbon ions 
and fluorine neutrals in the etching process is suggested in section 5.2.3. 

5.2.1 Ellipsometry Results on Silicon Etching 

The silicon etch rate vs inductive power in a CHF3 plasma is shown in the left panel of figure 
5.4. The self bias voltage was fixed at -85 V. The etching behavior is similar to the etching 
of a thick fluorocarbon film, see figure 5.3. The reacted silicon and the fl.uorocarbon film 
thicknesses, determined by ellipsometry, are plotted in the second graph of figure 5.4. The 
reacted silicon film thickness follows the etching behavior of the silicon. The fluorocarbon 
film thickness is monotonically increasing as a function of inductive power. Increasing the 
inductive power to 800 W, leadstoa higher silicon etch rate accompanied by a thicker reacted 
silicon film. At inductive powers in excess of 800 W, the silicon etch rate is decreasing and 
seems to be suppressed by the fl.uorocarbon film thickness. The ion current density and the 
fl.uorocarbon deposition rate are both linear dependent on the inductive power. The maximum 
in the etch rate may be understood by the decreasein the F /C ratio in the fluorocarbon film. 
The fl.uorocarbon film is then harder to suppress resulting in a thicker fluorocarbon film and 
a lower silicon etch rate. 

The silicon etch rate was also determined as a function of self bias voltage, see figure 
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Figure 5.4: Silicon etch rate, the silicon reaction film and the fluorocarbon film thickness vs 
inductive power. The measurements were carried out in a CHF3 plasma at 1400 W, 40 seem, -85 
V self bias voltage at various pressures. 

5.5. In order to etch silicon, the self bias voltage has to exceed a certain threshold voltage 
that happens to be the same for various inductive powers. The threshold voltage for silicon 
etching is the same as for fiuorocarbon etching, sirree etching can only occur if the deposition 
is suppressed. When the self bias voltage is increased beyond the threshold voltage, both 
reactive fiuorine and energy from ion impact can be consumed for the etching process of the 
underlayer. This occurs in such a way that the consumption rate of fiuorine and ion energy 
in the steady state fiuorocarbon film does not change. This steady state condition requires 
that the consumption rate in the fiuorocarbon film balances the fiuorocarbon deposition, i.e., 
there is no net deposition. 

The lower panels of figure 5.5 show the steady state films on silicon1 . The thicknesses are 
determined by ellipsometry as explained insection 2.2.3. Like the silicon etch rate, the reacted 
silicon film is increasing versus bias voltage. The fiuorocarbon film thickness is decreasing 
at low bias voltages and increasing at higher bias voltages. This has also been observed 
for silicon etching (obtained by ellipsometry) in CF4 plasmas [OE96b]. Next to ellipsometry 
surface analysis, also XPS analysis is performed on the steady state films on silicon, see section 
5.2.2. The XPS analysis shows that the fiuorocarbon film thickness is slightly decreasing with 
the self bias voltage. From the results on both ellipsometry and XPS, it can be concluded 
that there is a strong dependenee of the silicon etch rate on the self bias power, while the 
fiuorocarbon film thickness shows only a weak dependenee on the self bias voltage. This weak 
dependenee may be understood by a model that is presented in section 5.3. 

To investigate the effect of ion impact on the etching of silicon and fiuorocarbon, both 

1When comparing figure 5.4 with figure 5.5, it should be noted that silicon etching seems to be strongly 
dependent on chamber conditions. An important parameter is, for example, the quartz window thickness. The 
data shown in figure 5.4 (and in figure 5.3) is the only data obtained with a 16 mm thick window, while all 
other data presented in this thesis, including figure 5.5, is obtained with a 19 mm thick window. The etch rate 
of silicon is for the 19 mm window almost doubled accompanied by a thinner fluorocarbon film thickness and 
a more pronounced silicon reaction film. 
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Figure 5.5: Silicon and fluorocarbon etch rate and steady state film thicknesses on silicon versus 
self bias voltage in a CHF3 plasma {40sccm, 6 mTorr). 
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Figure 5.6: Etch rate of fluorocarbon and silicon versus self bias voltage in a argon discharge. The 
inductive power is set at 440 W to obtain the same ion current density as in a CHF3 discharge at 
6 mTorr and 1400 W. 

materials were processed in an argon plasma. Argon is an inert gas, and direct reactions 
with the fluorocarbon film or the silicon can be excluded. To campare the argon etching 
process with a CHF3 discharge, the inductive power was set at 440 W, so that at 6 mTorr the 
ion current density is the same in both plasmas. The etch rate of fluorocarbon and silicon 
versus self bias voltage is plotted in figure 5.6. The etch rate of fluorocarbon is significantly 
lower in an argon discharge than in a CHF3 discharge at similar conditions. The preserree of 
fl.uorine (free or bonded) in the plasma is apparently key to achieve high etch rates, as has 
been observed befare [COB79]. The sputter rate of silicon happens to be of the same order 
as the etch rate in a CHF3 plasma. It should be noted that silicon in a CHF3 plasma is not 
directly exposed to the ion impact, but is suppressed by a fluorocarbon film. 

5.2.2 XPS Analysis on Silicon 

Until now, the steady state reaction films have only been determined by ellipsometry. The 
obtained thicknesses are based on a very simple assumption, that there are two separated 
homogeneaus layers on top of the unreacted silicon. Also the refractive index of the flu
orocarbon film during biasing is set equal to the refractive index measured during passive 
deposition. But, during biasing the fluorocarbon film is exposed to ion bombardment, which 
might change the fl.uorine content and therefore the refractive index of the film. This section 
presents the results of XPS analysis on steady state reaction films on silicon. The XPS results 
provide more information about the stoichiometry of the reaction films. 

XPS analysis was performed on three samples. The samples were processed in a CHF3 
plasma at 6 mTorr and 600 W. In this case the fluorocarbon film is rather thin compared to 
higher inductive powers. With a thinner film it is easier to detect electrans ejected from the 
reacted silicon. The three samples were etched at -44, -74 and -168 V self bias voltage. Figure 
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Figure 5.7: C{1s) spectrum measured at two analyzer angles for three silicon samples. The samples 
are etched at three different self bias voltages in a CHF3 discharge at 6 mTorr and 600 W inductive 
power. 

5.7 shows the C(1s) spectrum of the three samples obtained at two analyzer angles 15° (75° 
from surface normal) and 90° (0° from the surface normal). The intensities of the spectrum 
at 15° are multiplied with the angular correction factor k = 1.96, so that the intensities at 
15° can be compared with 90°. The C(1s) spectrum at 90° shows that, at higher self bias 
voltages, the areasof the C-F, C-F2 and C-F3 peaks are getting smaller in comparison to the 
C-C peak. This effect is smaller for the C(1s) spectrum at 15°, where mainly electrons from 
the fluorocarbon surface are detected. At 90° electrons from deeper in the fluorocarbon film 
can be detected. It can be concluded, that the fluorine content in the fluorocarbon film is 
higher at the gas phase interface. 

This is supported by the F(1s) spectrum shown in figure 5.8. The fluorine intensity for the 
low self bias voltage is the same for both 15° and 90°, indicating that the gradient in the fluo
rine content is small. At higher bias voltages, the intensity is increasing at 15° and decreasing 
at 90°. This means that at higher self bias voltages, the gradient in fluorine concentration is 
increasing. The intensity is higher at 15°, showing that the fluorine concentration is higher 
at the gas phase interface. 

Figure 5.9 shows the Si(2p) spectrum. Electronsin a core level of a silicon atom, bonded 
to fluorine atom(s), have a higher binding energy. The silicon that is reacted with fluorine 
can therefore be differentiated from the unreacted silicon. The spectrum at 90° shows that 
the amount of reacted silicon is increasing at higher bias powers. A thicker silicon reaction 
film at higher self bias voltages has also been observed by ellipsometry in figure 5.5. It is 
possible to calculate the thickness dr of the reacted silicon film, assuming that the reacted 
silicon ( containing no silicon-silicon bonds) is located in a homogeneaus layer on top of the 
unreacted silicon. Application of Equ. 2.4 results in 

. ( Isi-Fx) dr = À si sm (;lln 1 + I . . , 
St-St 

(5.1) 

where Isi-Fx is the area of the intensity corresponding to the reacted silicon, Isi-Si is the 
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Figure 5.8: F(1s) spectrum of a silicon sample etched at three self bias voltages (CHF3 , 6 mTorr 
and 600 W inductive power). 

~~~.~~3 t\~ 
Si(2p) 15 dagrees 

i:::· 

95 

Binding Energy (eV) 

Vsb (-V) 

44.4 
74.4 

167.9 

95 

Si(2p) 90 dagrees 

- Unreacted Silicon 

Reacted Silicon: 
Si-F, Si-F2 and SiF3 

I 
100 105 110 

Binding Energy (eV) 

Figure 5.9: Si(2p) spectrum of a silicon sample etch at three self bias voltages (CHF3 , 6 mTorr and 
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Figure 5.10: Reaction film thicknesses on silicon versus self bias voltage. The thicknesses are 
calculated from the Si(2p) spectra. (CHF3, 6 mTorr, 600 W inductive power) 

intensity from the unreacted silicon and Àsi is the mean free path of electrans in a solid 
and is set to 2.5 nm [BRI90]. Equation 5.1 can be applied for each angle in figure 5.9. The 
average of these thicknesses is plotted in figure 5.10. Equation 2.7 is applied to calculate the 
total reaction film thickness out of the unreacted silicon peak at two different angles. The 
fiuorocarbon film thickness is obtained by subtracting the reacted silicon film thickness from 
the total film thickness. It should be noted that this value is not accurately known. The 
thicknesses plotted in figure 5.10 lack therefore accuracy only in an overall factor. 

The XPS results in figure 5.10 can be compared with the ellipsometry results in figure 
5.5. The reacted silicon film thickness obtained by ellipsometry and XPS are similar. The 
fiuorocarbon film thickness, determined by ellipsometry, is slowly increasing at higher bias 
voltages. According to the XPS analysis, the fiuorocarbon film thickness is slightly decreasing. 
The difference can be due to the fact that at higher self bias voltages the F /C ratio in the 
fiuorocarbon film drops resulting in a higher refractive index. However, the fiuorocarbon 
film thicknesses in figure 5.5 are obtained from ellipsometry data by assuming the same 
refractive index at all self bias voltages. Despite of this fact, it can be concluded that XPS 
and ellipsometry analysis lead to the same conclusions: the reacted silicon film thickness is 
increasing as a function of the self bias voltage, while the fiuorocarbon film thickness shows 
a weak dependenee on the self bias voltage. XPS also reveals that there is a gradient in the 
fiuorine concentration in the fiuorocarbon film. 

5.2.3 Suggested Role of lons and Fluorine in Fluorocarbon Etching 

At this point, it is possible to make a statement about the role of the fiuorine in a CHF3 

plasma. At ion energies lower than 150 eV, the sputter yield (removal per impacting ion) of 
the ions is low, see for example [LIE94] or figure 5.6. In this energy range, the momenturn 
of an incoming ion is transferred to a large number of atoms in the fiuorocarbon film. The 
collective motion of these atoms, referred to as a cascade motion, is characterized by a low loss 
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of atoms. Much more likely is that the impacting ions are fragmenting into atoms, typically at 
energies higher than 10 eV [LIE94]. These atoms can either be adsorbed at the fl.uorocarbon 
surface or can be refl.ected into the gas phase. From figure 5.1 it can be concluded that the 
ion bombardment results in a release of fl.uorine at the surface. The fl.uorine can be released 
from the deposited fl.uorocarbon film or from the ions itself. The release of fl.uorine from the 
deposited film can be observed in the scavenging by hydragen atoms, see figure 5.1. In this 
case, also the fl.uorine released from fragmentation of the ionsis scavenged. The overall effect 
is that there is a lack of fl.uorine in order to etch the fl.uorocarbon film, even if the substrate 
is biased at -100 V. 

Typically, the fl.uorine concentration is about 25% in a fl.uorocarbon film. The ions in a 
CHF3 discharge contain at most three fl.uorine atoms. If this ion would penetrate the fluora
carbon film, it adds one carbon atom and at most three fl.uorine atoms. Because sputtering 
is small, volatile species have to be formed in order to etch the fl.uorocarbon film. However, 
the amount of fl.uorine per incoming ion is too low to form, for example, volatile CF 4 . The 
question arises now: where does the extra fl.uorine come from? There are two sources. One is 
the atomie fl.uorine created in the discharge by dissociation. The other souree is fragmentation 
of impacting ions on the fl.uorocarbon film. Fragmented fl.uorine is more electronegative than 
the fragmented carbon and therefore more likely to adsorb at the surface. The fragmented 
fl.uorine only contributes to etching, when the adsorbtion rate of fl.uorine is four times higher 
than the adsorbtion rate of carbon, assuming that CF 4 has to be formed in order to etch 
the fl.uorocarbon film. Suppose that the majority of ions are CFt ions and are fragmenting 
completely. The fragmenting fl.uorine only contributes to etching when the fl.uorine adsorbtion 
probability is 4/3 times higher than for carbon. For CFt ions, this ratio should be higher 
than 2. 

At low self bias voltages, the impacting ions will only fragment partially and the fl.uorine 
souree by fragmentation is low. At higherself bias voltages, the ions will fragment completely 
and the fl.uorine souree by fragmentation saturates. This seems to be in agreement with the 
C(1s) spectrum in figure 5.7 and the F(1s) spectrum in figure 5.8, which indicate that during 
biasing the toplayer contains more fl.uorine. 

Beside creating atomie fl.uorine by fragmentation, the second role of the ions can be the 
supply of energy to the substrate. The energy of an ion can be transferred to the underlayer 
by cascade motion in the fl.uorocarbon film or by direct ion impact. This energy can 'activate' 
the underlayer and increase its consumption rate of atomie fl.uorine. 

5.3 Etching Model for Fluorocarbon Plasmas 

The final discussion of the previous section proposed a plausible role of the ions and the 
fl.uorine in the etching process. This section will translate this picture into a mathematica! 
description. Befare descrihing this model, first some question are posed that may be answered 
by the model. The questions are 

• How is steady state etching established? 

• Why are there different fl.uorocarbon film thicknesses observed on various substrates 
under similar process conditions [SCH96, RU96a, SCH97]? For example, silicon dioxide 
has typically a much thinner film ("' 0.5 nm) than silicon ("' 2-3 nm) [RU96a]. 
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Figure 5.11 : Schematic picture of the suggested mechanism. 

• Is it possible to point out a set of process conditions where the selectivity of two materials 
can be optimized? 

References [OE87a, OE87b] report silicon etching in a CF 4 /H2 plasma generated in a 
RIE-tool. It has been observed that the silicon etch rate in this system is controlled by a 
fiuorocarbon film ("' 0.5 nm) and that the etch rate is directly proportional to the inverse of 
the fiuorocarbon film thickness (see Eqn. B.4). Without explaining how a steady state film 
is maintained, it has been suggested that silicon etching is limited by the diffusion of either 
fiuorine into the film or volatile SiF 4 from the silicon interface to the gas phase. Figure 5.5 
shows that in the ICP-tool the silicon etch rate is not inverse proportional to the fiuorocarbon 
film thickness. The silicon etch rate is accompanied by a fiuorocarbon film thickness which 
shows a weak dependenee on the self bias voltage. Comparing the process conditions between 
the ICP-tool and the RIE-tool, it can be noted that the ion current density in the ICP-tool is 
about a 1000 times higher than in the RIE-tool at the sameneutral density (,i.e., pressure). 
It is therefore plausible that ion fragmentation may be an important souree of fiuorine for 
the etching process in the ICP-tool. The fiuorocarbon film ("' 2-3 nm) is rather thick in 
the ICP-tool compared to the RIE-tool ("' 0.5 nm). In reference [OEH85] is shown that the 
ion penetration depth is about 1 nm. This means that direct ion impact on silicon in the 
ICP-tool is low. As opposed to the RIE-tool, the silicon etching in the ICP-tool may therefore 
be limited by direct ion impact and/or energy transfer by the cascade motion of the atoms 
in the fiuorocarbon film after ion impact. It is shown below if this assumption may lead to a 
weak dependenee in the silicon etch rate on the fiuorocarbon film thickness. 

In order to model the etching process in the ICP-tool, it is suggested that the fiuorine , 
created in the discharge and by fragmentation at the fiuorocarbon surface, is the souree of 
fiuorine for the etching process of both the underlayer2 and the steady state fiuorocarbon 
film. Like in reference [OE87a, OE87b], it is assumed that the fiuorine transport to the 
underlayer is based on a diffusion transport. The suggested mechanism is drawn in figure 
5.11. Carbon molecules in the fiuorocarbon film absorb fiuorine by forming volatile species. 
This leads to etching of the fiuorocarbon film. Steady state etching requires that this etch 

2 This is defined as the material that is being etched, for example silicon, photoresist, silicon nitride or 
silicon dioxide. 
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rate of the fluorocarbon film equals the fluorocarbon deposition rate. It is assumed that the 
absorption rate of fluorine in a small volume dv in the fluorocarbon film is proportional to 
the fluorine concentration c in the volume dv. The fluorine flux r in an arbitrary part R of 
the fluorocarbon film has to satisfy 

(5.2) 

where n is the normal at the surface 8R, ds is the area of a surface element, and "' is the 
absortion coefficient ([s-1 ]). This equation expresses that the integrated fluorine flux at the 
surface equals the fluorine absorption in the volume. By applying Gauss' integral theorem 
for an arbitrary volume R, Equ. 5.2 turns into a differential equation 

- V' . r - "'c = o. (5.3) 

The fluorine flux depends on the concentration gradient and is given by Fick's law [MUY90J 

r = -DV'c, (5.4) 

with D the diffusion coefficient of fluorine in the fluorocarbon film, ([m2s-1 ]). Substitution in 
Equ. 5.3 results in a differential equation for the fluorine concentration c. In one dirneusion 
it simplifies to 

(5.5) 

In order to solve this equation, two boundary conditions need to be satisfied. One bound
ary condition has to be set at the fluorocarbon surface, x = 0. Without biasing there will 
be a homogeneaus fluorine concentration, cg, in the gas phase. When the substrate is biased, 
the concentration of fluorine at the surface increases due to fragmentation of the ions at the 
surface by an amount of cb 3 . The second boundary condition is at the underlayer interface. 
The fluorine flux has to be equal to the fluorine consumption of the underlayer. The boundary 
conditions yield now 

c(O) 
r(d) 

0 c9 + cb, 

~t:M, 
ZM 

(5.6) 

with d the thickness of the fluorocarbon film, a.M the amount of fluorine atoms required to 
remave one atom of the underlayer, ZM the monolayer thickness of the underlayer and EM 

the etch ra te of the underlayer. r( d) ( or E M) is an output parameter, i.e., a result of the 
model. In order to fix the salution of Equ. 5.5, the constraint for steady state has tobetaken 
into account. In steady state, the deposition rate is equal to the etching of the fluorocarbon 
film. The fluorine flux r DR that is consumed for etching of the steady state fluorocarbon film 
yields therefore 

CY.DR 
rDR = - 3-'DDR = r(O)- r(d), 

ZDR 
(5.7) 

where a.nR is the average amount of fluorine atoms required to remave one partiele (including 
carbon and fluorine atoms) from the fluorocarbon film, ZDR is the monolayer thickness and 
'DnR is the fluorocarbon deposition. The sum of the consumed flux in the fluorocarbon film 
and the flux at the underlayer has to be equal totheflux penetrating the fluorocarbon film at 

3 This is the fluorine concentration due to fragmentation after subtracting the amount of fluorine required 
to remove the carbon, that adsorps due to fragmentation, by forming volatile species, e.g. CF 4. 
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Figure 5.12: The two indicated functions can be approximated by 1 when "fd is large enough. 

x = 04 . This is expressed in the right hand side of Equ. 5. 7. Solving the differential equation 
5.5 with the boundary conditions 5.6 results in 

0 1D(c2 +eb) sinh('Yd) + r(d) . 
c(x) = (c9 +eb) cosh('Yx)- "(D cosh('Yd) smh('Yx), (5.8) 

where 'Y ([m-1]) is defined as ~- This equation can be used to calculate r(x), and finally 
Equ. 5.7 gives an expression for r(d) or EM: 

( ( ) ( )) _ zL 1D(c2 + q) sinh('Yd)- rDR cosh('Yd) 
[M C d , é d - h( d) . 

CYM COS "( - 1 
(5.9) 

t:M (c(d),c(d)) is a function of the fluorine concentration at the underlayer interface and the 
energy that is supplied by the ion impact, c(d), i.e., t:M (c(o), c(o)) is the silicon etch rate 
without the fluorocarbon film. If this function is known, then it is in principle possible to 
calculate the film thickness, d, and subsequently the et eh ra te, t: M. This equation has an 
interesting property when "fd is about 3 or larger. Figure 5.12 shows that in this case Equ. 
5.9 can be approximated by 

(5.10) 

In this case, the fluorine flux towards the underlayer is only determined by the fluorocarbon 
film and its thickness depends on the underlayer, i.e. the function t:M (c(d),c(d)). Equ. 5.10 
is also applicable to etching of an infinite thick fluorocarbon film. In this case, the fluorine 
flux f(O) into the fluorocarbon film is used to etch the fluorocarbon deposition during etching 
(corresponding flux is fDR) and to etch the passive deposited fluorocarbon (corresponding 
flux is afR EcFx). Conservation of atomie fluorine yields a similar boundary condition as is 

ZDR 

given in Equ. 5.6: 

(5.11) 

4This can be derived by integrating Equ. 5.5 from x = 0 to x = d. 
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leading to the same expression for the etch rate as in Equ. 5.10: 

(5.12) 

When two different underlayers labeled 1 and 2 are both covered by a thick fluorocarbon film 
with thickness d1 and d2 ( 1d1,2 > 3), respectively, at the same process conditions, then the 
etch rate ratio of the two materials (including an infinite thick fluorocarbon film) turns out 
to be a constant depending only on the material properties: 

EMl- CXM2 (ZM1)
3 

----- --
EM2 CXMl ZM2 

(5.13) 

This result is independent of the functions E Ml ( c1 ( d1), .::( d1)) and E M2 ( c2 ( d2), .::( d2) )5. How
ever, these functions determine if the film thicknesses satisfy the condition d1,2 > 3. This 
result shows that it is not possible to optimize the selectivity of two underlayers when both 
are covered with a thick fluorocarbon film. In order to optimize the selectivity, one or both 
of the fluorocarbon films has to be suppressed, i.e. rd 1 < 3 and/or rd2 < 3. Since this is 
quite an important result, it is good to review the main assumptions that has been made so 
far leading to this result: 

• Atomie fluorine from the gas phase and ion fragmentation is etching the fluorocarbon 
film and the underlayer by forming volatile species, e.g. CF 4 for the fluorocarbon film 
and SiF 4 for silicon as underlayer. Sputtering effects are neglected. 

• Atomie fluorine is transported through the fluorocarbon film by diffusion. 

• The fluorine concentration on top of the fluorocarbon film is the same for every un
derlayer under the same process conditions (boundary condition c(O) =cg+ cb in Equ. 
5.6). 

Figure 5.2 shows an example where Equ. 5.13 seems to hold for the etching of two different 
fluorocarbon films etched under the same conditions. One of the curves in figure 5.2 is fitted 
by an arbitrary curve that fits the datapoints well. The other curve is fitted, multiplying 
the first fit by 0.69, which should correspond to the ratio in Equ. 5.13. CXMi in Equ. 5.13 is 
dependent on the F /C ratio ([F /C]) of the fluorocarbon films. To remove one carbon atom 
from the fluorocarbon film by forming CF4, (4- [F/C]) fluorine atoms are required. When 
one carbon atom is removed in this way, also [F /C] fluorine atoms are etched. CXMi was 
defined as the average amount of fluorine that is required to remove one particle, and is for 
the fluorocarbon film equal to 

4- [F/C]i 
CXMi = 1 + [F/C]i. (5.14) 

Unfortunately, the relation between the refractive index and the F/C ratio, figure 2.13, is 
inaccurate. Translation of the refractive index for the curves in figure 5.2 to the F /C ratios, 
would lead to two indistinguishable indices due to the induced error. Next to this, it is also 
possible that hydrogen is incorporated in the fluorocarbon film, which will also affect CXMi· 

5 Concentration q(x) is the solution ofthe differential equation 5.5 with underlayer 1 and c2(x) the solution 
with underlayer 2. 
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However, Equ. 5.13 is in agreement with figure 5.2. The etch rate ratio is a constant and the 
etch rate is lower, when the fluorocarbon film is more fluorine deficient. 

Returning to Equ. 5.9 or 5.10 it can beseen that in order to determine the film thickness 
and the etch rate of the underlying film, one has to know the etch rate of the underlayer as a 
function of the fluorine concentration and energy transfer by ions without a fluorocarbon film. 
If the energy supply at the interface is very small in comparison to the fluorine concentration, 
then the etch rate is mainly determined by a change in the energy flux. This can be the case 
for silicon etching, where a fluorocarbon film thickness of typically 2-3 nm is observed. The 
ion energy flux at the fluorocarbon surface is equal to the ion current density I times the self 
bias voltage V. If one assumes that this ion energy flux is exponentially attenuated across 
the fluorocarbon film, then etch rate of silicon is, to first order in IV, equal to 

Esi = Esi,o fo~o exp (-~i) · (5.15) 

In this equation I 0 V0 is introduced as a constant energy flux to give the constant Esi,o the 
dimension of an etch rate and Ài is the attenuation length. The thickness of the steady state 
fluorocarbon film for anion limited etching process where ')'d > 3 can now be calculated with 
equation 5.10 

( 

~EsioiV/IoVo ) 
d = À i ln ( z ~ ' ) a . 

')'D c9 + Cb - zt!'DDR (5.16) 

The fluorine concentration at the surface due to ion fragmentation, q, is dependent on the 
self bias voltage. At low self bias voltages, the ions will only fragment partially and the 
fragmentation Cb is probably linear in the self bias voltage. At high voltages, the ions fragment 
completely and the fluorine concentration saturates. In order to visualize the qualitative 
behavior of Equ. 5.16, the following function for eb is proposed 

0 I V 
Cb = eb Io V + Vs (5.17) 

The fragmentation is linear in the ion flux, I, towards the surface. This is expressed by I/ Io, 
where Io is introduced to give c~ the dimension of concentration. At low self bias voltages 
(V « Vs) eb is linear in V and at high self bias voltages (V » Vs) eb saturates at c~. This 
relation is used to plot the fluorocarbon film thickness (Equ. 5.16) and the etch rate of the 
underlayer (Equ. 5.10) as a function of the self bias voltage, see figure 5.13. Figure 5.13 
shows only a qualitative behavior. The parameters in Eqn. 5.16 and 5.17 are chosen in such a 
way that a qualitative behavior is obtained similar to the results obtained from ellipsometry 
and XPS analysis, see figure 5.5 or 5.10. It should, therefore, be noted that figure 5.13 is 
not shown as a proof of this model, but it only shows its qualitative consistency with the 
experiments. Namely, the solid line shows that there is a regime where only the silicon etch 
rate shows a significant dependenee on the self bias voltage. 

At this point, it is good to consider one constraint that has to be satisfied in order to derive 
Equ. 5.16. It is assumed that the etching process is ion limited, i.e., the fluorine concentra
tion at the underlayer interface is high enough. The fluorocarbon thickness is continuously 
increasing at high self bias voltages according to Eqn. 5.16. However, a high fluorine concen
tration at the interface at the underlayer can't be maintained when the fluorocarbon thickness 
is continuusly increasing. Equation 5.8 limits the concentration for thick films ( ')'d » 1 and 
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Figure 5.13: Qualitative picture of the etch rate of the underlayer and the fluorocarbon film 
thickness versus self bias voltage. 

V» Vs) to 

(5.18) 

In this regime (V » Vs), Esi is constant, see Equ. 5.10. The concentration at the underlayer 
interface is exponentially decreasing as a function of film thickness at high self bias powers. 
The etching process will therefore leave the ion limited regime at high self bias powers and 
Equ. 5.16 will no be longer be valid. In appendix B this model is further developed for a 
regime, where the etching is only determined by the fluorine concentration at the interface of 
the underlayer assuming that the ion energy flux is high, i.e., in a neutrallimited regime. 

In summary, this model is able to give an expression for the fluorocarbon film thickness 
and the etch rate of the underlayer, given the deposition rate, fluorine concentration at the 
surface and the stoichiometry of the fluorocarbon film. The steady state fluorocarbon film 
thickness depends on the underlayer. A very important result is that for process conditions 
resulting in two different underlayers both having a thick fluorocarbon film, the selectivity 
cannot be manipulated. The selectivity is in this case given by Equ. 5.13. This result will be 
checked in the next section. 

The model presented in the previous section is based on results obtained in CHF3 plasmas. 
However, it should also be applicable on any fluorocarbon type of gas. This section will 
campare the model with results obtained in C2F6/C3F5/H2 discharges. The especially in
teresting result stating that the selectivity is constant for the case where both materials are 
covered by a thick fluorocarbon film, will be checked for silicon, silicon oxide, silicon nitride 
and photoresist due to its importance for process optimization. 

5.4.1 Silicon Etching 

The model predicted that when less fluorine is available or at higher deposition rates, the 
etching process shifts to higher bias powers (or self bias voltages), accompanied by a lower 
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Figure 5.14: Effect of fluorine scavenging by hydragen addition. The etching process shifts to 
higher bias powers, where the steady state films are characterized by a thicker fluorocarbon film 
and a thinner reacted silicon film. The fluorocarbon etch rate turns out to be proportional to the 
silicon etch rate. 

etch rate. This statement is confirmed experimentallyin figure 5.14. Adding 15 seem hydragen 
to a 20 seem C3F6 gas flow in a 6 mTorr discharge at 1400 W inductive power leads to an 
increase of 50% in the deposition rate, while the ion current density remains almast the same 
[SCH96]. Next toa higher deposition rate, fluorine is partially scavenged by adding hydrogen. 
The experiments show that the fluorocarbon film thickness and the silicon etch rate shift as 
is indicated in figure 5.13 when hydragen is added. The third graph in figure 5.14 shows the 
fluorocarbon etch ra te versus the silicon etch ra te ( each point is etched at the same rf bias 
power). If the silicon is covered by a thick fluorocarbon film, then Equ. 5.13 states that 
the etch rate ratio is constant, as is confirmed in the linear behavior in figure 5.14. A linear 
fit through the origin results in an etch rate ratio equal to 7.5 ± 0.4 in the case where no 
hydragen is added. The etch ratio can be different when hydragen is added, because the F jC 
ratio changes by adding H2. However, the etch rates with H2 are too low, to make a fair 
camparisou with the etch rate ratio where no hydragen is added. 

Similar to this experiment, C2F6 is added to C3F6 at a constant total flow rate, where 
the substrate is biased at -100 V self bias voltage, see figure 5.15. The first graph shows 
the fluorocarbon film thickness decreasing, while the silicon etch rate in the secoud graph 
is increasing, when more C2F6 is added. To campare this behavior with the model the 
following data is required. At higher C2F6 concentrations, the total fluorine content in the 
plasma is increasing and the deposition rateis decreasing, figure 4.11. The ion current density 
is independent of the C2F6 concentration [SCH96]. Figure 5.15 shows that the fluorocarbon 
film thickness decreases, when the passive deposition decreases and the fl uorine content in the 
plasma increases, as indicated by the qualitative picture in figure 5.13. The silicon etch rate 
is also plotted versus the fluorocarbon etch rate at the same process conditions in the third 
graph. Again, the etch rate ratio is constant and independent of the C2F 6 concentration. 
The refractive index does not change by adding C2F6. The etch rate ratio, Equ. 5.13, is 
therefore constant for all C2F6 concentrations, sirreetheF /C ratio is constant. The etch rate 
ratio is abtairred by a linear fit through the origin: 8. 7 ± 0.3. This value is similar to the 
value abtairred with the data in figure 5.14. The observed trends in figure 5.15 are therefore 
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Figure 5.15: Silicon etching for different chemistries at -100 V self bias voltage. The silicon 
etching is compared with fluorocarbon etching at the same process conditions in the last graph. 

consistent with the model. 

5.4.2 Etching of Nitride, Oxide and Photoresist 

Until now, only silicon and fluorocarbon etching have been discussed. However, in today's 
technology a wide range of materials are applied in the semiconductor industry. This thesis 
started with a detailed description offluorocarbon deposition in a high density plasma foliowed 
by a study on silicon etching. The etching model that is finally introduced to explain the 
results on silcon etching is also applicable on other materials. The only requirement is, that 
fluorine is the most important etch precursor. 

Recently, the etching of nitride (Si3N4), photoresist and silicon dioxide has been stuclied 
for C2F5/C3F5/H2 discharges by Schaepkens [SCH96, SCH97]. He determined the etch rates 
by ellipsometry and the fluorocarbon film thicknesses by XPS analysis for nitride and oxide 
etching at different process conditions. From the results he concluded that high selectivity 
of oxide to nitride can only be achieved by suppressing the fluorocarbon film on oxide. This 
condusion is consistent with Equ. 5.13, which holcis if the fluorocarbon film on both substrates 
is thick. As soon as the film thickness on one of the substrate can be suppressed, Equ. 
5.13 does not hold anymore and the selectivity can be manipulated by changing the process 
parameters. 

Figure 5.16 shows the nitride and the oxide etch rate plotted versus the fluorocarbon 
etch rate. The process variabie is the rf bias power. The nitride etch rate is proportional 
to the fluorocarbon etch rate for C2F6 and C3F5/H2, supporting Equ. 5.13. On the other 
hand, the oxide etch rate is not proportional to the fluorocarbon etch rate for C2F6 and 
C3F5. Equation 5.13 is derived assuming that the fluorocarbon film thickness is thick enough 
(rd > 3). However, the fluorocarbon film thickness on nitride (rv 2 nm) is in this case twice 
as thick as on the oxide ( ,..,_, 1 nm) [SCH96], which can explain that Equ. 5.13 does not hold 
for oxide. When 15 seem H2 is added to 20 seem C3F5, both oxide and nitride etch rate are 
proportional to the fluorocarbon etch rate. In this case, there is a thick fluorocarbon film 
present on both substrates ( ,..,_, 2 nm for nitride and rv 1.5 nm for oxide) and Equ. 5.13 also 
holcis for oxide. It is noteworthy, that for C2F6 and C3F5 the etch rate ratio of nitride and 
fluorocarbon is the same as is also observed for silicon and fluorocarbon in figure 5.15. It can 
be understood by Equ. 5.13, knowing that the F /C ratio of the fluorocarbon film is the same 
for both gases. 
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Figure 5.16: The nitride etch rate and the oxide etch rate compared with the fluorocarbon etch 
rate at the sa me process consitions. The varying parameter is the rf bias power. (1400 W inductive 
power, 6 mTorr.) (Nitride and oxide etch rates from [SCH96,SCH97]) 

The oxide etch rate in a CHF3 plasma is not proportional to the fluorocarbon etch rate. 
The film thickness on oxide is typically found to be 0.5 nm ([RU96a]), which is of the same 
order as a fluorocarbon monolayer thickness. For these films, Equ. 5.13 does not hold. Also 
the nitride etch rate in a CHF3 plasma is not proportional to the fluorocarbon etch rate. The 
fluorocarbon film thickness on nitride for CHF3 will be determined by XPS in the future. 
However, it may be expected that the film thickness is of the same order as on oxide. 

Comparison of the photoresist etch rates with fluorocarbon etch rates leads to a similar 
picture as shown in figure 5.16. Again, for C2F6 and C3F5 the etch rate ratio of photoresist 
and fluorocarbon is the same. The etch rate ratio for C3F6jH2 appears to be 1.7 times 
the etch rate ratio for C2F6 and C3F5. The nitride etch rate ratio scales in the same way 
(0.39/0.23 = 1.7), consistent with Equ. 5.13. 

To summarize this section, it can be concluded that selectivity of two materials covered 
by thick fluorocarbon films cannot be manipulated. In order to optimize the selectivity, a 
process window neecis to be found where the fluorocarbon film on one of the materials is 
suppressed. 
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Chapter 6 

First Step to Low K Deep Via 
Etching 

6.1 Introduetion 

In order to realize higher performance and lower cost, chips are developed more and more in 
stacked layers. Some layers contain metal parts separated by dielectrics, such that charges can 
be stored. To access these storage areas, interconnects (or vias) between different layers have 
to be realized. Figure 6.1 shows an example of an interconnection technology being persued 
by New York SEMATECH Center of Excellence, NY SCOE, [GUT95]. Reducing the lateral 
sizes leads to a serious increase in the access time of the storage areas, typically adressed as 
RC-delay, because of the decrease in conduction of the metal transport lines. This can be 
prevented by increasing the axial sizes, i.e., employing high aspect ratio features. Next to 
this, the access time can also be enhanced by applying low K1 dielectrics. 

The Center for Advanced Interconneet Science and Technology, CAIST, spousored by 
different research institutes, will try to push the technologkal developments to its limits, by 
performing research on interconneet technology based on high aspect ratio features and low K 
materials. The Plasma Research Laboratories at the State University of New York at Albany 

1 K is the dielectric constant. 

Interlevel Dielectrics 

Figure 6.1: Part of a cross-sectional view of a chip design pursued by New Vork SCOE [GUT95]. 
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Figure 6.2: The first two graphs show the change in refractive index of Parylene-N revealed by 
raw ellipsometry data at 6 mTorr. The change in refractive index is plotted vs remaining film 
thickness at various rf bias powers and pressures in the third graph. The corresponding etch rates 
are indicated in the legend. (40 seem CHF3, 600 W inductive power) 

are just recently collaborating by studying deep via etching in low K dielectrics. The fi.rst low 
K dielectric that has been stuclied for this project is Parylene-N. Parylene-N is a polymer and 
consists only of carbon and hydrogen atoms [YAN95] . The dielectric constant of Parylene
N (K=2.6-2 .7 [GUT95]) is higher than of oxide (K=2.1). However, high conformality2 of 
Parylene-N deposition can easily be achieved [GUT95], what makes Parylene-N very attractive 
for semiconductor applications. Section 6.2 presents the first results on Parylene-N etching. 
The vias in the low K dielectrics have to be etched to the underlying metal. The exposure of 
the metal to the plasma has important consequences for the resistance of the contact hole, as 
will be briefl.y discussed in section 6.3. 

6.2 Parylene-N Etching 

During exposure of the Parylene-N to the plasma, its optical characteristics are changing with 
a dependenee on the rf bias power. This is shown in the first two graphs, depicted in figure 
6.23 , where the etching is monitored in the W ~-plane. The two graphs in comparison with 
figure 2.12 indicate, that the refractive index of Parylene-N is decreasing, while all process 
parameters are kept constant. Next to this , the ellipsometry data at low rf bias power shows 
an unexpected behavior when reaching the silicon. While reaching the silicon at this low rf 
bias power, the etch rateis significant lower, confirming that the properties of the Parylene-N 
are changing during plasma exposure. To investigate this dependenee on the rf bias power 
and pressure, various Parylene-N samples are etched at constant process conditions. For each 
sample, the refractive index is determined at ~ = 0 (five points for each sample), see the 
third panel in figure 6.2 . Low rf bias powers result in more dramatic changes in the refractive 

2High conformality means that gaps can be filled without voids. 
31t should be noted that at the start of this project the network and power supply for the plasma generation 

were changed. The power coupling into the plasma is more inductive than before, resulting in higher ion 
current densities and higher rates for deposition and etching. The etching in this chapter is performed in 
a CHF3 discharge at 600 W inductive power. The ion current density in this case corresponds roughly to 
1000 W with the old setting. The self bias potentials have been determined at various rf bias powers for the 
new settings and look similar to the curves in figure 3.3. 
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Figure 6.3: Eteh rates of fluoroearbon, oxide, photoresist and Parylene-N vs self bias voltage. ( 40 
seem CHF3, 6 mTorr, 600 W induetive power.) 

index at 6 mTorr. A possible explanation is that at lower rf bias powers more fiuorine can 
diffuse into the Parylene-N, since the exposure time is higher at lower etch rates. The etch 
rate at 20 mTorr is camparabie to 6 mTorr, however the change in refractive index is more 
pronounced. This can also be explained by fiuorine diffusion into Parylene-N, because of the 
higher fiuorine concentration at higher pressures. lt is noteworthy, that after switching off 
the plasma, the refractive index is constant in time. This means that the dielectric constant 
of Parylene-N can be lowered by plasma processing. 

The Parylene-N etch rate is constant during processing, despite the refractive index 
is changing. A comparison between the etch rate of fiuorocarbon, oxide, photoresist and 
Parylene-N is shown in figure 6.3. The plot indicates a marginal selectivity of Parylene-N 
to resist, rvl. Photoresist and Parylene-N are both polymers with a similar chemical com
position. lt is therefore almast impossible to establish a better selectivity, since the plasma 
cannot differentiate these polymers. The selectivity of oxide to photoresist can be approved 
by operatingin a regime, where the fiuorocarbon film on oxide is more suppressed, while pho
toresist is still covered with a relatively thick film. For application of Parylene-N in real chip 
manufacturing, one has to use a different feedgas chemistry. But even with a different feedgas 
chemistry it will be hard to achieve a better selectivity, since photoresist and Parylene-N are 
chemically very similar. A salution can be found in applying a mask material harder than 
photoresist . 

In the near future also other low K materials will be investigated, like organic polymers, 
fiuorinated polyimide, fiuorine rich dioxide and Parylene-F. Parylene-F is similar to Parylene
N, but contains fiuorine and can therefore be etched at higher rates. 

Finally, the etching of high aspect ratios in the low K dielectrics has to be realized. The 
width of these features will vary from 250 nm down to 15 nm. These small dimensions farm 
a serious constraint on the etching of the dielectric in the high aspect ratio features, since 
the dielectric will charge up reducing the flux of ionsimpinging on the bottorn of the feature , 
[GOT92, J094a, J094b, BAI95]. To prevent charging up, a pulsed high density plasmas or 
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Figure 6.4: XPS analysis of C(1s), F(1s) and A1(2p) spectra under 15° and 90° on an aluminum 
sample, one minute overetched. The 15°-intensity is multiplied with the angular correction factor 
1.96. (40 seem CHF3, 6 mTorr, 600 W inductive power, 109 W rf bias power, conesponding to 
-85 V self bias voltage.) 

a fast neutral beam can be applied. 

6.3 Residual Fluorocarbon Films and Reaction Film Con
taminates 

After etching the feature down to the metal underlayer, a cleaning step is required to remove 
the fluorocarbon film and the reacted metal film, in order to achieve good electrical conduc
tivity between the metal underlayer and the metal that will be deposited in the next step 
of processing. Underlying metals that will be investigated in this project are, for example, 
tungsten, TiSiz, aluminum and copper. The necessity of cleaning the metal after an overetch 
is shown in figure 6.4, where a blanket aluminum sample is overetched for one minute. The 
C(1s) peak reveals that the aluminum is covered by a fluorine deficient fluorocarbon film. 
The measured intensity at 90° shows that this film is smaller than the mean free path of an 
electron. The fluorocarbon film thickness is determined below. As opposed to silicon etching, 
most of the fluorine is present on the aluminum rather than in top of the fluorocarbon film, 
as can be concluded from the F(1s) spectrum (90° intensity is higher than the 15° intensity) . 
The presence of fluorine at the aluminum interface can also beseen in the Al(2p) spectra. The 
Al(2p) spectrum consist of an elemental peak, i.e., unreacted aluminum and a peak at higher 
binding energies, resulting from reacted aluminum. The third peak, at 88 eV, is an aluminum 
plasmon peak. Electronscan loose energy due to collective motion. These electrons, detected 
at lower kinetic energies, are translated into higher binding energies. Plasmon peaks occur 
only in conductive materials. At 15° the plasmon peak disappears, indicating that the reacted 
aluminum film is non-conductive. The thicknesses of the reacted film is calculated by Equ. 
5.1 and amounts 1.6 nm. The involatility of the AlF x species results in a more pronounced 
reaction film than in the case of silicon etching. The fluorocarbon film thickness is calculated 
by Equ. 2.7 and is equal to 1.0 nm. 

This example of an aluminum overetch clearly shows that is important to remove both 
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fiuorocarbon and reacted metal film for low contact resistance. This will form the second part 
of the project next to the etching of high aspect ratio features in low K dielectrics: establish 
in situ, post-etch cleaning process of high aspect ratio vias and characterization of cleanliness. 
The cleaning will be stuclied in the ICP or in a Chemical Dry Etching, CDE-tool [NIJ96] or 
by Fast Neutral Beam Etching, NBE. 

75 



Chapter 7 

Conclusions 

Results of recent studies performed on the inductively coupled plasma souree at the Plasma 
Research Laboratories have been presented. Mechanisms that are able to explain the pre
sented results have been suggested. 

Firstly, results of a study on the charaderistics of passive fluorocarbon deposition in a 
CHF3 discharge have been shown. In order to explain observed effects a simple model has 
been developed. The basic assumption in this model is that the dissociation rate of the 
molecules is linearly dependent on the inductive power. The model, however, has limited 
validity. At higher pressure (above 20 mTorr) the experimental data deviates from the the 
model. A possible explanation for the deviation is given. 

Next, the understanding of the etch mechanism of silicon has been issue of interest. From 
this study it can be concluded that during steady state etching conditions there is a fluorocar
bon passivation film present on the surface of the silicon substrate. The same was observed 
for other materials like silicon nitride and photoresist. It has been found that if this fluorocar
bon film is relatively thick, that the charaderistics of silicon etching (and also silicon nitride 
and photoresist) were similar to those for the etching of fluorocarbon materiaL This results 
in that the etch rate ratio of any of the materials covered with a thick fluorocarbon film to 
eachother is a constant as a fundion of the varied parameters, e.g., pressure, inductive power, 
bias power. The thickness of the fluorocarbon film on silicon has been found to be only weakly 
dependent on the self-bias voltage. The self-bias voltage is a measure for the energy at which 
ions impact on the sample surface. For the etching of silicon through a fluorocarbon film a 
model has been developed as well. The key assumption in this model is that atomie fluorine, 
which is an important etchant for silicon (and for the fluorocarbon material), diffuses through 
the fluorocarbon passivation film. The model is able to explain the observed dependenee of 
the silicon etch rate and the fluorocarbon film thickness on various process parameters. For 
example, it yields the constant etch rate ratio between two materials covered with relatively 
thick films. 

Finally, results of an initial study on the etch charaderistics of a novel low K dielectric 
material, Parylene-N, have been reported. It has been found that the dielectric constant of 
Parylene-N is decreasing during processing. This effect is possibly due to diffusion of atomie 
fluorine from the discharge into the Parylene-N materiaL Further, it has been found that 
for the investigated process conditions, the Parylene-N etch rates are typically lower than 
the oxide etch rates. The selectivity of Parylene-N to photoresist is for the same conditions 
typically around a value of 1. This is insufficient for efficient pattem transfer from resist 
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into Parylene-N. To improve this selectivity is anticipated to be a great challenge due to 
the similarity in chemical nature of the two materials. The ultimate solution may be found 
in using hard masks for pattem transfer. From post-plasma surface analysis studies it was 
concluded that again a fluorocarbon residue is left on the substrate materials, i.e., silicon or 
aluminum. Additionally, a thin non conducting aluminum fluoride interlayer was found to be 
present on aluminum surfaces. Both the fluorocarbon and the reacted aluminum film need to 
be removed after the pattem transfer step in order to ensure for low contact hole resistance. 

Summarizing, the results show that the used ICP can be expected to be able to meet future 
demands on etching processes. Although a good understanding of the discussed processes has 
been proven by the presented work, still many questions are left untreated. In order to find 
answers to these the current research needs to be continued. 
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Chapter 8 

Future Projects 

In shrinking down the lateral sizes of features in the IC's, the semiconductor industry has 
to cope with several new challenges. One of them is a careful selection of the implemented 
materials. In order to minimize the RC-delay, application of low K dielectrics is desired. 
At this point, a selection of low K dielectrics has been made that show potential to fulfill 
certain requirements, such as the conformality of deposition and the ability for planarization 
by Chemical Mechanica! Polishing (CMP). For example, Parylene polymers or fluorinated 
silicon dioxide are future candidates. 

In order to find out if these materials can be applied, the Plasma Research Laboratories 
at the University at Albany will investigate the blanket etching and the pattem transfer, 
down to 0.015 micron, of these novel low K dielectrics in the ICP tool. At this point, via 
etching of features in silicon dioxide with a feature width down to .25 micron is still not fully 
understood. The etching of features with a width down to 0.015 micron will introduce new 
questions and insights about feature dependent etching. 

After etching the dielectric down to an underlying metal, a cleaning step is required to 
remave the fluorocarbon film and the reacted metal in order to achieve a low contact hole 
resistance. Therefore, in addition to the etching, a cleaning process needs to be developed. 
The candidate methods are in-situ ICP cleaning, Chemical Dry Etching (CDE) cleaningafter 
vacuum transfer or Fast Neutral Beam Etching after vacuum transfer. 

78 



Chapter 9 

Acknowledgements 

Last, but not least, I would like to acknowledge the contributors of this work. This work was 
financially supported by Lam Research, IBM, Digital, Air Products, Leybold Inficon, and 
Advanced Micro Devices. Next to this industrial collaboration, I would like to thank NUFFIG 
(Nederlandse Organisatie voor Internationale Samenwerking in het Hoger Onderwijs) for my 
study grant. 

I am grateful to Prof. Gottlieb Oehdein from Plasma Research Laboratories at the Uni
versity at Albany (SUNYA) for his supervision. I also would like to thank Prof. Daan Schram, 
Dr.Ir. Richard van de Sanden, Ir. Seth Brussaard, and Ir. René Severens from Eindhoven 
University of Technology for their advice and support. 

I also would like to acknowledge my labmates. First of all, Marc Schaepkens and Patriek 
Sebel for data acquisition and interpretation, Marcus Doemling for introducing me to the 
ICP tool. I am also indebted to Neal Rueger, Jawid Mirza, and Sjoerd Nijsten for their 
knowledge and sharing their results with me. I would like to thank Peter Matsuo and Scott 
Allen for their contributions on the start of the new project on low K dielectrics and I am 
looking forward to a pleasant collaboration with them on this project. Bernd Kastenmeier 
is thanked for useful discussions on several processes in the ICP tool. I would like to thank 
Hongjiang Sun, Joe Hernandez and Peter Wrschka fortheir contribution in the lab. Recently, 
Maikel van Rest and Maarten van Kampen joined our group who will establish Spectroscopie 
Ellipsometry and High Resolution Opical Emission Spectroscopy in the ICP tool. Next to 
them, I acknowledge Jeroen Bresser for contributing to a pleasant environment in the lab. 
Beside the persons above, I would like to thank all the people who contributed to a great 
time after the usual lab hours. 

Thanks, 

Theo. 

79 



Bibliography 

[ABR72] M. Abramowitz and I. Stegun, "Handbook of Mathematica[ Functions", New York 
(1972). 

[AG083] R. d'Agostino, F. Cramarossa, V. Colaprico, and R. d'Ettole, J. Appl. Phys. 54 
1284 (1983). 

[AZZ77] R.M.A. Azzam and N.M. Bashara, "Ellipsometry and Polarized Light" North Hol
land, Amsterdam (1977). 

[BAI95] A.D. Bailey, M.C.M. van de Sanden, J.A. Gregus, and R.A. Gottscho, J. Vac. Sci. 
Technol. 13, 92 (1995). 

[BRI90] D. Briggs and M.P. Seah, "Practical Surface Analysis, Volume 1 Auger and X-ray 
Photoelectron Spectroscopy", New York (1990). 

[BUC86] J.L. Buckner, D.J. Vitkavage, E.A. Irene, and T.M. Mayer, J. Electrochem. Soc. 
133 1729 (1986). 

[BUS85] T.D. Bussing and P.H. Holloway, J. Vac. Sci. Technol. A3 1973 (1985). 

[COB79] J.W. Caburn and H.F. Winters, J. Appl. Phys. 50 3189 (1979). 

[COL93] E. Collet, "Polarized Light, Fundamentals and Applications", Marcel Dekker, Inc., 
New York (1993). 

[C094a] J.M. Cook, 0. Turmel, T. Wicker, and J. Winniczek, Lam Research Intern (1994). 

[C094b] J.M. Cook, J. Flanner, 0. Turmel, and T Wicker, Lam Research Intern (1994). 

[CUM95] P.J. Cumpson, Joumal of Electron Spectroscopy and Related Phenomena 73 25 
(1995). 

[DWI47] H.B. Dwight, "Tables of Integrals and other Mathematica[ Data", New York (1947). 

[GOT92] R.A. Gottscho, C.W. Jurgensen, and D.J. Vitkavage, J. Vac. Sci. Technol. 10 2133 
(1992). 

[GOT94] M. Goto, K. Nakamura, H. Toyoda, and H. Sugai, Jpn. J. Appl. Phys. 33 3602 
(1994). 

[GUE91] P.B. Guest, "Laplace Transfarms and an Introduetion to Distributions", New York 
(1991). 

80 



[GUT95] R.J. Gutmann, T.P. Chow, D.J. Duquette, T.-M. Lu, J.F. McDonald, and S.P. 
Murarka, Mat. Res. Soc. Symp. 381 177 (1995). 

[HA92a] M. Haverlag, "Turbo Pascal Programs on ECR, Ellipsometry and XPS Simulation 
Programs", Software manual IBM Reseacrh Division, Thomas J. Watson Research 
Center (1992). 

[HA92b] M. Haverlag, D. Vender, and G.S. Oehrlein, Appl. Phys. Lett 61 2876 (1992). 

[IWA78] H. Iwasaki, R. Nishitani, and S. Nakamura, Jpn. J. Appl. Phys. 17 1519 (1978). 

[J094a] 0. Joubert, G.S. Oehrlein, and Y. Zhang, J. Vac. Sci. Technol. A 12 658 (1994). 

[J094b] 0. Joubert, G.S. Oehrlein, and M. Surendra, J. Vac. Sci. Technol. A 12 665 (1994). 

[KEL93] J.H. Keiler, J.C. Forster, and M.S. Barnes, J. Vac. Sci. Technol. A 11 2487 (1993). 

[KIR94] K.H.R. Kirmse, A.E. Wendt, G.S. Oehrlein, and Y. Zhang, J. Vac. Sci. Technol. A 
12, 1287 (1994). 

[KR090] G.M.W. Kroesen, IBM Internal Report (1990). 

[KRY69] V.I. Krylov and N.S. Skoblya, "Handbook of Numerical Inversion of Laptace Trans
farms", Jerusalem (1969). 

[LIE94] M.A. Lieberman and A.J. Lichtenberg, "Principles of Plasma Discharges and Ma
terials Processing", John Wiley & Sons, New York, (1994). 

[MAT93] R.M.M. Mattheij, "Inleiding Numerieke Methoden", syllabus TUE (1993). 

[MIR96] J.M. Mirza, R.M.A. Driessens, N.R. Rueger, M.F. Doemling, and G.S. Oehrlein, 
in preparation (1996). 

[MUY90] W.M. de Muynck, "Mathematische Fysica en Theoretische Mechanica", syllabus 
TUE (1990). 

[NIJ96] S.P.L. Nijsten, "Two Tools in Plasma Processing: Chemica[ Downstream Etching 
(CDE}, Transfarmer Coupled Plasma (TCP )",Report Apprenticeship TUE (1996). 

[NRC91] National Research Council, "Plasma processing of Materials: Scientific Oppertu
nities and Technological Challenges", Washington, D.C. (1991). 

[NRC95] National Research Councel, "Plasma Science: From FundamentalResearch to Tech
nological Applications", Washington, D.C. (1991). 

[OEH85] G.S. Oehrlein, R.M. Tromp, Y.H. Lee, and E.J. Petrillom, J. Electrochem. Soc. 
132 1142 (1985). 

[OE87a] G.S. Oehrlein, H.L. Williams, J. Appl. Phys 62 662 (1987). 

[OE87b] G.S. Oehrlein, S.W. Robey, and M.A. Jaso, Mat. Res. Soc. Proc. 98 229 (1987). 

[OEH89] G.S. Oehrlein, Mat. Sci. and Engin. bf B4 441 (1989). 

81 



[OE94c] G.S. Oehrlein, Y. Zhang, D. Vender, and 0. Joubert, J. Vac. Sci. Technol. A 12 
333 (1994). 

[OEH93] G.S. Oehrlein, J. Vac. Sci. Technol. A 11 34 (1993). 

[OE94a] G.S. Oehrlein, Y. Zhang, D. Vender, and M. Haverlag, J. Vac. Sci. Techn. A 12 
323 (1994). 

[OE94b] G.S. Oehrlein, S.W. Robey, and M.A. Jaso, Mat. Res. Soc. Symp. Proc. 98 229 
(1987). 

[OEH96] G.S. Oehrlein, syllabus SUNYA (1996). 

[OE96b] G.S. Oehrlein, P.J. Matsuo, M.F. Doemling, N.R. Rueger, B.E.E. Kastenmeier, M. 
Schaepkens, T.E.F.M. Standaert, and J.J. Beulens, Plasma Sourees Sci. Technol. 
5 193-199 (1996). 

[PIJ81] M. Pijolat and G. Hollinger, Surface Science 105 114 (1981). 

[PMT90] "FastProbe Data Acquisition and Analysis Software Manuaf', Plasma & Materials 
Technologies, Inc., Burbank (1990). 

[RU96a] N.R. Rueger, M. Schaepkens, M.F. Doemling, J.J. Beulens, J. Mirza, T.E.F.M. 
Standaert, R.M.A. Driessens, and G.S. Oehrlein, to be submitted (1996). 

[RU96b] N.R. Rueger, in preparation (1996). 

[SCH95] M. Schaepkens, "An Inductively Coupled Plasma Souree for Etching: Transfarmer 
Coupled Plasma (TCP )", Report apprenticeship TUE (1995). 

[SCH96] M. Schaepkens, "Materials Processing in a Transfarmer Coupled Plasma (TCP) 
Source", Master thesis TUE (1996). 

[SCH97] M. Schaepkens, T.E.F.M. Standaert, P.E.M. Sebel, and G.S. Oehrlein, in prepara
tion (1996). 

[SCHUN] M. Schaepkens and G.S. Oehrlein, in preparation (1996). 

[SCH94] D.C. Schram, "Inleiding Plasmafysica", syllabus TUE (1994). 

[SHE88] P.M.A. Sherwood, "X-ray Photoelectron Spectrometer Computer Operation and 
Data Analysis Software", Reference Manual (1988) 

[VED66] V.I. Vedeneyev et al., "Bond energies Ionization Potentials and Electron Affini
ties", New York (1966). 

[VEN90] D. Vender, "Numerical Studies of the Low Pressure Rf Plasma", Ph. D. Thesis, 
Australian National University (1990). 

[VEN94] P.L.G. Ventzek, M. Grapperhaus, and M.J. Kushner, J. Vac. Sci. Technol. B 12 
3118 (1994). 

[WIN92] H.F. Winters and J.W. Coburn, Surface Science Reports 14 161 (1992). 

82 



[YAN95] G.-R. Yang, B. Wang, J.F. McDonald, and T.-M. Lu, Patent Disciosure Letter, 
Rensselaer Polytechnic Institute (1995). 

[ZHA96] Y. Zhang, G.S.O. Oehrlein, and F.H. Bell, J. Vac. Sci. Technol. (accepted for 
pubHeation 1996) 

83 



Appendix A 

Angle Resolved X-ray 
Photoelectron Spectroscopy 

This appendix explains two different methods to extract the concentration profile out of an 
ARXPS measurement. The results are shown in section 2.1.3. One inversion is based on a 
matrix method, see section A.l. The second inversion can be performed by an analytica! 
expression derived in section A.3. A prove of the uniqueness of the inversion is given in 
section A.2. The last section A.4 contains the program listings that were written to obtain 
the concentration profiles. 

A.l Deconvolution of the Concentration Profile with Legen
dre Polynomials 

In section 2.1.3 an expression is given for the ARXPS intensity Ii(e), see Eqn. 2.4. The 
integral in this equation is from the top of the sample till infinity. The exponential attenuation 
of the integrand makes it possible to limit the integration domain till K,À, where K, is large 
enough ( exp(- K,À) « 1). With the substitution 

2x sin(} 
y = K,À - 1, (A.1) 

Eqn. 2.4 can be rewritten as 

((}) _ 2sin(}k((})Ji(e) _ (~) / 1 
d --( ) (-K,y) :F - À J - exp 

2 
. (} y c, y exp . (} , 

K, oo-i sm -1 sm 
(A.2) 

where y is equal to x/ Ài and êi(Y) equal to ci(x). êi(Y) has the same domain as Legendre 
polynomials {Pn(x)}n [ABR72] and can be expanded in these polynomials 

êi(Y) = L akPk(y), 
k 

with ak as expansion coefficients. This expansion can be substituted in Eqn. A.2 

:F(e) = exp (
2

-_/\,e) L.".:ak j 1 

dyPk(y)exp ( -~ye). 
sm k -1 2sm 
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If q different angles are included in the ARXPS measurement then q polynomials can be usedo 
The last equation is a matrix expression of the form 

q 

F(Bj) = L akPk(Bj) or F = P !lo (Ao5) 
k=l 

The matrix P can be numerically inverted, so that the set { an }n is obtained and the concen
tration profile can be reconstructed with Eqno Ao3o 

This method is tested on a concentration profile with a block shape 

for 
for 

O:Sx:S(À 
(À< x< 00 

The results are shown insection 201.3 for (=2, see figure 2070 

A.2 U niqueness of the Deconvolution 

(Ao6) 

In this section it will be shown that the inversion of Eqno 2.4 is unique, or in other words, 
the mapping from Ci (x) into Ii ( B) is bijectiveo To show this, Eqno 2.4 is rewritten as 

(()) =k(B)Ii(B)sin()=loood ·() (~) I À .], x c, x exp , 0 () 0 
i oO'i o "'sm 

(Ao7) 

This equation hides a Laplace transformo This becomes clear if the parameters p = sin-1 () -1 
and t = x/ À are substituted 

i(p) 

g(t) 

~a= dt g(t) exp( -pt) 

Ci ( t) exp( -t), 

(0:::; p < oo), (Ao8) 

(Ao9) 

where i(p) is equal to I(B) and ci(t) equals ci(xjÀ)o It it not always possible to find the 
inverse Laplace transformo For example, it can be shown that exp( -p2 ) has not an inverse 
transfarm [GUE9l]o The mapping g( t) to i(p) is bijective if the following conditions are 
satisfied [KRY69] 

• The first condition is 
g(t) = 0 for all t < 0 (AolO) 

g(t) is equal to ci(t) exp( -t) with ci(t) equal to 0 for t < 0, so that this condition is 
satisfiedo 

• g( t) has to be defined in ( -oo, oo) and absolute integrable in every fini te interval: 

Joo dt lg(t)i = foo dt ci(t) exp( -t) :S max ci(t)o 
-oo lo o::;t<oo 

(A.ll) 

This holds for bounded and, therefore, physical contentration profileso 
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• g(t) is of exponential order a as t---+ oo, i.e., there exist a number M and a ~ 0 such 
that for all t > 0 

lg(t)l ~ M exp(at). 

The function g(t) has an upper limit so that Mand a can be found 

lg(t)l = ëi(t) exp( -t) ~ ( max ëi(t)) exp( -t), 
O::;t<= 

so that M is equal to the supremum of ëi(t) and a can be set to 0. 

(A.l2) 

(A.l3) 

The inversion of Eqn. A.8 can be performed by the Riemann-Mellin inversion formula 
[KRY69], that contains an integral along a complex contour. In principal this integral can be 
calculated, but is in practice aften complicated. 

A.3 Deterrnination of the Concentrat ion Profile without Ma
trix Inversion 

In section 2.1.3 is explained that inversion based on a matrix methad is numerically very 
instable. To avoid a matrix inversion, another methad is proposed in this section. 

Eqn. 2.4 can be expressed as 

I = k~)I~ e) = r= dy êi (y sine) exp( -y), 
O"i o Jo (A.l4) 

with y = sin- 1 e xj).. and êi(Y sine)= ci(x). êi can be rewritten as a Taylor expansion 

(A.l5) 

where am are the Taylor coefficients. The integral has been found in ref. [DWI47]. This 
expression can also be written as a Taylor expansion when the parameter transformation 
(=sine is used 

CX) 

i(()= L ann!C, (A.l6) 
n=O 

with i(()= I(e). A simple expression for am can now be abtairred 

_ ( l)-2 dmil am- m. dm . 
( (=0 

(A.17) 

To calculate this derivative out of a set of M measurements {im((k)}k, abtairred for the 
points { (k}k. Lagrange interpolation polynomials [MAT93] can be applied to calculate the 
derivatives. The Lagrange interpolation polynomials Li(() are equal to 

M ( -(· 

Li ( () = II ç - (. . 
j=l ' J 
#i 
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The fit through the measurement points is then obtained by 

M 

jf (() = L Li(()Im((i) 
i=l 

The nth derivative of Li for ( = 0 is equal to 

M 

2: 
p=l 

p=j:.i,a,···,o 

1 M 

II 
j=l 

j=/=i,a,-··,p 

(1 :::; n:::; M). 

This equation contains n summations. This equation can be simplified to 

(A.19) 

(A.20) 

(A.21) 

The symbol S indicates a summation of all combinations of products (a(b · · · (p where the order 
of the (k's is not important. The summation must contain all combinations with n elements 
out of the set { (k} k. Wh en n elements are picked out of the set, then n! combinations can 
be found which lead to same product. Only one of these combinations is included in the 
summation S. The others are taken into account by the term n! in eqn. A.21. 

This result can be used to calculate the derivatives of Eqn. A.17 directly. Results of this 
method are shown in section 2.1.3. The method is tested on a profile 

1 
ci(x) = - exp( -ax). 

2 
(A.22) 

The plot in figure 2.9 is for a = 1 and for six angles (Nm = 6). The augles were choosen 
equidistant over the interval 15° - 90°. The program that is used to obtain these results is 
listed in section A.4.2. 

A.4 Program Listings 

The programs that are used to perform the deconvolutions can be found in this section. The 
programming language that is used is Borland Pascal. 

A.4.1 Listing for Deconvolution with Legendre Polynomials 

Below, the program is printed that is used to deconvolute the concentration profile with 
matrix inversion based on Legendre polynomials expansion, section A.I. 

Program Profile; 

uses crt,sjoerd,graph; 

const N_measp = 6; 
lambda = 2; 
kappa =2; 
N_graph = 1000; 
zet a =1. 5; 
error = 0.; 

{'sjoerd' is a library, used for the graphical output} 

{amount of angles } 
{mean free path in the material } 
{truncation of profile expressed in lambda } 
{number of points in the output graph } 
{zeta times lambda is the point where the concentratien is zero} 
{induced error on the ideal measurement data } 
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var angle, intens, coeff 
proj 
i,j 
b 

array[1 .. 7] of extended; 
array[1 .. 7,1 .. 7] of extended; 
integer; 
extènded; 

{angle : 
{intens: 
{coeff 
{proj 

the angles included in 
measured intensities 
expansion coefficients 
matrix coefficients 

procedure init; {Initial setting for the calculations.} 
function sinh(p:extended):extended; 
begin 

sinh:=(exp(p)-exp(-p))/2; 
end; 
function cosh(p:extended):extended; 
begin 

end; 
begin 

cosh:=(exp(p)+exp(-p))/2; 

randomize; {Random nurnber generator to induce error. } 
for i:=1 to N_measp do begin {Calculate (non-)ideal ARXPS measurement for} 

angle[i]:=90*i/N_measp; {Heavyside concentratien profile. } 
intens [i] : = lambda* (1-exp( -zet a/ (sin(angle [i] *pi/180)))); 
intens[i] := intens[i]+intens[i)*error*((random(1000))/500-1); 

end; 

for i:=1 to N_measp do {calculating projections on polynomials} 
begin 

b := kappa/sin(pi*angle[i]/180); 
proj [i, 1] : = 4*sinh(b/2) /b; 
proj[i,2] := 2*proj[i,1]/b-4*cosh(b/2)/b; 
proj[i,3] := -proj[i,1]/2+6*proj[i,2]/b+6*sinh(b/2)/b; 
proj[i,4] := 5*proj[i,1]/b-3*proj[i,2]/2+10*proj[i,3]/b-10*cosh(b/2)/b; 

ARXPS} 
} 

} 

} 

proj[i,5] := -7*proj[i,1]/8+21*proj[i,2]/b-5*proj[i,3]/2+14*proj[i,4]/b+(35/2)*sinh(b/2)/b; 
proj[i,6] := -7*proj[i,4]/2-27*proj[i,2]/8-(63/2)*cosh(b/2)/b 

end; 
end; 

+(18/b)*(proj[i,5]+5*proj[i,3]/2+7*proj [i,1]/8); 
proj[i,7] := (1/16)*( 231*( 4*sinh(b/2)/b+12*( 8*proj[i,6]+28*proj[i,3]+27*proj[i,2] 

/(63*b) )-72*(proj[i,5]+5*proj [i,3]/2+7*proj[i,1]/8)+70*proj[i,3]+30*proj[i,1] ); 
for j:= 1 to N_measp do proj[i,j] := larnbda*proj[i,j]*b*exp(-b/2)/2; 

procedure sYeep; {syeep matrix proj[i,j] to triangular forrn} 
var l,hulp1 extended; 

hulp2 
g 

begin 

array[1 .. N_measp] of extended; 
integer; 

for i:=1 to N_measp-1 do 
begin 

end; 

Yhile proj[i,i] = 0 do {cycle roYs (j>=i) if element} 
begin {[i,i] is zero } 

end; 

Yriteln('Element equal to zero');readln; 
hulp1:=intens[i]; 
for j:=i to N_measp do hulp2[j] :=proj[i,j]; 
for g:=i to N_measp-1 do 
begin 

end; 

for j:=i to N_measp do proj[g,j] :=proj[g+1,j]; 
intens[g] :=intens[g+1]; 

intens[N_measp] :=hulp1; 
for j:=i to N_measp do proj[N_measp,j] :=hulp2[j]; 

for g:=i+1 to N_measp do {syeep roYs} 
begin 

end; 

l :=proj [i, i] /proj [g, i]; 
for j:=i to N_measp do proj[g,j] :=l*proj[g,j]-proj[i,j]; 
intens[g] :=l*intens[g]-intens[i]; 

88 



for j:=1 to N_measp do coeff[j]:=O; {calculate expansion coefficients} 
if proj[N_measp,N_measp]<>O then coeff[N_measp] :=intens[N_measp]/proj[N_measp,N_measp]; 
for i:=N_measp-1 downto 1 do 
begin 

hulp1:=0; 
for g:=i+1 to N_measp do hulp1:=hulp1+coeff[g]*proj[i,g]; 
if proj[i,i]=O then coeff[i] :=0 
else coeff[i] :=(intens[i]-hulp1)/proj[i,i]; 

end; 
end; 

procedure output; 

var f text; 
z,zO,z2,int_z extended; 
filename string; 

function P_O(a:extended):extended; 
begin 

P_0:=1; 
end; 
function P_1(a:extended):extended; 
begin 

P_1:=a; 
end; 
function P_2(a:extended):extended; 
begin 

P_2:=(3*sqr(a)-1)/2; 
end; 
function P_3(a:extended):extended; 
begin 

P_3:=(5*sqr(a)*a-3*a)/2; 
end; 
function P_4(a:extended):extended; 
begin 

P_4:=(35*sqr(sqr(a))-30*sqr(a)+3)/8; 
end; 
function P_5(a:extended):extended; 
begin 

{write profile with aid of polynomials } 
{and coefficients to datafile.} 

{z: depth} 
{name of the file with the profile data} 
{Definition the Legendre polynomials: } 
{'Mathematical Methods for Physicist' } 
{Third Edition by George Arfken } 
{page 646 } 

P_5:=(63*sqr(sqr(a))*a-70*sqr(a)*a+15*a)/8; 
end; 
function P_6(a:extended):extended; 
begin 

end; 

begin 

P_6:=( 231*sqr(sqr(sqr(a)))-315*sqr(sqr(a))+105*sqr(a)-5 )/16; 

clrscr; 
filename:=''; 
writeln('Give the name of the datafile (c:\groups\tcp\graphs\********.asc): '); 
readln(filename); 
if filename<>'' then 
begin 

assign(f,'c:\groups\tcp\graphs\'+filename+'.asc'); 
rewrite(f); 
writeln(f,'Coeff. Number Coefficient'); 

end; 
writeln('Coeff. Number Coefficient'); 
if filename<>'' then 

for j:=1 to N_measp do writeln(f,j-1,' 
if filename<>'' then 

',coeff [j]); 

writeln(f,'z [nm] 
for j:=1 to N_measp do writeln(j-1,' 
readkey; 

Intensity [a. u.]'); 
' , coeff [j] ) ; 

startgraph; 
color:=white; 
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winsize(0,-0.1,kappa*lambda,1.5); 
axes; 
ticks(0.05,kappa*lambda/5,kappa*lambda/50,0.2); 
for i:=1 to N_graph do 
begin 

end; 

z:=kappa*lambda*i/N_graph; 
zO:=z; 
if filename<>'' then write(f,z,' '); 
z:=(2*i/N_graph)-1; 
int_z:=coeff[1]*P_O(z); 
if N_measp>=2 then int_z:=int_z+coeff[2]*P_1(z); 
if N_measp>=3 then int_z:=int_z+coeff[3]*P_2(z); 
if N_measp>=4 then int_z:=int_z+coeff[4]*P_3(z); 
if N_measp>=5 then int_z:=int_z+coeff[5]*P_4(z); 
if N_measp>=6 then int_z:=int_z+coeff[6]*P_5(z); 
if N_measp>=7 then int_z:=int_z+coeff[6]+P_6(z); 
z:=kappa*lambda*i/N_graph; 
z2:=0; 
if z<(zeta+lambda) then z2:=1; 
if filename<>'' then writeln(f ,int_z,' ',z2); 
plot(zO,int_z,color); plot(zO,z2,yellow); 

if filename <>'' then close(f); 
readkey; 
closegraph; 

end; 

begin 
clrscr; 
init; 
sweep; 
output; 
end. 

A.4.2 Listing for Deconvolution without Matrix Inversion 

Below the program is printed that is used to deconvolute the concentration profile based on 
a Taylor expansion where no matrix inversion is required, section A.3. 

Program XPS_profiling_by_Taylor_expansion; {last change: 1/15/96} 

uses crt; 

const 

var 

N_m 
a 
error 
lambda 
root 
N_graph 
kappa 

10; {amount of used angles } 
1; {exponential decay of the 'real' profile } 
0; {error added of non-ideal measurement } 
2; {mean free path of electrans (in nm) } 
'g:\groups\tcp\graphs\'; {directory for datafiles } 
300; {amount of points for graphical output } 
3; {limit for z expressed in lambda (only for graphical output)} 

angle,zeta,intens array [1.. N_m] of extended; {angle the angles included 
coeff array[O .. (N_m-1)] of extended; { ARXPS measurements 
z,int extended; {zet a angle parameters 
i,n integer; {intens measured intens i ties 

in} 
} 

} 

} 

f text; {coeff expansion coefficients} 
filename string; 

Function fac(arg:integer):longint; 
var intvar integer; 

result : longint; 
begin 

result:= 1; 
for intvar:= 1 to arg do result := result+intvar; 
fac := result; 

90 

{z angle parameter } 
{int intensity } 



end; 

Procedure Intensity_vs_Angle_and_Zeta; 
var help:real; 
begin 

end; 

Randomize; {random number generator} 
for i:=1 to N_m do 
begin 

end; 

angle[i] := i*90/N_m; 
intens [i] : = 1/ ((sin(angle [i] *pi/180)) /a+1); 
help := (random(10000))/5000-1; 
intens [i] : = (intens [i])* (1 +error*help) ; 

for i:=1 to N_m do 
begin 

end; 

angle[i] :=angle[i]*pi/180; 
zeta[i] :=sin(angle[i]); 

Procedure Calculate_Taylor_Coefficients; 
var InO,LniO,help extended; 

begin 

rep array[1 .. N_m] of integer; 
legendreco array[1 .. N_m] of extended; 
i,j ,q 
com,com2 

integer; 
boolean; 

for i:=1 to N_m do 
begin 

end; 

help:=1; 
for j:=1 to N_m do 
begin 

if j<>i then help:=help*(zeta[j]/(zeta[i]-zeta[j])); 
end; 
legendreco[i] :=help; 

for n:=O to (N_m-1) do 
begin 

{calculate coeff[n]} 

InO:=O; 
for i:=1 to N_m do {calculate L-(n)_i(O)} 
begin 

if n=O then Lni0:=1 
el se 
begin 

LniO:=O; 
for j:=1 to N_m do 
begin 

if j<(i+1) then rep[j] :=j else rep[j] :=0; 
end; 
q:=n; 
dec (rep [q]); 
while q>O do 
begin 

inc (rep [q]); 
com:=(rep[q]) <= (q-n+N_m); 
if com then 
begin 

while q<n do 
begin 

inc(q); 
rep[q] :=rep[q-1]+1; 

end; 
com2:=true; 
for j:=1 ton do 
begin 

if rep[j]=i then com2:=false; 
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end; 

end; 

end; 

end; 

end; 
if com2=true then 
begin 

end; 

help:=1; 
for j:=1 ten do help:=help*zeta[rep[j]]; 
LniO:=Lni0+(1/help); 

end else dec(q); 

end; 
InO:=InO+LniO*intens[i]*(cos((n+N_m-1)*pi))*legendreco[i]; 

coeff[n] :=InO/(lambda*(fac(n))); 
help:=(1/2)*cos(n*pi)/(fac(n)); 
writeln('Coefficient ',n,' out of ',(N_m-1),': ',coeff[n],' ',help); 

writeln('press a key'); 
readkey; 

Procedure Concentration_vs_Depth; {export deconvolution te datafile} 
var help extended; 

writing : boolean; 
begin 

end; 

begin 

end. 

clrscr; 
filename:=' '; 
writeln('Give the name of the datafile (',root,'********·asc): '); 
readln(filename); 
if filename<>'' then 
begin 

writing:=true; 
assign(f,root+filename+' .asc'); 
rewrite(f); 
writeln(f,'Coeff. Number Coefficient'); 
for i:=O te (N_m-1) do writeln(f,i,' 
writeln(f, 'depth[nm] 

end else writing:=false; 
for i:=1 te N_graph do 
begin 

end; 

z:=kappa*lambda*(i-1)/(N_graph-1); 
int:=O;help:=1; 
for n:=O te (N_m-1) do 
begin 

int:=int+(coeff[n])*help; 
help:=help*(z/lambda); 

end; 
if writing then writeln(f,z,' 

if writing then close(f); 

clrscr; 
Intensity_vs_Angle_and_Zeta; 
Calculate_Taylor_Coefficients; 
Concentration_vs_Depth; 

',int); 
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Appendix B 

Etching Model in a Neutral 
Limited Regime 

In section 5.3 a model is proposed for the etching process of an underlayer that is covered 
with a fluorocarbon film during processing. This model seems to work out well in the regime 
where the film is rather thick ( "(d ~ 3) and the energy flux towards the interface is determining 
the fluorine consumption rate of the underlayer. This can be considered as an ion limited 
regime. In section 5.3 it is shown that the fluorocarbon film thickness is increasing at high 
self bias voltages. Both energy flux and the fluorine concentration at the underlayer interface 
are decreasing exponentially. The ratio r of the fluorine concentration and the energy flux at 
the interface in an ion limited regime is proportional to 

(B.l) 

This ratio will decrease at high self bias voltages V and the salution given in section 5.3 is 
not valid anymore when this ratio is approaching one. This section will give the salution in 
the case where r is much smaller than one. It is assumed, that in this neutrallimited regime 
the etch rate of a substrate is proportional to the fluorine concentration at the interface: 

E - E c(d) 
M- M,O , 

co 
(B.2) 

where EM,o is a constant and co is a constant concentration introduced to g1ve EM,o the 
dirneusion of an etch rate. Equation 5.8 can now be solved for f(d) or EM 

(B.3) 

It is noteworthy that this equation for "( = 0 (no fluorine absorption in the fluorocarbon film) 
reduces to 

"' = "' c~ + Cb (l + CYMEM,Od) -l 
'-'M '-'M,O 3 D ' Co ZMCO 

(B.4) 

which is the equation used in the RIE model [OE87a, OE87b], i.e. the etch rateis proportional 
to the inverse thickness for thick fluorocarbon films. Now the etch rate EM is known, the 
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fluorocarbon film thickness d can be calculated applying Eqn. 5.8. Substitution of Eqn. B.3 
in Eqn. 5.8 leads to 

aM,/M,o (c~ +eb) cosh('Yd}-
1 

- 'YD(c~ +eb) sinh('Yd) + afRVcosh('Yd) = 0. 
z Mco cosh('""d) + aM M,o sinh('""d) z DR 

1 Z~CQrD 1 

(B.5) 
To have some idea of the behavior of the fluorocarbon film thickness in a neutral limited 
regime, the equation is solved for the case where "fd ~ 1: 

d = CXDRVDR 

ztJR~>:(cg +eb) 
(B.6) 

The fragmentation q saturates at cg at high voltages (V » V8 , Eqn. 5.17) and the film 
thickness approaches a constant. There has to be a finite fluorocarbon film: in order to etch 
the fluorocarbon film it has been assumed that the fluorine absorption leading to fluorocarbon 
etching is in the film. If there would be no film, then there would also be no absorption. 
Finally, note that this model neglects the sputtering of the fluorocarbon film, which will 
become more and more important at higher voltages. 
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